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Preface

In 2000 and 2001, the Institute of Medicine (IOM) issued
two reports, To Err Is Human and Crossing the Quality
Chasm, documenting a glaring divergence between the rush
of progress in medical science and the deterioration of health
care delivery.  The first report included an estimate that
systems failures in health care delivery (i.e., poorly designed
or “broken” care processes) were responsible for at least
98,000 deaths each year.  The second report revealed a wide
“chasm” between the quality of care the health system should
be capable of delivering today, given the astounding
advances in medical science and technology in the past half-
century, and the quality of care most Americans receive.
Documenting deep crises related to the safety, efficacy, effi-
ciency, and patient-centeredness of health care in America,
Crossing the Quality Chasm set forth a vision for a trans-
formed health care system and challenged system stakeholders
to take bold actions to bring about that transformation.

In response to this challenge, the National Academy of
Engineering (NAE) and IOM, with support from the National
Science Foundation, Robert Wood Johnson Foundation,
National Institutes of Health, and the NAE Fund, initiated a
project in 2002 to (1) identify engineering applications that
could contribute significantly to improvements in health care
delivery in the short, medium, and long terms; (2) assess factors
that would facilitate or impede the deployment of these
applications; and (3) identify areas of research in engineer-
ing and other fields that could contribute to rapid improve-
ments in performance.  This report, Building a Better Delivery
System, is the culmination of the joint NAE/IOM study.

The report builds on a growing realization within the
health care community of the critical role information/
communications technologies, systems engineering tools,
and related organizational innovations must play in address-
ing the interrelated quality and productivity crises facing the
health care system.  The report provides a framework for
change and an action plan for a systems approach to health

care delivery based on a partnership between engineers,
health care professionals, and health care managers.  The
goal of the plan is to transform the U.S. health care sector
from an underperforming conglomerate of independent enti-
ties (individual practitioners, small group practices, clinics,
hospitals, pharmacies, community health centers, etc.) into a
high-performance “system” in which participating units
recognize their interdependence and the implications and
repercussions of their actions on the system as a whole.  The
report describes opportunities and challenges to using
systems engineering, information technologies, and other
tools to advance a twenty-first century system capable of
delivering safe, effective, timely, patient-centered, efficient,
equitable health care—a system that embodies the six
“quality aims” envisioned in Crossing the Quality Chasm.

The committee co-chairs are grateful to the members of
the committee, not only for their knowledge, expertise, and
commitment to change, but also for their participation in
wide-ranging discussions on various aspects of this complex
topic.  Their collegiality and openness to ideas from many
directions enabled the committee as a whole to overcome
some of the very communications and cultural barriers
described in the report and reach consensus on key recom-
mendations.  We also thank the outside experts who con-
tributed their time and efforts to the success of this project,
and the NAE and IOM staff for their research, editorial, and
administrative support.

W. Dale Compton, co-chair
Committee on Engineering and
the Health Care System

Jerome H. Grossman, co-chair
Committee on Engineering and
the Health Care System
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1

Executive Summary

American medicine defines the cutting edge in most fields
of clinical research, training, and practice worldwide, and
U.S.-based manufacturers of drugs, medical devices, and
medical equipment are among the most innovative and com-
petitive in the world. In large part, the United States has
achieved primacy in these areas by focusing public and pri-
vate resources on research in the life and physical sciences
and on the engineering of devices, instruments, and equip-
ment to serve individual patients.

At the same time, relatively little technical talent or
material resources have been devoted to improving or opti-
mizing the operations or measuring the quality and produc-
tivity of the overall U.S. health care system. The costs of this
collective inattention and the failure to take advantage of the
tools, knowledge, and infrastructure that have yielded quality
and productivity revolutions in many other sectors of the
American economy have been enormous. The $1.6 trillion
health care sector is now mired in deep crises related to
safety, quality, cost, and access that pose serious threats to
the health and welfare of many Americans (IOM, 2000,
2001, 2004a,b,c).

One need only note that: (1) more than 98,000 Americans
die and more than one million patients suffer injuries each
year as a result of broken health care processes and system
failures (IOM, 2000; Starfield, 2000); (2) little more than
half of U.S. patients receive known “best practice” treat-
ments for their illnesses and less than half of physician prac-
tices use recommended processes for care (Casalino et al.,
2003; McGlynn et al., 2003); and (3) an estimated thirty to
forty cents of every dollar spent on health care, or more than
a half-trillion dollars per year, is spent on costs associated
with “overuse, underuse, misuse, duplication, system
failures, unnecessary repetition, poor communication, and
inefficiency” (Lawrence, in this volume). Health care costs
have been rising at double-digit rates since the late 1990s—
roughly three times the rate of inflation—claiming a grow-
ing share of every American’s income, inflicting economic

hardships on many, and decreasing access to care. At the
same time, the number of uninsured has risen to more than
43 million, more than one-sixth of the U.S. population under
the age of 65 (IOM, 2004a).

With support from the National Science Foundation,
National Institutes of Health (NIH), and Robert Wood
Johnson Foundation, the National Academy of Engineering
(NAE) and Institute of Medicine (IOM) of the National
Academies convened a committee of 14 engineers and health
care professionals to identify engineering tools and tech-
nologies that could help the health system overcome these
crises and deliver care that is safe, effective, timely, patient-
centered, efficient, and equitable—the six quality aims envi-
sioned in the landmark IOM report, Crossing the Quality
Chasm (Box ES-1).

The committee began with the expectation that systems-
engineering tools that have transformed the quality and
productivity performance of other large-scale complex
systems (e.g., telecommunications, transportation, and
manufacturing systems) could also be used to improve health
care delivery. The particular charge to the committee was to
identify: (1) engineering applications with the potential to
improve health care delivery in the short, medium, and long
terms; (2) factors that would facilitate or inhibit the deploy-
ment of these applications; and (3) priorities for research and
education in engineering, the health professions, and related
areas that would contribute to rapid improvements in the per-
formance of the health care delivery system. The committee
held three intensive workshops with experts from the
engineering, health, management, and social science com-
munities. The presentations by these experts can be found in
Part 2 of this volume.

ENGINEERING/HEALTH CARE PARTNERSHIP

This report provides a framework and action plan for a
systems approach to health care delivery based on a partnership
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2 BUILDING A BETTER DELIVERY SYSTEM

between engineers and health care professionals. The goal of
this partnership is to transform the U.S. health care sector
from an underperforming conglomerate of independent
entities (individual practitioners, small group practices,
clinics, hospitals, pharmacies, community health centers, et
al.) into a high-performance “system” in which every par-
ticipating unit recognizes its dependence and influence on
every other unit. The report describes the opportunities and
challenges to harnessing the power of systems-engineering
tools, information technologies, and complementary knowl-
edge in social sciences, cognitive sciences, and business/
management to advance the six IOM quality aims for a
twenty-first century health care system.

This NAE/IOM study attempts to bridge the knowledge/
awareness divide separating health care professionals from
their potential partners in systems engineering and related
disciplines. After examining the interconnected crises facing
the health care system and their proximate causes (Chap-
ter 1), the report presents an overview of the core elements
of a systems approach and puts forward a four-level model—
patients, care teams, provider organizations, and the broader
political-economic environment—of the structure and
dynamics of the health care system that suggests the division
of labor and interdependencies and identifies levers for
change (Chapter 2).

In Chapters 3 and 4, systems-engineering tools and
information/communications technologies and their appli-
cations to health care delivery are discussed. These comple-
mentary tools and technologies have the potential of improving
radically the quality and productivity of American health
care. A discussion of structural, economic, organizational,
cultural, and educational barriers to using systems tools and

information/communications technologies follows; recom-
mendations are offered for overcoming these barriers. In
Chapter 5, the committee proposes a strategy for building a
vigorous partnership between engineering and health care
through cross-disciplinary research, education, and outreach.

SYSTEMS-ENGINEERING TOOLS FOR
HEALTH CARE DELIVERY

Systems-engineering tools have been used in a wide
variety of applications to achieve major improvements in the
quality, efficiency, safety, and/or customer-centeredness of
processes, products, and services in a wide range of manu-
facturing and services industries. The health care sector as a
whole has been very slow to embrace them, however, even
though they have been shown to yield valuable returns to the
small but growing number of health care organizations and
clinicians that have applied them (Feistritzer and Keck, 2000;
Fone et al., 2003; Leatherman et al., 2003; Murray and
Berwick, 2003). Statistical process controls, queuing theory,
quality function deployment, failure-mode effects analysis,
modeling and simulation, and human-factors engineering
have been adapted to applications in health care delivery and
used tactically by clinicians, care teams, and administrators
in large health care organizations to improve the performance
of discrete care processes, units, and departments.

However, the strategic use of these and more information-
technology-intensive tools from the fields of enterprise and
supply-chain management, financial engineering and risk
analysis, and knowledge discovery in databases has been
limited. With some adaptations, these tools could be used to
measure, characterize, and optimize performance at higher

BOX ES-1
Six Quality Aims for the 21st Century Health Care System

The committee proposes six aims for improvement to address key dimensions in which today’s health care system
functions at far lower levels than it can and should. Health care should be:

• Safe—avoiding injuries to patients from the care that is intended to help them.
• Effective—providing services based on scientific knowledge to all who could benefit and refraining from providing

services to those not likely to benefit (avoiding underuse and overuse, respectively).
• Patient-centered—providing care that is respectful of and responsive to individual patient preferences, needs, and

values and ensuring that patient values guide all clinical decisions.
• Timely—reducing waits and sometimes harmful delays for both those who receive and those who give care.
• Efficient—avoiding waste, including waste of equipment, supplies, ideas, and energy.
• Equitable—providing care that does not vary in quality because of personal characteristics such as gender, ethnicity,

geographic location, and socioeconomic status.

Source:  IOM, 2001, pp. 5–6.
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EXECUTIVE SUMMARY 3

TABLE ES-1 Systems Engineering Tools and Research for Health Care Delivery

   System Levels of Application

Tool/Research Area Patient Team Organization Environment

SYSTEMS-DESIGN TOOLS
Concurrent engineering and quality function deployment X X
Human-factors tools X X X X
Tools for failure analysis X X

SYSTEMS-ANALYSIS TOOLS
Modeling and Simulation

Queuing methods X X
Discrete-event simulation X X X

Enterprise-Management Tools
Supply-chain management X X X
Game theory and contracts X X X
Systems-dynamics models X X X
Productivity measuring and monitoring X X X

Financial Engineering and Risk Analysis Tools
Stochastic analysis X X
Value-at-risk X X
Optimization tools for individual decision making X X X
Distributed decision making: market models and agency theory X X

Knowledge Discovery in Databases
Data mining X X
Predictive modeling X X X
Neural networks X X X

SYSTEMS-CONTROL TOOLS
Statistical process control X X X
Scheduling X X

NOTE: Italics indicate areas with significant research opportunities.

levels of the health care system (e.g., individual health care
organizations, regional care systems, the public health
system, the health research enterprise, etc.). The most promis-
ing systems-engineering tools and areas of associated
research identified by the committee are listed in Table ES-1.

Although data and associated information technology
needs do not present significant technical or cost barriers to
the tactical application of systems-engineering tools, there
are significant structural, technical, and cost-related barriers
at the organizational, multi-organizational, and environ-
mental levels to the strategic implementation of systems
tools. The current organization, management, and regulation
of health care delivery provide few incentives for the use or
development of systems-engineering tools. Current reim-
bursement practices, regulatory frameworks, and the lack of
support for research have all discouraged the development,
adaptation, and use of systems-engineering tools. Cultural,
organizational, and policy-related factors (e.g., regulation,
licensing, etc.) have contributed to a rigid division of labor
in many areas of health care that has also impeded the wide-
spread use of system tools.

In fact, relatively few health care professionals or admin-
istrators are equipped to think analytically about health care
delivery as a system or to appreciate the relevance of
systems-engineering tools. Even fewer are equipped to work
with engineers to apply these tools. The widespread use of
systems-engineering tools will require determined efforts on
the part of health care providers, the engineering commu-
nity, state and federal governments, private insurers, large
employers, and other stakeholders.

Chapter 3 Recommendations

Recommendation 3-1. Private insurers, large employers,
and public payers, including the Federal Center for Medi-
care and Medicaid Services and state Medicaid programs,
should provide more incentives for health care providers to
use systems tools to improve the quality of care and the effi-
ciency of care delivery. Reimbursement systems, both
private and public, should expand the scope of reimburse-
ment for care episodes or use other bundling techniques (e.g.,
disease-related groups, severity-adjusted capitation for
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4 BUILDING A BETTER DELIVERY SYSTEM

Medicare Advantage, fixed payment for transplantation, etc.)
to encourage the use of systems-engineering tools. Regula-
tory barriers should also be removed. As a first step,
regulatory waivers could be granted for demonstration
projects to validate and publicize the utility of systems tools.

Recommendation 3-2. Outreach and dissemination efforts
by public- and private-sector organizations that have used or
promoted systems-engineering tools in health care delivery
(e.g., Veterans Health Administration, Joint Commission on
Accreditation of Healthcare Organizations, Agency for
Healthcare Research and Quality, Institute for Healthcare
Improvement, Leagfrog Group, U.S. Department of Com-
merce Baldrige National Quality Program, and others)
should be expanded, integrated into existing regulatory and
accreditation frameworks, and reviewed to determine
whether, and if so how, better coordination might make their
collective impact stronger.

Recommendation 3-3. The use and diffusion of systems-
engineering tools in health care delivery should be promoted
by a National Institutes of Health Library of Medicine
website that provides patients and clinicians with informa-
tion about, and access to, systems-engineering tools for
health care (a systems-engineering counterpart to the Library
of Medicine web-based “clearinghouse” on the status and
treatment of diseases and the Agency for Healthcare
Research and Quality National Guideline Clearinghouse for
evidence-based clinical practice). In addition, federal
agencies and private funders should support the development
of new curricula, textbooks, instructional software, and other
tools to train individual patients and care providers in the use
of systems-engineering tools.

Recommendation 3-4. The use of any single systems tool
or approach should not be put “on hold” until other tools
become available. Some systems tools already have exten-
sive tactical or local applications in health care settings.
Information-technology-intensive systems tools, however,
are just beginning to be used at higher levels of the health
care delivery system. Changes must be approached from
many directions, with systems engineering tools that are
available now and with new tools developed through
research. Successes in other industries clearly show that
small steps can yield significant results, even while longer
term efforts are being pursued.

Recommendation 3-5. Federal research and mission agen-
cies should significantly increase their support for research
to advance the application and utility of systems engineering
in health care delivery, including research on new systems
tools and the adaptation, implementation, and improvement
of existing tools for all levels of health care delivery. Prom-
ising areas for research include human-factors engineering,

modeling and simulation, enterprise management, knowl-
edge discovery in databases, and financial engineering and
risk analysis. Research on the organizational, economic, and
policy-related barriers to implementation of these and
other systems tools should be an integral part of the larger
research agenda.

INFORMATION AND COMMUNICATION
TECHNOLOGIES FOR HEALTH CARE DELIVERY

Although information collection, processing, communi-
cation, and management are at the heart of health care
delivery, and considerable evidence links the use of clinical
information/communications technologies to improvements
in the quality, safety, and patient-centeredness of care, the
health care sector remains woefully underinvested in these
technologies (Casalino et al., 2003; DOC, 1999; IOM,
2004c; Littlejohns et al., 2003; Pestotnik et al., 1996; Walker
et al., 2005; Wang et al., 2003). Factors contributing to this
longstanding information/communications technologies
deficit include: the atomistic structure of the industry; current
payment/reimbursement regimes; the lack of transparency
in the market for health care services; weaknesses in health
care’s managerial culture; the hierarchical structure and rigid
division of labor in health professions; and (until very
recently) the immaturity of available commercial clinical
information/communications systems.

In the past decade, efforts to close the information/
communications technologies gap have focused on the need
for a comprehensive National Health Information Infra-
structure (NHII), that is, the “set of technologies, standards,
applications, systems, values, and laws that support all facets
of individual health, health care, and public health” (National
Committee on Vital and Health Statistics, 2001). Recent
progress toward this goal, including the creation of the Office
of the National Coordinator for Health Information Tech-
nology, in the U.S. Department of Health and Human
Services, and the release of a 10-year plan to build the NHII,
is encouraging (Thompson and Brailer, 2004).

A fully implemented NHII could support applications of
information/communications technologies that empower
individual patients to assume a much more active, control-
ling role in their own health care; improve access to timely,
effective, and convenient care; improve patient compliance
with clinician guidance; enable continuous monitoring of
patient conditions by care professionals/care teams; and
enable care providers to integrate critical information
streams to improve patient-centered care, as well as to
analyze, control, and optimize the performance of care
teams. The NHII could enable health care organizations to
integrate their clinical, administrative, and financial infor-
mation systems internally, as well as link their systems with
those of insurers, vendors, regulatory bodies, and other
elements of the extended health care delivery enterprise. The
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NHII could allow provider organizations to make more
extensive use of data/information-intensive systems-
engineering tools and facilitate the aggregation and exchange
of data among health care organizations, public and private
payer organizations, regulatory bodies, and the research
community. This data pool could support better regulation
and oversight of the health care delivery system, population
health surveillance, and the continuing development of the
clinical knowledge base.

The NHII could also support another family of emerging
technologies based on wireless communications and micro-
electronic systems with the potential to radically change the
structure of the health care delivery system and advance
patient-centeredness and quality performance. Wireless
integrated microsystems could have an enormous beneficial
impact on the quality and cost of health care, especially home
health care in the coming decade. Microsystems imple-
mented as wearable and implantable devices connected to
clinical information systems through wireless communica-
tions could provide diagnostic data and deliver therapeutic
agents for the treatment of a variety of chronic conditions,
thereby improving the quality of life for senior citizens and
chronically ill patients.

Much of the information/communications technology
necessary for the realization of NHII exists today and will
certainly improve in the decade ahead; however, there will be
many challenges to putting it in place. Interoperability and
other data standards and serious privacy and reliability
concerns must be addressed, as well as training issues at all
levels of the health care system. These and many of the same
structural, financial, policy-related (reimbursement schemes,
regulation), organizational, and cultural barriers that have
impeded the use of systems tools will have to be surmounted
to close health care’s wide information/communications
technologies gap.

Chapter 4 Recommendations

Recommendation 4-1. The committee endorses the recom-
mendations made by the Institute of Medicine Committee on
Data Standards for Patient Safety, which called for continued
development of health care data standards and a significant
increase in the technical and material support provided by
the federal government for public-private partnerships in
this area.

Recommendation 4-2. The committee endorses the recom-
mendations of the President’s Information Technology Advi-
sory Council that call for: (1) application of lessons learned
from advances in other fields (e.g., computer infrastructure,
privacy issues, and security issues); and (2) increased coor-
dination of federally supported research and development in
these areas through the Networking and Information Tech-
nology Research and Development Program.

Recommendation 4-3. Research and development in the
following areas should be supported:

• human-information/communications technology system
interfaces

• voice-recognition systems
• software that improves interoperability and connectivity

among systems from different vendors
• systems that spread costs among multiple users
• software dependability in systems critical to health

care delivery
• secure, dispersed, multiagent databases that meet the

needs of both providers and patients
• measurement of the impact of information/communications

systems on the quality and productivity of health care

Recommendation 4-4. The committee applauds the U.S.
Department of Health and Human Services 10-year plan for
the creation of the National Health Information Infrastructure
and the high priority given to the creation of standards for
the complex network necessary for communications among
highly dispersed providers and patients. To ensure that the
emerging National Health Information Infrastructure can
support current and next-generation clinical information/
communications systems and the application of systems
tools, research should focus immediately on advanced inter-
face standards and protocols and standards-related issues
concerning access, security, and the integration of large-scale
wireless communications. Special attention should be given
to issues related to large-scale integration. Funding for research
in all of these areas will be critical to moving forward.

Recommendation 4-5. The committee recommends that
public- and private-sector initiatives to reduce or offset
current regulatory, accreditation, and reimbursement-related
barriers to more extensive use of information/communications
technologies in health care be expanded. These initiatives
include efforts to reimburse providers for care episodes or
use other bundling techniques (e.g., severity-adjusted
capitation; disease-related groups, etc.), public and private
support of community-based health information network
demonstration projects, the Leapfrog Group’s purchaser-
mediated rewards to providers that use information/
communications technologies, and others.

Recommendation 4-6. Public- and private-sector support
for research on the development of very small, low-power,
biocompatible devices will be essential for improving health
care delivery

Recommendation 4-7. Engineering research should be
focused on defining an architecture capable of incorporating
data from microsystems into the wider health care network
and developing interface standards and protocols to implement
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this larger network. Microsystems research should be
focused on the following areas:

• integration, packaging, and miniaturization (to sizes
consistent with implantation in the body)

• tissue interfaces and biocompatibility for long-term
implantation

• interfaces and approaches to noninvasive (wearable)
devices for measuring a broad range of physiological
parameters

• low-power, embedded computing systems and wire-
less interfaces consistent with in vivo use

• systems that can transform data reliably and accurately
into information and information into knowledge as a
basis for treatment decisions

A STRATEGY TO ACCELERATE CHANGE

The committee believes that the actions recommended in
this report will accelerate the development, adaptation,
implementation, and diffusion of systems-engineering tools
and information/communications technologies for health
care delivery. However, building the partnership between
engineering and health care that will accelerate and sustain
progress toward the high-performance, patient-centered
health care system envisioned by IOM will require bold,
intentional, far-reaching changes in the education, research
priorities, and practices of health care, engineering, and man-
agement. Building on the experiences of recent large-scale,
multidisciplinary, research/education/technology-transfer
initiatives in engineering and the biological sciences, the
committee proposes a strategy for building bridges between
the fields of engineering, health care, and management to
address the major challenges facing the health care delivery
system. An environment in which professionals from all
three fields could engage in basic and applied research and
translate the results of their research and advances both into
the practice arena and the classroom, where students from
the three disciplines could interact, would be a powerful
catalyst for cultural change.

Chapter 5 Recommendations

Recommendation 5-1a. The federal government, in partner-
ship with the private sector, universities, federal laboratories,
and state governments, should establish multidisciplinary
centers at institutions of higher learning throughout the coun-
try capable of bringing together researchers, practitioners,
educators, and students from appropriate fields of engineer-
ing, health sciences, management, social and behavioral
sciences, and other disciplines to address the quality and pro-
ductivity challenges facing the nation’s health care delivery
system. To ensure that the centers have a nationwide impact,
they should be geographically distributed. The committee

estimates that 30 to 50 centers would be necessary to achieve
these goals.

Recommendation 5-1b. These multidisciplinary research
centers should have a three-fold mission: (1) to conduct basic
and applied research on the systems challenges to health care
delivery and on the development and use of systems-
engineering tools, information/communications technolo-
gies, and complementary knowledge from other fields to
address them; (2) to demonstrate and diffuse the use of these
tools, technologies, and knowledge throughout the health
care delivery system (technology transfer); and (3) to edu-
cate and train a large cadre of current and future health care,
engineering, and management professionals and researchers
in the science, practices, and challenges of systems engineer-
ing for health care delivery.

Recommendation 5-2. Because funding for the multi-
disciplinary centers will come from a variety of federal
agencies, a lead agency should be identified to bring together
representatives of public- and private-sector stakeholders to
ensure that funding for the centers is stable and adequate and to
develop a strategy for overcoming regulatory, reimbursement-
related, and other barriers to the widespread application of
systems engineering and information/communications tech-
nologies in health care delivery.

Accelerating Cultural Change through Formal and
Continuing Education

Making systems-engineering tools, information tech-
nologies, and complementary knowledge in business/
management, social sciences, and cognitive sciences avail-
able and training individuals to use them will require the
commitment and cooperation of engineers, clinicians, and
health care managers, as well as changes in their respective
professional cultures. The committee believes that these
long-term cultural changes must begin in the formative years
of professional education. Individuals in all of these profes-
sions should have opportunities to participate in learning and
research environments in which they can contribute to a new
approach to health care delivery. The training and develop-
ment of health care, engineering, and management profes-
sionals who understand the systems challenges facing health
care delivery and the value of using systems tools and
technologies to address them should be accelerated and
intensified.

Recommendation 5-3. Health care providers and educators
should ensure that current and future health care profession-
als have a basic understanding of how systems-engineering
tools and information/communications technologies work
and their potential benefits. Educators of health professionals
should develop curricular materials and programs to train
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graduate students and practicing professionals in systems
approaches to health care delivery and the use of systems tools
and information/communications technologies. Accrediting
organizations, such as the Liaison Committee on Medical
Education and Accreditation Council for Graduate
Medical Education, could also require that medical schools
and teaching hospitals provide training in the use of systems
tools and information/communications technologies.
Specialty boards could include training as a requirement for
recertification.

Recommendation 5-4. Introducing health care issues into
the engineering curriculum will require the cooperation of a
broad spectrum of engineering educators. Deans of engineer-
ing schools and professional societies should take steps to
ensure that the relevance of, and opportunities for, engineer-
ing to improve health care are integrated into engineering
education at the undergraduate, graduate, and continuing
education levels. Engineering educators should involve
representatives of the health care delivery sector in the
development of cases studies and other instructional materials
and career tracks for engineers in the health care sector.

Recommendation 5-5. The typical MBA curriculum requires
that students have fundamental skills in the principal func-
tions of an organization—accounting, finance, economics,
marketing, operations, information systems, organizational
behavior, and strategy. Examples from health care should be
used to illustrate fundamentals in each of these areas.
Researchers in operations are encouraged to explore appli-
cations of systems tools for health care delivery. Quantitative
techniques, such as financial engineering, data mining, and
game theory, could significantly improve the financial,
marketing, and strategic functions of health care organiza-
tions, and incorporating examples from health care into the
core MBA curriculum would increase the visibility of health
care as a career opportunity. Business and related schools
should also be encouraged to develop elective courses and
executive education courses focused on various aspects of
health care delivery. Finally, students should be provided
with information about careers in the health care industry.

Recommendation 5-6. Federal mission agencies and
private-sector foundations should support the establishment
of fellowship programs to educate and train present and
future leaders and scholars in health care, engineering,
and management in health systems engineering and manage-
ment. New fellowship programs should build on existing
programs, such as the Veterans Administration National
Quality Scholars Program (which supports the development
of physician/scholars in health care quality improvement),
and the Robert Wood Johnson Foundation Health Policy
Research and Clinical Scholars Programs (which targets
newly minted M.D.s and social science Ph.D.s, to ensure

their involvement in health policy research). The new pro-
grams should include all relevant fields of engineering and
the full spectrum of health professionals.

CALL TO ACTION

As important as good analytical tools and information/
communications systems are, they will ultimately fail to
transform the system unless all members of the health care
provider community participate and actively support their
use. Although individuals “on the ground” (i.e., those doing
the work) often know best how to improve things, empower-
ing them to participate in changing the system will require
that they understand the overall goals and objectives of the
system and subsystem in which they work. Based on this
understanding, they can contribute substantively to con-
tinuous improvements, as well as to radical advances in
processes. The communication of the overall system and
subsystem goals to individuals and groups at all levels is a
crucial task for the management of the organization, and
encouraging and recognizing individuals for their contribu-
tions to continuous improvements in operations at every
level must be a principal operating goal for management.

Overhauling the health care delivery system will not come
quickly or easily. Achieving the long-term goal of improv-
ing the health care system will require the ingenuity and com-
mitment of leaders in the health care community, including
practitioners in all clinical areas, and leaders in engineering.
The committee recognizes the immensity of the task ahead
and offers a word of encouragement to all members of the
engineering and health care communities. If we take up
the challenge to help transform the system now, crises can
be abated, costs can be reduced, the number of uninsured
can be reduced, and all Americans will have access to the
quality care they deserve and that we are capable of delivering.
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1

A New Partnership between
Systems Engineering and Health Care

THE PARADOX OF AMERICAN HEALTH CARE

The United States leads the world in medical science and
technology, defining the cutting edge in most fields of
clinical research, training, and practice. U.S.-based manu-
facturers of drugs and medical devices and equipment are
considered the most innovative and competitive in the world
(AdvaMed, 2004; NSB, 2004). U.S. leadership has been
achieved largely by focusing public and private resources on
research in the life sciences and physical sciences and on the
engineering of devices, instruments, and equipment for treat-
ing individual patients. The U.S. market for health care
services has supported this focus by rewarding innovation in
medical procedures and interventions and the drugs, devices,
and equipment linked to them with relatively little regard for
cost. Thus, the U.S. health care system provides high quality,
highly specialized care for some individuals, but at a very
high cost.

At the same time, the U.S. health care enterprise has
devoted relatively little technical talent, material resources,
or intellectual effort to improving or optimizing the opera-
tions of health care systems (especially higher level systems,
such as hospitals, health systems, health networks, etc.) or to
measuring performance in terms of quality and productivity.
The costs to the American economy and the health of Ameri-
cans of this collective inattention have been enormous. The
$1.6 trillion U.S. health care enterprise now faces crises in
safety, quality, cost, and access that seriously threaten the
health and welfare of many Americans (IOM, 2000, 2001,
2004a,b,c).

To plan a response to these challenges and missed oppor-
tunities, the National Institutes of Health, National Science
Foundation, and Robert Wood Johnson Foundation asked
the National Academy of Engineering and Institute of
Medicine (IOM) of the National Academies to conduct a
study to identify: (1) engineering applications and tools with
the potential to improve health care delivery in the short,

medium, and long terms; (2) factors that would facilitate, or
inhibit, the deployment of these applications and tools; and
(3) priorities for research in engineering and other areas that
would contribute to expeditious improvements in the health
care delivery system. The sponsors further directed that the
study “evaluate current needs and opportunities in the . . .
areas [of]: existing engineering applications that have been
proven to improve health care delivery but are not widely
deployed; emerging technologies and tools that would help
overcome barriers to the delivery of high-quality care; [and]
envisioned engineering applications and technologies that
could be used to redesign care processes at various levels of
the delivery system.”

This report presents a case for a vigorous new partnership
between engineering and health care to redress system
imbalances. The report outlines a strategy for using
information/communications technology and systems-
engineering tools to address the crises in health care and
improve the quality and productivity of the health care
system. In this chapter, the historical origins and structural
underpinnings of the interconnected health care crises are
described. This is followed by an outline of IOM’s vision of
a twenty-first century health care system that meets six
quality performance goals: safety, effectiveness, timeliness,
patient-centeredness, efficiency, and equity (IOM, 2001).
The chapter concludes with a framework for a new partner-
ship between engineering and health care based on systems
engineering and advances in information/communications
technology with the potential to improve health care and
realize IOM’s vision of a truly patient-centered health care
delivery system.

INTERCONNECTED CRISES IN U.S. HEALTH CARE

Today, “broken” health care processes and system failures
result in the deaths of more than 98,000 Americans and inju-
ries to more than 1 million patients every year (IOM, 2000;
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Starfield, 2000). The gap between the rapidly advancing
medical knowledge base and its application to patient care
can best be described as a chasm. Little more than half of the
patients in the United States receive known “best practice”
treatment for their illnesses, and less than half of large
physician practices provide recommended care processes
(e.g., as recommended in disease registries and guidelines)
for patients with chronic diseases (Casalino et al., 2003;
McGlynn et al., 2003). Many patients are aware that the
quality of care they receive is not what it could, or should,
be. According to one survey, 75 percent of patients describe
the health care system as fragmented and fractured; a “night-
mare” to navigate; and plagued by duplications of effort,
lack of communication, conflicting advice regarding treat-
ment, and tenuous links to the evolving medical evidence
base (Picker Institute, 2000).

The poor quality of care has enormous costs. Health care
costs have been rising at double-digit rates since the late
1990s—roughly three times the rate of inflation—claiming a
growing share of individual incomes, inflicting economic hard-
ships on many, and making access to care increasingly diffi-
cult. Lawrence (see paper in this volume) estimates that $.30 to
$.40 of every dollar spent on health care, more than half a
trillion dollars per year, is spent on costs associated with “over-
use, underuse, misuse, duplication, system failures, unneces-
sary repetition, poor communication, and inefficiency.”

In addition, the number of people without health insur-
ance has risen to more than 43 million, more than one-sixth
of the U.S. population under the age of 65 (IOM, 2004a).
Because the uninsured receive little preventive care, they
tend to require a disproportionate share of costly chronic and
acute care. In addition, the growing number of uninsured
increases the disease burden on the uninsured population and
imposes a heavy cost burden on providers and payers.

In response to the escalating cost of health care, govern-
ment and industry—the third-party payers for most people—
have shifted a growing share of the cost burden back to care
providers and patients by reducing health care benefits,
requiring that providers and patients pay a greater share of
rising health insurance premiums, increasing co-payments,
increasing deductibles, and, in some cases, dropping employee
health coverage altogether (Regopoulos and Trude, 2004).

Hospitals and ambulatory care facilities are being forced
to do more work with fewer people to keep revenues ahead
of rising costs. Unable or unwilling to invest in tools and the
complementary capabilities that might increase their produc-
tivity, many care-provider organizations have instead cut
support staff and increased the workload on existing profes-
sional staff. This has undermined morale, causing many
nurses to cut back to part-time employment or leave the pro-
fession altogether. In addition, these policies have seriously
undermined the recruitment of new people to the field. The
shortage of nurses alone has been shown to have adverse
consequences for safety, quality, and access to health care
(IOM, 2004b).

Many physicians have responded by seeing more patients
per hour and focusing on activities with high rates of
reimbursement and paying less attention to activities related
to prevention. Some have even dropped out of the main pay-
ment system altogether and demanded retainers from patients
who can afford personalized care—a practice known as
boutique or concierge medicine.

PROXIMATE CAUSES OF HEALTH CARE CRISES

There are multiple, complex causes of the interrelated
crises in health care delivery, but most of them can be traced
to the confluence of six factors:

• rapid advances in medical science and technology and
the increasing complexity of health care during the past
half century

• the “cottage-industry” structure and acute-care orien-
tation of the health care delivery system

• a patient population that predominantly needs chronic
care, rather than acute care

• the structure of the U.S. market for health care
services, which has encouraged and supported innova-
tion in medical procedures, drugs, devices, and equip-
ment, but has been indifferent to, if not discouraged,
innovation directed at improving the quality and
productivity of care delivery

• persistent underinvestment by the health care delivery
sector in information/communications technology

• the inability or unwillingness of the health care deliv-
ery sector to take advantage of engineering-based
systems-design, -analysis, and -management tools that
have transformed other sectors of the American
economy

Science, Technology, Specialization, and Complexity

Advances in medical science and technology since World
War II have been a major reason for the growing complexity
of American health care, the growing number and increased
specialization of people involved in health care delivery,
rising expectations about what can be done to treat illnesses,
and the enormous increase in scientific and technological
information health care providers must manage. To appreci-
ate the impact of advances in medical science, consider the
following changes. In the last 30 years, the number of
randomized control trials (RCTs) published annually in the
U.S. medical literature increased 100-fold, from 100 RCTs
per year in the late 1960s to nearly 10,000 RCTs per year by
the late 1990s (Chassin, 1998). In the last half-century, the
number of categories of health care professionals in the
United States increased from 10 to more than 220, roughly a
20-fold increase. Over the same period of time, the number
of specialties in medicine increased from fewer than 10 to
more than 100 (see paper by Lawrence in this volume).
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Cottage-Industry Structure

The increase in specialization in medicine has reinforced
the cottage-industry structure of U.S. health care, helping to
create a delivery system characterized by disconnected silos
of function and specialization. Of the approximately
700,000 clinicians in the United States, who represent more
than 100 clinical specialties, more than 80 percent practice
medicine in groups of 10 or fewer (see paper by Lawrence in
this volume). Less than 24 percent of all physicians directly
involved in patient care have practices based in one or more
of the 5,800 public or privately owned hospitals, and fewer
than 40 percent of hospital-based physicians (roughly 9 per-
cent of all clinicians nationwide) are employed as full-time
staff by hospitals (AHA, 2004; Pasko and Smart, 2004). In
other words, the vast majority of hospitals, which provide
the infrastructure, management systems, and supporting
human and material resources for the health care professionals
who deliver care to patients, rely heavily on clinicians who
function as “independent agents.”

This highly fragmented, highly specialized, independent-
practitioner-driven, hospital-centered system of health care
delivery has not kept pace with rapid advances in medical
knowledge or adapted well to the growing need for chronic
care. For decades, McGlynn and many others have docu-
mented extensive variations among practitioners (locally,
regionally, and nationally) in the treatment of patients with
given conditions (McGlynn et al., 2003; Wennberg et al.,
1989, 2002). Clearly, a strong attachment to the autonomy
of individual clinicians and a deeply held belief that the ulti-
mate responsibility of each clinician is to the individual
patient—and that each patient is unique—have actually
impeded the diffusion of standard care protocols based on
the latest medical evidence (Reinersten, 1996).

Although many clinicians now acknowledge the value of
“evidence-based medicine” (the notion that there is a funda-
mentally correct way to diagnose and treat patients with a
given condition) and recognize that they cannot keep up with
advances, let alone deliver evidence-based care on their own,
the persistent “guild” structure of the health care profession
and the hierarchical nature of interaction continue to inter-
fere with the diffusion of evidence-based medicine and the
team-oriented care it requires. Indeed, most health care pro-
fessionals still have little or no training in, or timely access
to, the tools and infrastructure necessary to the practice of
evidence-based medicine.

The Chronic-Care Imperative

Overall, Americans are living longer, thanks to advances
in sanitation and water-treatment systems, emergency care,
antibiotics and other medications (e.g., insulin and anti-
hypertensive drugs), and other factors. At the same time,
chronic conditions in the United States, as in other devel-
oped countries, are widespread. About 50 percent of the U.S.

population—125 million people—have at least one chronic
condition, and about 60 million of these suffer from more
than one (Partnership for Solutions, 2002). In addition, a
disproportionate amount of health care dollars (more than
75 percent) is spent on patients with chronic conditions
(Partnership for Solutions, 2002).

Chronic-care patients require integrated, longitudinal
care, that is, coordinated, uninterrupted care, which depends
on connectivity among distributed care providers (including
family members, physicians, nurses, pharmacists, and
others) and the coordination and integration of many func-
tions and specialized areas of knowledge over time. In fact,
despite this tremendous need, connectivity, integrated care,
and coordination are inadequate at all stages of the treatment
of illnesses, from preventive care to acute and chronic care
to rehabilitation to long-term care to end-of-life care. Most
physicians are not trained to work effectively as members of
care-provider teams, and the health care sector as a whole
has failed to invest its resources in information infrastructure,
information and systems-management tools, and supporting
educational, research, and organizational capital that could
begin to offset the deep-seated structural and cultural
obstacles to coordinated, integrated, continuous patient care.

Structure of the U.S. Market for Health Care Services

The peculiar structure of the U.S. market for health care
services and products has also been a significant factor in the
current crises. The true cost of health care services is borne
not by the patient, or customer, but by third-party payers—
employers, private insurers, and the federal government
(through Medicare/Medicaid). Insulated from the cost of
care, the insured majority of Americans has increasingly
come to consider health care as an entitlement. At the same
time, the extremely successful U.S. biomedical research
establishment has contributed to rising public expectations
about the power of medical science and technology to cure
diseases and treat illnesses.

In this environment, public and private insurers have been
under constant pressure to cover new devices and therapies
as they become available, regardless of cost. In the absence
of measures of the relative quality or productivity perfor-
mance of different care providers, insurers have controlled
costs by limiting the services they reimburse, offering no
incentives for, and, in some cases, actively discouraging,
innovation and the application of technologies that could
improve the quality and increase the efficiency of care
delivery processes and systems.

Information Technology Deficit

For decades, health care has made much less use of infor-
mation technology than other sectors of the U.S. economy.
As of the late 1990s, health services ranked thirty-eighth
among 53 major non-farm industries tracked by the U.S.
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Department of Commerce in terms of information tech-
nology investment per worker. The health services industry
spent less than one-tenth the amount invested by banks and
nine other manufacturing and services industries (DOC,
1999). Even today, health care has barely begun to take
advantage of the information/communications technology
systems that have radically reshaped and revolutionized the
performance of most major manufacturing and services
industries in the United States. In transportation, financial
services, communications, and manufacturing industries,
modern information/communications systems have enabled
and hastened the development of new high-quality products
and services and the management of increasingly dispersed
and complex production systems. Along with rapid increases
in productivity, many of those industries also operate more
efficiently with geographically dispersed operations.
Although the health care industry has begun to close the
information/communications technology gap in the financial
and administrative dimensions of its business, core clinical
operations are still information technology starved.

Given that the fundamental currency of health care is
information, the information/communications technology
deficit is ironic. Health care can be thought of as a continual
series of information-processing experiments. From the
initial collection of data (the patient’s history, physical exam,
and diagnostic tests), a hypothesis (diagnosis) is formed and
then validated by further data collection. Feedback (the suc-
cess of the treatment) is a test of the efficacy of the earlier
data collection and hypothesis procedures. Information
technologies would greatly facilitate every step of these
information-processing experiments.

The reasons for the clinical information technology deficit
are difficult to untangle. One major contributor is the cottage-
industry structure of American health care, which includes
many thousands of small businesses (individual clinical
practices and small clinics) that cannot rationalize substantial
investments in information/communications systems.
Moreover, the payment/reimbursement structure for
health care services does not reward clinicians for using
information/communication technologies in clinical
operations.

Another contributor to the clinical information tech-
nology gap is limited understanding by clinicians of the
potential uses, impacts, and benefits of advanced infor-
mation/communications technologies for the delivery of
care. Clinical information systems in health care delivery
can create new relationships that facilitate the exchange of
information among sources with different perspectives and
develop patient-centered processes of integrated, coordi-
nated care. Designing systems for patient-centered care will
require not only investments in information technology
hardware and software, but also corresponding investments
in related fields, such as human/computer interactions,
computer-supported cooperative work, and cognitive engi-
neering (Cook et al., 1998; Woods, 2000). As information/

communications technology is used to expand patient-
centered care, dependence on software intensive systems will
also increase, which, in turn, will entail new investments in
measures to ensure software reliability (NRC, 2004).

Limited Use of Systems Engineering

Given the complexity of health care delivery, which
involves the coordination and management of large numbers
of highly specialized, distributed personnel, multiple streams
of information, and material and financial resources across
multiple care settings, it is astounding that health care has
not made better use of the design, analysis, and control tools
of systems engineering. The experiences of other major
manufacturing and services industries, which have relied
heavily on systems-engineering concepts and tools to under-
stand, control/manage, and optimize the performance of
complex production/distribution systems to meet quality,
cost, safety, and other objectives, can provide valuable
lessons for health care.

General Motors, Wal-Mart, and Boeing, just to mention a
few, could not operate their far-flung organizations in
today’s competitive environment without the benefit of com-
prehensive information/communications systems and the
extensive use of engineering tools for the design, analysis,
and control of complex production/distribution systems.
Deliveries from suppliers are controlled automatically; com-
plex design operations share data instantaneously, resulting
in the flawless production of parts and products on different
continents; and factory outputs are becoming increasingly
responsive to customer demand. Analogous operations can
be found throughout the health care system. Thus, it is reason-
able to suggest that the use of information/communications
technologies and systems tools could lead to higher produc-
tivity, better quality care, and improved patient satisfaction.

One must be careful, however, about oversimplifying the
parallels between health care and manufacturing and other
services industries. Because of the complexities of disease
processes, variations in human physiology, and the difficul-
ties in restoring health, simple cut-and-copy approaches to
improving health care processes will not suffice. Meeting
the challenges of providing health care will require innova-
tive uses of systems-engineering principles and techniques.

THE ROLE OF ENGINEERING IN THE
TRANSFORMATION OF HEALTH CARE

In 2001, IOM documented the connections among crises
in American health care, set forth a compelling vision for a
transformed, twenty-first century, patient-centered health
care system, and appealed to engineering for help. IOM iden-
tified six interrelated dimensions of quality for the health
care system that must be improved. A transformed system
must be safe, effective, patient-centered, timely, efficient,
and equitable (IOM, 2001):
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• Safe—avoiding injuries to patients from the care that
is intended to help them.

• Effective—providing services based on scientific
knowledge to all who could benefit and refraining from
providing services to those not likely to benefit (avoid-
ing underuse and overuse, respectively).

• Patient-centered—providing care that is respectful of
and responsive to individual patient preferences,
needs, and values and ensuring that patient values
guide all clinical decisions.

• Timely—reducing waiting times and sometimes
harmful delays for those who receive and those who
give care.

• Efficient—avoiding waste, including waste of equip-
ment, supplies, ideas, and energy.

• Equitable—providing care that does not vary in
quality because of personal characteristics, such as
gender, ethnicity, geographic location, and socio-
economic status.

IOM identified “patient-centeredness” as the unifying and
guiding principle for redesigning and improving the health
care system to achieve these performance goals.

This patient-centered vision for the twenty-first century
health care system not only provides a compelling case for
increasing investment in information/communications tech-
nology and improving collaboration between medicine and
engineering in health care delivery, but also offers a clear
functional road map for transformation of the existing
system. The IOM report underscores the importance of
information/communications technology for meeting multi-
dimensional performance challenges and identified proven,
fundamental engineering concepts, such as designing for
safety, mass customization, continuous flow, and produc-
tion planning, that could be brought to bear immediately to
redesign and improve care processes.

Currents of Progress in a Stagnant Sea

Since IOM’s clarion call for action, there have been many
isolated, localized examples of the selective use of
information/communications technologies, systems-
engineering tools, and organizational innovations to address
one or more of the health care crises. (See, for example,
Brandeau et al., 2004, and papers in this volume by Bohmer,
Breslow, Coffey, Gustafson, Halamka, Hendrich, Lawrence,
Sahney, Stead, Uzsoy, and Zachariah). Although a few insti-
tutions have made some progress toward meeting some of
IOM’s six quality aims, evidence indicates that the health
care delivery system as a whole has not (IOM, 2004d).

Most health care providers continue to underinvest in the
technologies, tools, people, and organizational changes
necessary to manage and improve clinical care in any of the
six dimensions of quality. Overall, crises of quality, cost,
and access have become more intense, and scant progress

has been made in improving safety, bringing advances in
medical science to bear more rapidly on care delivery (effec-
tiveness and timeliness), addressing inequities, and increas-
ing efficiency. Not surprisingly, then, little headway has been
made toward patient-centeredness, as many patients can
attest (Picker Institute, 2000; see also Safran in this volume).

Given these persistent problems and scattered, isolated
attempts to address them, the committee believes it is time to
take up the challenge presented in the IOM report to estab-
lish a vigorous new partnership between engineering and
health care to help bring a systems perspective to health care
and hasten the transition to a patient-centered, twenty-first
century health care system.

THE ENGINEERING/HEALTH CARE PARTNERSHIP

Engineering and health care have had a long and produc-
tive history of collaboration in the development of medical
technologies (devices, equipment, pharmaceuticals) and in
support of medical research (instrumentation, computational
tools, etc.) (IOM, 1995; NAE, 2003). The ongoing revolu-
tions in bioengineering and genomics and the promise of
quantum advances in diagnostic tools and therapies testify to
the continued vitality of the partnership. Nevertheless, engi-
neering has remained on the periphery of efforts to assess,
manage, and redress the shortcomings of the health care
delivery system. Information/communications technology,
the product of engineering, has been widely used to improve
the administrative and financial aspects of the health care
industry, but has had relatively little impact on the core
business of health care—clinical operations. In short, the
principles, tools, and research from engineering disciplines
associated with the analysis, design, and control of complex
systems (systems engineering, industrial engineering,
operations research, human-factors engineering, financial
engineering/risk analysis, materials/microelectromechanical
systems engineering, etc.)—disciplines that have helped
improve, and sometimes transform, many manufacturing and
other services industries—are largely unknown in the clinical
operations of health care delivery.

The recent history of multiple, interrelated crises of
quality, access, and cost in the health care system testi-
fies to the inherent complexity of the health care system
and a desperate need for systems-engineering tools and
information/communications technology. This complexity
reflects the tensions and trade-offs between IOM’s six
quality aims for the transformation of health care and the
goals, priorities, and perspectives on quality of the many
stakeholders in the system—patients, physicians, nurses,
administrators, insurers, regulators, and others. Trade-offs
among major objectives are not unique to health care. For
example, a manufacturer (e.g., an automaker) must make
trade-offs between product features that may reduce mainte-
nance costs for the customer but increase manufacturing
costs and thus the initial cost of the product. There are many,
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many examples of trade-offs in other economic sectors and,
in fact, in all complex systems and operations.

Because of the extensive experience of systems engineers
in dealing with trade-offs in manufacturing and other
technology-intensive service industries, they are adept with
the tools, methods, and knowledge base to grasp the deep
functions and dynamics of complex systems, provide
insights into interactions between subsystems and processes,
and understand and manage the tensions and trade-offs
among competing system-performance goals and competing
priorities of stakeholders in the health care system. Engi-
neering tools and technologies can be used to measure and
optimize system performance to meet performance goals,
such as safety, effectiveness, patient-centeredness, and time-
liness, and, at the same time, anticipate, measure, and
manage the effects of these interventions on other perfor-
mance goals, such as equity, efficiency, and productivity.

Although systems engineering seems a natural partner for
addressing the challenges of the health care delivery system,
practitioners of the two disciplines are still largely ignorant
of each other’s methods, metrics, values, and mind-sets.
Most clinicians, as well as most health care administrators,
have had little exposure to the research and problem-solving
methodologies of engineering; thus, they do not readily grasp
how their applications might lead to improvements. By the
same token, few engineers are knowledgeable of the complex
sociotechnical fabric of health care processes and systems.
Thus, they cannot communicate with health care providers
in terms and concepts that take account of their values and
perceptions. They do not have a common vocabulary for
defining problems.

STRUCTURE OF THE REPORT

In the following four chapters of this consensus report
(Part 1), the committee attempts to bridge the knowledge/
awareness divide separating health care professionals from
their potential partners in the fields of systems engineering and
related disciplines. Two overlapping sets of engineering
applications are identified—systems-engineering tools and
information/communications technologies—that could
potentially transform the American health care system. The
committee believes that by taking advantage of existing
opportunities and pursuing longer range research, short-term
and long-term improvements can be made.

In Chapter 2, the committee elaborates on a four-level
model of the structure and dynamic of the health care sys-
tem, the rough division of labor and interdependencies
among major elements of the system, and the levers for
change throughout the system. An outline of the core
elements of a systems approach to the health care delivery
system is provided to give both health care professionals and
engineers a systems perspective on the major challenges and
opportunities facing the health care system and its constitu-
ent parts.

In Chapters 3 and 4, two major, interrelated opportunities
are described for transforming the system: (1) the use of
systems-engineering tools; and (2) the application of
information/communications technologies. In Chapter 3, the
focus is on (1) the identification of tools that have been dem-
onstrated to be useful in managing large, complex systems
that could lead to short-term improvements; and (2) the iden-
tification of research opportunities for improving existing
tools and making them more user-friendly to achieve long-
term improvements and create new, more powerful tools. In
Chapter 4, the committee describes opportunities for
accelerating the development and widespread diffusion of
modern information/communications systems for health care
delivery that are integrated with core system tools and tech-
nologies and capable of improving connectivity, continuity
of care, and responsiveness in the overall health care system.
In Chapter 5, the committee proposes an institutional strategy
for developing a vigorous partnership between the engineer-
ing, management, and health care fields that could lead to
the realization of the IOM vision of a high-performance,
patient-centered twenty-first century health care system.

Part 2 of the report includes 38 edited, individually
authored papers that were presented at three fact-finding
workshops. The papers, many of which are cited in Part 1,
address various dimensions of the quality/productivity
challenges at all levels of the health care system, describe
specific applications of systems-engineering tools and
information/communications technologies to advance the
quality and patient-centeredness of health care delivery, and
describe various barriers and incentives to change.
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2

A Framework for a Systems Approach to
Health Care Delivery

To consider how information/communications technolo-
gies and systems-engineering tools can be used to help real-
ize the IOM vision of a patient-centered health care system,
we must first understand the challenges facing the U.S.
health care system (IOM, 2001). The committee has adapted
a four-level model by Ferlie and Shortell (2001) to clarify
the structure and dynamics of the health care system, the
rough divisions of labor and interdependencies among major
elements of the system, and the levers for change. A brief
description of the model follows. The remainder of this
chapter provides a “systems view” of health care and a
brief description of the potential role of information/
communications systems.

A FOUR-LEVEL MODEL OF THE HEALTH CARE SYSTEM

In this model, adapted from Ferlie and Shortell (2001),
the health care system is divided into four “nested” levels:
(1) the individual patient; (2) the care team, which includes
professional care providers (e.g., clinicians, pharmacists, and
others), the patient, and family members; (3) the organiza-
tion (e.g., hospital, clinic, nursing home, etc.) that supports
the development and work of care teams by providing infra-
structure and complementary resources; and (4) the political
and economic environment (e.g., regulatory, financial, pay-
ment regimes, and markets), the conditions under which
organizations, care teams, individual patients, and individual
care providers operate (see Figure 2-1).

The Individual Patient

We begin appropriately with the individual patient, whose
needs and preferences should be the defining factors in a
patient-centered health care system. Recent changes in health
care policy reflect an emphasis on “consumer-driven” health
care. The availability of information, the establishment of
private health care spending accounts, and other measures

reflect an increasing expectation that patients will drive
changes in the system for improved quality, efficiency, and
effectiveness. Overall, the role of the patient has changed
from a passive recipient of care to a more active participant
in care delivery.

At the same time, the fragmented delivery system, com-
bined with the growing burden of chronic disease and the
need for continuous care, have all but forced many patients
to assume an active role in the design, coordination, “pro-
duction,” and implementation of their care, whether they
want to or not. Unfortunately, most people do not have access
to the information, tools, and other resources they need to
play this new role effectively. Considering the roles, needs,
and objectives of first-level actors—individual patients—and
their interdependencies with actors at other levels of the
system, opportunities abound for using information/
communications technologies and systems-engineering tools
to improve the overall performance of the health care system.

A starting point for increasing the “patient-centeredness”
of health care delivery is changing the perspective of clini-
cians to consider patients and their families as “partners”
and to incorporate their values and wishes into care pro-
cesses. The level of responsibility patients and their families
assume differs from patient to patient. Some prefer to
delegate some, if not most, of the decision making to a
trusted clinician/counselor in the care system; others want to
be full partners in decision making. In either case, however,
patients need a free exchange of information and communi-
cation with physician(s) and other members of the care team,
as well as with the organizations that provide the supporting
infrastructure for the care teams.

For patients to communicate “informed” needs and
preferences, participate effectively in decision making,
and coordinate, or at least monitor the coordination, of their
care, they must have access to the same information
streams—in “patient-accessible” form—as their physician(s)
and care team. Information that supports evidence-based,
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FIGURE 2-1 Conceptual drawing of a four-level health care system.

CARE TEAM
Frontline care providers

(health care professionals, family 
members, and others)

ORGANIZATION
Infrastructure/resources

(hospitals, clinics, nursing,
homes, etc.)

ENVIRONMENT
Regulatory, market, and policy framework

(public and private regulators, insurers, 
health care purchasers, research 

funders, et al.)

PATIENT

effective, efficient care encompasses the patient’s medical
record, including real-time physiological data; the most
up-to-date medical evidence base; and orders in process
concerning the patient’s care. The patient and/or his or her
clinician/counselor or family member must also have access
to educational, decision-support, information-management,
and communication tools that can help them integrate critical
information from different sources.

From the patient’s perspective, improving the timeliness,
convenience, effectiveness, and efficiency of care will
require that the patient be interconnected to the health care
system. Synchronous communication between patient and
physician could improve the quality of care in a number of
ways. For example, continuous, real-time communication of
a patient’s physiological data to care providers could accel-
erate the pace of diagnosis and treatment, thereby reducing
complications and injuries that might result from delays.
Remote (e.g., in-the-home, on-the-go) monitoring, diagnosis,
and treatment would make care much more convenient for
patients, save them time, and conceivably improve compli-
ance with care regimes (see paper by Budinger in this
volume). Communication technologies also have the poten-
tial to change the nature of the relationship between patient

and provider, making it easier for patients to develop and
maintain trusting relationships with their clinicians.

Asynchronous communication also has the potential to
significantly improve quality of care. The easy accessibility
of the Internet and the World Wide Web should enable all
but continuous inquiries and feedback between patients and
the rest of the health care system (IOM, 2001). The World
Wide Web has already changed patients’ ability to interact
with the system and to self-manage aspects of their care.
One of the fastest growing uses of the these communication
technologies is as a source of medical information from third
parties, which has made the consumer (i.e., the patient) both
more informed, and, unfortunately, sometimes misinformed.

Some of the improvements just described are available
today, some are under study, and some are as much as a
decade away from realization. Thus, research is still an
essential component in transforming the current system.

The Care Team

The care team, the second level of the health care system,
consists of the individual physician and a group of care
providers, including health professionals, patients’ family
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members, and others, whose collective efforts result in the
delivery of care to a patient or population of patients. The
care team is the basic building block of a “clinical micro-
system,” defined as “the smallest replicable unit within an
organization [or across multiple organizations] that is repli-
cable in the sense that it contains within itself the necessary
human, financial, and technological resources to do its work”
(Quinn, 1992).

In addition to the care team, a clinical microsystem
includes a defined patient population; an information envi-
ronment that supports the work of professional and family
caregivers and patients; and support staff, equipment, and
facilities (Nelson et al., 1998). Ideally, the role of the
microsystem is to “standardize care where possible, based
on best current evidence; to stratify patients based on medi-
cal need and provide the best evidence-based care within
each stratum; and to customize care to meet individual needs
for patients with complex health problems” (Ferlie and
Shortell, 2001). Most health and medical services today,
however, are not delivered by groups or teams.

The role and needs of individual physicians have under-
gone changes parallel to those of individual patients. The
exponential increase in medical knowledge, the prolifera-
tion of medical specialties, and the rising burden of provid-
ing chronic care have radically undercut the autonomy of
individual physicians and required that they learn to work as
part of care teams, either in a single institution/organization
or across institutional settings. The slow adaptation of indi-
vidual clinicians to team-based health care has been influ-
enced by several factors, including a lack of formal training
in teamwork techniques, a persistent culture of professional
autonomy in medicine, and the absence of tools, infra-
structure, and incentives to facilitate the change.

To participate in, let alone lead and orchestrate, the work
of a care team and maintain the trust of the patient, the
physician must have on-demand access to critical clinical
and administrative information, as well as information-
management, communication, decision-support, and educa-
tional tools to synthesize, analyze, and make the best use of
that information. Moreover, to deliver patient-centered care
(i.e., care based on the patient’s needs and preferences), the
physician must be equipped and educated to serve as trusted
advisor, educator, and counselor, as well as medical expert,
and must know how to encourage the patient’s participation
in the design and delivery of care.

At the present time, precious few care teams or clinical
microsystems are the primary agents of patient-centered
clinical care. Unwarranted variations in medical practice are
common, even for conditions and patient populations for
which there are standard, evidence-based, patient-stratified
“best practice” protocols (McGlynn et al., 2003; Wennberg
et al., 1989). Even though many clinicians now accept the
value of “evidence-based medicine” and recognize that they
cannot deliver evidence-based care on their own, they are
many barriers to their changing accordingly: the guild

structure of the health care professions; the absence of train-
ing in teamwork; the strong focus on the needs of individual
patients as opposed to the needs of patient populations; and
the lack of supporting information tools and infrastructure.
All of these can, and do, prevent systems thinking by clini-
cians, the diffusion of evidence-based medicine, and the
clinical microsystems approach to care delivery. Thus,
tailoring evidence-based care to meet the needs and prefer-
ences of individual patients with complex health problems
remains an elusive goal.

For care teams to become truly patient-centered, the rules
of engagement between care teams and patients must be
changed. Like individual care providers, the care team must
become more responsive to the needs and preferences of
patients and involve them and their families (to the extent
they desire) in the design and implementation of care. Care
teams must provide patients with continuous, convenient,
timely access to quality care. One member of the care team
must be responsible for ensuring effective communication
and coordination between the patient and other members of
the care team.

The Organization

The third level of the health care system is the organiza-
tion (e.g., hospital, clinic, nursing home) that provides infra-
structure and other complementary resources to support the
work and development of care teams and microsystems. The
organization is a critical lever of change in the health care
system because it can “provide an overall climate and culture
for change through its various decision-making systems,
operating systems, and human resource practices” (Ferlie
and Shortell, 2001). The organization encompasses the
decision-making systems, information systems, operating
systems, and processes (financial, administrative, human-
resource, and clinical) to coordinate the activities of multiple
care teams and supporting units and manage the allocation
and flow of human, material, and financial resources and
information in support of care teams. The organization is the
business level, the level at which most investments are made
in information systems and infrastructure, process-
management systems, and systems tools.

Health care organizations face many challenges. In
response to the escalating cost of health care, government
and industry—the third-party payers for most people—have
shifted a growing share of the cost burden back to care pro-
viders and patients in recent years. As a result, hospitals and
ambulatory care facilities are under great pressure to accom-
plish more work with fewer people to keep revenues ahead
of rising costs.

In certain respects, management of health care organiza-
tions is not well positioned to respond to mounting cost and
quality crises. Compared to other industries, health care has
evolved with little shaping by the visible hands of manage-
ment. Historically, most leaders of health care organizations
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were initially trained in medicine or public health. More-
over, except in the relatively few integrated, corporate
provider organizations (e.g., Kaiser-Permanente, Mayo
Clinic, et al.), the management of most hospitals faces the
challenge of “managing” clinicians, the majority of whom
function as “independent agents.”

Less than 40 percent of all hospital-based physicians are
employed as full-time staff by the hospitals where they
practice, a reflection of the deeply ingrained culture of pro-
fessional autonomy in medicine and the deeply held belief of
care professionals that their ultimate responsibility is to indi-
vidual patients. These circumstances have posed significant
challenges to the authority of health care management in
many organizations, often creating discord and mistrust
between health care professionals and health care manage-
ment. Other challenges to management include the
hierarchical nature of the health professions and inherent
resistance to team-based care, significant regulatory and
administrative requirements (e.g., controlled substances,
biohazardous waste disposal, patient privacy, safety, etc.),
and health care payment/reimbursement regimes that pro-
vide little, if any, incentives for health care organizations to
invest in non-revenue-generating assets, such as information/
communications technologies and process-management tools.

To support patient-centered care delivery by well func-
tioning clinical care teams or microsystems, health organi-
zations must find ways to bridge the health care professional/
delivery system management divide and invest in information/
communications technologies, systems-engineering tools,
and associated knowledge. Integrated, patient-centered,
team-based care requires material, managerial, logistical, and
technical support that can cross organizational/institutional
boundaries—support that is very difficult to provide in a
highly fragmented, distributed-care delivery system.

Financial investments in information/communications
technologies and systems-engineering tools alone will not
be enough, however. These investments must be accompa-
nied by an organizational culture that encourages the devel-
opment of care teams working with semiautonomous agents/
physicians (see paper by Bohmer in this volume). “Developing
a culture that emphasizes learning, teamwork, and customer
focus may be a ‘core property’ that health care organizations
. . . will need to adopt if significant progress in quality
improvement is to be made” (Ferlie and Shortell, 2001).
Finally, health care institutions must become “learning orga-
nizations” that are “skilled at creating, acquiring, and
transferring knowledge, and at modifying [their] behavior to
reflect new knowledge and insights” (Garvin, 1993).

The Political and Economic Environment

The fourth and final level of the health care system is the
political, economic (or market) environment, which includes
regulatory, financial, and payment regimes and entities that
influence the structure and performance of health care

organizations directly and, through them, all other levels of
the system. Many actors influence the political and economic
environment for health care. The federal government influ-
ences care through the reimbursement practices of Medicare/
Medicaid, through regulation of private-payer and provider
organizations, and through its support for the development
and use of selected diagnostic and therapeutic interventions
(e.g., drugs, devices, equipment, and procedures). State
governments, which play a major role in the administration
of Medicaid, also influence care systems. Private-sector
purchasers of health care, particularly large corporations that
contract directly with health care provider organizations and
third-party payers (e.g., health plans and insurance compa-
nies), are also important environment-level actors, in some
cases reimbursing providers for services not covered by the
federal government.

Federal regulations influence the structure, level, and
nature of competition among providers and insurers. They
can also affect the transparency of the health care system by
setting requirements related to patient safety and other
aspects of the quality of care. By exercising its responsibility
to monitor, protect, and improve public health, the federal
government shapes the market environment for health care.
Federal agencies, the primary sources of funding for bio-
medical research, influence the research and technological
trajectories of health care, and, with them, the education of
health care professionals and professionals in other areas
invested in the health care enterprise.

At present, many factors and forces at the environmental
level, including reimbursement schemes for health care ser-
vices and some regulatory policies, do not support the goals
and objectives of patient-centered, high-performance health
care organizations or the health care delivery system as a
whole. Although the federal government, the single largest
purchaser of health care services, principal regulator, and
major research patron, is, in many ways, best positioned to
drive changes in the health care delivery system, some
private-sector payer organizations and state governments are
better positioned to experiment with new mechanisms and
incentives for improving the quality of care and making
health care more affordable (see papers by De Parle and
Milstein in this volume).

A SYSTEMS VIEW OF HEALTH CARE

In Chapter 1, the health care delivery system was
described as a “cottage industry.” The main characteristic of
a cottage industry is that it comprises many units operating
independently, each focused on its own performance. Each
unit has considerable freedom to set standards of perfor-
mance and measure itself against metrics of its own choos-
ing. In addition, cottage industries do not generally attempt
to standardize or coordinate the processes or performance of
Unit A with those of Units B, C, and so on.

Indeed, this is an apt characterization of the current health
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care delivery system. Even in many hospitals, individual
departments operate more or less autonomously, creating so-
called “silos.” Many physicians practice independently or in
small groups, and ambulatory clinics, pharmacies, labo-
ratories, rehabilitation clinics, and other organizations—
although part of the delivery system—often act as indepen-
dent entities. We often call this arrangement a “health care
system,” even though it was not created as a system and has
never performed as a system.

Moving from the current conglomeration of independent
entities toward a “system” will require that every participat-
ing unit recognize its dependence and influence on all other
units. Each unit must not only achieve high performance but
must also recognize the imperative of joining with other units
to optimize the performance of the system as a whole. More-
over, each individual care provider must recognize his or her
dependence and influence on other care team members (e.g.,
specialists in different fields, pharmacists, nurses, social
workers, psychologists, physical therapists, etc.) (IOM,
2003). These are the underlying attitudes that support a
systems approach to solving problems.

Changing attitudes to embrace teamwork and systems
“thinking” can be extremely difficult and may encounter
resistance. Nevertheless, a concerted, visible commitment
by management will be necessary to achieve this new way of
thinking as a giant step toward the improvements identified
in Crossing the Quality Chasm (IOM, 2001).

Optimization

It is easy to show mathematically that the optimization of
individual units rarely, and only under highly improbable
circumstances, results in optimization of the whole. Optimi-
zation is determined by a variety of metrics, including the
productivity of a unit, the quality of service, the use of

physical resources, or a combination of all of these. Optimi-
zation of the whole requires a clear understanding of the
goal of the overall system, as well of interactions among the
subsystems. The whole must be recognized as being greater
than the sum of its parts (Box 2-1).

A handful of health care organizations have embraced the
systems view (e.g., the Veterans Administration and Kaiser-
Permanente Health Care). These significant exceptions to
the general rule demonstrate that the systems view is appli-
cable to health care and could be a model for other health
care organizations. The goal of this report is to identify
existing tools that can be used to address problems and to
suggest areas for further exploration.

In any large system that has many subsystems, achieving
high operating performance for each subsystem while taking
into account the mutual influence of subsystems on each
other and on the system as a whole can be a daunting task. A
simple pictorial description of interacting elements in a
system may be helpful for understanding how the system
works. However, a deeper understanding invariably involves
creating a mathematical description of subsystems, their per-
formance, and their interactions. This, in turn, requires a
model, that is, an abstract representation of how the system
operates (a mathematical form that can be used to analyze
the system) that includes parameters that determine the
performance of each sub-element of the system, as well as
descriptions of interactions. The model is a tool for simulat-
ing the performance of the actual system.

The principal objective of a simulation is to ask “what if”
questions and assess the impact of alternative actions on the
performance of the system to determine which ones might
improve overall system performance. For example, if a
change is planned in the layout of a facility, a model can be
used to determine if it will improve the flow of people and
equipment through the facility. A model might help

BOX 2-1
Optimizing System Performance

Optimization of the performance of a large system is often attempted through the optimization of each sub-element of the system. In industry, this
is commonly accomplished by creating independent “profit/loss” centers whose performance can be measured independently of the performance of all
other sub-elements. Unfortunately, this procedure rarely, if ever, results in optimization of the entire system. In fact, with a simple mathematical formula,
it has been shown conclusively that optimization of the whole can only be achieved by optimizing the performance of each sub-element when the
parameters that determine performance are independent of each other.

For example, assume that the productivity of a health care system is determined by: (1) the number of supporting staff (S); (2) the number of
independent physicians (IP); (3) the level of capital investment in instrumentation (I); and (4) the level of investment in information/communications
technologies infrastructure (IT). If, and only if, S, IP, I, and IT are totally independent, can the system by optimized by optimizing the four sub-elements.
Even in this simple example, however, and certainly in practice, such independence does not exist. Therefore, to optimize overall system performance,
regardless of whether one is attempting to optimize for safety, customer satisfaction, cost, or for all of these simultaneously, interactions among the
parameters must be recognized and included.
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determine how much inventory must be kept at Station A to
ensure that it can respond to an emergency in less than five
minutes. A model might also reveal if a different communi-
cation system might reduce the required inventory or the best
way to assign a nursing staff when 10 percent of the nurses
are not available. As Alan Pritsker, the author of many
treatises on large-scale system modeling and simulation,
writes, “The system approach is a methodology that seeks to
ensure that changes in any part of the system will result in
significant improvements in total system performance”
(Pritsker, 1990).

Because the health care system involves a myriad of inter-
acting elements, it is difficult, or even impossible, for any
individual to have a complete picture of the system without
using special tools to perform a systems analysis. A model
of the health care system must include a description of “pro-
cesses,” including a wide variety of activities, from nurses
administering medication on the hospital floor to examina-
tions by a doctor to laboratory tests to the filling of prescrip-
tions by a pharmacist to follow-on visits by a nurse. The
model must include the role of each process in health care
delivery and its interactions with other processes in the
system. But clinical elements are not the only important ele-
ments in an analysis. The interaction between administrative
elements (e.g., patient check-in and billing procedures) and
other processes can also significantly influence the overall
performance of the system from the patient and organiza-
tion’s point of view. All processes must be quantitatively
described to be included in the model.

Any attempt to optimize the performance of a system
must take into account objectives that are difficult to quantify
and that may, in fact, conflict with each other. Quantifying
the quality of care, for example, can be difficult, largely
because the meaning of quality varies depending on whether
the patient, the health care professional, or the clinic or hos-
pital is assessing it. Improvements in productivity may mean
an increase in the number of patients that can be accommo-
dated or a decrease in waiting time for the average patient.
IOM identified safety, effectiveness, patient-centeredness,
timeliness, efficiency, and equity as proper quality objectives
for the health care delivery system. Systems analyses can be
used to improve the overall performance of systems with
multiple objectives because they include possible trade-offs
and/or synergies among these objectives. In addition, poten-
tially conflicting goals—for example, cost containment and
patient-centeredness—can also be analyzed.

THE ROLE OF INFORMATION AND
COMMUNICATIONS TECHNOLOGY

Many industries have attempted to use information/
communications systems in place of manual operations, such
as record keeping. But information/communications systems
can be used for much more than electronic record keeping.
With incredible advances in computational speed and

capacity and parallel advances in computer software, clini-
cal information and communications systems can provide
immediate access to information, including patient-based
information (e.g., past laboratory values and current diag-
noses and medications), institution-based information (e.g.,
drug-resistance patterns of various bacteria to different anti-
biotics), profession-based information (e.g., clinical-practice
guidelines, including summaries of recommended best
practices in various situations), real-time decision support
(e.g., alerts about potential drug interactions or dosing
patterns in a patient with a compromised drug-metabolism
mechanism), practice-surveillance support (e.g., reminders
about upcoming screening tests recommended for a patient),
and population health data (e.g., for epidemiological research,
disease and biohazard surveillance, notification of post-
introduction adverse drug events).

Information/communications systems can also provide
important information to the patient for self-treatment of
diseases and enable ongoing asynchronous communication
between patients and care providers. In the future, with the
advent of remote monitoring devices and wireless communi-
cation systems, information/communications systems have
the potential to support continuous monitoring of a patient’s
health status at home, rapid diagnosis by clinicians, and
timely, effective therapeutic interventions in the home by
the patient or a family member, with guidance by health pro-
fessionals. Furthermore, by capturing process and system
performance data for systems analysis, control and design,
information/communications technologies can facilitate the
use of systems-engineering tools by patient care teams, pro-
vider organizations, and environmental actors at all levels of
the health care delivery system.

Chapter 3 provides descriptions of a large portfolio of
systems-engineering tools and concepts with the potential to
significantly improve the quality and cost performance of
the health care system. These tools have been widely and
effectively used to design, analyze, and control complex pro-
cesses and systems in many major manufacturing and ser-
vices industries. In Chapter 4 opportunities are described for
accelerating the development and widespread diffusion of
clinical information and communications systems for health
care delivery that can support the use of systems tools and
improve the connectivity, continuity of care, and responsive-
ness of the health care system as a whole.
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3

The Tools of Systems Engineering

An understanding of the performance of large-scale
systems must be based on an understanding of the perfor-
mance of each element in the system and interactions among
these elements. Thus, understanding a large, disaggregated
system such as the health care delivery system with its
multitude of individual parts, including patients with various
medical conditions, physicians, clinics, hospitals, pharma-
cies, rehabilitation services, home nurses, and many more,
can be daunting. To add to the complexity of improving this
system, different stakeholders have different performance
measures. Patients expect safe, effective treatment to be
available as needed at an affordable cost. Health care pro-
vider organizations want the most efficient use of personnel
and physical resources at the lowest cost. Health care pro-
viders want to serve patients effectively and minimize, or at
least reduce, the time devoted to other tasks and obligations.
Advancing all six of the IOM quality aims for the twenty-
first century health care system—safety, effectiveness, time-
liness, patient-centeredness, efficiency, and equity—will
require understanding the needs and performance measures
of all stakeholders and making necessary trade-offs among
them (Hollnagel et al., 2005).

Understanding interactions and making trade-offs in such
a complex system is difficult, sometimes even impossible,
without mathematical tools, many of them based on opera-
tions research, a discipline that evolved during World War II
when mathematicians, physicists, and statisticians were
asked to solve complex operational problems. Since then,
these tools have been used to create highly reliable, safe,
efficient, customer-focused systems in transportation, manu-
facturing, telecommunications, and finance. Based on these
and other experiences, the committee believes that they can
also be used to improve the health care sector (McDonough
et al., 2004). Indeed, improvements in health care quality
and productivity have already been demonstrated on a
limited scale in isolated elements at all four levels of the
health care system (patient, care team, organization, and

environment). These limited, but encouraging, first steps led
the committee to conclude that the effective, widespread use
of these tools could lead to significant improvements in the
quality of care and increases in productivity throughout the
health care system.

This chapter provides detailed descriptions of several
families of systems-engineering tools and related research
that have demonstrated significant potential for addressing
systemic quality and cost challenges in U.S. health care.
Although the descriptions do not include all of the tools or
all of the challenges to the health care system, they illustrate
potential contributions at all four levels of the health care
system in all six characteristics identified by IOM.

The first part of this chapter is focused on three major
functional areas of application for mathematical tools,
namely the design, analysis, and control of large, complex
systems; discussions include examples of current or poten-
tial uses in health care delivery. In the second part of the
chapter, mathematical tools are considered from the perspec-
tive of the four levels of the health care system; the tools
most relevant to the challenges and opportunities at each
level are highlighted. Many of the tools described in this
chapter are applicable to more than one level but generally
address different questions or issues at each level. It will
become obvious to the reader that each level of the system
has different data requirements and a different reliance on
information/communications technology systems.

The systems tools discussed below have been shown to
provide valuable assistance in understanding the operation
and management of complex systems. Some of these have
been used sparingly, but successfully, in various circum-
stances in health care. Others will require further develop-
ment and adaptation for use in the health care environment.
To assist the reader in classifying these tools, they are
divided into three sections: (1) tools for systems design;
(2) tools for systems analysis; and (3) tools for systems con-
trol. Design tools are primarily used for creating new health
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care delivery systems or processes rather than improving
existing systems or processes. Analysis tools can facilitate
an understanding of how complex systems operate, how well
they meet their overall goals (e.g., safety, efficiency, reli-
ability, customer satisfaction), and how their performance
can be improved with respect to these sometimes comple-
mentary, sometimes competing, goals. Controlling a com-
plex system requires a clear understanding of performance
expectations and the operating parameters for meeting those
expectations; systems control tools, therefore, measure
parameters and adjust them to achieve desired perfor-
mance levels.

The reader will recognize that these categories are some-
what arbitrary—analysis is important to design, systems con-
trol is necessary for the effective operation of a system, and
so on. Thus, the division is not prescriptive but is helpful for
organizing the discussion.

THE NEED FOR GOOD DATA

Creating a mathematical representation that describes a
feature of a system or a subsystem, although necessary, is
seldom sufficient. A mathematical representation can only
provide quantitative predictions of performance if it is based
on good data. Therefore, sound data about the performance
of the system or subsystem are also necessary.

The nature of these data depends on the problem being
addressed, of course, but one important generalization can
be made. In systems as complex as the health care system,
processes are stochastic, that is, individual differences create
significant variability over time. For example, the amount of
time a physician spends with an individual patient varies
greatly depending on the patient’s medical condition. To
analyze the system, therefore, it is necessary to know both
the mean and variance for relevant process times, such as the
time involved in the delivery of each process, the fraction of
patients who require each process, the number and required
capabilities of individual providers, and the incidence of
patients who do not keep appointments. Statistical distribu-
tions of times and usage for processes and providers also
vary, not only among processes, but also among facilities.
No norms have been established, however, so they must be
determined. These issues are addressed in the discussion on
queuing theory.

The variables to be measured depend on the particular
analysis and, because data collection is often time consuming,

determining which variables to measure is critical to the
timely analysis of a system. However, understanding a
complex system always entails time and effort to make
measurements and observations.

The reader will note that the need for data is cited in many
discussions of the applicability and uses of systems-
engineering tools. Some of these needs can be met with a
single sequence of measurements; others require massive
databases. Good data are necessary to any systems analysis,
but, because systems-engineering tools have not been rou-
tinely used in the health care delivery system, data for these
analyses are often inadequate or missing altogether.

SYSTEMS-DESIGN TOOLS

Systems-design tools are primarily used to create systems
that meet the needs/desires of stakeholders (Table 3-1). In
the health care system, stakeholders include patients seeking
care, health care providers, organizations that must operate
efficiently and provide a satisfying environment for caregivers
and patients, and participants in the regulatory/financial
environment that must provide mass access to good care.
The system must meet the needs of all of these stakeholders.

Concurrent Engineering

In the last 20 years, manufacturers in a variety of indus-
tries have used a procedure called concurrent engineering to
design, engineer, and manufacture products that meet the
needs and aspirations of customers, are defect free, and can
be produced cost effectively. Concurrent engineering can be
thought of as a disciplined approach to overcoming silos of
function and responsibility, enabling different functional
units to understand how their individual capabilities and
efforts can be optimized as a system. Using concurrent engi-
neering, a team of specialists from all affected areas (depart-
ments) in an organization is established; this team is then
collectively responsible for the design of a product or
process. The team considers “from the outset . . . all elements
of the product life-cycle, from conception through disposal,
including quality, cost, schedule, and user requirement”
(Winner et al., 1988). The process begins with the initial
concept and continues until a successful product or process
is delivered to the customer.

Organizations that use the concurrent-engineering process
have realized substantial benefits: fewer design changes are

TABLE 3-1 Systems-Design Tools

Tool/Research Area Patient Team Organization Environment

Concurrent engineering and quality function deployment X X
Human-factors engineering X X X X
Tools for failure analysis X X

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


THE TOOLS OF SYSTEMS ENGINEERING 29

required once the production or process has been introduced;
the time from design to full production is significantly short-
ened; the number of defects in the product is greatly reduced;
and the process (or production) costs less. In addition to these
direct, readily measurable benefits, the concurrent engineer-
ing process can also yield indirect, or “spill over,” benefits
to an organization. These include improved cross-disciplinary/
cross-unit learning, improved teamwork, improved quanti-
tative and qualitative characterizations of processes and
systems, and improved understanding and appreciation of the
overall system (i.e., how the decisions and actions of indi-
vidual units affect the performance of the organization as a
whole.) Concurrent engineering has been used mostly in the
manufacturing arena, but the idea can be applied to the health
care delivery system to develop a process for delivering care
rather than manufacturing a product.

Concurrent engineering teams have different composi-
tions for different organizations (or “processes”). A concur-
rent engineering team for an operating room (OR), for
example, would include surgeons, nurses, laboratory tech-
nicians, and others, depending on the goal. For other units of
a hospital (e.g., an intensive care unit [ICU], a neonatal care
unit, the business office, etc.), teams would include the indi-
viduals and members of groups relevant to that unit. For the
hospital as a whole, teams would be established at many
levels. Each unit team would provide input to a more com-
prehensive team with members from all parts of the hospital,
including the admissions staff, laboratory technicians,
nurses, pharmacists, physicians, physical therapists, repre-
sentatives of the OR, ICU, and so on. Each unit team would
receive feedback from the comprehensive team, which
would provide a basis for modifying the original conclu-
sions and moving closer to optimizing overall performance.
For the extended enterprise, the team would include mem-
bers of other caregiver groups (e.g., pharmacists, rehabilita-
tion technicians, home nurses, etc.).

Simply defined, concurrent engineering is an attempt to
break down silos in an enterprise through effective team-
work. Many tools have been developed to assist in this
process for manufacturing operations, but for our purposes
we will highlight only one—quality functional deploy-
ment (QFD).

Quality Functional Deployment1

QFD can be very useful for designing processes and pro-
cedures that meet the level of service a customer/patient
wants. Although QFD is not a mathematical construct, it pro-
vides a structure to help the concurrent engineering team
identify (1) factors that determine the quality of performance

and (2) actions that ensure the desired performance is
achieved. The QFD procedure might be applicable to a team
in an emergency room, the operation of an ambulatory clinic,
or the operation of an entire hospital.

QFD is a procedure by which a stakeholder’s wants/needs
are spread throughout the elements of an organization to
ensure that the final product/service satisfies those wants/
needs. The concept of QFD, which was introduced in Japan
by Katsukichi Ishihari in 1969, was later developed for U.S.
manufacturers by L.P. Sullivan (1986) and Hauser and
Clausing (1988). Sullivan describes QFD as “a system to
assure that customer needs drive the product design and pro-
duction process” by translating them into the technical
requirements of the product and then into a process for
delivering a product/service that meets those requirements.

QFD has been used to design a wide range of products
and processes, including a new automobile (Sullivan, 1988)
and wave-solder processes used in manufacturing integrated
circuits (Shina, 1991). The QFD procedure is also applicable
to the development of a service function, such as the design
of a library system, the provision of fast food, the creation of
a traffic-control system, or the delivery of health care
(Chaplin et al., 1999).

The QFD process begins with the identification of team
members who represent all activities involved in the creation
of the final product/process/service. Team members are
chosen for their expertise and not just to represent their orga-
nizational units, and the team strives to make the best
decisions for the organization as a whole.

The QFD team begins by listing stakeholders’ wants. The
number of stakeholders can vary greatly, depending on the
unit being studied. Stakeholders in the health care system
could include inpatients, outpatients, ambulatory patients,
physicians, nurses, payers, health care system managers,
even communities, or they could include only a few of these.
Once the stakeholders have been identified, the team com-
piles a list of their needs. Depending on who the stakeholders
are, these might include ready access to physicians, low
costs, absence of paperwork, prompt payment of claims,
high-quality treatment, rewarding careers, keeping of
appointments, financial system stability, and so forth. Obvi-
ously, some of these needs may conflict with each other. For
example, physicians and nurses may not have compatible
career objectives, and community expectations may differ
from payers’ expectations. In the initial identification step,
no attempt is made to resolve these conflicts.

In step one, the team prepares a list of “what” is wanted.
In step two, they prepare a list of “how” these wants can be
satisfied. The second step involves translating needs (or
wants) into requirements that must be met to satisfy them.
An example of “whats” and “hows” for a component of an
ambulatory clinic is provided in Table 3-2.

Of course, many more steps are involved in implement-
ing QFD for a manufactured product, and similar steps are
required for a QFD for the health care system. In complex

1For the purpose of illustration, the description of quality function
deployment has been simplified to two steps. For complicated sub-elements
of the system or for a much larger system, the process would be expanded.
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TABLE 3-2 “Whats” and “Hows” for Stakeholders in an Element of an Ambulatory Care Clinic

Stakeholder Wants (“Whats”) System Attributes (“Hows”)

Ready access to the physician of choice for the patient. • Reduce caseload for physicians.
• Better management of physician caseload.

No waiting for patients between steps during in-house procedures. • Ensure seamless handoffs between departments.
• Add staff and facilities.
• Streamline processes.

Fewer repeat procedures during an examination. • Create electronic health records (EHRs) with decision support.
Absence of errors in diagnosis. • Use EHR system.

• Practice evidence-based medicine.
Better understanding by the patient of his/her role in ensuring • Provide more counseling for patients.

his/her health. • Improve patient access to information and knowledge.
More time for nurses to spend with patients. • Reduce paperwork.
More responsibility for nurses. • Solicit agreement from physicians that nurses should have more responsibility.
More time for physicians to develop professional expertise. • Reduce caseload for physicians.
More cooperation by physicians in independent practitioners’ • Provide incentives to encourage physicians in IPAs to participate.

associations (IPAs) in eliminating errors.
Improved operating efficiency. • Reduce costs.

TABLE 3-3 The “Whats” and “Hows” for Meeting System Objectives

System Attributes (“Whats”) Actions (“Hows”)

Smaller caseload for physicians. • Redesign processes with input from physicians.
• Add staff and facilities.

Creation of electronic health records (EHRs). • Involve physicians and staff in planning the EHR system.
• Identify responsibilities, available expertise, and consultants.

Use of the EHR system with decision support. • Practice evidence-based medicine.
• Ensure seamless handoffs between departments.

Less paperwork. • Make full use of EHRs.
• Use clinical physician order entry.
• Write all prescriptions electronically.

Agreement by physicians that nurses take more responsibility. • Establish multidisciplinary teams.
• Implement training in teamwork.
• Identify physician with responsibility.

More counseling for patients. • Make follow-on contact by provider.
• Use Internet.
• Provide sources of medical information.

Incentives to encourage physicians in independent practitioners’ • Document improvements in quality of care.
associations to participate. • Document improvements in safety.

• Reduce wasted physician time.
• Provide appropriate compensation for direct care and case management.

Additional staff and facilities. • Increase number of counselors.
• Increase number of staff capable of using engineering tools.

Lower cost. • Make optimal use of facilities.
• Improve scheduling of facilities.
• Improve facility maintenance.
• Decrease staff.

systems in which several “hows” may be important to sev-
eral “whats,” the material is presented in matrices. In this
simplified example, the material is presented in tabular form.

Once the “hows” have been identified, they must be trans-
lated into detailed instructions. In the QFD procedure, the
right-hand column in Table 3-2 becomes the left-hand
column in Table 3-3. The right-hand column in Table 3-3

then becomes the “hows” for satisfying the stakeholder needs
that were identified initially. Note that even in this simple
example, many of the “hows” in Table 3-3 will require a
third step, and some may require more.

At this stage, some of the “whats” appear to conflict (e.g.,
the need for both more and less staff and facilities). In addi-
tion, the “hows” in both tables sometimes conflict. It is best
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to allow conflicts to arise naturally and not to suppress them
when they first occur but to resolve them in subsequent steps.
Teams have a tendency to jump to conclusions in the second
step instead of pursuing a careful examination of trade-offs
and conflicts. Redesigning processes with input from physi-
cians and nurses, providing training in teamwork, and docu-
menting improvements in quality of care and safety will have
immediate benefits, even though further efforts will be
needed before the design of major organizational changes
(the next major step) can be undertaken.

Throughout the QFD process, the team must work within
certain constraints established by the organization, such as
cost objectives for the final service and the time available to
implement the QFD procedure. For example, the team might
conclude that achieving zero errors in the writing of pre-
scriptions by all physicians, including those associated with
independent practitioners’ associations, is not possible in the
time frame for the project. If this is the case, the QFD steps
must be repeated with modifications, which may result in
changing some previously agreed upon decisions. It is
essential that all members of the QFD team continue to par-
ticipate in this sometimes painful process. In the unusual
event that the objectives cannot be accomplished within the
constraints, the team must meet with senior management and
determine if the constraints can be relaxed or if the processes
must be changed. These decisions must be made in con-
junction with management.

The QFD process can be both time consuming and diffi-
cult, and success requires the availability of the resources of
the organization. Accomplishing a QFD analysis for a com-
plicated project requires considering a vast array of details,
and QFD team members may find it necessary to consult
with many people in their organizational areas and ask for
detailed studies and analyses at various stages. Thus, team
members will need the support of many people to accom-
plish their tasks, especially the support and encouragement
of upper management.

Nevertheless, experience in other industries has shown
that if QFD is done properly, that is, if all relevant stake-
holders are involved and objectives and constraints have
been well defined, the direct and indirect benefits generally
far outweigh the costs and risks of the QFD process. The
committee is confident that QFD applications to the design
of health care delivery processes, particularly at the care-
team and organization levels, will yield significant, measur-
able performance gains in quality and efficiency. In addition,
QFD will have significant indirect or spill-over benefits in
health care delivery, where disciplinary and functional silos
of responsibility are deeply entrenched. Indirect benefits
include improvements in the quantitative and qualitative
characterization of processes and systems, improvements
in cross-disciplinary/cross-unit learning, improvements in
teamwork, and a better understanding and appreciation of
how the actions/decisions of individual units affect the per-
formance of the system as a whole.

Human-Factors Research

In general, complexity is the enemy of very high levels of
human-systems performance. In nuclear power and aviation,
this lesson was learned at great cost. Simplifying the opera-
tion of a system can greatly increase productivity and reli-
ability by making it easier for the humans in the system to
operate effectively. Adding complexity to an already com-
plex system rarely helps and often makes things worse. In
health care, however, simplicity of operation may be severely
limited because health care delivery, by its very nature,
includes, creates, or exacerbates many forms of complexity.
Therefore, in the health care arena, success will depend on
monitoring, managing, taming, and coping with changing
complexities (Woods, 2000).

Human-factors engineering and related areas, such as
cognitive-systems engineering, computer-supported coopera-
tive work, and resilience engineering, focus on integrating
the human element into systems analysis, modeling, and
design. In health care, for example, the human-technology
system of interest may be organizing an intensive care area
to support cognitive and cooperative demands in various
anticipated situations, such as weaning a patient off a respi-
rator. Human-factors engineering could also provide a
workload analysis to determine if a new computer interface
would create bottlenecks for users, especially in situations
that differ from the “textbook” scenario.

At the patient level, the focus might be on the provider-
patient relationship, such as making sure instructions are
meaningful to the patient or encouraging the patient’s active
participation in care processes (Klein and Isaacson, 2003;
Klein and Meininger, 2004). At the team level, human-
systems analysis might be used to assess the effectiveness of
cross-checks among care groups (e.g., Patterson et al.,
2004a). At the organizational level, the human-systems issue
might be ensuring that new software-intensive systems
promote continuity of care (e.g., avoid fragmentation and
complexity). At the broadest level, human-systems engineer-
ing may focus on how accident investigations can promote
learning and system improvements (Cook et al., 1989).

Patterns of human-systems interactions that have been
analyzed in studies in aviation, industrial-process control,
and space operations also appear in many health care
settings. A single health care issue (e.g., mistakes in admin-
istering medications) is likely to involve many human-
performance issues, depending on the context (e.g., Internet
pharmacies, patient self-managed treatment, administration
of medication through computerized infusion devices,
computer-based communication in a computerized physician
order entry system). For example, a human-factors analysis
of the effects of nurses being interrupted while attempting to
administer medication could lead to changes in work proce-
dures. Once the processes in human performance that play
out in the health care setting are understood, the human-
factors knowledge base can be used to guide the development
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and testing of ways to improve human performance on all
four levels of the health care system (Box 3-1).

Modeling, supporting, and predicting human performance
in health care, as in any complex setting, requires language
appropriate to different aspects of human performance.
Patterns in human judgment, for example, are described in
concepts such as bounded rationality, knowledge calibration,
heuristics, and oversimplification fallacies (Feltovich et al.,
1997). Patterns in communication and cooperative work
include the concepts of supervisory control, common ground,
and open versus closed work spaces (Clark and Brennan,
1991; Patterson et al., 2004b). Concepts relevant to patterns
in human/computer cooperation include mental models, data
overload, and mode error (Norman, 1988, 1993).

Generic patterns in human-systems performance are
apparent in many health care settings, and identifying them
can greatly accelerate the development of changes to
improve health care. This will require integrating a medical
or health care frame of reference and a human-systems frame
of reference based on cognitive sciences and research on
cooperative work and organizational safety. Numerous part-
nerships between human-factors engineers and the medical
profession have already led to improvements in patient safety
(Bogner, 1994; Cook et al., 1989; Hendee, 1999; Howard et

al., 1992, 1997; Johnson, 2002; Nemeth et al., 2004; Nyssen
and De Keyser, 1998; Xiao and Mackenzie, 2004).

Thus, results already in the human-factors research base
can provide a basis for rapid improvements in health care. A
recent example is the improvement in handoffs and shift
changes in health care based on a number of promising
results in other industries that were directly applicable to
this health care setting (Patterson et al., 2004b). Another
example is in the cognitive processes involved in diagnosis.
Faced with a difficult diagnosis, a provider may focus on a
single point of view and exclude other possibilities (e.g.,
Gaba et al., 1987). Human-performance techniques (critical-
incident studies and crisis simulation) have been used in
other settings to study these kinds of situations and recom-
mend ways that computer prompts and displays can be used
to avoid this problem (Cook et al., 1989; Howard et al., 1992).

Another success story is the application of a human-
systems perspective to improve medication-administration
systems based on bar codes. The analysis of the problem
involved identifying complexities and other side effects,
such as workload bottlenecks and new error modes that arose
when new computerized systems were introduced (e.g, Ash
et al., 2004; Patterson et al., 2002). As advances in technol-
ogy lead to improvements in telemedicine and the continuity

BOX 3-1
Improving Medical Instructions

Prescription medicines are generally accompanied by information sheets (e.g., take with food; do not use when certain other medications are being
used; avoid alcohol; or store in an appropriate location). A study was undertaken to see if incorporating the principles of cognitive psychology could
make medication information sheets more user friendly.

Human-factors/ergonomics (HF/E) research related to interface design, information processing, and perception suggest that the physical features
(e.g., size and consistency of fonts, line spacing, etc.) of the information sheet and the language used in the text (e.g., simple, explicit, unambiguous
phrases in brief sentences) can significantly affect the usability of the information. The organization of the material also influences understanding. For
example, a list format is easier to understand than a prose format. These features can be especially important for patients with special limitations (e.g.,
elderly patients, people with short attention spans, patients under severe stress, etc.).

In the study, the readability and understandability of commercial information sheets and HF/E-modified sheets were evaluated by two groups.
Sixty-two college-age students and 41 elderly subjects (ages 58 to 87) were asked to read and complete a multiple-choice test on a commercial or
HF/E-modified sheet for two drugs. Subjects who read the commercial sheet for drug A were given the modified sheet for drug B. Subjects could take
as much time as they needed to review each sheet and complete the test.

The review times and test times for the college-age group were 20 to 30 percent shorter than for the older group. This was statistically significant.
Eighty-seven percent of the subjects overall expressed a preference for the HF/E-modified sheets. For older subjects, the reading time for the redesigned
sheets was approximately 30 percent shorter than for the commercial sheets.

Even with improved physical features, simple, clear language, and clear organization, the participants in the study continued to make errors,
showing that improvements were still necessary. The authors of the study concluded that “[a]dvances in medication self-management information will
depend on knowledge of how users understand information and how they select a course of action. . . . Medications information sheets must
accommodate the characteristics and limitations of users to be effective.” Improving information sheets will require the participation of health care
professionals, insurance providers, and users.

Source: Klein and Isaacson, 2003.
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of care, similar applications will no doubt be useful in the
future. Trade-offs will involve economic constraints and
the development of new medical capabilities (e.g., Xiao
et al., 2000).

As these and other examples show, human-factors
research can contribute to the development of highly reliable
processes, systems, and organizations in health care that
would advance the goals of safety, effectiveness, efficiency,
and patient-centeredness. Simplification and standardization
can increase reliability in many complex systems, including
complex health care systems. However, simplification and
standardization alone will not be enough to manage many
areas of changing complexity in health care delivery.
Human-factors research and applications will also be useful
for monitoring, managing, taming, and coping with these
dynamic complexities.

Tools for Failure Analysis

The purpose of failure-mode effects analysis (FMEA) is
to identify the ways a given procedure can fail to provide
desired performance. The analysis may include disparate
elements, such as the late arrival of information and
laboratory errors because of a lack of information about the
interactions of certain drugs. In FMEA, a mathematical
model is usually created and used in the analysis.

Prior to releasing a new product design, manufacturers
analyze how the product might fail under a variety of condi-
tions. FMEA is a methodical approach to analyzing potential
problems, errors, and failures and evaluating the robustness
of a product design (McDonough et al., 2004). FMEA can be
used to evaluate systems, product designs, processes, and
services and is essential to finalizing the design of a product
or identifying how a part, subsystem, or system might fail, as
well as the impact of failure on safety and effectiveness.
Thus, FMEA provides an opportunity to design a potential
failure mode out of a product or process.

In the health care delivery system, FMEA can be helpful
for designing systems (e.g., the seamless transfer of infor-
mation, the implementation of electronic health records
[EHRs], potential failures in the regional response to a public
health emergency, etc.) on the level of health care provider
teams and on the organizational level.

In addition to identifying potential design flaws, FMEA
has several other benefits:

• identification of areas that require more testing or
inspection to ensure high quality

• identification of areas where redundancies are justified
• prioritization of areas that require further design, test-

ing, and analysis
• identification of areas where education could minimize

the misuse or inappropriate use of a product
• foundation for reliability assessment and risk analysis
• effective communication and decision making

FMEA can be done using a bottom-up or a top-down
approach, or both. A bottom-up analysis (called a failure
mode, effects, and criticality analysis, or FMECA) starts at
the component level, is carried through the subsystem level,
and finally is used at the system level. Failure of an indi-
vidual component is important, but it is equally important to
understand possible failure modes when components are
assembled into subsystems or systems. Wherever possible,
the probability of failures and their criticality are quantified.
A FMECA is redone every time a design is changed or new
information from testing or preliminary field use becomes
available. FMECA is used at each step until the final design
meets design criteria and satisfies quality and reliability goals.

A top-down approach, called fault-tree analysis (FTA), is
used to identify consequences or potential root causes of a fail-
ure event. With FTA, an undesirable event is identified and
then linked to more basic events by identifying possible causes
and using logic gates. FTA is an essential tool in reliability
engineering for problem prevention and problem solving.

Root-cause analysis (RCA) is a qualitative, retrospective
approach that is widely used to analyze major industrial
accidents. An RCA can reveal latent or systems failures that
underlie adverse events or near misses. In 1997, the Joint
Commission on the Accreditation of Healthcare Organiza-
tions (JCAHO) mandated that RCAs be used to investigate
sentinel events in its accredited hospitals. Key steps in an
RCA include: (1) the creation of an interdisciplinary team;
(2) data collection; (3) data analysis to determine how and
why an event occurred; and (4) the identification of adminis-
trative and systems problems that should be redesigned.
Although RCAs are retrospective, they identify corrections
of systems problems that can prevent future errors or near
misses. One caveat about RCAs is that they may be tainted
by “hindsight bias,” that is, after an accident, individuals
tend to believe that the accident should have been considered
highly likely, if not inevitable, by those who had observed
the system prior to the accident (McDonough, et al., 2004).

In the past five years, the Veterans Health Administration
(VHA) and JCAHO have taken several steps toward pro-
moting the adaptation and application of FMEA, FMECA,
FTA, and related tools of proactive hazard analysis and
design to health care (McDonough, 2002) (see Box 3-2). In
2000, the VHA published a patient safety handbook that
included instructions on FMEA and developed a health care
failure-mode and effects analysis (HFMEA), “a systemic
approach to identify and prevent product and process prob-
lems before they occur” (McDonough, 2002; Weeks and
Bagian, 2000). In 2000, JCAHO encouraged the use of
FMEA/HFMEA and related tools in its new standards that
require all accredited hospitals to conduct at least one pro-
active risk assessment of a high-risk process every year. In
2002, JCAHO published a book specifically about FMEA
for health care, which includes a step-by-step guide through
the process and examples of FMEAs conducted by health
care organizations (JCAHO, 2002).
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BOX 3-2
Proactive Hazard Analysis

To address hazard and safety concerns in health care delivery, some have looked to other industries (e.g., aviation, manufacturing, food service,
nuclear power plants, aircraft carriers) for models that can be applied to medical systems. From these sources, health professionals found frameworks
for strategies and tools consistent with the needs of large clinical institutions. One prominent approach, called failure-mode and effects analysis
(FMEA), which has been used in manufacturing for more than 30 years, was adapted for health care organizations. The health care failure-mode and
effects analysis (HFMEA) is now being used by the Veterans Administration (VA) National Center for Patient Safety (NCPS).

In 2000, the Joint Commission on Accreditation of Healthcare Organizations (JCAHO) issued a new standard stipulating that all accredited hospitals
must complete at least one “proactive risk assessment” of a high-risk process each year. JCAHO did not specify whether FMEA or HFMEA should
be used, but its own approach to fulfilling this requirement is based on the terminology and structure of these two models. The first surveys were to be
completed by July 1, 2002.

Hazard analysis and critical control points (HACCP), another form of proactive hazard analysis, also provides a useful framework for improving
safety. HACCP, which is used in food production and food services worldwide, is now being used by medical-device manufacturers.

Although FMEA, HFMEA, and HACCP differ in significant ways, they also have striking similarities. The table below shows the basic steps in
performing an HFMEA analysis and an HACCP. The five steps in the HFMEA are described in materials produced by the VA NCPS. The HACCP
procedure has been slightly modified from a 14-step process to highlight the similarities with HFMEA. Both tools involve the selection of a process
and/or product, the selection of a team, the creation of a process flow chart, the identification of hazards or failures, corrective or preventive action,
ongoing monitoring and assessment, and process review. Both rely on decision making based on data, cross-functional teams, and, most important,
a preventive approach to hazard/failure mode identification and elimination or reduction.

Because these analysis tools were developed for use in different sectors, they also have some differences in emphasis. In FMEA, the hazard is a
failure mode in a process, and the principal goal is to redesign the process to reduce or eliminate the risk of the failure mode recurring. In HACCP, the
hazard is unsafe food, and the primary goal is to control the process at critical points to eliminate or reduce the risk of the hazard. Thus the goal of
FMEA/HFMEA is to reduce process failure. The goal of HACCP is to detect and control process failure to eliminate or reduce bad effects.

TABLE HFMEA and HACCP Steps

Step HFMEA HACCP

1. Define the HFMEA topic. Identify the hazard category.
2. Assemble the team. Assemble the team.
3. Graphically describe the process: Describe the product or process:

• Develop a flow diagram. • Identify the intended use.
• Number each process step. • Construct a flow diagram from point of entry to departure.
• Identify the key process step. • Confirm accuracy of flow diagram.
• Identify sub-processes.
• Create a flow diagram of the subprocesses.

4. Conduct a failure analysis: Conduct a hazard analysis:
• List all potential failure modes. • Identify all relevant hazards and preventive measures.
• Determine the severity and probability of each failure mode. • Identify critical control points and apply a decision tree to determine
• Use the HFMEA decision tree to determine if the failure mode requires if intervention is needed.

further action. • Establish target levels and critical limits for critical control points.
• Where the decision is to proceed, list all causes for each failure mode.

5. Action and outcome measures: Action and outcome measures:
• Determine if you want to eliminate, control, or accept the failure • Establish a monitoring system to ensure proper .implementation

mode cause. • Establish verification procedures.
• Identify a description of action for each failure mode to be eliminated • Establish documentation and record keeping.

or controlled.
• Identify outcome measures to test the redefined process.
• Identify an individual to complete the recommended action.
• Indicate whether top management concurs with recommended action.

6. Review HACCP plan:
• Conduct reviews at predetermined intervals to determine whether

working and still appropriate.

Source: McDonough, 2002.
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SYSTEMS-ANALYSIS TOOLS

Engineers use system analysis to help themselves and
others understand how complex systems operate, how well
systems meet overall goals and objectives, and how they can
be improved. On one level, a systems analysis may focus on
the performance of a single unit in a large system (e.g., the
flow of patients through a facility or the allocation of
resources in an emergency room). The results of these studies
can be used to evaluate how changes in procedures might
improve performance (e.g., reduce patient delays, improve
safety, eliminate nonessential steps). At a higher level, a
systems analysis may consider interactions among elements
in a large system, such as a hospital, a regional medical
enterprise, or even the national health care delivery system.
Obviously, the larger the system, the more complex and the
more difficult the analysis. But a careful analysis of systems
at all levels can reveal interactions and opportunities for
improvement that might otherwise be missed. Table 3-4
shows the levels for which various systems-analysis tools
are most useful.

Systems-analysis tools are generally used to analyze
existing systems for improvement. Mathematical analyses
of system operations include queuing theory, which could be
used, for example, to understand the flow of patients through
a system, the average time patients spend in the system, or
bottlenecks in the system. Discrete-event simulation could
be used for a more detailed examination of performance,
such as an analysis of surges of patients on particular days or
during emergencies or the scheduling of ambulances.

With enterprise-management tools, a system can be
managed as a whole across the entire spectrum of elements,
rather than at the level of individual patients. In spite of the
fragmented nature of the health care system, interactions

among all elements in the total chain can be clarified and
managed. Supply-chain management tools, for example, are
useful for determining the physical and informational
resources necessary to the delivery of a product to a customer
(e.g., reducing inventory, eliminating delays, reducing
cost, etc.).

Economic and econometric models, based on historical
data, are useful for bringing to light causal relationships
among system variables. These tools include game theory,
systems-dynamics modeling, data-envelopment analysis,
and productivity modeling. Financial engineering, risk
management, and market models, which are used to evaluate
and manage risks, can be useful for examining financial risks
to an organization, as well as for understanding the risks of
certain actions for/by patients.

Knowledge discovery in databases is a method that can
be used to examine large databases (e.g., a database of patient
reactions to groups of drugs). It might be used, for example,
to examine the history of particular drugs or treatments or to
examine procedures for patients with particular life styles or
health histories. With knowledge-discovery tools, one might
search historical records for an effective procedure or iden-
tify outlier events, such as a small number of patients who
share a condition and experience unexpected side effects
from a medication.

Because system analyses must describe an existing
system (or one that reasonably approximates an existing sys-
tem), it is essential that data be available (or obtainable) for
that system. The nature of the data depends on the problem
being addressed. Analyzing a system to improve the effi-
ciency of a surgical operation requires very different data
from an analysis to assess the effectiveness of a disease-
management program.

TABLE 3-4 Systems-Analysis Tools

Tool/Research Area Patient Team Organization Environment

Modeling and Simulation
Queuing methods X X
Discrete-event simulation X X X

Enterprise-Management Tools
Supply-chain management X X X
Game theory and contracts X X X
Systems-dynamics models X X X
Productivity measuring and monitoring X X X

Financial Engineering and Risk Analysis Tools
Stochastic analysis and value-at-risk X X
Optimization tools for individual decision making X X X
Distributed decision making (market models and agency theory) X X

Knowledge Discovery in Databases
Data mining X X
Predictive modeling X X X
Neural networks X X X
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Modeling and Simulation

Models and simulations are important tools for analyzing
systems. Models are mathematical constructs that describe
the performance of subsystems. Interactions among sub-
systems in a larger system, combined with the constraints
within which the system operates, influence the performance
of the total system and represent the overall system model.
Using these models and simulations, it becomes possible to
analyze the expected performance of a system if systemic
changes are made. For example, would a change in inven-
tory location and levels improve or reduce the effectiveness
of the nursing staff? Would a change in scheduling of the
emergency room increase or decrease the number of patients
that must be diverted and at what cost?

Models have been developed for a variety of health care
applications that do not directly involve physical facilities.
For instance, multiple models have been developed to exam-
ine the effectiveness of screening and treatment protocols
for many diseases, including colorectal cancer, lung cancer,
tuberculosis, and HIV (Brandeau, 2004; Brewer et al., 2001;
Eddy et al., 1987; Fone et al. 2003; Mahadevia et al., 2003;
Neilson and Whynes, 1995; Ness et al., 2000; Phillips et al.,
2001; Schaefer et al., 2004; Walensky et al., 2002). In addi-
tion, many models have implications for health care policy;
for example, models might suggest that efforts to reduce
tobacco use in adults would be most beneficial in the short
term, whereas blocking the introduction of tobacco to young
people is more likely to have long-term benefits (Levy et al.,
2000; Teng et al., 2001). Hospitals and clinics have used
simulations to improve staffing and scheduling (Dittus et al.,
1996; Hashimoto and Bell, 1996), and models have been
used to help clinicians distinguish injuries caused by falls
down stairs from those resulting from child abuse (Bertocci
et al., 2001). Virtual-reality patients have been used for train-
ing in psychiatry, the social sciences, surgery, and obstetrics
(Letterie, 2002).

Queuing Theory

Queuing theory deals with problems that involve waiting
(queuing), lines that form because resources are limited. The
purpose of queuing theory is to balance customer service
(i.e., shorter waiting times) and resource limitations (i.e., the
number of servers). Queuing models have long been used in
many industries, including banking, computers, and public
transportation. In health care, they can be used, for example,
to manage the flow of unscheduled patient arrivals in emer-
gency departments, ORs, ICUs, blood laboratories, or x-ray
departments. Queuing models can be used to address the
following questions:

• How long will the average patient have to wait?
• How long will it take, on average, to complete a visit?
• What is the likelihood that a patient will have to wait

for more than 20 minutes?

• How long are providers occupied with an average patient?
• How many personnel would be necessary for all

patients to be seen within 10 minutes?
• Would flow be improved if certain patients were

triaged differently?
• What resources would be necessary to improving per-

formance to a given level or standard?
• What is the likelihood that a hospital will have to divert

patients to another hospital?

Queuing is a descriptive modeling tool that “describes”
steady-state functioning of the flow through systems.
Although health care is rarely in a steady state, from a math-
ematical point of view, queuing models provide useful
approximations that are surprisingly accurate.

Queuing models are generally based on three variables
that define the system: arrival rate; service time; and the
number of servers. The arrival rate, λ, describes the fre-
quency of the arrival of patients. The most common type of
unscheduled arrival pattern can be described with the Poisson
distribution (Huang, 1995). Service time, T, is the average
time spent serving a particular type of patient at a given
station. In health care, the service time is most often random
and is most commonly described by an exponential prob-
ability distribution. Number of servers, n, is the number of
stations doing similar tasks for all patients who approach
those stations.

For a station with a single server, average arrival rate of
patients (λ) multiplied by the average time patients spend
with a given server (T) must be less than or equal to unity
(i.e., λT ≤ 1). Otherwise the queue would continue to build
up without relief. If n servers are present, λT ≤ n. In the
absence of variability, no queues would build up and the
flow through the station would be regular. In the presence of
variability, which always exists, queues will build up. The
closer λT is to 1, the longer the queues for that station.
The bottleneck station in the network can be identified by
locating the station with the largest λT.

For a single station with the probability distributions
described above, the response time for the station (the aver-
age time for a patient to pass through the station) is given by

Response Time = T/ (1 – λT).

As λT approaches unity, the response time becomes very long.
To manage flow well, service areas must measure critical

indices derived from the model; these may include, but are
not limited to, utilization (percentage of time servers
are busy, waiting time, length of waiting lines), probability
of diversion (rejection), abandonment rates, bottlenecks, and
door-to-door time (time of actual arrival to time of actual
departure).

It is critical that the full variability of the metrics be
measured and displayed. Often the data mean or median is
calculated and graphed, but this does not give a true picture
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of variability. If the measures were constant and could be
predicted by the mean, the problem of managing flow would
not exist!

Queuing theory can provide analytical expressions for a
single station, but analytical expressions for a network of
stations require computer programs that can approximate the
performance of a network. Once the network description has
been entered, the performance of the network can usually be
analyzed quickly.

The law that applies to systems with queues, Little’s law,
enables one to determine either the number of patients being
served in a facility, for example a clinic or a hospital, or the
average time a patient spends in the facility. If L is the aver-
age number of entities (patients) in a system that contains a
variety of locations at which procedures are performed, that
is, servers, Little’s law states that

L = λ W

where λ is the average arrival rate into the system and W is
the average time each patient spends in the system (the sum
of the average time patients spend waiting plus the average
time they spend with caregivers). If either L or W is known,
the other can be calculated easily.

One problem in health care today is that the number of
facilities that have unscheduled patient flows is increasing,
while the number of people available to treat them is
decreasing. This situation requires new management
approaches, methods of reducing waiting times and keeping
emergency departments from turning away patients, such as
building in segmentation, matching capacity to demand
using queuing theory, and creating surge capacity and
backup plans for exigencies. Because of variabilities in
patient demand, fixed bed and staffing levels are almost
always either too high or too low, which has ramifications
for both the quality and cost of care. Queuing models allow
for natural variabilities, which leads to greater predictability
and control and, ultimately, more timely and safer patient
care. Queuing theory has been used (although infrequently)
to analyze a variety of clinical settings, including emergency
departments, primary care practices, operating rooms,
nursing homes, and radiology departments (Gorunescu et al.,
2002; Huang, 1995; Lucas et al., 2001; Murray and Berwick,
2003; Reinus et al., 2000; Siddharthan et al., 1996).

Discrete-Event Simulation

In discrete-event simulation, the dependent variables are
“actors” in, or are developed by, the system. In a health care
system, these can include patients, caregivers, administra-
tors, inventory, capital equipment, and others. The indepen-
dent variable is time. In this type of simulation, it is expected
that events take place at discrete points in time (e.g., the
arrival of two patients at Station C, one at time t1, the second
at a later time, t2).

A key aspect of a discrete-event simulation is the system-
state description, which includes values for all of the
variables in the system. If any variable changes, it changes
the system state. In a simulation, the dynamic behavior of
the system can be observed as entities (e.g., patients, staff,
inventory) move through the nodes and activities (e.g., reg-
istration desk, nurse’s preliminary examination, physician’s
examination, laboratory tests, etc.) identified in the model.
The rules governing the motion of entities and the paths they
follow are peculiar to the specific model and are specified by
the modeler. Describing systems that involve human inter-
actions requires the use of mathematics based on probability
theory and statistics, which can describe the variabilities and
discreteness of events. Computers are necessary to analyze
the many states in complex systems.

In most cases, the initial system state must first be speci-
fied, that is, values must be supplied for the variables and
their variances based on observations of an existing system
or a system sufficiently similar. The model can then be tested
to see if it describes the performance of the existing system.
If it does not, it must be adjusted, perhaps by including
different variables or by treating interactions among the vari-
ables in different ways. Once the model has been validated,
it can be used to explore the consequences of different actions.

If each variable had only one possible value (e.g., the
number of nurses available in the prenatal clinic at 10:05 a.m.),
a single calculation would be sufficient to describe a system.
But most system variables have a distribution of values, such
as the differences in the number of nurses needed throughout
the day in Surgical Ward 2 of the hospital. Thus, many
computer runs must be made to explore combinations of
values of the variables. Tools are readily available for deter-
mining how various computer outputs should be grouped
and interpreted.

Discrete-event simulation has been used to analyze a
number of health care settings, such as operating rooms,
emergency rooms, and prenatal-care wards (Klein et al.,
1993), and a variety of workforce planning problems. The
overall objective has been to improve or optimize the safety,
efficiency, and or effectiveness of processes and systems.
Kutzler and Sevcovic (1980) developed a simulation model
of a nurse-midwifery practice. Duraiswamy et al. (1981)
simulated a 20-bed medical ICU that included patient census,
patient acuity, and required staffing on a daily basis for one
year. A simulation of obstetric anesthesia developed by
Reisman et al. (1977) was used to determine the optimal
configuration of an anesthesia team. Magazine (1977)
describes a patient transportation service problem in a hospital;
queuing analysis and simulation were used to determine the
number of transporters necessary to ensure availability
95 percent of the time. Bonder (see paper in this volume),
describes a simulation for a very large-scale, level-four analy-
sis of a regional health care system in the Puget Sound area
of Washington. Pritsker (1998) describes the development
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and use of a large-scale simulation model to improve the
allocation policy for liver transplants (see Box 3-3).

Dittus et al. (1996) developed a simulation model of an
academic county hospital to determine if alternative call
schedules would address the problem of provider fatigue
among the house staff. As a result, a new call schedule was
implemented, and the model’s predictions of work and sleep
were validated against provider behavior under the new
schedule. This prospective, empirical, hypothesis-driven
validation demonstrated that a well constructed model can
accurately characterize system behavior and predict future
performance, even in a complex environment, such as the
life of a medical resident in a busy county hospital.

These analyses have demonstrated that performance of
complex units can be improved in terms of responsiveness
and the allocation of resources. Discrete-event simulation
can be used to simulate dynamic systems—systems in tran-
sition, new systems being developed, systems that have time
irregularities, and others.

Enterprise-Management Tools

Enterprise-management tools are helpful for management
on a system level and across component boundaries. For
example, enterprise management has been used successfully
for mass customization—a process by which every product
is tailored to meet the specific needs and wants of an indi-
vidual customer. In the portfolio of products offered by a
manufacturer, many products have common components and
common functions. For example, new cars may have a wide
range of options, but the frame and many components of all
new cars are the same. A mass customization production
system offers customers a great deal of flexibility in specify-
ing the final product.

An effective, efficient health care delivery system
demands the same flexibility as “mass customization” of a
manufactured product. The key to meeting individual
customer or patient needs without sacrificing operating effi-
ciency is maintaining a high level of flexibility (Champion
et al., 1997). The mathematical tools described below can
help health care managers maintain a system that balances
the need for resources against the demand for those resources.
In the health care setting, enterprise-management tools can
be useful on the level of care teams, organizations, and the
environment.

Early in the twentieth century, industrial pioneers could
not have imagined that complex systems that include net-
works of suppliers, manufacturers, distributors, retailers, and
service providers would be widespread in the manufacturing
industry. These complex supply chains, which bring products
made from raw materials to consumers around the globe, are
some of the most efficient and complex socioeconomic
systems in the world. Companies such as Dell Computer,
Westin Hotels, Toyota, American Express, Procter &
Gamble, and others have all benefited enormously from mass

customization (Chandler, 1990; Gertz and Baptista, 1995;
Reichheld, 1996).

Health care delivery, like other business enterprises, is a
complex socioeconomic system in which multiple agents,
often with very different agendas, interact. As in complex
business enterprises, decisions taken by one party can sig-
nificantly affect the costs incurred and the quality of service
provided by other parties in the system. In addition, different
entities in the system, so-called agents, often have different,
sometimes conflicting, objectives. The history of enterprise-
management systems has shown that a thorough understand-
ing of how different agents in the system interact can yield
significant benefits for the entire system.

Supply-Chain Management

Analyzing and optimizing systems with a great many
participants and components is particularly difficult because
no one can understand the entire system in detail. Supply-
chain management is an engineering tool that recognizes and
characterizes interactions among subsystems (see Ryan, in
this volume). Supply-chain management tools can also be
used to explore the consequences (expected and unexpected,
and likelihood thereof) of reimbursement decisions, which
may not become evident for years.

In an environment in which demands vary unpredictably,
supply-chain management can help match resources with
demands. In the health care delivery system, resources
include human capital (e.g., nurses, therapists), physical
capital (e.g., intensive care beds, ambulances, sponges), and
intellectual capital (e.g., a patient medical record or an
evidence-based medicine protocol). The stochastic nature of
the demand for services and the inconsistent availability and
effectiveness of resources always generate a great deal of
variability in the health care system. Policy decisions in one
part of the system, such as a decision by an insurer not to
fund a preventive procedure, can have unexpected conse-
quences for other parts of the system, which may only
become apparent after a period of years.

Capacity and variability are at the heart of how compo-
nents of supply chains operate (see Uzoy, in this volume).
Whether we are considering two neighboring elements in a
system or blocks of elements that interact with other ele-
ments, the input-output relationships are often nonlinear and
must be treated that way in any mathematical representation
of how variables interact in the presence of constraints on
the system.

The coordination of geographically distributed operations
owned by a single firm has been addressed for several
decades by increasingly sophisticated optimization models,
such as linear integer programs that optimize performance
within a large number of constraints. Nonlinear program-
ming has progressed to the point that models of significant
scale and complexity can be developed. The primary dis-
advantage of these techniques is that, although they are
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BOX 3-3
Allocation Policy for Organ Transplantations

The scarcity of livers for transplantation makes allocation extremely difficult. Approximately 4,000 donated livers were available in the United States
in 1996 and 1997. In mid-1998, about 10,000 individuals were on the waiting list for liver transplants, and 8,000 were expected to be added in 1999.
More than 1,100 patients awaiting transplants died in 1997. The allocation process is complicated by the geographical distribution of 63 organ
procurement organizations and 106 transplant centers.

The purpose of the allocation policy is to set priorities for patients awaiting transplants. Measures for allocation procedures include: medical utility, such
as the number of transplants and the number of deaths; patient utility, such as the probabilities of a patient receiving a transplant or dying while waiting;
system utility, such as distance an organ had to be transported; medical equity, such as the total number of transplants; patient equity, such as
differences in the probability of specific patients receiving a transplant; and system equity, such as geographic differences in the length of the waiting list.

A large-scale simulation model, ULAM for UNOS Liver Allocation Model, was developed to determine whether the allocation model used in the
1990s (SPF-Nat) could be improved. ULAM was based on modular techniques, wherein component models or submodels enabled new data to be
inserted as they became available. The simulation was developed according to four guidelines: (1) the component models were based on historical data;
(2) data and models for the policy analysis were kept up to date; (3) important operational procedures were embedded in the model; and (4) continual
communication was maintained between policy makers and decision makers.

Historical data were available for 1950 to 1990, and the arrival streams of donors and patients were separately described by analytic expressions of
their distributions over time. A characteristic for each donor was determined using a bootstrapping technique matching the donor with an individual in
the 1990 to 1995 time frame according to age, weight, race, sex, and blood type. A similar approach was used for patients added to the waiting list.

ULAM included snapshots of patients on the waiting list at the beginning of the year; new patients were assigned characteristics and added to the
list. The medical status of each patient was coded as 1, 2A, 2B, or 3, depending on medical condition using the Child-Turcotte-Pugh procedure. Status
1 is an acute patient who needs a liver immediately or a patient whose transplant has failed within seven days of transplant. Status 2A and 2B are less
critical (2B is used for patients under 18). Status 3 is the least clinically ill. The probability of acceptance depended on the medical status of the patient,
the transplant center, and the quality of the liver being offered. When a recovered liver was offered and accepted the patient was removed from the list.
The probability that the graft might fail was then determined based on historical outcomes of patients with similar characteristics. If the graft then failed,
the patient was relisted. Time-to-relist functions were developed for each medical status based on historical data from 1991 to 1995. If the patient was
not relisted, mortality was determined by (1) the transplant center volume; (2) medical condition at the time of transplant; and (3) whether the patient had
undergone a previous transplant. To model change in a patient’s medical status while on the waiting list, a transition probability matrix (a Markov chain)
was constructed to model day-to-day changes.

When ULAM was tested against historical data for verification and validation, the output of each component of the model, as well as the total output
of the model, showed good agreement with actual results from 1992 to 1994. Once the model had been validated, a protocol was created (CP97). The
table below shows expected outputs from CP97 and SPF-Nat for 1996 to 2003.

General Measures of Performance

                           Policy

CP97 SPF-Nat

General measures
Number of differential patients treated 25,023.5 23,515.3
Number of retransplants 2,998.9 4,508.6
Total 28,022.4 28,023.9
Number of survivors (> 36 mo.) 17,073.7 14,660.4
Number of pediatric patients (< 18 yrs) 2,765.9 3,173.1
Number of post-treatment deaths (< 12 mo.) 5,480.9 7,280.2
Percentage of survivals (> 12 mo.) 79.9 70.6
Percentage of survivals (> 36 mo.) 74.4 66.2

The CP97 showed an increase of 1,509 because CP97 patients were not as sick as SPF-Nat patients; thus, they had less chance of being relisted and
requiring more than one transplant (retransplanted patients tend to be sicker, have a lower chance of survival, and require additional transplants). With
the CP97 policy, 2,414 more patients would be expected to survive for more than 36 months, again because the patients were not always the sickest
patients on the list.

As Alan Pritsker, senior consultant, Pritsker Corporation, noted, “The modeling process and the creation of the ULAM tool is an excellent example
of how doctors, engineers, researchers and scientists have worked together to . . . improve policy selection and implementation. It is also an illustration
of the contributions that we can make to policy formulation and analysis.”

Note: Simulation analysis for liver transplants continues under other auspices. The levels of liver criticality have been expanded from 4 to 17, and the waiting list continues
to grow. Source: Pritsker, 1998.
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relatively straightforward (at least on a conceptual level)
when the entire system is controlled by a single entity with a
single well defined objective, they present great difficulties
when independent agents with different objectives and con-
straints interact, as can occur, for example, when a supplier
has more than one customer for a particular product.
Advanced modeling techniques are just now being applied
to these problems, but a great deal more research in this area
will be necessary.

Examples of how supply-chain management models work
follow. In the late 1980s, American Airlines used an integer
linear programming model to assign crews for more than
2,300 flights per day to more than 150 different cities using
500 jet aircraft. The mathematical model was sufficiently
detailed that one could examine the effects on the system of
allocating resources in different ways. As a result of the
modeling effort, the airline made decisions regarding fleet
planning, crew-base planning, and schedule development
that resulted in a 0.5 percent reduction in operating cost and
a $75 million increase in revenue in 1988 (Abara, 1989).
Vanderbilt University Medical Center used a supply-chain
management process to redesign its perioperative services.
This project reduced costs by $2.3 million and improved the
quality of care by ensuring that appropriate clinical supplies
were delivered during the perioperative period (Feistritzer
and Keck, 2000). The Deaconess Hospital of Evansville,
Indiana, used a supply-chain management tool to improve
its drug distribution in the operating room; savings totaled
$115,000 in the first year (Thomas et al., 2000). It has been
estimated that the health care industry could save more than
$11 billion a year with supply-chain management techniques
(McKesson, 2002).

Tools that can be used to examine the system at a higher
level of abstraction are just evolving (Pierskalla, 2004;
Uszoy, in this volume). These tools will support the model-
ing of large, complex systems involving interactions among
many, possibly thousands, of agents with specific objectives
and constraints. However, developers of modeling tech-
niques at this level have encountered a number of difficulties.
First, because of the sheer size and complexity of the
systems, the efforts involved in developing and document-
ing models are very time consuming. In addition, data that
provide realistic estimates of critical parameters to populate
these models are often hard to obtain, if they are available at
all. For example, considering the number of health care pro-
viders a patient deals with over a lifetime, data will have to
be collected systematically over many years. Most existing
tools for such modeling have significant drawbacks that have
only recently begun to be understood and addressed.

Economic and Econometric Models

The economic and econometric models described below
primarily use statistical techniques to elucidate causal rela-
tionships among system variables; these models are generally

based on historical data and can have different levels of
predictive power. Models based exclusively on time series,
in which the only independent variable considered is time,
essentially assume that past history is representative of the
future. Models such as data-envelopment analysis that try to
develop causal relationships between system-performance
measures and independent variables other than time are often
more enlightening but require much more detailed data.

In the context of health care delivery, these models might
be used to determine the needs of certain segments of a popu-
lation based on their economic situation, for example, or the
relationship between different types of preventive treatments
for a disease and the progression of the disease over patients’
lifetimes. Extensive studies of this kind are already widely
used in various aspects of health care, such as the approval
of new drugs and diagnostic tests by the Food and Drug
Administration (Ness et al., 2003; O’Neill and Dexter, 2004;
Ozcan et al., 2004). More than a decade ago, the Common-
wealth of Australia passed into law guidelines requiring an
economic assessment of new drug applications for its
national formulary (Freund et al., 1992).

Game Theory and Contracts. Game theory examines how
agents with different agendas behave when they interact. The
game-theory framework for addressing these interactions has
recently been used in a number of simple models of supply-
chain management. Extensive research has also been done
on different types of contracts between parties that can
provide incentives for actors to behave in ways that benefit
the overall system (Tsay and Nahmias, 1998).

A significant difficulty with these models is that their
solutions generally pertain to the long-run steady state of the
system. Not much has been done by way of studying how
well these techniques work in transient regimes, for example,
when the constituent members of a patient’s care team
change over time. Many of these models also assume perfect
information sharing, which is unlikely in practice, and
researchers are beginning to examine the effects of different
information-sharing protocols, as can occur among care pro-
viders in a distributed network of providers or when patients
must undergo emergency treatment by someone other than
their primary caregivers. In short, a great deal of research
remains to be done in this area.

Systems-Dynamics Models. Based on pioneering work by
Forrester (1961), systems-dynamics models define specific
input-output relationships for system components and use
them to simulate the operation of a system, basically using
techniques derived from the numerical solution of systems
of differential equations. These techniques have been used
to solve business problems for many years (Sterman, 2000)
and can be used to model large, complex systems. However,
they require accurate definitions of input-output relation-
ships because feedback loops with gain and loss coefficients
are used to capture system behavior. If these parameters are
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not estimated correctly, model results can be substan-
tially wrong.

Nevertheless, systems-dynamics models can be powerful
tools for gaining a high-level understanding of the behavior
of large systems, as has been demonstrated by their predic-
tion of the “bullwhip effect” in supply chains, whereby the
variability of orders placed by different parties is amplified
at each stage of the supply chain, ultimately causing huge
swings for the manufacturer (who is “whipped” about). For
example, because of variability in orders for replenishing
stock (e.g., medicines in pharmacies), manufacturers must
make assumptions regarding future needs, which can lead to
either undersupply or oversupply that can have serious eco-
nomic consequences for the manufacturer. WalMart, a mass
retailer with a large network of stores, has minimized the
bullwhip effect in its supply chain by sending point-of-sales
data directly to manufacturers. System-dynamics modeling
has been used to analyze emergency care systems and other
aspects of health care delivery (Lattimer et al., 2004).

Measuring and Monitoring Productivity. Despite an
ambitious, well defined quality agenda, there has been little
direct interaction between the engineering community and
the health care community in the development of productivity
measures and monitoring systems. Until recently, the
measurement of productivity in the health care sector has
been seriously hampered by a limited understanding of the
relationships between inputs, outputs, and outcomes for
different patient populations. For the most part, health care
providers are trained to focus on the unique characteristics
and needs of individual patients; they have very little train-
ing or perspective on the characteristics (and needs) of
patient populations.

The advance of evidence-based medicine and disease
management, which focus on patient populations, is
encouraging the development of more uniform/standardized
output- and outcome-based performance measures based on
the response of defined patient populations to best-practice,
“standardized” interventions. For example, for patient
populations with x condition (and y degree of severity), there
is a best-practice treatment (i.e., the most evidence-based,
safest, timeliest, most patient centered treatment) that yields
the best outcome (i.e., the most positive change in health
state) for the lowest cost (i.e., the most efficient use of inputs
and infrastructure).

Modeling and simulation of care delivery processes and
systems can help care provider teams and organizations
better understand, test, and optimize the processes/systems
that support best-practice use of inputs (e.g., people,
resources, facilities, equipment, information on patient
conditions, evidence-based medicine) to achieve “best” out-
puts that contribute to best patient outcomes. Over time, the
progress of automation and the widespread implementation
of information/communications systems in health care
delivery and advances in the fields of genomic/proteomics

should enable the capture of more detailed input, patient
population, process, and outcomes data. This will lead to a
more sophisticated understanding and better measurements
of the quality and productivity performance of health care
delivery at all levels of the system and facilitate the
application of more sophisticated analytical and predictive
systems tools.

At the present time, the health care system, like many
other service industries, does not have good measures of pro-
ductivity. Although the efficiency of a given unit can often
be determined, measuring the efficiency and productivity of
a system is much more difficult. With the help of a number
of the systems tools described above, performance metrics
can be established and the impact of various changes on those
metrics can be estimated. Additional research on the
measurement of productivity would be of great benefit to
the health care community.

Financial-Engineering Tools for Risk Management

The effective operation of any system requires manage-
ment of risks. In health care, risk management is critical
because of the substantial personal risks for individual
patients and the financial and reputational risks for providers,
insurers, and purchasers of health care. Risk-management
tools can substantially improve the delivery of health care by
improving the financing of operations and the allocation of
resources, reducing individual exposures to extreme risks,
and creating incentives for improving processes. Tools to
assist in decision making in the presence of risks are as use-
ful to individual patients and care teams as they are to orga-
nizations and the regulatory agencies and other actors in the
larger environment.

In this section, risks are identified and general processes
of risk management and financial engineering are described.
This is followed by a description of financial-engineering
tools that could have significant benefits for the health care
delivery system at the organizational and environmental
levels of the system.

In this report, risk is defined broadly as the chance of
injury, damage, or loss, and the focus is on reducing varia-
tions that lead to extreme risks. The goal of risk management
is to reduce risk to the patient, caregiver, or organization by
ensuring predictability in the use of resources within the
constraints of a fixed expenditure of funds.

Effective risk management requires that the kinds of risk
be differentiated. In health care, individual risks, or patient
risks, are potential compromises to the health of an indi-
vidual caused by some action of the system. Other kinds of
risk involve potential losses at higher levels of the health
care system. Care team members face occupational risks,
such as exposure to disease, physical duties, and workplace
hazards (e.g., exposure to toxic substances, radiation, and
equipment malfunctions). Health care organizations also face
a variety of risks (McDonough et al., 2004):
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• operational risk, which includes all risks associated
with the delivery of services

• competitor risk, such as the potential of losing market
share to competitors

• financial risk, such as the risk of nonpayment or
reduced payment for services or the risk of significant
financial liability

• environmental risk, such as the risk of damage by
forces external to the organization

• model risk, that is, the risk that the models used for
evaluating other types of risk are not accurate

Risks at the political-economic environmental level are
incurred not only by individual organizations, but can also
arise from interactions among organizations, the lack of
adaptability of organizations, and the misalignment of indi-
vidual and societal objectives.

Risk management in the health care system involves the
analysis and assessment of risks, as well as the development
of strategies to reduce risk, protect against losses, and ensure
that risks transferred from one agent to another are compen-
sated fairly. Risk management generally answers the follow-
ing questions:

• What can create a loss?
• How often, how severe, and when can losses occur?
• Which losses are manageable?
• How can risks be transferred elsewhere?
• What is fair compensation for assuming or releas-

ing risks?
• How does risk affect the overall strategy of the

organization?

In a general corporate context, risk management can lead
to more productive employees; less volatility in revenue and
cost changes; better coordination among organizational
units, as well as with suppliers and customers; more effec-
tive purchases and sales of risk-based products; and the
development of organizational structures that achieve risk-
management goals.

One of the key tools for risk management is financial
engineering, the application of mathematical and computa-
tional tools to financial issues (see Mulvey, in this volume).
Financial engineering includes modeling and predicting
markets, evaluating options and other financial derivatives,
allocating assets and liabilities, trading in financial markets,
determining policies for efficient market development, and
providing quantitative and information services for financial
markets. The overall goal of most financial engineering is to
increase return on resources invested (a measure of perfor-
mance or effectiveness) while reducing risk.

An increase in return on investment and a simultaneous
reduction in risk ultimately increases efficiency. The objec-
tive is to increase the output for a given amount of input, as
well as to control the reliability, predictability, and

consistency of the process that creates these outputs. Viewed
as a mechanism for improving efficiency, financial engineer-
ing is a product of the traditional fields of industrial engi-
neering and operations research, for which the overall goal
is to produce a system that yields the best possible product or
process in terms of quality, customer/patient value, low cost,
and timely response.

The following sections describe three major areas of
financial engineering that are most relevant to the risk
analysis/management needs of health care organizations and
environmental level actors.

Predicting and Assessing Uncertain Outcomes:
Stochastic Analysis and Value-at-Risk

To manage risk, it must first be quantified, analyzed,
predicted, and forecast. Some analyses assume existing con-
ditions and rely on statistical descriptors of the frequency
and extent of previous outcomes. Statistical analysis focuses
on what has happened in the past and how it relates to an
entire population. Stochastic analysis, the main type of analy-
sis in financial engineering, infers current or future behavior
for systems with random outcomes that follow assumed,
observed, or approximated distributions. Stochastic analysis
is also the tool used in predicting and quantifying risk.

The financial-engineering concept of value-at-risk (VaR)
is a widely used tool of stochastic analysis. VaR is used to
measure the worst expected loss over a given time interval
under normal market conditions at a given confidence level
(Jorion, 1997). For example, a bank with a billion-dollar
portfolio might state that its daily VaR is $10 million at the
99 percent confidence level. This means there is only one
chance in 100, under normal market conditions, that the bank
will experience a loss of more than $10 million in a day. The
VaR summarizes the bank’s exposure to market risk and the
probability of an adverse move. If managers and share-
holders are uncomfortable with the level of risk, the process
used to calculate the VaR can be used to decide where risk
should be reduced.

VaR has become a standard measure for the banking
industry and a required measure in regulatory compliance
for capital requirements. Because VaR captures potential
loss and likelihood, it has also become a common measure
for firms outside the banking industry and may become a
general standard in risk management.

A basic form of VaR estimation is to assume a probability
distribution for the values of risky assets. For a bank that
holds stocks, for example, the distribution might be a form
of multivariate-normal or log-normal distribution. A typical
VaR analysis would then form an estimate of the parameters
of this distribution and the mean, variances, and covariances
of the stock returns over a given period of time. Generally,
these estimates are based on statistical analyses of stock
returns (perhaps with corrections for current conditions).
Once the parameters have been determined, the overall value
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distribution of the portfolio can be found. VaR is the differ-
ence between the first percentile of the cumulative distribu-
tion and the current value of the portfolio.

VaR also has useful characteristics for health care
analyses. Besides being used for financial management in
health care, VaR can also be used to assess potential losses
for many groups of insured patients in a given period. Cash
requirements for health care organizations can be estimated
and the value of assuming and transferring risks can be
assessed.

VaR is just one financial-engineering tool that may be of
benefit to health care. Other tools that might be relevant
include credit assessments of individuals and organizations,
pricing of services, pricing of risks that exceed given levels
(i.e., derivative pricing), and valuations of combined risks
for engaging in multiple markets (e.g., worker compensa-
tion, health insurance, and life-risk insurance).

Optimization Tools for Individual Decision Making

Financial engineering tools are not only descriptive (e.g.,
stochastic and statistical analyses), but also prescriptive.
Thus, they can provide a basis for making decisions to yield
best results. Decision making under uncertainty (also known
as stochastic programming), an essential aspect of opera-
tions research, is based on optimization tools that can
compute best values for variables in mathematical represen-
tations of the decision process and measure outcomes
(objectives). Optimization tools in this context rely on the
stochastic analysis of the effects of uncertainty and the rela-
tionship between those effects and the decisions represented
in the mathematical model.

Optimization under uncertainty has had a wide range of
applications in the financial industry, as well as in manufac-
turing, several other major services industries (e.g., tele-
communication, transportation, and energy), and many
aspects of the health care industry (e.g., radiation treatment,
cancer diagnosis, and combined drug therapies). In the
financial industry, these tools are often used to optimize port-
folios by assigning weight to each characteristic of each asset
to predict a certain return with the least risk. (In 1990,
Markowitz, Miller, and Sharpe were awarded the Nobel
Memorial Prize in economics for their work on portfolio
optimization theory). Recent portfolio optimizations include
asset-liability management (i.e., the coordination of assets
and liabilities over time).

Portfolio optimization and asset-liability management
have direct implications for health care. For example, a
health care insurance organization can use these tools to
determine optimal allocations of risks in terms of geographic
regions, patient demographics, and investment capital to
meet the needs of insured individuals. An insurance organi-
zation can also assess the value of expanding insurance to
cover areas, such as life, and the incremental reductions in
capital needs as a result of risk pooling.

Besides allocating liabilities and assets, a health care
organization might use financial-engineering optimization
tools to price services to determine the most efficient distri-
bution of resources. Determining optimal prices, often called
revenue management or yield management, is a common
practice in the airline industry. In general, the goal is to
determine allocations of scarce resources (e.g., passenger
seats) that can be made available at different prices. In health
care, revenue management might be used, for example, to
schedule elective procedures, bundle services associated
with different diagnoses or the management of chronic con-
ditions, and determine priorities for scarce resources, such
as diagnostic equipment, operating rooms, and critical care
facilities. Asset-liability management and revenue manage-
ment are only a sampling of optimization-based tools in
financial engineering and risk management. Besides the
direct implications for health care suggested above, they may
also have less obvious applications that will require addi-
tional research.

Market Models

In general, the issues of moral hazard and adverse selec-
tion (i.e., the incentive to cheat or conceal information in the
absence of penalties for doing so) present greater difficulties
in the health care context than in financial services, and
addressing these issues will require modeling of an organiza-
tion’s decisions as well as of individual patients’ decisions.
In these cases, the models must go beyond individual
decision making to distributed decision making.

Distributed Decision Making and Agency Theory

The overall performance of the health care system is
determined by many decision makers—patients, providers,
insurers, and payers. Individual optimization tools may
determine the best outcome for a single agent in the system,
but the collection of actions by these individuals may not
lead to the best outcome for the performance of the entire
system. Analyses of the overall system may include models
of the market and the effect of each agent’s actions on the
efficiency of the results.

Market models that combine optimal decisions for indi-
vidual agents combine the results of individual decisions and
generally iterate among decision makers to find an overall
system equilibrium in which no agent has an incentive to
change his or her decision. The result is a model of reality
that can be used to determine the effects of different market
structures, regulations, and external incentives.

One economic sector that has benefited from distributed
decision-making models is the energy industry, which
changed from a regulated monopoly (or collection of
regulated monopolies) to a variety of forms of open compe-
tition in commodities, such as natural gas and electricity.
Distributed-decision models have been used to assess the
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value of market mechanisms relative to a central system to
determine resource allocations that minimize overall societal
cost. If an individual agent’s behavior does not contribute to
the socially optimal outcome, the difference is often called
the agency cost. Such costs arise, for example, in decisions
by corporate executives who represent shareholders to the
detriment of bondholders. Agency theory quantifies these
costs and analyzes the value of alternative contracts and
procedures to reduce them.

Distributed-decision models could be used to analyze the
health care system, which has a multiplicity of independent
agents. The impact of varying patient costs, insurance cover-
age, and care convenience, for example, can be incorporated
into an overall system model to determine optimal decision
processes for all agents. The results of these analyses could
be used to determine tax policies, Medicare and Medicaid
payments, and insurance regulations and their impact on the
overall efficiency of the health care system. Because of
the enormous size of the health care system and the wide
variety of interests and objectives of its participants, analyses
would be challenging. This is another area where research
will be necessary.

Knowledge Discovery in Databases

In addition to modeling the system, the large amounts of
data that are collected about products, customers, and
markets and entered into databases can be accessed to
provide information about the location of sales, the temporal
variability of sales, returned products, and other detailed
information. Large databases also often contain embedded
knowledge that goes beyond the obvious. Customer surveys
often ask questions that seem unrelated to the purchase of a
particular item, and that information may be a rich source of
insight. If, for example, a company determines that a large
fraction of a group of customers regularly purchases both its
product A and another manufacturer’s product B, the com-
pany can use this knowledge to reach selected potential
customers or sharpen the focus of an advertising campaign.
If a database reveals customer loyalty to a particular manu-
facturer, that loyalty can become a key marketing objective.

Large databases can provide a basis for addressing
system-wide issues in health care. Information in databases
can reveal relationships that are not obvious from an exami-
nation of a smaller number of instances. The detailed medical
history of a large group of patients can reveal interactions
among drugs or the epidemiological role of certain drugs in
specific diseases. Mitchell (1997) has reported that data
mining successfully predicted that women who exhibited a
particular group of symptoms had a high risk of requiring
emergency C-sections. McCarthy (1997) describes how
Merck-Medco Managed Care has used data mining to help
identify less expensive drug treatments that are equally
effective for specific patients. By examining a large Medicaid
database, Ray et al. (2004) found an unrecognized risk of

sudden cardiac arrest from a commonly prescribed antibiotic
used in combination with other drugs or substances that
inhibit the breakdown of the antibiotic. In these examples,
information in a database can replace anecdotal observations
with a large number of examples. Databases can also be
explored to forecast health care costs, plan system manage-
ment, and set prices for services.

Information from databases created for different purposes
(e.g., financial reporting and patient history) must usually be
modified before it can be analyzed. Pertinent information
from different databases must be grouped together, vacant
fields removed or average values inserted, duplicated files
eliminated to ensure statistical integrity, and accuracy of the
data confirmed. These steps can be both time consuming and
difficult.

Data Mining

Four different types of information can be extracted from
databases using computer techniques:

• classifications (e.g., characteristics that suggest a high
probability that a patient will have a stroke before
age 55)

• estimations (e.g., if the rate of change in potassium
exceeds some limit, a patient may be at increased risk
for an arrhythmia)

• variability (e.g., variations in practitioner-to-practitioner
procedures)

• predictions (e.g., the likely number of deaths from the
flu virus in the winter of 2005)

Once a set of independent variables is identified, the
analysis can then continue to determine the relationship to a
dependent variable:

• Is a patient with symptoms A and B likely to develop
symptom C?

• What is the efficacy of drug D for the treatment of
symptom E?

• Is there evidence that patients taking drugs G and
H are more or less likely to develop a particular
side effect?

• Is the tendency more pronounced for patients over 60?

All of the examples above can be called supervised learn-
ing strategies. Questions are posed, and the computer
searches the database to determine whether relationships
exist or can be quantified for specific variables.

Another approach is to instruct the computer to search for
clusters of attributes that show either positive or negative
correlations, so-called unsupervised clustering. This tech-
nique may be useful for identifying atypical instances. For
example, data points representing outliers may be particu-
larly useful for identifying undesirable reactions to certain
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combinations of drug treatment that could reveal relatively
improbable, but very troublesome, events. Clearly, there is a
need for better data mining of multiple drug interactions,
tracing of adverse events, and updating of analyses as new
drugs come on the market.

Predictive Modeling

If a causal relationship has been established between sets
of variables by data mining, and if the statistical significance
of these relationships is high, a predictive model can be con-
structed to predict the consequence of various actions. For
example, a model might state that a patient with symptoms
X, Y, and Z who is treated with drugs A, B, and C will have
a high probability of specific reactions. In principle, the rela-
tive importance of each variable must be known for the
model to be effective. In practice, however, if all of the prin-
cipal variables are included in the model, it is often a fair
assumption that they have equal influence on the final output.
Obviously, a large amount of data is necessary to find enough
patients with the three identified symptoms and the three
specific drugs to ensure the statistical significance of the
results. The variability in inputs and outputs to the model
and the number and independence of the observations are
critical to determining the statistical significance of predictions.

Neural Networks

In the absence of large comprehensive databases, neural
networks have been used to achieve the same purpose as
predictive modeling. Once a relationship has been observed
among the three symptoms X, Y, and Z and the drugs A, B,
and C, the problem is to determine the strength of the inter-
actions. In contrast to the assumption of equal influence of
all of the dependent variables, the assumption here is that
they are not equal.

A neural network consists of several layers, each of which
contains a number of nodes. Each node in the first layer
is connected to all of the nodes in the next layer. This is
repeated for subsequent layers. The number of nodes in the
first layer is equal to the number of independent variables;
and values for the attributes of the independent variables are
entered into the nodes in the first layer. Each node connec-
tion is then weighted.

Based on the values of the input variables, the connec-
tions in the network, and the weights assigned to the nodes,
the output values for the dependent variables can be calcu-
lated. The calculated outputs are then compared with known
values for the dependent variables determined from the data-
base. If the output values and known values differ, the
weights for nodes in the network are adjusted. This process,
called network learning, continues until the output of the
network reflects the output that is known for particular data
inputs. In use, the “learned” weights are kept fixed and the
values of the input variables are changed thereby allowing

an examination of the impact of different strengths for the
independent variables.

Neural networks and related “learning” methods have
been developed for use in aspects of health care where the
amount and kind of data available require unconventional
approaches. Examples include prediction and control in
neurosurgical intensive care, decision support in acute
abdominal pain, automatic detection of emphysema, diag-
nosis of acute appendicitis, and predicting clinical outcomes
for neuroblastoma patients (Eich et al., 1997; Friman et al.,
2002; Pesonen, 1997; Swiercz et al., 1998; Wei et al., 2004).

SYSTEMS-CONTROL TOOLS

Systems-control tools are primarily used to ensure that
processes are operating within their prescribed limits,
thereby reducing errors and improving the use of resources.
Controlling systems requires a clear understanding of
performance expectations and the operating parameters that
affect the achievement of those expectations. Control, there-
fore, depends on measuring parameters and adjusting them
to achieve the desired operating levels. Robust control sys-
tems require that process and outcome data be collected and
made accessible in real time so that operators can make
timely and appropriate decisions that will improve system
quality and increase productivity. Obviously, some of the
tools discussed in the sections on design and analysis tools
are also applicable to systems control (e.g., FMEA can be
used to identify key process variables).

The control of a complex system must be based on a com-
prehensive understanding of interactions among the elements
in the system and taking actions necessary to ensure smooth
operation. Because health care delivery depends largely
on human intervention, the control of the system depends on
the proper allocation of critical manpower. Although
systems-control tools are most often used at the care team
and organizational levels, the principles underlying systems
control can also be relevant to individual patients actively
participating in their own treatment (e.g., to ensure the
regular administration of drugs or treatment or the measure-
ment of vital signs) (Table 3-5).

Statistical Process Control

With statistical process control (SPC), a provider of a
given procedure can know if that procedure is within accept-
able limits, and, if not, whether corrective actions should be
taken. Effective clinical practice depends on the correct
interpretation of data, whether the data relate to a patient’s
blood glucose level or the time between a patient’s heart
attack and the administration of thrombolytics. Data can
measure the quality and outcome of an action most effec-
tively when it is displayed over time. The most basic method
of displaying data over time is the run chart, in which data
points are plotted in a graph against two variables
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represented on the X and Y axes (Figure 3-1). The goal line
across the bottom is added as a vantage point from which to
judge performance.

A clinician attempting to determine whether a patient’s
blood glucose level is under control (or stable) over time by
direct sampling is confronted with the problem of determin-
ing how an individual result should be interpreted. Because
a single observation is subject to some variability, a single
measurement that differs significantly from the mean may
signal a problem with the patient, or it may be the result of a
statistical fluctuation. Determining which of these is correct
could require a large number of observations.

The purpose of SPC is to allow a clinician to determine
the status of the variable—with a limited number of measure-
ments under the circumstance that the variable is subject to
random fluctuations. Many patient variables must be man-
aged over time, such as blood glucose level, blood pressure,
and prothrombin time. SPC can be a critical tool for helping
a clinician analyze data quickly (1) to determine if the pro-
cess being measured is under control, that is, if fluctuations
are the result of random events or a systematic change, and
(2) to ensure that the process of care can lead to the desired
outcome, such as stable blood coagulation levels within the
specifications established by best practices. Although these
two functions are related, it is important to note that a process
can be under control but still lead to an undesired outcome.

For instance, blood glucose levels may be very stable at a
high level, say 250, where it could be said to be under con-
trol but could still lead to an inappropriate patient outcome.

Control Chart

The control chart provides a way of detecting whether a
process is under control. A limited number of measurements
are made over time, and the mean and range are then calcu-
lated (Figure 3-2). The acceptable variation in the process is
designated by an upper control limit (UCL) and a lower
control limit (LCL), which are calculated based on the range
and the mean of the measurements. The UCL is generally
three standard deviations above the mean, and the LCL is
essentially three standard deviations below the mean.

When data vary within that range, the variation is typi-
cally due to common causes. Data points outside the control
limits signal a special cause and indicate the likelihood that
something in the care process has fundamentally changed.
Sometimes the change is intended by the clinician—for
example, a change in dosage that dramatically lowers a
patient’s blood pressure or body temperature. The control
chart in Figure 3-2 shows the percentage of INRs (a measure
of blood coagulation) within 0.5 of the desired range. Fluc-
tuations are between the UCL and LCL, and no points fall
outside that range. Therefore, these variations appear to be

FIGURE 3-1 A run chart showing blood coagulation levels as a function of time. Source: IHI, 2003.
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TABLE 3-5 Systems-Control Tools

Tool/Research Area Patient Team Organization Environment

Statistical process control X X X
Scheduling X X
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from common causes, and the process of care appears to be
stable. This may or may not be the result that was planned.
For example, if the goal is for INRs to be within 0.5 of the
desired range for 90 percent of patients, the process of care
would have to be improved.

Scheduling

Optimizing the scheduling of personnel (e.g., the nursing
staff) is critical to the performance of a system. Scheduling
is basically an operations method of matching supply and
demand to achieve desired goals or objectives. Tools are
available to accomplish this, even when the available
resources are limited. Scheduling can help a system make
the best use of its personnel, facilities, and inventories.
Scheduling can also help “smooth out” demands, such as
inpatient arrivals, outpatient arrivals, requests for testing,
and so on.

Optimal, or even efficient, scheduling is one way manu-
facturing and service industries reduce costs and at the same
time improve quality and safety. Effective scheduling has
several basic requirements:

• a thorough understanding of work processes, work,
workload, and work flow

• a complete analysis of the specific steps and sequences
of work

• an assessment of available technologies and the
creation of new technologies to reduce costs and/or
improve quality

• a good forecast of future demands
• appropriate sizing of staff, inventories, and facilities

to meet demands
• the smoothing out of variations in demand and work

processes
• the avoidance of congestion and bottlenecks

Scheduling models have been used in several areas of
health care delivery:

• inpatient scheduling in acute and long-term care settings
• outpatient and clinic scheduling
• workforce scheduling in hospitals, home health care,

long-term care facilities, and clinics
• ambulance and emergency-vehicle scheduling
• scheduling for planning and acquisition of facilities

and technology capacity
• scheduling for pharmacy, laboratory, radiology, house-

keeping, food services, and other departments in an
institution

Costs can be reduced and quality and safety improved
through proper scheduling of patients, personnel, equipment,
facilities inventories, and other assets. Before scheduling can

FIGURE 3-2 Control chart showing the percentage of INRs (a measure of blood coagulation) within 0.5 of the desired range. Source: IHI, 2003.
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begin, however, key processes must be analyzed and opti-
mized, and work, workload, and forecasted demands must
be measured.

Forecasting Demand

Forecasts require descriptions of past levels of demand
by categories/products and projections of future demands. In
some cases, a simple average of past demands on a system
may be used as a forecast. In other cases, probability distri-
butions of past events are used to predict the nature of future
events. For hospitals, demands may change in cyclical,
seasonal, or just random patterns; changes may be in hourly,
daily, weekly, or monthly demands for hospital beds,
operating rooms, or emergency care. Although random
fluctuations in demand are unavoidable, trends and/or cycles
or patterns of demand can be relatively predictable.

Assessing Workforce Size

Assessing workforce size is a complex process that involves:
(1) multiple categories of patients with different requirements
for care; (2) service standards in patient care; (3) multiple levels
of nursing skills; and (4) variability in times per day of patient
care and variability in numbers of patients.

Setting Service Standards

In manufacturing, service standards involve on-time
delivery, minimization of defective products, and warranties
and guarantees. In non-health service industries, service stan-
dards usually involve providing service at acceptable levels
of quality for a given price. In health care, some standards
can be set easily, such as correct medications at appropriate
times. Other standards, such as the type and frequency of
interventions to prevent disease or improve health and the
quality of life, may be difficult to set.

Assessing Workforce Size-and-Skill Mix

In assessing workforce size, work must be organized to
meet an average requirement, designed to accommodate
natural variations from the average, and designed to ensure
that the necessary number and mix of people is available to
provide the desired level of service. One can easily estimate
the mean and standard deviation of demand, but capacity
decisions based on average demand do not account for
demand that is higher or lower than average. Failing to satisfy
requirements or having excess capacity can be very costly.

Personnel Scheduling

In many ways, planning and scheduling health care per-
sonnel is conceptually similar to scheduling for personnel in
other sectors. In some important ways, however, the

problems in health care are more complex (Mullinax and
Lawley, 2002). First, interrelations among highly trained
and skilled personnel who must be available at appropriate
times for different patients must be scheduled. Second, it is
frequently difficult to measure quality of work, especially in
terms of successful patient outcomes (see Box 3-4).

Hershey et al. (1981) conceptualized the staffing process
for nursing as a hierarchy with three decision levels (correc-
tive allocations, shift scheduling, and workforce planning)
operating over different time horizons and at different levels
of precision. Corrective allocations are made daily, shift
schedules are the days-on/days-off work schedules for each
nurse for four to eight weeks ahead, and workforce plans are
quarterly, semiannual, or annual plans of nursing needs by
skill level. Because of time lags, workforce planning must
be done early to meet anticipated long-term fluctuations in
demand and supply.

Effective shift scheduling (i.e., scheduling that meets the
health care needs of patients and satisfies the preferences of
nurses at minimal cost) is a complex problem that has
attracted the interest of operations researchers. The earliest
and simplest scheduling model, the cyclic schedule, repeats
a fixed pattern of days on and off for each nurse indefinitely
into the future but cannot make adjustments for forecasted
changes in workload, extended absences, or the scheduling
preferences of individual nurses. Rigid schedules place
heavy demands on the corrective allocations and workforce
planning levels to avoid excessive staffing (Hershey et al.,
1981). In flexible scheduling, the preferences of staff are
considered in scheduling decisions (Miller et al., 1976;
Warner, 1976). More complicated mathematical programs
(e.g., simulation and mixed-integer program techniques)
have been used to schedule other personnel (Tzukert and
Cohen, 1985; Vassilacopoulos, 1985).

Improving Hospital Flow

Busy emergency departments must handle three inflows
of patients: (1) patients who need emergency service but do
not require admission to the hospital; (2) patients who need
emergency services and do require admission; and (3) patients
who do not need emergency care but use the emergency room
as their primary source of health care. When the emergency
room is the patient’s primary destination and admission to
the hospital is not required, segmentation and queuing
methods, as described previously, can be extremely helpful
in shortening waiting times and delays.

Historically, groups 1 and 3 have been at the mercy of
group 2. From 1997 through 2000, the Institute for Health-
care Improvement worked with emergency departments at
91 hospitals, representing a total of 2.6 million visits per
year, to reduce waiting times and delays and increase patient
satisfaction (IHI, 2003). The hospitals experimented with a
fast track for patients who met specified criteria. Testing and
measurement showed that 83 percent of all patients use the
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BOX 3-4
Nursing Assignments in a Neonatal Intensive Care Nursery

Intensive care nurseries provide health care for critically ill newborn infants. During a typical shift, infants range from those that need only
occasional care to those that require constant attention. At the beginning of each shift, the head nurse groups the patients for assignment to staff nurses.
Typically each nurse cares for one group of infants throughout the shift. Because of the large variations in infant conditions and several complicating
constraints, developing balanced nurse workloads intuitively is difficult. A math program was developed to ensure a balanced workload.

Balanced workloads are important in neonatal intensive care for several reasons. First, and perhaps most important, every nurse needs time to talk
with parents and concerned relatives. If a nurse is overburdened, he or she may be unable to perform this essential function. In addition, when workloads
are balanced, fewer nurses are required to care for the same group of patients.

The first step in the development of the program was to create a system to quantify the nursing workload of each patient based on neonatal acuity.
With the help of several charge nurses, a comprehensive list of care procedures was developed. The procedures were grouped into 14 categories (see
table below).

1. Monitoring respiratory status 5. Taking X-rays 9. Administering chest physiotherapy 13. Performing miscellaneous tasks
2. Performing labwork 6. Checking weight 10. Caring for wounds 14. Dealing with unstable patients
3. Administering feedings 7. Administering medications 11. Changing dressings
4. Checking vital signs 8. Performing suctioning 12. Intravenous feedings

Next, a scoring mechanism was developed. Each item on the list was assigned an acuity measure based on the number of times the procedure was
performed in a 24-hour period. Each infant was then given a score for each procedure. The cumulative score reflected the amount of nursing care the
infant required. The acuity scoring system was then submitted to a panel of neonatal nurses for validation of the content and testing of rater reliability.

The integer linear program based on the scoring system assigns patients to nurses while balancing workloads. The model finds the most balanced
workload within a number of constraints: every infant could be assigned to only one nurse; no nurse could be assigned more than two or three patients
(depending on state regulations); no nurse could be given a workload that exceeded a specified maximum; and one or two nurses (“admitting” nurses)
were assigned smaller initial workloads but then were responsible for new patients that arrived during the shift. The model can also accommodate other
considerations. For example, a charge nurse might specify a partial assignment and let the model complete it. This could be important when it is
desirable for a nurse to care for the same patient during several shifts.

Ten case studies from a major univer-
sity hospital were used to benchmark the
performance of the model against current
practice (see figure). Each case study
represents a real patient-to-nurse assign-
ment by a charge nurse in a critical care
nursery. The model generated an alternative
assignment and then compared the work-
load imbalance. For example, in Case 9,
the assignment by the charge nurse had
an imbalance of 79. This means that the
nurse with the heaviest workload had to
carry out 79 more procedures than the
nurse with the lightest workload (not
counting admitting nurses). For the same
set of patients and nurses, the model gen-
erated an assignment with an imbalance of
5, a very significant improvement. In several cases, the model revealed that too many nurses had been scheduled for a shift.

The developers of this model were aware of the common belief of many medical practitioners that quantitative engineering approaches dehumanize
health care delivery. By developing a method of assigning workloads fairly and ensuring that nurses’ workloads were manageable, this approach,
although quantitative, could actually make health care delivery more effective. Properly balanced workloads ensure that nurses have an appropriate
amount of work and sufficient time to see to essential human intangibles.

Source: Adapted from Mullinax and Lawley, 2002.
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emergency departments between 9:00 a.m. and 1:00 a.m. A
fast track that allowed 46 percent of these patients to be seen
resulted in an improvement of up to 30 percent in lengths of
stay and patient volume.

The remaining 17 percent of patients who required
admission to the hospital presented the greatest challenge to
hospital flow. Most often, emergency departments divert
some of these patients to other hospitals because their
hospitals do not have the space to move patients forward
(Committee on Government Reform, 2001; GAO, 2003).
Moreover, critical shortages in intensive-care beds have led
to an increasing number of ambulance diversions and pro-
longed stays in emergency departments (Besinger and
Stapczynski, 1997; Goldberg, 2000).

Addressing this problem requires a system-wide approach
that includes the flow of inpatient beds. Otherwise, tech-
niques to manage emergency department flow will have a
limited effect on hospital diversion rates and will not address
the problem of patients being “boarded” in emergency
departments.

Queuing methods that are effective for emergency depart-
ment arrivals are also ideal for unscheduled patients. They
are not as appropriate for scheduled patients. Health care
organizations must deal with both scheduled and unsched-
uled patients. Queuing theory would suggest, therefore, that
separate tracks be developed for scheduled and unscheduled
patients. For instance, one primary-care clinic, St. John’s
Regional Health Center in Springfield, Missouri, created
separate slots for scheduled and unscheduled patients by set-
ting aside one operating room for unscheduled emergent
cases. With this simple maneuver, they increased the number
of surgical cases handled during normal business hours by
5.1 percent and reduced after-hours procedures by 45 per-
cent. As a result, surgeons realized a 4.6 percent increase in
revenue (IHI, 2003).

Patient Scheduling

Outpatients

Scheduling of patients in clinics for outpatient services is
one of the earliest documented uses of operations research to
improve health care delivery. Bailey (1975) applied queuing
theory to equalize patients’ waiting times in hospital out-
patient departments based on original work done in 1952.
He observed that many outpatient clinics are essentially a
single queue with single or multiple servers. The problem
then becomes creating an appointment system that minimizes
patient waiting time and keeps servers busy.

The three most commonly used scheduling systems
involve variations on block scheduling, modified block
scheduling, and individual scheduling. In block scheduling,
all patients are scheduled for one appointment time, for
instance, 9:00 a.m. or 1:00 p.m. They are then served on a
first-come, first-served basis. In modified block scheduling,

the day is divided into smaller blocks (e.g., the beginning of
each hour), and smaller blocks of patients are scheduled for
those times, which decreases patient waiting time. By con-
trast, in individual scheduling systems, which are commonly
used in the United States, patients are scheduled for specific
times throughout the day, often depending on staff availability.

The extensive literature on outpatient scheduling began
in the 1950s and peaked in the 1960s and 1970s. Because
many studies were based on queuing or simulation, parametric
distributions were determined for patient service times.
Scheduling schemes to reduce patient waiting time without
increasing physician idle time were analyzed using these dis-
tributions as inputs (Callahan and Redmon, 1987; Fries and
Marathe, 1981; O’Keefe, 1985; Vissers and Wijngaard, 1979).

Inpatients

Inpatient scheduling has three major dimensions:
(1) scheduling of elective admissions and emergency admis-
sions into appropriate units of the hospital each day; (2) daily
scheduling of inpatients to appropriate care units in the
hospital for treatment or diagnosis; and (3) scheduling dis-
charges of patients to their homes or other institutions.
Clearly, these scheduling activities are linked and depend on
many characteristics of the patients and the hospital. The
models used for inpatient scheduling are more complex and
require more data and better information systems than
models for outpatients. Many different methodologies might
be used based on queuing models.

For scheduling admissions, queuing and simulation
models are most often used. Early examples include a model
of a five-operating room, 12-bed, postanesthesia care unit
(Kuzdrall et al., 1981). Trivedi (1980) describes a stochastic
model of patient discharges that could be used to help regu-
late elective admissions and meet occupancy goals. Other
authors who have addressed this topic are Cohen et al.
(1980); Green (2004); Hershey et al. (1981); Kao (1974);
Kostner and Shachtman (1981); and Weiss et al. (1982).

Improving Overall Organizational Performance

In addition to the tools described above, businesses, com-
panies, and industries have found a number of other ways to
improve their performance and the quality of their products
and services. Three examples are described below.

The Baldrige National Quality Program

The Malcolm Baldrige National Quality Award was cre-
ated in 1987 to improve U.S. industrial competitiveness and
encourage the pursuit of quality in all sectors of the economy.
The Baldrige National Quality Program, a public-private
partnership, presents awards to large manufacturing compa-
nies, small businesses, service organizations, educational
organizations, and health care providers that demonstrate
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major improvements in the quality of their products or
services by reengineering processes, adopting continuous
improvement approaches, involving employees in decision
making, analyzing the operation of all elements of the enter-
prise, and measuring and controlling operations to optimize
performance. In comparing the overall performance of units
that have won this award with their competition, it is clear
that quality has been improved in many economic sectors.
The national recognition of the Baldrige award has moti-
vated many organizations to improve their performance and
the quality of their products and services (NIST, 2005).

Toyota Production System

In the early 1950s, Toyota introduced a variety of
procedures that ultimately became known as the Toyota
Production System. The system is designed to bring prob-
lems to light, resolve them, and improve the overall system
to ensure that problems are not repeated. With this combina-
tion of procedures and processes, Toyota has become the
leader in production efficiency and a producer of very high
quality products. Toyota’s ultimate goal is “defect-free
operations” (Spear and Bowen, 1999). The reduction of
waste, just-in-time inventory control, and the empowerment
of individuals to contribute to continuous improvement in
performance are just some aspects of Toyota’s system that
are applicable to health care delivery (see Bowen in this
volume and Monden, 1983).

Six Sigma Method

The quality of a final product or process depends on many
factors, including the complexity of the product and the con-
trols in place at each step of production. Motorola introduced
the concept of Six Sigma quality with the objective of creat-
ing a manufacturing operation that generates only two
defective parts per billion; a defective part is defined as one
with performance outside its design specifications. However,
because the mean value for the key parameter that character-
izes the operating system frequently drifts, the number of
defective parts in practice is generally assumed to be
approximately 3 to 4 parts per million (Harry, 1988).

Full-time Six Sigma project managers are given formal
classroom training in process analysis and statistical methods
and are mentored by experts in the Six Sigma method. In
some cases, they have focused on specific departments or
processes, and, in other cases, the method has been used on
an enterprise-wide basis to achieve a cultural transformation
(Pexton, 2005).

Applicability to the Health Care System

The quality improvement programs described above,
which use a range of systems-engineering tools and innovative

management practices, were developed more than two
decades ago largely for the manufacturing sector. Only very
recently have they begun to be used to improve performance
in the health care sector. Nevertheless, the adoption of these
and related tools and strategies by a small but growing
number of health care provider organizations has demon-
strated their potential for improving all six dimensions of
health care quality as defined by IOM.

A recent study by the Pittsburgh Regional Health Initia-
tive describes a systems approach to redesigning work
systems. In one study, the goal was to eliminate central-line-
associated bloodstream infections using techniques like
those practiced at Toyota. By using simple tools and devices,
the number of infections transmitted was significantly
reduced, and general procedures were subsequently changed
accordingly (Shannon et al., in progress).

Many of the most common challenges addressed by the
Six Sigma method are the same as the challenges facing
health care (e.g., safety, technology optimization, market
growth, resource utilization, length of stay, and throughput).
Defects in health care might be the number of two-year-olds
not completely immunized (per million two-year-olds in the
population), the number of pregnant women who do not
receive prenatal care in the first trimester (per million preg-
nancies), or the number of patients with clinical depression
who are not diagnosed (per million patients with depression)
(Chassin, 1998).

A number of approaches have been undertaken by medi-
cal professionals in recent decades to apply systems thinking
to the problems of safety and quality, including actions to
change the behavior of health professionals and patients
(e.g., making changes in strategies and the division of labor)
to improve system performance. For example, the Chronic
Care Model developed by Dr. Ed Wagner of the Group
Health Cooperative of Puget Sound identifies six areas
of interconnected activity necessary for the management of
patients with chronic disease. The model encourages inter-
actions between care provider teams and chronic care
patients and their families, who are trained and equipped to
participate actively in the care delivery process (see Box 3-5).
Batalden et al. (2003a,b) have documented and promoted
“success characteristics” of clinical microsystems—small,
functional, frontline units that provide most health care to
most people (see also Godfrey et al., 2003; Huber et al.,
2003; Kosnik and Espinosa, 2003; Mohr et al., 2003; Nelson
et al., 2002, 2003; Wasson et al., 2003).

The Institute for Healthcare Improvement (IHI) has
engaged large numbers of individuals and institutions in
carrying out change focusing on improving many levels of
the present system and using some of the systems tools
described above (Box 3-6). Although achieving some of their
goals has proven to be difficult, many important lessons have
been learned, and significant efforts have been made to dis-
seminate these lessons.
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BOX 3-5
The Chronic Care Model

The Chronic Care Model, developed by Dr. Ed Wagner, director of the MacColl Institute for Healthcare Innovation at the Group Health Cooperative
of Puget Sound, is based on the premise that good outcomes in health care (e.g., better clinical control, more self-confidence and a better quality of life
for patients, lower costs, etc.) require productive
interactions between prepared, proactive provider
teams and active patients, families, or caregivers who
are ready to participate in their care. To make those
productive interactions happen, the model identifies
six fundamental areas of interconnected activity and
support that encourage high-quality management of
patients with chronic diseases.

These six qualities should be the hallmarks of
health care delivery systems:

1. Self-management support involves
empowering patients through motivational
interviewing and integrating assessment,
tailoring, problem solving, and goal setting
into everyday care.

2. Delivery system design addresses the
questions of who should be on a care team,
what kind of interaction each member of the
team should have with the patient (e.g.,
delivering the services that are known to work,
such as case management, group visits, planned visits, and follow-up), how team members should interact with each other, and how patients
should telephone or e-mail caregivers.

3. Decision support provides health care professionals with guidelines to ensure that best-practice, evidence-based health care is delivered.
4. Clinical information systems provide a means of making the information about an entire patient population (a registry) available to the

patient and provider when it is needed.
5. The health care organization, which subsumes and supports the office practice, determines senior leaders’ goals for health care quality and

how the business plan makes the goals actionable.
6. The community, within which the whole health care system exists, provides resources and policies that influence the patient’s interactions

with the extended care delivery system.

Source: Davis, 2005. Originally published in Wagner, 1998.

APPLYING SYSTEMS TOOLS TO
HEALTH CARE DELIVERY

The systems tools described in this chapter can be applied
to all four levels of the health care system, with the caveat
that they must be adapted to the specific conditions and cir-
cumstances of this unique patient-centered environment.

Patient Level

In the past, systems tools have not been widely applied to
individual patients, but they should be. The ultimate purpose

of using these tools should be to improve patient care and
ensure that the system is responsive to patients’ needs and
wishes. Concurrent engineering tools like QFD can be used
most effectively in the design/redesign of care delivery sys-
tems in the hospital and ambulatory clinics and, as information/
communications technologies advance, in virtual settings,
such as patients’ homes. Human-factors expertise focused
on care provider-patient relationships can help modify care
instructions to ensure that they are meaningful to patients
and encourage patients to participate in care processes.
Indeed, human-factors engineering will be critical in moving
toward remote care delivery and viable self-care systems,
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ensuring the usability and reliability of information/
communications systems and other systems patients will
have to use for professionally guided, self-instructed care in
their homes, and maintaining communications and relation-
ships of trust with care providers.

Modeling and simulation tools can be used to improve
patient access to care providers (e.g., more efficient schedul-
ing of appointments), reduce patient waiting times in care
centers, and ensure that laboratory test results are available
on demand. Patients will also benefit directly from improved
scheduling of personnel, from the development of predictive
models for treating particular diseases, and from improved
regimes for administering medication.

The use of systems tools at the patient level will require
detailed data on patient flows, delay times, and service times
by caregivers, laboratories, support staff, and so on. Some of
these data can be collected from computer records, but much
of it will require individual measurements of, for example,
time spent in accomplishing various tasks. Significant dif-
ferences among facilities will require that data be collected
for particular environments. One advantage of systems tools
is that they are sufficiently general that they can be applied
in very diverse environments.

Frontline Care Team Level

In this section, we highlight the benefits of these same
tools for caregiver teams. Benefits to caregivers and patients
lead, in turn, to benefits for organizations and the overall
health care environment by improving the efficiency of
operations throughout the entire system. A health care
system designed to meet the needs and wants of both patients

and caregiver teams can provide a smoothly operating envi-
ronment that is best for both caregivers and patients.

Human factors might be used to assess the effectiveness
of cross-checks among care groups. Analyses that can reveal
where a system can fail, either by predicting errors or by
identifying inefficiencies, generally depend more on inter-
actions among individuals who work in the system and
understand all of its aspects and components than on large
amounts of data. However, modeling and simulation tools
do require good data. These tools can focus on improving
the clinical and administrative operation of a practice,
including the scheduling of personnel, the allocation of
physical resources, and the reduction or elimination of tasks
that require substantial time but may be of limited value to
the team or the patient. Simulation of an operating room can
improve the organization of facilities, personnel, and sup-
plies to ensure the highest level of safety and effectiveness.
The simulation of nurses’ stations can ensure that supplies
are available when needed and that support is provided to
reduce unnecessary tasks. These analyses can also identify
ways of automating some tasks and reducing unnecessary
repetitions of tasks (e.g., data entries).

Modeling and simulation of back-office operations can
help reduce the time spent by physicians and nurses in data
recording and improve communications with patients. The
proper scheduling of team members can reduce overload and
improve the quality of the workplace for the team as a whole.
The data for some of these analyses must be collected locally
through detailed observations. These data can then be supple-
mented with data from a comprehensive information tech-
nology system designed to provide detailed records of
events, personnel, and resources.

BOX 3-6
Institute for Healthcare Improvement

The Institute for Healthcare Improvement (IHI), a not-for-profit research center, was established in 1991 by Dr. Donald Berwick for the purpose of
improving the quality and efficiency of health care. IHI’s 15-member board of directors is drawn from leading health care institutions and the academic
community. IHI researchers identify specific problems and bring together multidisciplinary teams of experts from across the country to work on them.
IHI then creates a collaborative group of 30 to 50 health care institutions that agree to implement the new processes and share their findings. Each
collaborative project lasts from nine months to three years.

Problem areas tackled by IHI groups have included: reducing medication errors; reducing waiting times in emergency rooms; reducing surgical
infection rates; improving the performance of supply chains; and reducing ventilator-induced pneumonia. IHI has had considerable success, both
nationally and internationally, and now has an annual operating budget or more than $30 million, most of it from the health care industry. More than
200 faculty members from different academic institutions lead the project teams, and a network of more than 175 health care institutions are working
together to solve specific problems. Because the projects are funded by the participating institutions, they have a vested interest in implementing the
new ideas and procedures that are developed. The annual IHI National Forum now attracts more than 4,000 attendees.

Source: IHI, 2005.
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Enterprise-management tools address interactions
between the caregiver team and the enterprise. Supply-chain
management is intended to reduce inventory and ensure that
needed supplies are available when required. It can also
reduce inventory costs without compromising the availability
of the means and personnel to handle emergencies. The
significant data necessary for these analyses can involve a num-
ber of operating units of the system. Experience in other indus-
tries suggests that these data needs can only be provided by an
information system that connects all elements of the enterprise.

Game-theory tools, contracts, and system-dynamic
models can enable caregiver teams to explore “what-if” ques-
tions to predict the consequences of taking very different
actions, such as the consequences of a major emergency or
different ways of managing and controlling large fluctuations
that might be introduced into a local system. For example,
what actions should be taken if an emergency room is
suddenly overburdened? How should nurses be allocated if
only 10 percent are unavailable on a given day? How should
priorities be set for using an operating room?

Optimization tools for decision making can help answer
the same questions. Longer-term efforts to optimize the care
team’s efforts can be addressed by predictive, rather than
descriptive, models. Predictive models, such as neural net-
works, require an understanding of the causes and effects of
unexpected changes in the operational environment. The data
requirements for predictive analyses are complex and require
historical knowledge of the operation of the care team, as
well as information about the operation of the enterprise, at
least as it affects the care team. Large-scale databases on
patients, diseases, and treatments are also necessary. Collect-
ing the necessary data for these analyses without a compre-
hensive information system would be practically impossible.
Even if it could be done, the cost would be exorbitant.

Organizational Level

At the organizational level, analyses and other systems
approaches become more complex. Analyses and other
studies at this level must address interactions among many
elements of a system. Questions may relate to cost, overall
organizational efficiency, trade-offs among departments, and
organizational responses to major emergencies. Human-
factors studies might be used to ensure that new software-
intensive systems promote continuity of care (e.g., avoid
fragmentation and complexity).

Health care provider organizations have the large, com-
plex task of providing all of the support functions for both
clinical care (e.g., radiology, laboratories, operating rooms,
etc.) and infrastructure (e.g., finance, administration,
accounting, etc.). In the current health care system, clinical
and infrastructural needs are addressed separately. Although
each clinical support function and each infrastructural need
requires a high level of reliability and standardization, a truly

patient-centered system will require high-performance
systems at all levels.

At the organizational level, some of the more traditional
engineering approaches (e.g., supply-chain management) are
readily applicable. Indeed, some of the larger health care
institutions have already adopted them. Systems-engineering
techniques are critical to analyzing data and using modeling
and simulation strategies to improve outcomes (e.g., inter-
actions among reimbursement policies, regulations, improved
care, etc.). All of these tools (i.e., systems tools, analysis,
modeling, and simulation) are applicable, not only at this
level, but also at the environmental level.

Data needs for these analyses can place a heavy burden
on information systems, and data must be available on
activities outside the boundaries of the organization (e.g.,
IPAs, drug suppliers, rehabilitation centers, emergency
response units, etc.). To meet these needs, information
systems will require interconnectivity of various elements of
the overall health care delivery system.

Environmental Level

Questions at this level concern overall trends and system
responses, such as regulation and oversight, reimbursement
strategies, cost trends for the treatment of various diseases,
the supply of caregivers, the availability of evidence-based
medical information, research on the development of predic-
tive models, and system responsiveness to major outbreaks
of disease. The data requirements for addressing these and
other high-level system questions depend on the issue being
investigated, but, in general, information must be available
from a host of institutions and organizations. To ensure that
information from these many sources is available, there must
be a comprehensive information system that facilitates com-
munication and encourages information exchange among
entities in the health care delivery system.

The use of systems engineering to investigate and
improve the overall health care system will reflect an impor-
tant change in the way reforms and changes are approached
and a movement away from the old, entrenched cultures that
have characterized the system historically. The hope is
that systems-engineering tools can bring these deeply
entrenched structures to the surface where they can be inves-
tigated and evaluated in terms of the needs of a twenty-first
century health care delivery system.

Up to now, most health care professionals have not under-
stood the relevance of systems-engineering tools to the safety
and quality of patient-centered care. One of the objectives of
this report is to encourage a conversation on this subject
between the engineering community and health care profes-
sionals at all levels. Working together, these two communi-
ties can take advantage of the benefits of systems-engineering
tools to manage and optimize costs; ensure high-quality,
timely production processes; improve the safety and quality
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of care; and, ultimately, provide a truly patient-centered
health care delivery system.

BARRIERS TO IMPLEMENTATION

Significant barriers to the widespread diffusion and
implementation of systems-engineering tools in health care
include impediments related to inadequate information
technology and economic, policy, organizational, and edu-
cational barriers.

Inadequate Information and Information Technology

In general, at the tactical or local level, data gathering and
processing and associated informational needs do not present
significant technical or cost barriers to the adoption of
systems-engineering tools (e.g., SPC, discrete-event simula-
tion, queuing methods). By contrast, there are significant
structural, technical, and cost-related barriers at the organi-
zation, multi-organization, and environmental levels to the
strategic implementation of tools for modeling and simula-
tion, enterprise management, financial engineering and risk
analysis, and knowledge discovery in databases. The use of
these tools requires integrated clinical, administrative, and
financial information systems (e.g., clinical data repositories,
etc.) that are expensive to install and maintain, and only a
relatively small number of large integrated provider organi-
zations or networks (e.g., Veterans Health Administration,
Kaiser-Permanente, Mayo Clinic, Group Health Cooperative
of Puget Sound, etc.) have such information systems in place.

Without access to integrated clinical information systems,
it is extremely difficult for small, independent elements of
highly distributed, loosely connected care provider networks
to take advantage of tactical systems tools and virtually
impossible for them to take advantage of enterprise-
management and other systems-analysis tools. In principle,
with the advance of computerization and automation in
health care delivery, the cost of capturing relevant data for
design, analysis, and control of processes and systems should
come down. However, the health care system does not have
interoperability standards for information/communication
systems that would make it possible to connect the myriad
pieces of the fragmented, distributed delivery system. This
absence of interoperability presents a formidable barrier to
the use of strategic, data-intensive systems tools at the
organizational and environment levels. (Information/
communications-related challenges to patient-centered,
high-performance health care delivery are addressed at
greater length in Chapter 4.)

Policy and Market Barriers

In the present system, reimbursement practices and rules,
regulatory frameworks, and the lack of support for research

continue to discourage the development, adaptation, and use
of systems-engineering tools to improve the performance of
the health care delivery system. The current “market” for health
care services does not reward care providers who improve
the quality of their processes and outcomes through invest-
ments in systems engineering, information/communications
technologies, or other innovations (Hellinger, 1998; Leape,
2004; Leatherman et al., 2003; Miller and Luft, 1994, 2002;
Robinson, 2001). The lack of comparative quality and cost
data and the corresponding lack of quality/cost transparency
in the market for health care services prevent patients from
making informed choices on the basis of quality or value
(quality/cost) (see Safran, in this volume, and Rosenthal et
al., 2004). In the prevailing payment/reimbursement climate,
care providers are not reimbursed on the basis of the quality
of care they provide (IOM, 2001). Care providers have little
incentive to invest in systems tools in support of quality
improvement, unless they generate revenue directly or demon-
strate immediate improvements in operating efficiency.

In recent years, several experiments with new reimburse-
ment approaches have been tried to change the prevailing
practice of reimbursing discrete units by a “reasonable cost”
method to include fixed-price reimbursement for a definable
bundle of services or a care episode. The object of these
changes is to give providers an incentive to improve the
effectiveness and efficiency of their processes and proce-
dures. For example, the introduction of diagnostic related
groups shifted the reimbursement for hospitalization to a
fixed price (adjusted for regional labor costs). Severity-
adjusted capitation for patients covered under the new
Medicare HMO coverage applies the same principles. Some
insurers have experimented with linking reimbursement
explicitly to quality measures (for example, selected health
care organizations may receive a fixed price for organ
transplants based on quality, that is, the success rate of the
procedure). These are promising first steps toward changing
reimbursement to encourage high-quality, efficient care and
a systems approach. However, for the vast majority of care
providers, there are no such incentives.

Organizational and Managerial Barriers

Other barriers to the widespread use of systems tools in
health care are related to the culture, organization, and man-
agement structure of most health care provider organizations
and the lack of confidence in systems tools and technologies
by those who will be called upon to use them.

As discussed in Chapter 1, cultural, organizational, and
policy-related factors (e.g., regulation, licensing, etc.) have
contributed to rigid divisions of labor in many areas of health
care, which has impeded the widespread use of systems tools
and related innovations that are likely to have significant,
disruptive effects on organizational structures and work
processes at all four levels of the health care system (see
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Bohmer this volume and Christensen et al., 2000). Organiza-
tional changes are difficult under any circumstances, and
inflexibility in roles and responsibilities can increase the
difficulties. There is ample documentation of tools and tech-
nologies that were poorly integrated with/accommodated by
existing processes of care delivery that generated additional
work for frontline providers and very little apparent reward
(Boodman, 2005; Durieux, 2005; Garg et al., 2005; Wears
and Berg, 2005)

Ultimately, the benefits of systems tools and technolo-
gies can only be realized if their introduction is carefully
managed and the people who must use them are adequately
prepared, technically and mentally, to change their work
practices and organization. First, as Nelson and colleagues
observed in their assessment of successful clinical micro-
systems and as IHI has demonstrated in its successful
collaboratives, management must change its philosophy
(IHI, 2005; Nelson et al., 2002). Once management is com-
mitted to change, the participation of professional caregivers
can be enlisted from the outset in the analysis of processes
and systems and in the design and implementation of system
improvements. In short, there must be mutual trust between
health care management and the health care professionals
who work with management.

Educational Barriers

Prevailing approaches to the education and training of
health care, engineering, and management professionals also
present significant barriers to the implementation and diffusion
of systems-engineering tools, information/communications
technologies, and associated innovations in the health care
sector. Currently, very few health care professionals or
administrators are equipped to think analytically about health
care delivery as a system. As a result, very few appreciate
the relevance, let alone the value, of systems-engineering
tools. And of these, only a fraction are equipped to work
with systems engineers to tailor and apply them to the needs
of the health care delivery system.

Students of engineering and management are much more
likely to be trained in systems thinking and the uses and
implications of systems-engineering tools and information/
communications technologies for the management and opti-
mization of production and delivery systems. However,
students in most U.S. engineering and business schools are
unlikely to find courses that address operational challenges
in the quality and productivity of health care delivery. (Edu-
cational barriers to the application of systems engineering to
health care delivery and the steps necessary to overcome
them are addressed at length in Chapter 5.)

The culture of the health care enterprise will have to
undergo a seismic change, a so-called paradigm shift, for
systems thinking and the health of populations to become
integral factors in health care decision making. Even at that
point, it will take a tremendous effort and a great deal of

flexibility for organizations to implement fundamental
changes based on the optimization of interactions among all
elements of the system. Ultimately, the whole must be
greater than the sum of its parts. To date, organizations with
corporate structures and management have been most
successful in accomplishing this.

FINDINGS

Finding 3-1. The health care delivery system functions not
as a system, but as a collection of entities that consider their
performance in isolation. Even within a given organization
(e.g., a hospital), individual departments are often isolated
and behave as functional and operational “silos.”

Finding 3-2. A systems view of health care cannot be
achieved until the organizational barriers to change are over-
come. Management and professionals must be committed to
removing silos and focusing on optimizing contributions of
professionals at all levels.

Finding 3-3. Systems-engineering tools have been used to
improve the quality, efficiency, safety, and/or customer-
centeredness of processes, products, and services in a wide
range of manufacturing and services industries.

Finding 3-4. Health care has been very slow to embrace
systems-engineering tools, even though they have been
shown to benefit the small fraction of health care organiza-
tions and clinicians that have used them. Most health care
providers do not understand how systems engineering can
help solve health care delivery problems and improve oper-
ating performance. Many do not even know the questions
systems tools and techniques might address or how to take
advantage of the answers Only when people trained in the
use of systems-engineering tools are integral to the health
care community will the benefits become fully available.

Finding 3-5. Systems-engineering tools for the design,
analysis, and control of complex systems and processes
could potentially transform the quality and productivity of
health care. Statistical process control, queuing theory,
human-factors engineering, discrete-event simulation, QFD,
FMEA, modeling and simulation, supply-chain manage-
ment, and knowledge discovery in databases either have been
or can be readily adapted to applications in health care
delivery. Other tools, such as enterprise management,
financial engineering, and risk analysis, are the subjects of
ongoing research and can be expected to be useful for health
care in the future.

Finding 3-6. Neither the engineering community nor the
health care research community has addressed the delivery
aspects of health care adequately. Although clinical applica-
tions of new medicines, procedures, and devices have been
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widespread, improving the processes by which care is
delivered has been mostly disregarded. The adaptation and
improvement of existing systems tools and the creation of
new tools to address health care delivery have not been
primary objectives of federal agencies or public or private
research institutions.

Finding 3-7. Information/communications systems will be
critical to taking advantage of the potential of existing and
emerging systems-design, -analysis, and -control tools to
transform health care delivery. These tools can provide
timely collection, analysis, and sharing of process and
outcome data that would benefit all stakeholders in the
enterprise. Although such systems are available in other
industries, meeting the unique requirements of the health
care community will require active research.

Finding 3-8. The current organization, management, and
regulation of health care delivery provide few incentives for
the use or development of systems-engineering tools that
could lead to improvements.

Finding 3-9. The widespread use of systems-engineering
tools will require determined efforts on the part of health
care providers, the engineering community, federal and state
governments, private insurers, large employers, and other
stakeholders.

RECOMMENDATIONS

Recommendation 3-1. Private insurers, large employers,
and public payers, including the Federal Center for Medi-
care and Medicaid Services and state Medicare programs,
should provide more incentives for health care providers to
use systems tools to improve the quality of care and the effi-
ciency of care delivery. Reimbursement systems, both
private and public, should expand the scope of reimburse-
ment for care episodes or use other bundling techniques (e.g.,
disease-related groups, severity-adjusted capitation for
Medicare Advantage, fixed payments for transplantation,
etc.) to encourage the use of systems-engineering tools.
Regulatory barriers should also be removed. As a first step,
regulatory waivers could be granted for demonstration
projects to validate and publicize the utility of systems tools.

Recommendation 3-2. Outreach and dissemination efforts
by public- and private-sector organizations that have used
systems-engineering tools in health care delivery (e.g.,
Veterans Health Administration, Joint Commission on
Accreditation of Healthcare Organizations, Agency for
Healthcare Research and Quality, Institute for Healthcare
Improvement, Leagfrog Group, U.S. Department of Com-
merce Baldrige National Quality Program, and others)
should be expanded, integrated into existing regulatory and
accreditation frameworks, and reviewed to determine

whether, and if so how, better coordination might make their
collective impact stronger.

Recommendation 3-3. The use and diffusion of systems-
engineering tools in health care delivery should be promoted
by a National Institutes of Health Library of Medicine
website that provides patients and clinicians with informa-
tion about, and access to, systems-engineering tools for
health care (a systems-engineering counterpart to the Library
of Medicine web-based “clearinghouse” on the status and
treatment of diseases and the Agency for Healthcare
Research and Quality National Guideline Clearinghouse for
evidence-based clinical practice). In addition, federal agen-
cies and private funders should support the development of
new curricula, textbooks, instructional software, and other
tools to train individual patients and care providers in the use
of systems-engineering tools.

Recommendation 3-4. The use of any single systems tool
or approach should not be put “on hold” until other tools
become available. Some system tools already have exten-
sive tactical or local applications in health care settings.
Information-technology-intensive systems tools, however,
are just beginning to be used at higher levels of the health
care delivery system. Changes must be approached from
many directions, with systems engineering tools that are
available now and with new tools developed through
research. Successes in other industries clearly show that
small steps can yield significant results, even while longer
term efforts are being pursued.

Recommendation 3-5. Federal research and mission agen-
cies should significantly increase their support for research
to advance the application and utility of systems engineering
in health care delivery, including research on new systems
tools and the adaptation, implementation, and improvement
of existing tools for all levels of health care delivery. Prom-
ising areas for research include human-factors engineering,
modeling and simulation, enterprise management, knowledge
discovery in databases, and financial engineering and risk
analysis. Research on the organizational, economic, and
policy-related barriers to implementation of these and other
systems tools should be an integral part of the larger
research agenda.

CONCLUSION

Information/communications systems will be critical to
the effectiveness of existing and emerging systems-design,
-analysis, and -control tools in the transformation of health
care delivery. Information/communications systems can
provide timely collection, analysis, and sharing of process
and outcome data that would benefit all stakeholders in the
enterprise. Although these systems are available in other
industries, meeting the unique requirements of the health

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


58 BUILDING A BETTER DELIVERY SYSTEM

care community will require significant investments and
active research. Near-term and long-term challenges in this
area are addressed in Chapter 4.
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4

Information and Communications Systems:
The Backbone of the Health Care Delivery System

The preceding chapter describes an array of systems-
engineering tools and associated techniques for analyzing,
designing, controlling, and improving health care delivery
processes and systems. This chapter is focused on the applica-
tion of information and communications technologies to the
delivery of safe, effective, timely, patient-centered, efficient,
and equitable health care, a review of progress toward the
establishment of a National Health Information Infrastructure
(NHII), and a description of the tasks that lie ahead. The com-
mittee highlights the complementary nature of information/
communications technologies and systems engineering.

THE CENTRALITY OF INFORMATION TO HEALTH
CARE DELIVERY

Information and information exchange are crucial to the
delivery of care on all levels of the health care delivery
system—the patient, the care team, the health care organiza-
tion, and the encompassing political-economic environment.
To diagnose and treat individual patients effectively, indi-
vidual care providers and care teams must have access to at
least three major types of clinical information—the patient’s
health record, the rapidly changing medical-evidence base,
and provider orders guiding the process of patient care. In
addition, they need information on patient preferences and
values and important administrative information, such as the
status and availability of supporting resources (personnel,
hospital beds, etc.).

To integrate these critical information streams, they will
also need training/education, decision-support, information-
management, and communications tools. For individual
patients to participate as informed, “controlling” partners in
the design and administration of their own care, they must
also have access to much the same kind of information and
education, decision-support, and communications tools—in
a “patient-accessible/usable” form.

At the organizational level, hospitals and clinics need

clinical, financial, and administrative data/information to
measure, assess, control, and improve the quality and
productivity of their operations. At the environmental level,
federal/state funding and regulatory agencies and research
institutions need information on the health status of populations
and the quality and productivity/performance of care providers
and organizations to execute regulatory oversight, protect
and advance the public health (surveillance/monitoring),
evaluate new forms of care, accelerate research, and dissemi-
nate new medical knowledge/evidence.

As discussed in Chapter 3, information and information
exchange are also critical to the tactical and strategic appli-
cations of systems-engineering tools at all four levels of the
system, especially for strategic applications of enterprise-
management tools and risk analysis and management tools
at the organizational and environmental levels.

The Information Technology Deficit and Its
Proximate Causes

Although information gathering, processing, communi-
cation, and management are essential to health care delivery,
the health care sector as a whole has historically trailed far
behind most other industries in investments in information/
communications technologies (DOC, 1999). Moreover, most
health care-related information/communications technolo-
gies investments to date have been concentrated on the
administrative side of the business, rather than on clinical
care. As a result of this prolonged underinvestment, little
overall progress has been made toward meeting the informa-
tion needs of patients, providers, hospitals, clinics, and the
broad regulatory, financial, and research environment in
which they operate. A number of localized efforts have been
made to develop and implement electronic patient records
and other clinical applications of information/communications
technologies since the 1960s, but little progress has been
made in closing the gap.
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Many factors have contributed to the information/
communications technology deficit: (1) the atomistic structure
of the industry (the prevalence of relatively undercapitalized
small businesses/provider groups); (2) payment/reimbursement
regimes and the lack of transparency in the market for health
care services, both of which have discouraged private-sector
investment in information/communications systems; (3) his-
torical weaknesses in the managerial culture for health care;
(4) cultural and organizational barriers related to the
hierarchical nature and rigid division of labor in health
professions; and (5) the relative technical/functional imma-
turity (until very recently) of available commercial clinical
information/communications systems.

FROM ELECTRONIC MEDICAL RECORDS TO A
NATIONAL HEALTH INFORMATION INFRASTRUCTURE

The idea of transforming paper medical records into elec-
tronic medical records (EMRs) was first considered in the
mid-1960s, when early prototype systems were developed.
A number of large integrated health care provider organiza-
tions were early adopters of EMR systems, including
Massachusetts General Hospital (COSTAR) in the 1960s,
Indiana University Medical School (Regenstrief Medical
Record System) in the early 1970s, and others (Kass-
Bartelmes et al., 2002; Lindberg, 1979). However, there was
little diffusion of these systems in the next two decades. In
1991 and 1997, IOM issued reports documenting the magni-
tude and implications of the large information-technology
gap in U.S. health care and called for the adoption of EMRs
as a first, critical step in moving health care delivery toward
information/communications-technology-supported improve-
ments in quality performance achieved in other industries
(IOM, 1991, 1997).

Building on these studies, a series of reports by IOM, the
National Committee on Vital and Health Statistics
(NCVHS), and other organizations in the past five years have
documented the profound negative impact of the information/
communications technology deficit on patient safety, the
number of medical errors, and the quality and cost of care;
every one of these reports calls for the development of a
comprehensive health care information infrastructure (e.g.,
NHII) to help close the gap (IOM, 2000, 2001, 2003, 2004;
NCHVS, 2001; NRC, 2000).

In Information for Health: A Strategy for Building the
National Health Information Infrastructure, NCVHS
described the NHII as both infrastructure and a defined set
of components linked explicitly to health care delivery pro-
cesses (NCVHS, 2001). IOM (2004) summarized the
NCVHS definition as follows:

The NHII is defined as “a set of technologies, standards,
applications, systems, values, and laws that support all facets
of individual health, health care, and public health”. . . It
encompasses an information network based on Internet

protocols, common standards, timely knowledge transfer,
and transparent government processes with the capability for
information flows across three dimensions: (1) personal
health, to support individuals in their own wellness and
health care decision making; (2) health care providers, to
ensure access to complete and accurate patient data around
the clock and to clinical decision support systems; and
(3) public health, to address and track public health concerns
and health education campaigns.

This stream of reports from IOM, NCVHS, and others
catalyzed a number of actions in the private and public
sectors intended to lay the groundwork for and build
momentum toward realization of the NHII (IOM, 2004;
PITAC, 2004; Thompson and Brailer, 2004; Yasnoff et al.,
2004). Inspired by the 1999 IOM report, To Err Is Human,
the Leapfrog Group for Patient Safety, a coalition of large
companies established expressly for the purpose of using
their market power as major purchasers of health care to
encourage care providers to improve the safety, quality, and
efficiency of health care. The Leapfrog Group called on all
health care provider organizations serving Leapfrog mem-
bers’ employees to use information/communications systems
(EMRs and computerized physician order entry [CPOE]
systems in particular) (see paper by Milstein in this volume).

In April 2004, progress toward an NHII was given new
impetus when President Bush called for national implemen-
tation of EMRs and announced the creation of the Office of
the National Coordinator for Health Information Technol-
ogy (ONCHIT) in the U.S. Department of Health and Human
Services (DHHS); Dr. David Brailer was appointed the first
national coordinator. In July, DHHS released a report out-
lining a 10-year plan to build an NHII, including the creation
of electronic health records (EHRs), for all Americans
(Thompson and Brailer, 2004). In November 2004, ONCHIT
issued a Request for Information (RFI) for a National Health
Information Network (NHIN), soliciting proposals for ways
to advance interoperability and standards. As of early 2005,
ONCHIT had received more than 500 responses from a wide
variety of organizations and collaboratives.

One of the respondents to the RFI, the Interoperability
Consortium, an alliance of eight information-technology sys-
tems vendors (Accenture, Cisco, CSC, Hewlett-Packard,
IBM, Intel, Microsoft, and Oracle), describes the current
challenges to interoperability:

Dozens of communities and innovative networks across
America have begun implementing information exchange
solutions—yet they are following no common pathway, no
uniform standards, and have established no basis for even-
tual information exchange among them or with the impor-
tant national information networks already in existence. A
common framework is needed to guide and maximize the
value of the enthusiastic efforts already in the field.

In its preliminary blueprint for NHIN, the Interoperability
Consortium (2005) stresses that the NHIN must be part of an
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agenda for the comprehensive transformation of health
care delivery:

The NHIN should be approached as an IT-enabled clinical
transformation initiative that fuses technology and process
reengineering in order to achieve its stated objectives of
improving quality and decreasing costs. Performance metrics
must be established to monitor progress, and incentives
should be aligned (and periodically adjusted) to reward
actual benefit realization. Conversely, the costs attached to
supporting and monitoring the effectiveness of this transfor-
mation agenda should be included in the NHIN’s total cost
of ownership.

To meet these requirements, the NHII/NHIN must be a
secure, reliable, and adaptable national infrastructure capable
of connecting and supporting highly distributed, varied,
independently managed, multi-tiered, intra-institutional,
clinical information/communications technology systems
and applications. This infrastructure would vastly expand
the information gathering, exchange, processing, and appli-
cation capabilities of stakeholders at all four levels of the
health care system.

The Promise of a National Health Information
Infrastructure

The NHII would provide a platform for the application
of a wide range of proven and emerging information/
communications technologies that could have a dramatic
impact on health care processes and outcomes. The follow-
ing discussion explores the promise of an NHII for each level
of the health care delivery system.

Patient Level

At the patient level, progress toward an NHII would
greatly empower individual patients to assume a much more
active, controlling role in decision making and in implement-
ing their own health care (i.e., applications that could help
bring about a shift from hospital/clinic-based, clinician-
directed care to home-based, clinician-guided self-care). The
foundations for this shift have been laid by the emergence of
the Internet and the World Wide Web, which have provided
patients with unprecedented access to information (albeit
of mixed quality) and made possible more continuous,
asynchronous communication between patients and care
providers.

Progress in systems interoperability and data standards is
likely to advance the development of patient remote access
to self-care educational tools, individual patient health
records, and health care provider and insurer services (sched-
uling, billing, etc.) (see papers by Gustafson and Halamka in
this volume). In time, the NHII would also provide a platform
for the implementation of new information/communications
systems, such as wireless integrated microsystems (WIMS,

sensors combined with microelectronics and wireless inter-
faces), which would enable the remote capture and con-
tinuous communication of a patient’s physiological data to
care professionals, thereby increasing the likelihood of the
timely diagnosis and treatment of illnesses.

An improvement in patients’ ability to assume greater
control and responsibility for care decisions enabled by
information/communications technologies would also advance
many of IOM’s six aims for patient-centered, quality health
care. Information/communications technology systems
would give patients access to timely, effective, and convenient
care; improve patient compliance with guidance/treatment
protocols, including preventive measures; and enable con-
tinuous, or at least much more frequent, monitoring of patient
conditions by care professionals/care teams. Greater com-
pliance with clinicians’ guidance—preventive or palliative—
and more timely intervention in case of illness would not
only benefit the health of the patient but would also reduce
the costs of caring for the patient over time.

Care Team Level

At the care team level, progress toward an NHII would
accelerate the development, diffusion, and use of a broad
spectrum of information/communications technologies to
help care providers capture, tap into, and integrate critical
information streams for patient-centered care—the patient’s
health record, information on the patient’s preferences and
values, the evolving medical-evidence base, the status of
clinical orders, administrative information, and a range of
process/system performance data—essentially all of the data
and information necessary to diagnose and prescribe treat-
ment, as well as to analyze, control, and optimize the perfor-
mance of the delivery system and subsystems.

Over the past decade, several core clinical applications
have been developed to support the clinical information
needs of frontline care teams. These include, EHR systems
linking various information resources related to clinical care;
CPOE systems, through which physicians enter orders for
tests, drugs, and other procedures; decision-support tools that
draw on clinical-data repositories, and databases that collect
and store patient care information from diverse data sources.

Although the utility and functionality of these first-
generation core clinical applications have been severely
limited by the absence of comprehensive clinical informa-
tion systems throughout much of the health care delivery
system, progress toward the NHII would lead to the devel-
opment and implementation of next-generation clinical
applications that are more fully integrated and capable of
translating clinicians’ orders into dynamic, automated
execution routines, as well as tracking and notifying clini-
cians of the status of their patients automatically. These
applications could lead to changes in the role of the care
team and individual care professionals, enabling them to
spend less time executing and verifying the execution of
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orders and more time focusing on healing relationships with
individual patients. Implementation of these technologies
would also facilitate continuous learning in the care
delivery system.

Organizational Level

At the level of the organization, steps toward an NHII
would greatly facilitate the capture, integration, and analysis
of clinical, administrative, and financial data for measuring
and improving the quality, patient-centeredness, and effi-
ciency of health care. As noted in Chapter 3, integration is
essential to the application of data-intensive systems tools
for systems design, analysis, and control. Beginning in the
1980s, a select group of health care provider organizations
and networks began the integration process by adding
clinical-department systems to their billing and administra-
tive systems. It is worth noting that most of these forerunner,
integrated systems were used by organizations with corporate-
type structures and management (e.g., the Mayo Clinic,
Kaiser-Permanente, Veterans Health Administration, and
others with salaried physicians and wholly owned hospitals
and ancillary functions). Only in the last decade have lead-
ing hospitals and integrated institutions begun to leverage
their information systems by adapting and deploying
systems-engineering tools and techniques to analyze,
control, and optimize aspects of their operations.

As NHII (and interoperability and data-interchange
standards in particular) advances, more and more health care
organizations would be able integrate their clinical, adminis-
trative, and financial information systems internally, as well
as link their systems with those of insurers, vendors, regula-
tory bodies, and other elements of the extended health care
delivery enterprise. This capacity, in turn, would enable pro-
vider organizations to make more extensive global or strategic
use of data/information-intensive systems-engineering tools,
such as enterprise management, financial engineering for
risk management, and knowledge discovery in databases.

Environmental Level

The NHII would lead to significant improvements on the
environmental level of the health care delivery system. With
advances in interoperability standards and other tools and
technologies, the NHII would enable connectivity both
within and across levels of the delivery system. This, in turn,
would facilitate the aggregation and more timely exchange
of useful data between and among providers at the organiza-
tional level and elements/stakeholder organizations at the
environmental level (i.e., public and private payer organiza-
tions [insurers, employers], regulatory bodies, and the
research community).

A functioning NHII could provide a rich pool of data to
support regulation and oversight of the health care delivery
system, population health surveillance, and the continuing

development of the clinical knowledge/research database.
For example, the NHII could accelerate the flow of health
care quality data from providers to the Center for Medicare
and Medicaid Services and private insurers, data on
evidence-based-medicine trials to the Agency for Healthcare
Research and Quality, data on infectious diseases and bio-
hazards to the Centers for Disease Control, and data on post-
introduction adverse drug events to the Food and Drug
Administration (FDA).

NHII could also accelerate the interfacing of the expand-
ing genomic and phenotypic (clinical) knowledge databases.
The application of high-level systems-engineering tools (risk
analysis) to these massive linked data sets could support sig-
nificant advances in “predictive medicine”—mathematical
and statistical techniques to identify and treat high-risk
patients and to personalize treatment strategies.

Although much of the information/communications tech-
nology necessary for the realization of NHII exists today,
and will certainly improve in the decade ahead, there will be
many challenges to putting it in place. Very serious privacy
concerns must be addressed, as well as training issues at all
levels of the health care system. There are also serious chal-
lenges associated with making information/communications
systems reliable enough to ensure that records are not lost.
Ensuring reliability will require a very large-scale distrib-
uted computing system.

Paper-based systems are still the norm at most hospitals,
which are all but “drowning” in paperwork. Clearly, it will
take a national effort to develop an infrastructure capable of
connecting, integrating, and supporting diverse information
systems and applications at facilities nationwide. Although
individual functions might still vary from facility to facility,
the operating framework used for storing records and the
protocols by which information is passed between locations
and systems must be standardized.

Indeed, interoperability among diverse information/
communications systems and messaging standards will be
critical to the realization of an information/communications
technology-enabled health care system, a programmable
system with the capacity for mass customization to meet the
needs of individual patients. At every level of the health care
system, the focus should be on the patient, and the goal
should be to ensure effective interactions between the patient
and doctor or health care delivery team. Developing such a
system in the coming decade is not an option. It is an abso-
lute necessity for achieving the IOM vision of a patient-
centered, high quality health care system.

The remainder of this chapter is divided into two sections.
The first focuses on the current status of major components of
the emerging NHII, identifies technical challenges and oppor-
tunities, identifies economic and cultural/organizational
barriers to implementation, and provides recommendations
for building on current momentum. The second focuses on
emerging technologies based on wireless communications
and microelectronic systems that have the potential to
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radically change the structure of the health care delivery
system and advance the patient-centeredness and quality
performance of the system. Although the widespread imple-
mentation of emerging technologies represents a longer term
agenda than upgrading and/or diffusing existing clinical
information/communications technology applications, the
NHII has a 10-year time horizon for realization that can
accommodate the incorporation of new technologies. Above
all, the implementation of NHII must be part of a compre-
hensive transformation of health care delivery.

FOUNDATIONS OF A NATIONAL HEALTH
INFORMATION INFRASTRUCTURE

The components of a national health information infra-
structure can be divided into three interrelated categories:
(1) health care data standards and technical infrastructure;
(2) core clinical applications, including EHRs, CPOE sys-
tems, digital sources of medical knowledge, and decision-
support tools; and (3) information/communications systems.

Health Care Data Standards and Technical Infrastructure

If health care data are standardized, they become under-
standable to all users. The IOM report (2004), Patient Safety,
considered three key groups of standards:

• Data interchange formats are standard formats for
electronically encoding data elements (including
sequencing and error handling). Interchange standards
can also include document architectures for structur-
ing data elements as they are exchanged and informa-
tion models that define relationships among data
elements in a message.

• Terminologies are the medical terms and concepts used
to describe, classify, and code the data elements and
data-expression languages and syntax that describe
relationships among the terms/concepts.

• Knowledge representation refers to standard methods
of electronically representing medical literature,
clinical guidelines, and other information required for
computerized decision support.

For each group of standards, IOM identified critical chal-
lenges and described ongoing efforts led and/or funded by
the federal government to address them. In the area of data-
interchange formats, in which engineering has played an
important role, a number of mature standards, recently
endorsed by the secretary of DHHS, address some of the
required domains:

• administrative data (the X12 standard of the Accredit-
ing Standards Committee, Subcommittee on Insur-
ance, Working Group 12)

• clinical data (Health Level 7)

• medical images (digital imaging and communications
in medicine [DICOM])

• prescription data (National Council for Prescription
Drug Programs [NCPDP] Script)

• medical device data (Institute for Electrical and Elec-
tronics Engineers [IEEE] Standard 1073)

In its data standards “action plan,” IOM called for the
rapid development of the next version (version 3.0) of the
Health Level 7 clinical-data standards “to support increased
interoperability of systems and comparability of clinical
data, as well as patient safety,” and underscored the need
for “implementation guides and conformance testing/
certification procedures . . . to insure consistent application
of the standards in commercial systems” (IOM, 2004).

In the area of medical terminologies, IOM called for the
identification of a “core group of well-integrated, non-
redundant clinical terminologies . . . needed to serve as the
backbone of clinical information and patient safety systems.”
With respect to knowledge representation, IOM identified a
need for standards “for the representation of clinical
guidelines and the implementation of automated triggers”
(IOM, 2004).

To accelerate the development and adoption of health care
data standards, IOM recommended a significant increase in
the technical and material support provided by the federal
government to ongoing public-private partnerships in this
area (IOM, 2004). IOM also put forward a six-point federal
government “work plan.”1 As noted above, the establishment
of ONCHIT and the subsequent RFI were focused on
interoperability and standards for an NHIN, demonstrating
the urgency of the clinical information/communications

1The Institute of Medicine’s “Action Plan for Setting Data Standards”
includes two specific recommendations in each of three key areas: Clinical
data standards: “. . . federal government health care programs should incor-
porate into their contractual and regulatory requirements standards already
approved by the secretaries of DHHS, the Veterans Administration, and the
Department of Defense . . . [and] AHRQ should provide support for accel-
erated completion of HL7 version 3.0, specifications for the HL& clinical
document architecture and implementation guidelines, and analysis of
alternative methods for addressing the need to support patient safety by
instituting a unique health identifier for individuals.” Clinical terminologies:
“AHRQ should undertake a study of the core terminologies, supplemental
terminologies, and standards mandated by the Health Insurance Portability
and Accountability Act to identify areas of overlap and gaps in the termi-
nologies to address patient safety requirements . . . [and] The National
Library of Medicine should provide support for the accelerated completion
of RxNorm for clinical drugs, and develop high-quality mappings among
the core terminologies and supplemental terminologies identified by the
CHI and NCVHS.” Knowledge representation: “The National Library of
Medicine should provide support for the development of standards for
evidence-based knowledge representation . . . AHRQ, in collaboration with
NIH, the FDA, and other agencies should provide support for the develop-
ment of a generic guideline representation model for use in representing
clinical guidelines in a computer-executable format that can be employed in
decision support tools” (IOM, 2004).
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technology challenge at the national level and the need for
renewed efforts to engage the private sector in developing
solutions.

To ensure that the emerging NHII can support next-
generation clinical information systems and applications, it
is critical that research on advanced interface standards and
protocols continue apace and that standards-related issues
concerning the protection of data integrity, controlled access
to data, data security, and the integration of large-scale wire-
less communications be addressed early on. There is also a
pressing need for low-cost tools for standardizing new and
legacy digital data without disrupting the clinical work flow
(PITAC, 2004). Other industries that had to accommodate
conflicting standards (e.g., computer networks and computer
graphic design) used translators to allow the best standard to
emerge. Stable funding for research in all of these areas will
be essential.

These challenges are neither new nor unique to health
care. Indeed, engineers, computer scientists, and researchers
and practitioners in other disciplines have been working on
them for more than a decade to meet the needs of financial
services, telecommunications, and national defense. Much
of this work has been supported by federal research and
mission agencies (NITRD, 2004). Cross-sector research
and learning in the area of information/communications
technology standards among federal agencies, health care
insurers, and health care providers represents a potentially
vast source of knowledge and advancement. To realize this
potential, the President’s Information Technology Advisory
Council has called for increased coordination of federally
supported research and development related to standards,
computer infrastructure, privacy issues, security issues, and
other topics relevant to health care through the Networking
and Information Technology R&D (NITRD) Program, an
11-agency program that includes NSF, National Institutes of
Health, Agency for Health Care Research and Quality,
National Institute of Standards and Technology, Defense
Advanced Research Projects Agency, U.S. Department of
Energy, and others (NITRD, 2004).

Core Clinical Applications

Clinical information systems provide a mechanism for
sharing data collected from various sources (e.g., EHRs in
care settings that may include personal health record sys-
tems maintained by patients or their representatives). Data
become available to clinical information systems via direct
entry at the point of care, off-line entry through abstraction
from other media, such as handwritten notes, and data
collected by other systems, such as laboratory systems or
monitoring devices. The data can take many forms—includ-
ing free text, coded data, speech, document imaging, clinical
imaging (e.g., x-rays), and video. In the following section,
four core components of clinical information systems are
described: (1) EHRs; (2) CPOE systems; (3) digital sources

of medical evidence; and (4) decision-support tools. These
descriptions are followed by a discussion of human/
information systems interface design and software depend-
ability issues.

Electronic Health Records

The electronic capture of patient-specific clinical
information is critical to many health care information/
communications technology applications. Attention has been
focused in the creation of EHRs since the 1960s, and in 1991,
IOM set forth a vision and issued a call for nationwide imple-
mentation of computer-based patient records that would be
paperless and instantly available throughout the health care
system in forms readily understandable to physicians and
other providers at point of care and specialists, perhaps in a
different location (IOM, 1991). However, the rate of progress
toward realizing this vision has been glacial.

Only a fraction of hospitals have implemented compre-
hensive EHR systems, although many have made progress
in certain areas, such as computerized reporting of labora-
tory results (Brailer, 2003). Rates of adoption of EHR
systems are higher in ambulatory care settings—probably
about 5 to 10 percent of physician’s offices—but these
systems vary greatly in content and functionality (IOM,
2004). Although some cases of failed EHR systems have
been documented, many more examples show cost savings
and quality improvements yielded by EHR systems (Clayton
in this volume; Littlejohns et al., 2003; Pestotnik et al., 1996;
Wang et al. 2003).

EHRs have been instituted in health care settings in the
public and private sectors, and a few communities and
systems have implemented secure systems for the exchange
of data among providers, suppliers, patients, and other
authorized users. Among these are the Veterans Health
Administration (see Box 4-1) , Mayo Clinic (see Box 4-2),
New England Healthcare Electronic Data Interchange Net-
work, Indiana Network for Patient Care, Santa Barbara
County Care Data Exchange, Patient Safety Institute’s
National Benefit Trust Network, and the Markle Foundation
Healthcare Collaborative Network (CareScience, 2003;
Kolodner and Douglas, 1997; Markle Foundation, 2003;
New England Healthcare EDI Network, 2002; Overhage,
2003; Patient Safety Institute, 2002; Zachariah in this volume).

All of these are exceptions to the rule, however. In most
hospitals, orders for medications, laboratory tests, and other
services are still written on paper, and many hospitals do not
even have the capability of delivering laboratory results and
other test results in automated form. The same situation pre-
vails in most small practice settings, where little if any
progress has been made toward creating electronic records
(IOM, 2004).

A patient’s EHR must also include long-term data and
information about the patient’s daily life. This information
will be useful not only in the planning and delivery of
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BOX 4-1
Veterans Health Information Systems and Technology Architecture

The Veterans Health Information Systems and Technology Architecture (VistA) supports a continuum of care, from intensive care units and other
inpatient areas, to outpatient care settings, long-term care settings, and even home care environments. The Veterans Health Administration (VHA)
Computerized Patient Record System provides a single interface where health care providers can review and update patients’ medical records, as well
as place orders for medications, special procedures, x-rays and imaging, nursing care, dietary requirements, and laboratory tests. In this system,
91 percent of all pharmacy orders are placed electronically (elsewhere, the rate is less than 10 percent).

Other components also have also been put in place to ensure better quality, safer, lower cost health care: (1) a health information infrastructure that
provides decision support for population health management; (2) an integrated patient record and care system that includes clinical decision support
for providers; and (3) a secure “portal” through which patients can receive reliable, accurate health information, access their health records, and interact
with their clinicians.

In the VHA next-generation system, “HealtheVet,” VistA has evolved from a facility-centric to a patient-centric system. HealtheVet implements
standard functions in five areas: health data repository systems, registration systems, provider systems, management and financial systems, and
information and educational systems. The most important of these is the health data repository, which creates a longitudinal health care record that
includes data from VHA and non-VHA sources; supports research and population analyses; has improved data quality and security; and has facilitated
patient access to data and health information.

Since the late 1990s, VHA has shared its health information, and its technology resources (software, expertise, etc.), with other federal agencies
through the Health Information Technology Sharing (HITS) Program. In 2001, HITS was expanded to include some nongovernmental and international
organizations. Through the recent HealthePeople Initiative, VHA now offers VistA software and expertise to other public- and private-sector organizations
that serve the poor and near poor at no cost (or sometimes minimal cost).

Source: Center for Health Transformation, 2005b; VHA, 2005a,b.

BOX 4-2
Automation of Clinical Practice at Mayo Clinic

The Automation of the Clinical Practice (ACP) Project at Mayo Clinic in Jacksonville, Florida, undertaken in 1993, includes computer-based patient
records and mechanisms for automated charging and order creation by physicians. The purpose of ACP was to initiate the “paperless” practice of
medicine to improve patient safety and physician effectiveness and reduce expenses. The last paper-based record at the clinic was circulated in
January 1996. In 2002, 445,000 patient visits were conducted with the computer-based patient record.

The ACP rollout involved all clinical users. The areas now automated include: (1) an electronic medical record (EMR) that includes all clinical
documents, ordering, scheduling, and laboratory test results; (2) a fully electronic, filmless radiology department with speech recognition for documents;
(3) an automated intensive care unit with EMR integration and bedside medical device interfaced directly to the EMR; and (4) inpatient and outpatient
surgery areas that include surgical scheduling, material management, and nursing documentation.

Patient safety initiatives include: orders that automatically generate task lists for nurses, respiratory therapists, etc.; automated fall risk assessment;
and Braden skin-scale assessment in the hospital. A medical data warehouse allows free searches of millions of documents in the EMR of patient care
and research. An infectious-disease application allows surveillance for bioterrorism and automated monitoring for infection control. Changing to
dictated notes decreased physicians’ workloads and improved the legibility and turnaround time of medical records. The system provides real-time
availability of clinical information, automatic checking for duplicate or redundant orders, simultaneous access to a patient’s chart, improved ability to
answer ad hoc questions, more timely responses to physicians questions, and a smoother flow of information, giving the physician a more “complete”
picture of the patient’s condition at the time of the appointment.

The estimated expenditure to date is $21 million. Using extremely conservative data, savings are estimated at $2.8 to $7.1 million annually. Thus,
the system had paid for itself by the fourth year in financial savings alone. This does not include the intangible benefits, such as improvements in patient
health, savings in doctors’ time, and minimizing of errors.

In 2004, the Department of Applied Informatics, a Knowledge Center, was established through a joint venture with the Cerner Corporation. Using
total knee arthroplasty (TKA) as its proof-of-concept project, the Knowledge Center is in the process of moving the project into routine activities. In
addition, best practices were packaged into a process-management system. The goal was to show how leveraging information technology improves
the quality and safety of care. Initial cost savings were more than $1 million/year from improvements in the TKA procedure. The attributes critical to the
success of the project were the clinic’s culture and long history as a professional learning organization.

Source: Based on Center for Health Transformation, 2005a.
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progressive care, but will also provide evidence for assess-
ing different clinical interventions. Systems-engineering
tools and techniques are available for modeling and deter-
mining the information needs of a “system” that can deliver
progressive care and evaluate that system’s performance.

Patient-centered health care delivery in the broadest sense
must also focus on what the patient really wants from the
entire health care community—the best physical and mental
function in daily living possible within the constraints of the
patient’s physical condition. The key word here is “system,”
that is, coordinated care, including care in the clinic, the hos-
pital, home, rehabilitation facility, skilled nursing facility,
long-term care facility, hospice, and perhaps social and
societal programs. NHII is a first step toward obtaining data
and information necessary for coordinating care in the clinic
and hospital.

The management of large databases, which are essential
to comprehensive core clinical applications for information/
communications systems, remains a critical determinant.
Although databases are effectively managed in select loca-
tions, efforts must continue to develop secure, dispersed,
multiagent databases that can serve both providers and
patients effectively and efficiently.

Computerized Physician Order Entry Systems

Using CPOE systems for entering orders for tests, drugs,
and other procedures has led to reductions in transcription
errors, which have led to demonstrable improvements in
patient safety. When CPOE systems are integrated with other
core clinical applications, their impact on patient safety is
even greater. One component of a CPOE system is comput-
erized decision support. CPOE systems that include data on
patient diagnoses, current medications, and history of drug
interactions or allergies can significantly reduce prescribing
errors (Bates et al., 1998, 1999; Leapfrog Group, 2000).

CPOE systems also improve the quality of care by
increasing clinician compliance with standard guidelines of
care, thereby reducing variations in care. For example, a
1998 study by Shojania et al. found that CPOE, combined
with the use of a vancomycin guideline, reduced the use
of this over-prescribed antibiotic by 32 percent. A study of
CPOE use at one large academic medical center (Brigham
and Women’s Hospital) by Teich et al. (2000) estimated that
the overall annual cost savings from reductions in drug costs,
laboratory tests, and diagnostic studies and the prevention of
adverse drug events were roughly $5 to 10 million annually.

Despite many documented benefits of CPOE systems—
improvements in the quality of patient care, decreases in
medication errors, and decreases in overall costs—they have
not been widely implemented. In the only study that has rig-
orously examined the adoption of CPOE by hospitals in the
United States, less than 2 percent of hospitals were found to
have CPOE systems completely or partially available and
to require that physicians use them (Ash et al., 1998).

Nevertheless, a few success stories have been well docu-
mented, notably the Brigham and Women’s Hospital in
Boston, Massachusetts, and the Regenstrief Medical
Record Systems.

Studies indicate that there are multiple barriers to the
effective use of CPOE systems, including the lack of educa-
tion and training of physicians, problems with user-interface
designs, concerns about accuracy and reliability, high
upfront fixed and ongoing maintenance costs, a lack of
leadership commitment, difficulties in coordinating the
introduction of new applications among varied care delivery
settings and functions, and poor integration of CPOE sys-
tems with existing work processes and other information/
communications systems, both clinical (e.g., digital sources
of evidence, decision-support tools) and administrative
(Boodman, 2005; Durieux, 2005; Garg et al., 2005; Sarata,
2002; Tang in this volume; Wears and Berg, 2005).

To address these problems, a template for patients, based
on the current database, could be customized by the physi-
cian using evidence-based standards as the “orders” for each
patient. One of the most frequent causes of errors and failures
to carry out planned treatments has been a lack of integration
of orders and results. Branching logic based on results can
be used to verify that each step in the treatment is accom-
plished. The system described would not only reduce errors,
such as missed handoffs and unnecessary waiting times, it
would also interact with enterprise systems for supply-chain
management and capacity planning.

Digital Sources of Evidence and Knowledge

Another key component of the health information infra-
structure, digital sources of evidence—including biblio-
graphic references, evidence-based clinical guidelines, and
comparative databases—is essential for evidence-based
practice. Currently, most digital sources of evidence are
stand-alone systems that are not integrated into clinical
information systems. The challenge for practitioners is to
use these sources of evidence in combination with their
experience and expertise to make clinical decisions (Bakken,
2001). However, as the medical-evidence base continues to
expand exponentially and more and more clinicians accept
the validity of best-demonstrated practices for diagnosis and
treatment, there is mounting interest in integrating rapidly
expanding digital sources of evidence (including genomic
and phenotypic [clinical] data) into decision-support tools
that can be fully integrated into care processes.

At the same time, fueled by the rapidly expanding
medical-evidence base, there is a growing awareness among
care professionals of the need for customization of best dem-
onstrated practice rules for almost all patients. In the past
five years, a new field has emerged, “predictive medicine”
(i.e., the use of mathematical and statistical strategies to mine
phenotypic [clinical] databases to identify and treat high-
risk patients and to individualize treatment strategies).
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Another emerging area is translational medicine, the use of
the results of the genome project to predict and customize
treatment.

Decision-Support Tools

The standardization of health care data, the development
of digital sources of medical evidence and knowledge, and
the creation of EHRs will all facilitate the use of decision-
support tools, which are key components of clinical infor-
mation systems. Decision-support tools that are fully
integrated into the care process will enable both care
providers and patients to access medical knowledge relevant
to the patient’s care. They may, for example, identify nega-
tive interactions between a drug the patient is already taking
and an additional drug that might be prescribed.

A necessary platform for decision-support tools is the
clinical-data repository, a database that collects and stores
patient care information from diverse sources. Clinical-event
monitors, which work with clinical-data repositories in sup-
port of real-time delivery of care, are usually triggered by
clinical events (e.g., a patient visit, a medication order, a
new laboratory result), either when data representing the
event enter a repository or when a provider uses a clinical
information system. The event monitor combines clinical
rules, the triggering event, and information present in the
repository to generate alerts, reminders, and other messages
important to the delivery of care.

For more than 20 years, departmental systems (e.g., labo-
ratory, x-ray) have had internal computerized systems that
control operations and report results. But there is no health
care process-management system in which all information
concerning a patient’s history is gathered in one place in
standardized text where the appropriateness and strategy of
orders for patient care can be checked. Equally important, a
health care process-management system would ensure that
the result of each step in treatment was entered into the record
and communicated to all relevant parties. The collection of
data, the consideration of the decision support offered,
followed by the ordering and carrying out of the diagnostic
and or treatment plan is an iterative process. As results are
entered, the next steps in the care process are instituted.

Human-Computer Interfaces

Because the value of computerized clinical systems
depends on how well they support care decisions in the
service of patients, the development and implementation of
information/communications systems that provide support
and increase connectivity among health care providers will
require “human-factors” research. This area of research,
which combines expertise in cognitive and software engi-
neering, behavioral science and cooperative work, and com-
puter and cognitive sciences, focuses on the development of
techniques and concepts that facilitate interactions between

people and computers (Winograd and Woods, 1997;
Woods, 2000).

Usefulness and usability in software-intensive systems
cannot be achieved by patching “user-friendly” interfaces
onto user-hostile system architectures. Health care computer
systems have been administrator-centered or billing-centered
systems rather than provider-centered or patient-centered
systems. However, software and telecommunications capa-
bilities are being expanded, although slowly, to achieve
continuity of care without losing sight of economic and other
pressures (Box 4-3).

A recent study concludes that there is an urgent need for
more “research and development in innovative and efficient
human-machine interfaces that are optimized for use in the
health care sector” (PITAC, 2004). Areas for research
include hardware interfaces, as well as sociological and
psychological aspects of the use of computerized systems by
physicians and other health care workers. The human-
computer/information systems interface should be a high
priority for health care. The study identifies targets for
research: “improved medical-domain voice-recognition data
conversion systems; improved automated entry of instrument
data; and automated methods for converting both new and
legacy electronic data to normalized form” (PITAC, 2004).

Software Dependability

In systems in which software is an element in the critical
path, a variety of serious problems have plagued organiza-
tions, including lack of dependability and/or usability, the
high cost of system failure, high maintenance requirements,
and difficulties in updating systems. Because software-
intensive systems perform valuable functions, the conse-
quences of failure are generally serious. For example,
developers may assemble modules, each apparently
dependable, but, when they are integrated, problems and
weaknesses emerge. Usability failures are also an issue. For
example, if there are too many steps in a program for a user
to follow or if a program is too complicated, various “work
arounds” will be developed, and patient safety or some other
critical parameter may be compromised.

In some cases, the initial software-intensive system may
be dependable, but changes in use over time may lead to
changes in the software that lead, in turn, to unnoticed side
effects that can introduce weaknesses in the system. Another
type of failure can occur when cost overruns in the develop-
ment process prevent the project from ever reaching the com-
mercialization stage. In some instances, noncritical software
that interacts directly or indirectly with critical functions
introduces failures and weaknesses (NRC, 2004; Rae et al.,
2003). As these and other forms of software-system failure
show, investments in clinical information systems must be
complemented by investments in research on software
dependability.
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BOX 4-3
Designing Computer Systems for Health Care

Software-intensive systems are the norm for all modern high-performance systems. But simply extending the reach of computer technology will not
guarantee high performance in a complex setting like health care. Many other factors must be considered: how well the technology supports human
decision making, coordinates activities for different parties, cross-checks decisions to avoid failures, and coordinates activities to achieve continuity.
A health care information system design that does not address these cognitive, cooperative, organizational aspects of new computer technology could
exacerbate problems or introduce new forms of complexity.

When human-factors practitioners and researchers examined typical human interfaces with computer information systems and computerized
devices in health care, they found that many devices were too complex and, given the typical workload, required too much training to use (e.g., Cook
et al., 1992; Lin et al., 1998; Obradovich and Woods, 1996). Concepts and methods for use-centered design are available and are used every day in
software development (Carroll et al., 1992; Flach and Dominguez, 1995; Nielsen, 1993); thus, usability testing should be standard (Rogers et al., 2001).
Health care delivery organizations must be educated as informed consumers of computer information systems and shown how these techniques can be
used in testing processes (Patterson et al., 2004).

But much more is involved in human-computer interaction than the adoption of basic techniques like usability testing. One way to ensure that a
system is useful as well as usable is to make automation a team player with responsible people in the care process. New levels of automation have had
many effects in operational settings. Operational experience, research investigations, incidents, and occasional accidents have shown that new,
surprising problems can arise. The key requirement is that an information system be designed for fluent, coordinated interaction between the human and
machine elements of the system. When automated systems increase the autonomy or authority of machines without providing tools to support
cooperation with people, unexpected problems can contribute to incidents and accidents (Sarter et al., 1997). Increased automation requires new forms
of feedback and displays that show human users what automated agents are doing and what they will do next relative to the state of the process
(Norman, 1990).

Successful designs reverse this relationship. Instead of people checking on the computer, critiquing software can be used relatively unobtrusively
to remind, suggest, and broaden the factors considered by human decision makers and improve performance, even when the computer cannot generate
a good solution on its own (Guerlain et al., 1999). Investing in the building of partnerships, the creation of demonstration projects, and the dissemina-
tion of techniques for health care organizations will ensure that we receive the benefits of computer technology and avoid designs that introduce new
errors (Cook et al., 1998).

Summary

The implementation of core clinical applications of
information/communications systems has progressed very
slowly because of costs, possible disruptions to current
operations, problems with overlapping legacy systems, and
problems with the use and integration of various systems.
Opportunities for improvement (and research) include: better
human-computer system interfaces; software to improve the
interoperability of systems from various vendors; systems
and accompanying business models for spreading costs
among multiple users; and software dependability in the
context of health care delivery.

COMMUNICATIONS TECHNOLOGIES

The delivery of quality care, especially in a highly frag-
mented delivery system, requires that both clinicians
and patients have access to complete patient information and
decision-support tools and that communications among
clinicians and between clinicians and patients are effective.
The Internet and the World Wide Web have provided

patients with unprecedented access to health information and
made possible more continuous, asynchronous communica-
tion between patients and their care providers. These tech-
nologies for asynchronous communication have enabled the
development of self-care educational tools/modules, such as
University of Wisconsin’s Comprehensive Health Enhance-
ment Support System (CHESS), which promotes informed
health monitoring and decision making by giving patients
access to disease-specific information (see paper by
Gustafson in this volume). The case example of CareGroup
Healthcare System (see Halamka in this volume) illustrates
many of the challenges and opportunities associated with
building fixed-line information/communication networks
that increase connectivity and information exchange between
patients and clinicians, as well as among dispersed elements
of the care team.

Meeting the current and emerging communications needs
of health care will require a combination of wireless and
fixed-line networks. Because of financial constraints,
creating different systems for different settings will not be
feasible, however. Vendors of hardware and software
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components of the system will need system transparency,
which can only be achieved once standards have been
adopted. The challenge will be to generate a robust, but flex-
ible system that can be duplicated in many different circum-
stances without requiring major modifications; the system
must be based on technology that can be rapidly diffused
and at low cost. Five technical factors are important in plan-
ning for the implementation of communication networks:
(1) bandwidth requirements and availability; (2) latency in
transmission throughout the network; (3) continuous avail-
ability of the network; (4) confidentiality and security of
data; and (5) ubiquity of access to the network (NRC, 2000).

Enabling patients to communicate effectively with health
care providers without face-to-face meetings will require
many improvements in electronic communications. The
Internet and World Wide Web provide a framework for com-
munication links, and a few large provider organizations
have demonstrated the potential of these technologies. But
making them accessible to large populations in a health care
community will require experimentation and research (Perlin
et al., 2004). Other issues that must be addressed include
ensuring the confidentiality and security of transmissions and
health care data. In the long term, sensors that register a
patient’s vital signs and transmit data via wireless links could
greatly improve the “connectivity” between patients and
health care providers.

Barriers to Change

There is considerable evidence linking the use of
advanced clinical information/communications systems to
improvements in the quality, safety, and patient-centeredness
of care (Breslow in this volume; Casalino et al., 2003;
Clayton in this volume; Demakis et al., 2000; Lansky, 2002;
Littlejohns et al., 2003; Miller and Bovbjerg, 2002; Wang et
al., 2003; Weingarten et al., 2002). One recent estimate
of potential savings to the nation’s health care system
from widespread implementation of clinical information/
communications systems concluded that a fully interoperable
network of EHRs would yield $77.8 billion a year in net
benefits, or roughly 5 percent of the nation’s total annual
health care spending (Walker et al., 2005). In spite of the
demonstrated benefits to society as a whole, however, many
barriers stand in the way of widespread implementation
of clinical information/communications systems in the
United States.

In the preceding discussion of major components of the
NHII, a number of technical impediments to implementation
of these systems were identified (e.g., lack of interoperability
standards, human-factors barriers; patient and caregivers’
concerns about usability, reliability, and security; patients’
concerns about the privacy of integrated health information,
etc.). In addition, there are economic, cultural/organizational,
and educational barriers that must by overcome. (Educa-
tional barriers are discussed in Chapter 5.)

Economic Barriers

Significant up-front and continuing costs of implement-
ing clinical information/communications systems (e.g.,
EMRs, CPOE systems, decision-support tools) are particu-
larly burdensome for individual care providers or small
provider organizations, that is, the vast majority of care
providers. These costs include not only the cost of hardware,
software, and technical support, but also the costs of inten-
sive training of patients and care providers in the use of these
technologies, as well as costs associated with the adaptation
of work processes, the roles of professionals and support
staff, and the infrastructure necessary for information/
communications systems to be effective components in the
delivery of health care.

At the present time, several factors severely undercut the
returns health care providers might expect to capture on their
investments. First, the lack of technical interoperability stan-
dards for information/communications technologies and com-
ponents and the lack of standard vocabularies have impeded
information connectivity within the highly fragmented health
care delivery system. This lack of connectivity, in turn, has
severely limited improvements in efficiency and quality.

Presently, the scarcity of comparative quality and cost-
performance data and the corresponding lack of quality/cost
transparency in the market for health care services prevent
patients from making informed choices among care providers
on the basis of quality or value (quality/cost) (see Safran,
this volume; Rosenthal et al., 2004). At the same time, the
current “market” for health care services provides little
reward to care providers who improve the quality of their
processes and outcomes through investments in systems
engineering tools, information/communications technolo-
gies, or other innovations (Hellinger, 1998; Leape, 2004;
Leatherman et al., 2003; Miller and Luft, 1994, 2002;
Robinson, 2001).

Another major barrier is the prevailing reimbursement
arrangement for health care services, which does not reim-
burse care providers differentially on the basis of quality of
care. Accordingly, providers have little incentive to invest in
information/communications systems or process-management
tools in support of quality improvement, unless they directly
generate revenue or demonstrate immediate improvements
in operating efficiency. (Contrast this with incentives for
provider organizations to invest in new diagnostic equip-
ment, such as MRI machines, which begin to generate
revenue as soon as they are up and running). Moreover, most
private and public insurance reimbursement models actively
discourage delivery-related applications of information/
communications technology by care providers, for example,
by refusing to reimburse patient care/consultations delivered
via e-mail (Leape, 2004; Leatherman, et al., 2003;
Robinson, 2001).

The mandate of the Medicare Modernization Act and
efforts by the Leapfrog Group and other buyers, insurers,
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and accreditation agencies to remove reimbursement- and
regulation-related barriers to the use of information/
communications systems in health care represent positive
developments (CMS, 2004; Milstein in this volume). Never-
theless, the barriers persist. New financing and networking
models will be necessary to encourage small businesses,
which employ the vast majority of physicians, to take advan-
tage of information/communications technologies without
compromising the care of patients who are not computer
literate. A number of public-sector and private-sector entities
are already working on a cost-effective way to accomplish
this (PITAC, 2004; SNL, 1996; Thompson and Brailer, 2004;
Yasnoff et al., 2004).

The committee believes that as conceptual and material
progress is made in measuring quality and productivity in
health care, significant returns on investment at all levels of
the health care system will be demonstrated (NRC, 2002;
Triplett, 1999, 2001). But developing and validating sys-
tem options for measuring the impact of information/
communications technologies will require much more sup-
port from federal agencies (e.g., National Institutes of Health,
National Science Foundation, Agency for Healthcare
Research and Quality, Veterans Health Administration, and
others). In the meantime, although the anticipated quality
and productivity returns to the overall system from wide-
spread application of systems engineering, information/
communications technology, and related innovations may be
great, in the current context, most individual provider orga-
nizations are not convinced that they can capture a large
enough fraction of the total “social returns” on their private
investments to warrant making these investments in the
first place.

Cultural and Organizational Barriers

Clearly, many questions remain to be answered about the
potential benefits of advanced information/communications
systems in the health care industry, and answering these
questions will mean overcoming many barriers. The intro-
duction of systems analysis, systems redesign, and new
information/communications systems are likely to cause sig-
nificant disruptions to organizations and the structure of
work processes at all four levels of the health care system. In
addition, many clinicians have a very limited understanding
of the potential uses, impacts, and benefits of advanced
information systems for the production and delivery of care.
Thus, the benefits of change are not immediately visible, but
the costs are. Not surprisingly, then, there has been signifi-
cant resistance to innovation and changes in work processes
and the division of labor among health care professionals.

The cultural and organizational factors that have contrib-
uted to a rigid division of labor in many areas of health care
often impede the introduction and exploitation of tools, tech-
nologies, and other innovations that could improve quality
and productivity in health care (see Bohmer, this volume;

Christenson et al., 2000). Ultimately, the benefits offered by
many of these tools and technologies can only be realized if
management has the authority and/or capacity to persuade
care providers to change their work practices and organiza-
tion. Not surprisingly, the health care provider organizations
most advanced in the use of systems tools and information/
communications technologies have corporate management
structures—all of their health care professionals are employees
and are part of a clearly defined managerial hierarchy.

Findings

Finding 4-1. A fully implemented National Health
Information Infrastructure would support distributed,
independently managed, multi-tiered, intra-institutional
information/communications systems and would dramati-
cally improve the collection, exchange, and processing of
information on all levels of the health care system.

Finding 4-2. A critical step toward realizing the National
Health Information Infrastructure will be the development
and widespread adoption of network standards for health care
data and software. Research must focus on standards-related
issues concerning the integrity of data, controlled access to
data, data security, and the integration of large-scale wireless
communications. There is also a pressing need for low-cost
tools for standardizing new and legacy digital data without
disrupting clinical work flows.

Finding 4-3. Interoperability standards for diverse information/
communications systems and messaging standards will be
critical to the realization of an information/communications
technology-enabled health care system that has the capacity
for mass customization to meet the needs of individual patients.

Finding 4-4. Progress in systems interoperability and data
standards is likely to improve remote access to self-care
educational tools, patient health records, and health care
provider and insurer services (scheduling, billing, etc.).

Finding 4-5. Cross-sector learning and research on informa-
tion and communications standards among federal agencies,
health care insurers, and health care providers represents a
potentially vast source of knowledge and advancement.

Finding 4-6. The Internet and World Wide Web provide a
framework for communication links, but making them
accessible to large populations in a health care community to
promote communication between patients and health care
providers will require experimentation and research, particu-
larly to ensure the confidentiality and security of transmis-
sions of health care data.

Finding 4-7. Opportunities for improvement of core clinical
applications of information/communications technologies
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include: better human-computer interfaces; software to
improve the interoperability of systems from various vendors;
clinical information systems and accompanying business
models for spreading costs among multiple users; the devel-
opment and management of large, multi-agent databases; and
software dependability in the context of health care delivery.

Finding 4-8. A National Health Information Infrastructure
could provide a platform for the implementation of new
information/communications technologies, such as wireless
integrated microsystems, which would enable the remote
capture and communication of patients’ physiological data
to care professionals, thereby increasing the likelihood of
timely diagnoses and treatments of illnesses. In the long
term, sensors that register a patient’s vital signs and transmit
data via wireless links could greatly improve the “connectivity”
between patients and health care providers.

Finding 4-9. Much of the information/communications tech-
nology necessary for the development of the NHII, on all
four levels of the health care delivery system, exists today.
However, many barriers will have to be overcome before it
can be implemented.

Finding 4-10. Although considerable evidence shows that
advanced clinical information/communications systems lead
to improvements in the quality, safety, and patient-
centeredness of care, the health care sector as a whole trails
far behind most other industries in investments in these
systems. Many factors have contributed to this deficit: the
atomistic structure of the industry; current payment/
reimbursement regimes; the lack of transparency in the
market for health care services; weaknesses in the manage-
rial culture; the hierarchical structure and rigid division of
labor; and (until very recently) the immaturity of available
commercial clinical information/communications systems.

Recommendations

Recommendation 4-1. The committee endorses the recom-
mendations made by the Institute of Medicine Committee on
Data Standards for Patient Safety, which called for continued
development of health care data standards and a significant
increase in the technical and material support provided by
the federal government for public-private partnerships in
this area.

Recommendation 4-2. The committee endorses the recom-
mendations of the President’s Information Technology
Advisory Council that call for: (1) application of lessons
learned from advances in other fields (e.g., computer infra-
structure, privacy issues, and security issues); and (2) increased
coordination of federally supported research and develop-
ment in these areas through the Networking and Information
Technology Research and Development Program.

Recommendation 4-3. Research and development in the
following areas should be supported:

• human-information/communications technology system
interfaces

• voice-recognition systems
• software that improves interoperability and connectivity

among systems from different vendors
• systems that spread costs among multiple users
• software dependability in systems critical to health

care delivery
• secure, dispersed, multi-agent databases that meet the

needs of both providers and patients
• measurement of the impact of information/

communications technologies on the quality and pro-
ductivity of health care

Recommendation 4-4. The committee applauds the U.S.
Department of Health and Human Services 10-year plan for
the creation of the National Health Information Infrastruc-
ture and the high priority given to the creation of standards
for the complex network necessary for communications
among highly dispersed providers and patients. To ensure
that the emerging National Health Information Infrastructure
can support current and next-generation clinical information/
communications systems and the application of systems
tools, research should focus immediately on advanced inter-
face standards and protocols and standards-related issues
concerning access, security, and the integration of large-scale
wireless communications. Special attention should be given
to issues related to large-scale integration. Funding for
research in all of these areas will be critical to moving forward.

Recommendation 4-5. The committee recommends that
public- and private-sector initiatives to reduce or offset cur-
rent regulatory, accreditation, and reimbursement-related
barriers to more extensive use of information/communications
technologies in health care be expanded. These initiatives
include efforts to reimburse providers for care episodes or
other bundling techniques (e.g., severity-adjusted capitation;
disease-related groups, etc.), public and private support of
community-based health information network demonstration
projects, the Leapfrog Group’s purchaser-mediated rewards
to providers that use information/communications tech-
nologies, and others.

MICROELECTRONIC SYSTEMS AND EMERGING
MODES OF COMMUNICATION

The emerging technologies in wireless communications
and microelectronic systems described in this section have
the potential to advance the patient-centeredness and quality
performance of the health care delivery system and to change
the structure of care delivery in the process. Microelectronics
promises to be a powerful tool for meeting quality and
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productivity challenges in health care delivery, provided that
resources can be marshaled in a rational way. The micro-
electronics revolution began in the 1950s with the advent of
integrated circuits and has since revolutionized data process-
ing, communications, and control. The number of transistors
that can be integrated on a silicon chip the size of a finger-
nail has increased from about 2,000 on the first micro-
processor (1971) to about 200,000,000 today; the speed of
these chips has increased more than a thousand-fold. At the
same time, the number of bits of memory on a chip has
increased by a factor of more than a million, and costs have
decreased just as precipitously. Low-cost disk storage is now
approaching a density of more than 40 gigabytes per square
inch. In short, the processing and storage of data, the creation
of information and knowledge based on those data, and the
efficacy of decisions have improved exponentially.

Making Every Room an Intensive Care Unit

In the coming decades, as the number of nurses and
physicians decreases, monitoring and diagnostics will have
to improve dramatically. Efforts to develop sensors using
integrated circuit technology has resulted in microelectro-
mechanical systems, which can be combined with micro-
electronics and wireless interfaces to create wireless
integrated microsystems (WIMS) for use in health care
delivery. In the near future, WIMS will be merged with
sensors with embedded microcomputers and minute wire-
less transceivers (a cubic centimeter in size or smaller) that
operate at power levels of less than 1 milliwatt, consistent
with long-term operation fueled by batteries maintained by
energy scavenged from the environment (Wise, 1996, 2002).

These new devices could potentially provide continuous
monitoring of critical functions, thereby turning every hos-
pital room into an intensive care facility. WIMS devices
small enough to be worn comfortably and unobtrusively
could communicate with a bedside receiver that communi-
cates, in turn, with monitoring stations and a larger health
care facility. The system just described would go a long way
toward meeting the objective of the Leapfrog Group of
having an ICU physician present in every hospital at all times
(Leapfrog Group, 2000).

WIMS systems are still scarce, and their performance is
limited, but they are emerging. Blood oximeters, heart rate
monitors, and temperature sensors could all be components
of WIMS; swallowable capsules for viewing the digestive
tract are already in use (Fireman, 2004; Pelletier, 2004;
Pennazio et al., 2004). Wearable devices that monitor blood
pressure (hypertension), breathing patterns (sleep apnea),
and other variables will certainly be available in the near
future (see Budinger in this volume). The major challenges
to their use are interfaces with the body itself.

Swallowable capsules for all kinds of internal viewing
and measurements could significantly improve diagnoses of

a variety of conditions and thus could improve the quality of
health care. DNA analysis chips will bring advances in
genetics into the hospital, and even the local doctor’s office
(Burns et al., 1998; Mastrangelo et al., 1998), and should
lead to improvements in both diagnostics and preventive
health care. However, the impact of these developments on
costs will be indirect. In addition, privacy issues must be
addressed before they can be widely used.

WIMS for health care are expected to be technically fea-
sible in the coming decade, but to reduce costs, they must be
part of a complete system. Bedside receivers and wearable
monitors might be technical triumphs, but they could also
lead to economic disaster for the company that produces
them unless they fit into a larger system.

A similar situation has existed for at least 20 years in the
process-control industry. Although prototypes of sophisti-
cated sensors have been produced, they are still not widely
used because controllers that can exploit their features have
not yet been developed. In the transportation industry, the
entire control system of the automobile engine had to be
redesigned to take advantage of microprocessors and elec-
tronic sensing. Comparable redesigning of the health care
system will be necessary at every level to take advantage
of WIMS.

Advancing Patient Self-Care

The application of WIMS technologies in the hospital
promises to significantly improve the quality and patient-
centeredness of inpatient and ambulatory care. The potential
impact of WIMS on home care and the quality of life for
senior citizens and chronically ill patients is even greater
(Whitten et al., 2003). Moving WIMS technology into the
home is being seriously considered by makers of home com-
munications equipment. With properly integrated home-
based WIMS systems, patients could be monitored on a
continuous basis and care professionals alerted automatically
when events merit attention. Continuous or at least more
frequent home monitoring of the health status of elderly and
chronic care patients could notify clinicians of the need for
timely therapeutic interventions that could avoid hospital-
izations and shorten hospital stays, thus reducing the costs
associated with the care of the patient over time (see
Budinger in this volume). Moreover, home-based WIMS
could facilitate safe home environments and the activities of
daily living that are so important for the health of the elderly
and chronically ill.

The main technical problems in the development of
WIMS are largely related to reliable interfaces between
sensors and the body and ensuring that sensors are capable
of differentiating between instrumentation artifacts and
physiological events. If these problems can be solved and such
systems can “piggyback” on existing communication net-
works, they could be implemented within the coming decade.
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Therapeutic Uses

WIMS may also have therapeutic uses. The development
of wireless implantable microsystems has been the subject
of research for 40 years or more, but, to date, few devices
have been developed besides pacemakers. Pacemakers have
become increasingly sophisticated electronically, but their
interfaces with the body are primarily via electrodes. Never-
theless, they have set the stage for the emergence of new
devices in the coming decade. For example, cardiovascular
catheters have been used for diagnosing cardiac conditions
for many years, and pressure sensors small enough to be
mounted directly on catheters have existed for some time
(Chau and Wise, 1988; Ji et al., 1992). In fact, catheter-based
electronics for improving diagnostic capabilities are long
overdue. Another example is stents, which are widely used
for treating coronary occlusions and now have chemical coat-
ings to prevent re-stenosis. In the near future, stents may
also be used as platforms for instrumentation, such as wire-
less sensors for monitoring blood pressure or blood flow that
could be activated by a radio frequency wand positioned over
the chest. Significant challenges remain involving range,
accuracy, and size, but such systems may be feasible soon
(Collins, 1967; DeHennis and Wise, 2002; Stangel et al., 2001).

Wireless sensors could also be used in intracranial,
intraocular (glaucoma), and intra-arterial applications.
Miniature biocompatible packages that can exist for many
decades in the body are also being developed for long-term
use in chronic conditions (Ziaie et al., 1996).

WIMS could also have a dramatic impact on the treat-
ment of conditions involving the central nervous system.
More than 90,000 cochlear implants are in use worldwide
today, enabling many profoundly deaf and severely hearing-
impaired individuals to function normally in a hearing world
(House and Berliner, 1991; Spelman, 1999). Even though
their performance is still limited and there is some opposi-
tion to them in the deaf community, these devices may render
most kinds of deafness treatable disorders in the next two
decades. In the United States alone, more than 2 million

people are profoundly deaf, and 20 million are severely
hearing impaired.

There is considerable interest in treating other neurologi-
cal disorders using WIMS. Visual prostheses have recently
received considerable attention but are still at a very early
stage of development (Lui, 2002). The same is true of
prostheses for severe epilepsy and paralysis. For example,
an implanted electrode array might detect the onset of an
epileptic seizure and provide local electrical stimulation or
drug delivery to prevent the spread of the seizure. Functional
neuromuscular stimulation (FNS) is being used to help
quadriplegics stand and even walk, and the use of dense
electrode arrays to capture control signals directly from the
motor cortex has recently enabled primates to control robotic
arms (Chapin et al., 1999; Serruya et al., 2002; Taylor et al.,
2002) and humans to control cursors in operating a computer
interface (Donoghue, 2004). Combining FNS with cortical
control could lead to at least limited closed-loop activation
of paralyzed limbs (Wise et al., 2004). And the use of deep
brain stimulation in the subthalamic nucleus to eliminate the
manifestations of Parkinson’s disease has yielded impres-
sive results and is now approved for human use (Limousin
et al., 1998). Although all of these devices are still at a
relatively early stage of development (Table 4-1), some are
gaining acceptance now, and many could be in wide use in
the next 20 years, which could substantially impact the
quality of health care and the costs of rehabilitation.

Barriers

Microsystems implemented as wearable and implantable
devices connected to clinical information systems through
wireless communications could provide diagnostic data and
deliver therapeutic agents for the treatment of a variety of
chronic conditions. In fact, WIMS could potentially restruc-
ture care delivery in the hospital. There is no question that
microdevices can and will significantly improve the daily
lives of many people.

TABLE 4-1 Status of Wireless Devices for Treating Neurological Disorders

Disorder Device Status of Device Comments

Deafness Cochlear implant In use. More than 90,000 implanted worldwide.
Blindness Retinal prosthesis Early experimental prototypes. Many projects under way worldwide; some

cortical work.
Paralysis Functional neuromuscular stimulation Experimental FNS prototypes; basic Focus of FNS research is on standing, grasping,

(FNS); direct cortical control DCC demonstrations in primates; and walking systems; DCC seeks to capture
(DCC) first human implants. control signals from the motor cortex.

Severe epilepsy Implantable electrode arrays Some human trials; experimental Limited efficacy to date; continuing trials.
drug delivery devices.

Parkinson’s disease Deep brain stimulation In clinical use. Very effective suppression of tremors.
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The barriers to the realization of this vision are significant,
however. For patients to take on greater control and responsi-
bility for their own care, they will have to be educated or able
to educate themselves. In addition, patients must continue to
have access to trusted sources of advice and counsel.

Changes in the division of labor between patients and care
teams implicit in the self-care model will also have a pro-
found impact on the roles, work processes, and division of
labor among members of the patient’s care team. Current
work rules, licensing requirements, staffing requirements,
and regulations designed to ensure the safety, reliability, and
quality of care in a hospital/clinic/provider-centered delivery
system will also present impediments to a shift to the self-
care model. Resistance to change, especially if roles,
authority, and jobs are threatened, may arise among care
professionals and organizations that deliver services both
within and outside of hospital setting (e.g., testing labs, etc.).
Current reimbursement systems may also present barriers if
care providers are not reimbursed for e-visits, patient
modules, remote care services, and so on.

The implications of the self-care model for the health care
industry are profoundly disruptive. The move toward self-
care could be considered threatening to businesses (e.g., test-
ing laboratories, etc.) and individual care providers whose
services will be less in demand. The current complex mix of
professional licensing, regulation, liability law, and other
constructs established to ensure the health care safety and
reliability also pose barriers. The current hierarchical culture
and rigid division of labor in the health care profession could
make the reallocation of responsibilities and changes in the
roles of care team members extremely contentious.

Findings

Finding 4-11. Wireless integrated microsystems could have
an enormous beneficial impact on the quality and cost of
health care, especially home health care. Microsystems
implemented as wearable and implantable devices connected
to clinical information systems through wireless communi-
cations could provide diagnostic data and deliver therapeutic
agents for the treatment of a variety of chronic conditions,
thereby improving the quality of life for senior citizens and
chronically ill patients.

Finding 4-12. The use of wireless integrated microsystems
technologies in hospitals and clinics promises significant
improvements in the quality and patient-centeredness of
inpatient and ambulatory care. Microdevices that could pro-
vide continuous monitoring of critical functions could turn
every hospital room into an intensive care facility.

Finding 4-13. Wireless integrated microsystems for health
care are expected to be technically feasible in the coming
decade, but to reduce costs, they must be part of a
complete system.

Finding 4-14. Significant cultural and organizational
barriers will have to be overcome for the full benefit of
WIMS to be realized.

Recommendations

Recommendation 4-6. Public- and private-sector support
for research on the development of very small, low-power,
biocompatible devices will be essential for improving health
care delivery.

Recommendation 4-7. Engineering research should be
focused on defining an architecture capable of incorporating
data from microsystems into the wider health care network
and developing interface standards and protocols to imple-
ment this larger network. Microsystems research should be
focused on the following areas:

• integration, packaging, and miniaturization (to sizes
consistent with implantation in the body)

• tissue interfaces and biocompatibility for long-term
implantation

• interfaces and approaches to noninvasive (wearable)
devices for measuring a broad range of physiological
parameters

• low-power, embedded computing systems and wire-
less interfaces consistent with in vivo use

• systems that can transform data reliably and accurately
into information and information into knowledge as a
basis for treatment decisions

CONCLUSION

Timely, accurate information is critical to the efficient
operation of large dispersed systems. Although the health
care system has been slow to recognize this, efforts are now
under way to rectify the situation. But it is imperative that
research, development, demonstration, and training be
expanded and accelerated.

Putting together a system that can make use of informa-
tion microtechnology, nanotechnology, and biotechnology
and ensure that applications are widely available and afford-
able will require coordination at the national level among
device manufacturers, clinicians, and hospital systems. A
successful health care system would use information/
communications technologies in ways that would be largely
invisible to patients but would improve care, reduce costs,
and provide patient-centered care. However, unless the
approach is coordinated, the impact of new technologies
could improve health care for a few but increase costs for
everyone else and move the overall system even farther away
from providing patient-centered care.
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5

A Strategy to Accelerate Change

Many of the problems besetting the health care system
are widely recognized, and a growing consensus has emerged
that new approaches must be tried to solve them. Health care
is commonly described as a system but, as this report shows,
it was not created as a system and is not managed as a system.
For the most part, management of the highly fragmented
health care enterprise does not take into account interdepen-
dencies among patients, care teams, organizations, and the
political-economic environment. Instead, individual units
focus primarily on improving their unit performance with
little regard for the impact on others.

A primary purpose of this report is to show that a broad
portfolio of systems-engineering tools, information/
communications technologies, and associated organizational
and business processes are immediately available, or can be
readily adapted, to improve health care delivery. Indeed,
Chapters 3 and 4 have documented many examples at the
patient, care-team, organizational, and environmental levels
that demonstrate, albeit on a limited scale, the potential of
these tools, technologies, and complementary knowledge to
improve health care delivery dramatically. The successful
use of many of these tools and technologies by the Veterans
Health Administration (VHA), Kaiser-Permanente, Mayo
Clinic, Institute for Healthcare Improvement (IHI)
collaboratives, and other care providers demonstrates that
both the productivity of the system and the quality of its
processes can be improved simultaneously. In the com-
mittee’s view, this may be the only sustainable pathway
toward safer, more effective, more patient-centered care.

EDUCATIONAL BARRIERS TO CHANGE

Beyond the islands of progress mentioned above is a vast
sea that remains virtually untouched by the portfolio of
systems tools, information/communications technologies,
organizational/managerial innovations, and cultural changes
that have helped transform the quality and productivity of

many other industries (both manufacturing and services) in
recent decades. As described at length in Chapters 3 and 4,
the combined economic, policy-related, technical, cultural,
and organizational barriers to the widespread diffusion and
implementation of these complementary tools, technologies,
and knowledge in health care are formidable. In addition, the
health care system faces significant educational barriers.

Currently, very few health care professionals or adminis-
trators are equipped to think analytically about health care
delivery as a system. As a result, very few of them appreci-
ate the relevance, let alone the potential benefits, of systems-
engineering tools. And of these, only a fraction are equipped
to work with systems engineers to adapt and apply these
tools to meet the challenges in health care delivery. In addi-
tion, although most care professionals and administrators
now appreciate the relevance of information/communications
technologies to improving the quality and efficiency of
health care delivery, very few of them are equipped to use
these technologies systematically.

There are many reasons for the “systems-education” chal-
lenge, some of them related to changes in the structure of
medical education early in the twentieth century and the
rapid growth of biomedical research in the latter half of
the century. In the early twentieth century, medical educa-
tion underwent a revolutionary change with the development
of entrance requirements for medical students, the adoption
of a four-year curriculum, and the inclusion of laboratory
and clinical experience in medical training. Training sites
included academic medical centers, community hospitals,
and affiliated facilities.

In the mid-twentieth century, large increases in funding
from federal and private sources stimulated basic and clini-
cal research, resulting in advances in knowledge of the
biological basis for disease, diagnosis, and treatment. The
specialized nature of this knowledge led to the creation of
specialties and subspecialties among physicians, and the
majority of physicians became specialists in one area or
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another of medicine (Ludmerer, 1999; Starr, 1992). Graduate
medical education—internships, residencies, and fellow-
ships—now supplement medical school education, provid-
ing practical training in clinical practice in medical special-
ties and subspecialties. Specialty boards were created to
oversee this training, and eventually the control and regula-
tion of training was transferred from academic medical
centers to these specialty boards (Ludmerer, 1999).

Subsequently, new methods of disease prevention, diag-
nosis, and treatment were developed and tested through clini-
cal research, thus bringing laboratory results to the bedside.
Clinical epidemiology provided a scientifically rigorous evi-
dentiary foundation for clinical practice, which has been
widely adopted by medical specialties and has led to the
notion of “evidence-based medicine.” Changes in medical
education reflected and reinforced the specialization in fields
of medical research and practice, and graduate education of
health professionals is now characterized by deep knowl-
edge in narrow fields; a focus on individual patient care,
with the primary emphasis on diagnosis and treatment and a
lesser emphasis on disease prevention; little appreciation for
populations/or public health; and almost no emphasis on the
structure and processes of health care delivery. No substan-
tive perspective on the entire system of health care or training
in the uses and implications of systems tools and information/
communications technologies for managing and improving
the system is included in medical education.

Students of engineering and management are much more
likely than their counterparts in health fields to be trained in
systems thinking and the uses and implications of systems-
engineering tools and information/communications systems
for the management and optimization of production and
delivery systems. Nevertheless, students at most U.S. engi-
neering and business schools are not likely to find courses
that address the operational challenges to the quality and
productivity of health care delivery.

One major contributing factor to the absence of health
care delivery challenges in engineering curricula has been
the long-standing lack of demand for engineers in the health
care delivery sector. In contrast to engineering careers in
device and pharmaceutical companies and other for-profit
industries, engineering careers in medical care institutions
are nearly nonexistent. In addition, there is a pervasive
under-appreciation by engineering faculty, researchers, and
practitioners of the magnitude, complexity, and importance
of the operational challenges and opportunities facing the
nation’s health care system combined with a reluctance to
meddle in the “art” of highly respected health care
professionals.

A PLATFORM FOR INTERDISCIPLINARY RESEARCH,
EDUCATION, AND OUTREACH

In the preceding chapters, the committee has recom-
mended a number of actions by industry, government,

academia, and the health and engineering professions to
begin to break down barriers to the use of systems-engineering
tools, information/communications technologies, and busi-
ness and managerial knowledge. Recommendations have
included calls for public- and private-sector investments in
research and development, demonstration projects, new
approaches to reimbursement, expanded outreach and dis-
semination efforts by public- and private-sector health care
quality improvement organizations, actions to advance the
development of health care data, software, and network
standards and other components of a National Health Infor-
mation Infrastructure, and steps to harness the power of wire-
less integrated microsystems. The committee believes that
action on these recommendations will accelerate the devel-
opment, adaptation, implementation, and diffusion of
systems-engineering tools and information/communications
technologies in health care delivery. However, breaking
down barriers and improving the overall health care system
will also require bold, intentional, far-reaching changes in
the education of researchers, educators, and practitioners
in health care, engineering, and management through inter-
disciplinary research.

First, the academic research and educational engineering
enterprise must be more closely linked to “real-world” needs
in the public and private sectors to help bridge disciplinary
research-to-application gaps in health care delivery. Some
steps have already been taken in this direction. The NSF-
sponsored Engineering Research Centers (ERCs) Program—
which started in the 1980s and currently supports 22 cen-
ters—brings together industrial and academic researchers
and graduate students on university campuses to conduct
cross-disciplinary research focused on a single topical area
and, in the process, encourages multidisciplinary interactions
among faculty and students (NAE, 1983) (see Box 5-1).1 In
addition, guidelines for the ERCs explicitly call for strength-
ening connections between research and the creation of new
curricular material (NAE, 1983). ERCs have had a signifi-
cant impact on both research and academic programs in the
institutions where they are located.

NSF and other agencies have also established other
university-based interdisciplinary research centers involving
engineering (e.g., NSF science and technology centers and
materials research science and engineering centers; U.S.

1These include the Center for the Engineering of Living Tissues at
Georgia Institute of Technology and the Emory School of Medicine; the
Engineering Research Center for Computer-Integrated Surgical Systems
and Technology at Johns Hopkins University; the Engineering Biomaterials
Engineering Research Center at the University of Washington; the ERC in
Bioengineering Educational Technologies at Vanderbilt University; the
Biotechnology Process Engineering Center at Massachusetts Institute of
Technology; the Engineering Research Center for Wireless Integrated
Microsystems at the University of Michigan; and the Engineering Research
Center for Biomimetic Microelectronic Systems at the University of South-
ern California (NSF, 2004a).
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BOX 5-1
Engineering Research Centers Sponsored by the National Science Foundation

In December 1983, NAE was asked by the National Science Foundation (NSF) to provide advice on developing engineering research centers (ERCs),
which the NSF described as “on-campus centers that would house cross-disciplinary experimental research activities.” In addition to conducting
research, the principal purposes of the ERCs are: (1) to provide a means of bringing together people in academia and industry1 to improve the education
of engineers; and (2) to expose a significant number of engineering students to the nature and problems of cross-disciplinary research on engineering
systems.

In its report to NSF, Guidelines for Engineering Research Centers, NAE emphasized four themes: “(1) the relationship with industry must be real and
must be perceived by both sides, the faculty and students of the Centers and the engineers and management of the participating companies, as mutually
beneficial and as dealing with problems which are industrially important and intellectually demanding; (2) the Centers are experimental, will take time
to grow, and will inevitably require altering protocols and programs; (3) to have an impact, the program must be a significant one, meaning that it is
better to have fewer Centers with sufficient funding rather than many with inadequate funding; and (4) the Centers must complement and not supplant,
either in size or numbers, the [National Science] Foundation’s grants to individual investigators.”

1The reader should substitute “the health care delivery system” for “industry.”
Source: NAE, 1983.

Department of Energy materials research centers; U.S.
Department of Transportation [DOT] university transporta-
tion centers; and university-based nanotechnology research
centers sponsored by NSF, National Aeronautics and Space
Administration, and DOD) (DOE, 2004; DOT, 2004; NNI,
2004; NSF, 2004a). As the results of interdisciplinary
research are translated into classroom materials (e.g., new
textbooks and courses) by participating faculty, these centers
are directly affecting the way scientists and engineers
are educated.

Two important lessons have been learned from these
multidisciplinary engineering activities. First, they have con-
tributed both to solving important research problems and to
broadening the education of students. Each center, focused
on a multidisciplinary area (e.g., tissue engineering, earth-
quake engineering, or surgical technology), necessarily
addresses systems problems. Second, these centers have
identified research topics that might not have been under-
taken by researchers in a single discipline, which has led to
the development of new curricular offerings and materials
(NSF, 2004b).

Another instructive, large-scale, multidisciplinary
research effort is the NIH-sponsored human genome project.
In 1990, NIH embarked on a 13-year, multicenter project to
map the human genome. The completion of the map laid the
foundation for a wave of multidisciplinary systems research
exploring the applications of this new knowledge base to
medical practice. The translation of genome research into
useful products and services has required a significant
expansion of multidisciplinary research, including the estab-
lishment of multidisciplinary research centers where physi-
cists, chemists, bioengineers, and mathematicians join forces

to undertake the step-by-step progression from gene
sequencing to the determination of protein function and the
development of applications in screening, diagnostics, and
treatment (Collins et al., 2003). These interdisciplinary cen-
ters have also demonstrated that multidisciplinary research
and education can break down disciplinary barriers between
the life sciences and their complements in the physical
sciences and engineering (Harvard University, 2004a;
MIT, 2004).

These new opportunities for multidisciplinary systems
research in engineering and the biological sciences have
demonstrated the potential for the development of analogous
capabilities to address the challenges of health care delivery
based on engineering sciences. The committee believes that
a similar approach could build sustainable interdisciplinary
bridges between the fields of engineering, health care, and
management and begin to address the major challenges fac-
ing the health care delivery system. An environment in which
professionals from all three fields engage in basic and
applied research and translate the results of their research
and advances both into the practice arena and the classroom,
where students from the three disciplines interact, could be a
powerful catalyst for cultural change.

The following recommendations are based on the logic,
lessons, and momentum of these recent large-scale, multi-
disciplinary, research/education/technology-transfer initia-
tives focused on systems challenges in engineering and
biomedical sciences.

Recommendation 5-1a. The federal government, in
partnership with the private sector, universities, federal
laboratories, and state governments, should establish
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multidisciplinary centers at institutions of higher learning
throughout the country capable of bringing together
researchers, practitioners, educators, and students from
appropriate fields of engineering, health sciences, manage-
ment, social and behavioral sciences, and other disciplines
to address the quality and productivity challenges facing the
nation’s health care delivery system. To ensure that the
centers have a nationwide impact, they should be geographi-
cally distributed. The committee estimates that 30 to 50 centers
would be necessary to achieve these goals.

Recommendation 5-1b. These multidisciplinary research
centers should have a three-fold mission: (1) to conduct basic
and applied research on the systems challenges to health care
delivery and on the development and use of systems-
engineering tools, information/communications technolo-
gies, and complementary knowledge from other fields to
address them; (2) to demonstrate and diffuse the use of these
tools, technologies, and knowledge throughout the health
care delivery system (technology transfer); and (3) to educate
and train a large cadre of current and future health care,
engineering, and management professionals and researchers
in the science, practices, and challenges of systems engi-
neering for health care delivery.

Interdisciplinary research centers could be configured in
any number of ways. For example, schools of engineering,
health science, and business administration at a single uni-
versity might be allied with an academic medical center or
other health care facility, or a combination of units from two
or more academic institutions might work in collaboration
with one or more health care facilities, or units from one or
more academic institutions and health care facility might join
with units from one or more federal laboratories. Whatever
their configuration, it is essential that health care facilities
(e.g., academic medical centers, regional health centers) be
intimately involved, because they will provide a locus where
innovations in systems design and operation can be tested,
evaluated, and/or implemented.

Multidisciplinary centers would not only blend research
and practice, they would also provide a means of demon-
strating the value and promoting the use of existing systems
tools to the larger community of practicing health care pro-
viders. Because each center will choose its focus area based
on its inherent strengths, it will be important for the combi-
nation of centers to include the full spectrum of health care
service providers, patient-advocate organizations, federal
and state governments, health care provider organizations,
private-sector insurers, technology vendors, medical service
companies, university-based researchers and educators, fed-
eral laboratories, professional associations, and others. Only
through close interactions of researchers, tools, technology
developers, end users, and ultimate beneficiaries will the
barriers to their widespread use be overcome.

One would expect the research and demonstrations

conducted at these centers to inform, complement, and build
on ongoing public- and private-sector efforts to promote the
use and diffusion of systems engineering and information/
communications technologies, such as IHI multiprovider
innovation and diffusion collaboratives; the National Health
Information Network initiative of the Office of the National
Coordinator for Health Information Technology, the Joint
Commission on the Accreditation of Healthcare Organiza-
tions and the VHA promotion of the use of failure/risk
analysis tools; the VHA eHealth Initiative; the Centers for
Disease Control (CDC) Centers of Excellence in Public
Health Informatics; and the Leapfrog Group’s campaign to
promote the use of EHRs and CPOE systems (CDC, 2005;
IHI, 2005; JCAHO, 2002; McDonough et al., 2004; Milstein
in this volume; Thompson and Brailer, 2004; VHA, 2005).

A number of university-based multidisciplinary research
centers explored the intersection of engineering and health
care delivery during the 1970s and 1980s, but, according to
some observers, their impact was significantly muted by the
gap between their research results and the capacity of health
care providers and organizations to implement them (see
Box 5-2). The integration of research and education will be
essential for sustained progress. Therefore, as in the NSF
ERCs, faculty participating in these centers should be
strongly encouraged to develop new curricular materials
based on their research (NSF, 2004b). Research faculty could
also provide materials for continuing education for health
professionals, engineers, and managers involved or inter-
ested in becoming involved in the operational management
and improvement of health care delivery systems.

The committee estimates that 30 to 50 geographically dis-
persed centers may be needed to involve and affect a signifi-
cant number of current and emerging professionals in health
care, engineering, and management. This estimate was
arrived at in committee discussions on (1) the magnitude of
effort at individual institutions of higher learning necessary
to attract the attention/interest of faculty and students in
relevant fields; (2) the number and geographic reach of the
centers necessary to engage a critical mass of individuals
and institutional players, including state governments, in the
effort; and (3) the relative size of other initiatives (e.g., NSF’s
Engineering Research Centers Program; NIH’s General
Clinical Research Centers Network). The centers may vary
in size, depending on their area(s) of focus, but core support
of roughly $3.25 million annually for an average center
would fund the work of eight faculty researchers, 24 gradu-
ate students, six support staff, and one senior administrator/
center director and provide roughly $500,000 of working
capital. An annual core funding level of $100 to $160 mil-
lion would be anticipated for 30 to 50 centers.

Multiple government agencies (e.g., NIH, NSF, Agency
for Healthcare Research and Quality, CDC, VA, and the
Defense Advanced Research Projects Agency) would have a
stake in the research, technology transfer, and educational
missions of the proposed research centers, and these agencies
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BOX 5-2
Forerunner Research Centers in Systems Engineering and Health Care

From 1970 to 1985, a number of interdisciplinary research centers were established at several academic centers (e.g., Georgia Institute of Technol-
ogy, University of Missouri-Columbia, University of Pittsburgh, and University of Wisconsin, Madison) to explore the intersection of engineering and
health care delivery. Faculty from business schools, engineering schools, medical schools, and nursing schools participated in research in industrial
engineering, operations research, quality control, ergonomics, and statistics. At one time, there were more than a half dozen health care multidisciplinary
research centers, but by the end of 1985, most of them had been closed down due to a lack of grant money and support from the health care industry.
The centers at Georgia Institute of Technology and the University of Wisconsin still exist but are now associated with industrial engineering and have
connections with medical schools at Emory University and the University of Wisconsin, respectively (Georgia Institute of Technology, 2005; University
of Wisconsin-Madison, 2005).

The scope of research in the network of multidisciplinary centers proposed in this report would go far beyond the modest projects at these
forerunner centers. The new centers would be configured not only to carry on research, but also to maintain a parallel focus on demonstration and
diffusion of engineering techniques. Application, education, and diffusion would be advanced in living laboratories where engineering, health care,
and management professionals and other researchers would work together to identify ways to overcome barriers to the application of currently available
tools and to develop new tools.

should provide their core financial support. The continuity
of funding will be critical for the centers to achieve their full
potential. Experience has shown that periodic competitive
reviews (for example, every five years) can provide evidence
of progress and opportunities for renewing funding. In
addition to core funding, center-based researchers and
research teams would be expected to compete for additional
public- and private-sector funding from health care provider
organizations, private foundations, companies, and state
governments for research, development, and/or demonstra-
tion projects of particular interest to them. An annual meeting
of key researchers would ensure that important engineering/
health care delivery issues were not overlooked.

Recommendation 5-2. Because funding for the multi-
disciplinary centers will come from a variety of federal
agencies, a lead agency should be identified to bring together
representatives of public- and private-sector stakeholders to
ensure that funding for the centers is stable and adequate
and to develop a strategy for overcoming regulatory,
reimbursement-related, and other barriers to the wide-
spread application of systems engineering and information/
communications technologies in health care delivery.

The committee believes strongly that the establishment
of a national network of multidisciplinary centers focused
on improving the quality and productivity of U.S. health care
delivery will be critical to achieving and sustaining the criti-
cal mass of research, education, and outreach that will be
necessary to realize IOM’s vision of a transformed twenty-
first century health care system. At the same time, the com-
mittee believes that support for these new multidisciplinary

centers should not crowd out public- and private-sector
funding for research by individual investigators on systems-
engineering tools and information/communications tech-
nologies for health care. A mix of funding for inter-
disciplinary centers and individual researchers will ensure
that a wide range of individuals from many parts of the
research community are engaged in a common effort to
improve health care delivery.

Accelerating Cultural Change through Formal and
Continuing Education

Making systems-engineering tools, information technolo-
gies, and complementary social-science, cognitive-science,
and business/management knowledge available and training
individuals to use them will require commitment and coop-
eration among professionals in engineering and health care
and changes in the cultures of health professionals and engi-
neering professionals. The committee believes that these
long-term cultural changes must begin in the formative years
of professional education. Individuals in both professions
must have opportunities to participate in learning and
research environments in which they can contribute to a new
approach to health care delivery.

The recommended interdisciplinary centers are not
intended to produce health care professionals who can indi-
vidually apply systems-engineering tools or engineers who
can practice health care delivery. They are intended to
provide an environment in which engineers and health pro-
fessionals can work together and share experiences, thus
breaking down disciplinary and linguistic barriers and build-
ing mutual trust and a shared understanding of the problems
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facing health care and the systems-engineering tools and
information/communications technologies that can con-
tribute to improving operations.

Recognizing and exploiting the potential contributions of
systems engineering to health care delivery will be an enor-
mous challenge for educators of health professionals. The
current view of professional excellence accepted by health
care providers will have to be expanded to encompass popu-
lation health and the structure, processes, and systems of
health care delivery. Physicians, nurses, and other health pro-
fessionals will need new skills to work effectively with engi-
neering and management professionals to change the design,
implementation, and understanding of structures and pro-
cesses of health care to ensure that care is safe, effective,
timely, efficient, patient-centered, and equitable.

Thus, the training of health professionals will have to be
changed. The curriculum will have to include systems-
engineering concepts and skills, both directly in specifically
focused courses and indirectly as part of other courses and
units of study and practice. This will require that faculty with
expertise in health care delivery be identified or recruited
and educational and research links be established between
clinical professions and schools of engineering and
management.

This paradigm shift will require new strategies. The health
professions have already taken some steps in this direction
with the establishment of core competencies, including
systems-based practice and practice-based learning and
improvement, which have already attracted the attention of
every training program and every trainee (Brennan et al.,
2004; IOM, 2003; Leach, 2002). If these competencies are
extended to requirements for relicensing, they will certainly
be incorporated into clinical practice over time (Brennan et al.,
2004; IOM, 2003; Leach, 2002; Lynch et al., 2004). Another
encouraging sign is the VHA’s adoption of formal courses in
quality improvement and systems theory (VA, 2004).

New training strategies for interdisciplinary education
should include health professional trainees in many aspects
of health care working together and learning about each
other’s disciplines, perspectives, traditions, goals, objectives,
tools, and techniques. This would give each clinician an
opportunity to see the health care system in a broader context,
to work as part of a team, to identify potential problems, and
to be better prepared to contribute to system improvements.

Clearly, adding requirements to already crowded health
professional curricula poses serious challenges. In medicine,
the expansion of core competencies and a new emphasis on
the clinician-patient relationship in teaching and testing have
already led to a reexamination of the medical school curricu-
lum (Brennan et al., 2004; IOM, 2003; Leach, 2002; Lewin
et al., 2001). Core competencies in information technologies
have also been identified in nursing at four levels of practice
(Staggers et al., 2001).

Dramatic improvements in the efficiency and quality of
health care delivery will only be possible with skilled

engineers and health care management teams that understand
and can implement the types of methods, tools, and tech-
nologies described in this report. To ensure that enough
engineering and management professionals with these skills
are available, curricula in schools of engineering, management,
and public health will have to be expanded to encompass
problems, concepts, and topics in health care delivery. These
changes will have to be incorporated into formal classroom
education, applied training, and continuing education for
both professions. Thus, new models of education and train-
ing will have to be designed, implemented, and evaluated.

In addition to the development of supporting curricula
and other resource materials, engineering educators face the
challenge of cultivating demand for health care delivery-
trained engineering graduates in an industry that has tradi-
tionally hired very few engineers and currently has no clearly
defined career tracks for engineers. The lack of awareness of
career opportunities in the health care industry for managers
trained in the quantitative disciplines and tools described in
this report may be the most significant reason so few MBAs
enter the health care industry.2 To attract more MBAs and
other graduates to health care and to ensure a supply of lead-
ers in health care improvement will require a significant
effort to increase the visibility of the health care industry in
MBA-related curricula.

The translation of interdisciplinary research results into
instructional materials by faculty participants in the multi-
disciplinary research centers would impact the graduate,
undergraduate, and continuing education of students and
practitioners in all participating disciplines. In the meantime,
however, the committee recommends the accelerated,
intense training and development of select health care, engi-
neering, and management professionals who understand the
systems challenges facing health care delivery and the value
of, and perhaps the application of, the tools and technologies
to address them.

Recommendation 5-3. Health care providers and educators
should ensure that current and future health care profession-
als have a basic understanding of how systems-engineering
tools and information/communications technologies work
and their potential benefits. Educators of health profession-
als should develop curricular materials and programs to train
graduate students and practicing professionals in systems
approaches to health care delivery and the use of systems tools
and information/communications technologies. Accrediting

2One might think that the difference between the number of business
graduates entering the health care sector and the number entering the
financial services sector is attributable to different compensation levels.
However, employment statistics from selected business schools show that
initial salary levels for health care placements are often close to the initial
salaries in financial services (Harvard University, 2004b; Northwestern
University, 2004; University of California-Berkeley, 2004; University of
Pennsylvania, 2004).
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organizations, such as the Liaison Committee on Medical
Education and Accreditation Council for Graduate
Medical Education, could also require that medical schools
and teaching hospitals provide training in the use of systems
tools and information/communications technologies.
Specialty boards could include training as a requirement
for recertification.

Recommendation 5-4. Introducing health care issues into
the engineering curriculum will require the cooperation of a
broad spectrum of engineering educators. Deans of engineer-
ing schools and professional societies should take steps to
ensure that the relevance of, and opportunities for, engineer-
ing to improve health care are integrated into engineering
education at the undergraduate, graduate, and continuing
education levels. Engineering educators should involve rep-
resentatives of the health care delivery sector in the develop-
ment of cases studies and other instructional materials and
career tracks for engineers in the health care sector.

Recommendation 5-5. The typical MBA curriculum
requires that students have fundamental skills in the princi-
pal functions of an organization—accounting, finance,
economics, marketing, operations, information systems,
organizational behavior, and strategy. Examples from health
care should be used to illustrate fundamentals in each of these
areas. Researchers in operations are encouraged to explore
applications of systems tools for health care delivery. Quan-
titative techniques, such as financial engineering, data
mining, and game theory, could significantly improve the
financial, marketing, and strategic functions of health care
organizations, and incorporating examples from health
care into the core MBA curriculum would increase the
visibility of health care as a career opportunity. Business and
related schools should also be encouraged to develop elective
courses and executive education courses focused on various
aspects of health care delivery. Finally, students should be
provided with information about careers in the health
care industry.

Recommendation 5-6. Federal mission agencies and private-
sector foundations should support the establishment of
fellowship programs to educate and train present and future
leaders and scholars in health care, engineering, and man-
agement in health systems engineering and management.
New fellowship programs should build on existing programs,
such as the Veterans Administration National Quality
Scholars Program (which supports the development of
physician/scholars in health care quality improvement), and
the Robert Wood Johnson Foundation Health Policy
Research and Clinical Scholars Programs (which targets
newly minted M.D.s and social science Ph.D.s to ensure their
involvement in health policy research). The new programs
should include all relevant fields of engineering and the full
spectrum of health professionals.

The goal of these recommendations is to make available
and encourage the use of engineering tools and information/
communications technologies in the health care community
and to move toward meeting the six goals of the vision stated
by IOM. Meeting the combined objectives of increasing
research, demonstrating feasibilities, and diffusing success-
ful demonstrations will require the commitment of many
organizations.

CALL TO ACTION

As important as good analytical tools and information/
communications systems are, they will not ultimately trans-
form the system unless all members of the health care
provider community actively participate and support their
introduction and use. Communicating the overall system and
subsystem goals to individuals and groups at all levels will
be a crucial task for the management of health care organiza-
tions. Empowering individuals who do the day-to-day work
in health care to make changes will require that everyone
understand the overall goals and objectives of the system
and subsystem in which they work. Participants must be
energized and empowered to make continuous improve-
ments in all processes, and encouraging and recognizing
individuals for their contributions to the “continuous
improvement” of operations must be a principal operating
goal for management.

The committee recognizes the immensity of the task
ahead and offers a word of encouragement to all members of
the engineering and health care provider communities. Over-
hauling the health care delivery system will not come
quickly, and achieving the long-term goal of improving the
health care system will require the ingenuity and commit-
ment of leaders in the health care community, as well as
practitioners in all clinical areas. But if we take up the call
now to change the system, we can perhaps avoid crises,
reduce costs, reduce the number of uninsured, and make
affordable, high-quality care available to all Americans.

REFERENCES
Brennan, T.A., R.I. Horwitz, J.D. Duffy, C.K. Cassel, L.D. Goode, and R.S.

Lipner. 2004. The role of physician specialty board certification status
in the quality movement. Journal of the American Medical Association
292(9): 1038–1043.

CDC (Centers for Disease Control and Prevention). 2005. Request for
Applications: Centers of Excellence in Public Health Informatics
(RFA-CD-05-109). Available online at: http://grants.nih.gov/grants/
guide/rfa-files/RFA-CD-05-109.html.

Collins, F.S., M. Morgan, and A. Patrinos. 2003. The human genome
project: lessons from large-scale biology. Science 300(5617): 286–290.

DOE (U.S. Department of Energy). 2004. Office of Basic Energy Sciences:
BES Scientific User Facilities. Available online at: http://
www.sc.doe.gov/bes/BESfacilities.htm.

DOT (U.S. Department of Transportation). 2004. University Transporta-
tion Centers (UTC) Program. Available online at: http://utc.dot.gov/.

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


90 BUILDING A BETTER DELIVERY SYSTEM

Georgia Institute of Technology. 2005. Center for Operations Research in
Medicine Homepage. Available online at: http://www.isye.gatech.edu/
~evakylee/medicalor/.

Harvard University. 2004a. Department of Systems Biology, Harvard
Medical School. Available online at: http://sysbio.med.harvard.edu/.

Harvard University. 2004b. 2004 Employment Statistics by Industry.
Harvard Business School. Available online at: http://www.hbs.edu/
career_services/step5/cd2004-industry.html.

IHI (Institute for Healthcare Improvement). 2005. Ideas in Action: How
health care organizations are connecting the dots between concept and
positive change. 2005 Progress Report. Boston, Mass: IHI. Available
online at: http://www.ihi.org/NR/rdonlyres/4CE48D26-2303-4FCD-
9BF5-174EA039E725/0/ProgRep020505.pdf.

IOM (Institute of Medicine). 2003. Health Professions Education: A Bridge
to Quality, edited by A.C. Greiner and E. Knebel. Washington, D.C.:
National Academies Press.

JCAHO (Joint Commission on the Accreditation of Healthcare Organiza-
tions). 2002. Failure Mode and Effects Analysis in Health Care: Pro-
active Risk Reduction. Oakbrook Terrace, Ill.: JCAHO.

Leach, D.C. 2002. Building and assessing competence: the potential for
evidence-based graduate medical education. Quality Management in
Health Care 11(1): 39–44.

Lewin, S.A., Z.C. Skea, V. Entwistle, M. Zwarenstein, and J. Dick. 2001.
Interventions for providers to promote a patient-centered approach in
clinical consultations. The Cochrane Database of Systematic Reviews,
No. 4. Article CD003267. Available online at: http://www.cochrane.org.

Ludmerer, K.M. 1999. Time to Heal: American Medical Education from
the Turn of the Century to the Era of Managed Care. New York: Oxford
University Press.

Lynch, D.C., S.R. Swing, S.D. Horowitz, K. Holt, and J.V. Messer. 2004.
Assessing practice-based learning and improvement. Teaching and
Learning in Medicine 16(1): 85–92.

McDonough, J.E., R. Solomon, and L. Petosa. 2004. Quality Improvement
and Proactive Hazard Analysis Models: Deciphering a New Tower of
Babel. Attachment F. Pp. 471–508 in Patient Safety: Achieving a New
Standard of Care. Washington, D.C.: National Academies Press.

MIT (Massachusetts Institute of Technology). 2004. Computational and
Systems Biology at MIT. Available online at: http://csbi.mit.edu/.

NAE (National Academy of Engineering). 1983. Guidelines for Engineer-
ing Research Centers. Washington, D.C.: National Academy Press.

Northwestern University. 2004. 2003 Employment Report. Kellogg School.
Available online at: http://www.kellogg.northwestern.edu/career/
employer/placement/2003/index.htm.

NNI (National Nanotechnology Initiative). 2004. NNI Centers, Networks
and Facilities. Available online at: http://nano.gov/html/centers/
nnicenters.html.

NSF (National Science Foundation). 2004a. National Science Foundation
Engineering Research Center Fact Sheets. Available online at: http://
www.erc-assoc.org/factsheets/start.htm.

NSF. 2004b. ERC Achievements Showcase. Available online at: http://
www.erc-assoc.org/showcase/education_and_outreach.htm.

Staggers, N., C.A. Gassert, and C. Curran. 2001. Informatics competencies
for nurses at four levels of practice. Journal of Nursing Education 40(7):
303–316.

Starr P. 1992. The Social Transformation of American Medicine. New York:
Basic Books.

Thompson, T. G., and D.J. Brailer. 2004. The Decade of Health Informa-
tion Technology: Delivering Consumer-centric and Information-Rich
Health Care: Framework for Strategic Action. Washington, D.C.: U.S.
Department of Health and Human Services.

University of California-Berkeley. 2004. MBA Class of 2004, Full Time
Employment Report. Haas School of Business. Available online at:
http://www.haas.berkeley.edu/careercenter/03_04Stats.html.

University of Pennsylvania. 2004. MBA Career Management: 2004 Career
Report. Wharton School of Business. Available online at: http://
mycareer.wharton.upenn.edu/mbacareers/report/index.cfm.

University of Wisconsin-Madison. 2005. Center for Health Systems
Research and Analysis Homepage. Available online at: http://
www.chsra.wisc.edu/.

VA (Veterans Administration). 2004. VA National Quality Scholars Fellow-
ship Program Fact Sheet. Available online at: http://www.va.gov/oaa/
SF_NQSF_Fact.asp.

VHA (Veterans Health Administration). 2005. Health Community IT Sharing.
Available online at: http://www1.va.gov/vhaitsharing/page.cfm?pg=7.

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


PART II

WORKSHOP PRESENTATIONS

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Framing the
Health Care Challenge

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


95

Crossing the Quality Chasm

Janet Corrigan
Institute of Medicine

The Quality of Care in America Project was started about
three years ago. The final report, Crossing the Quality
Chasm, is a comprehensive review of the overall quality of
the health care system, including an assessment of its safety
and effectiveness and recommendations for a comprehen-
sive strategy for improvement (IOM, 2001).

The first step in the project was a review of the literature
by RAND. About 70 RAND studies have documented seri-
ous deficiencies and large gaps between the care people
should receive and the care they actually do receive. Defi-
ciencies were observed in all health care settings, in all age
groups, and in all geographic areas. In other words, the prob-
lems are systemic and permeate the health care industry;
problems are just as prevalent in traditional indemnity, or
less managed, settings as in managed care settings.

Two factors influence how we approach this problem.
The first is the expanding knowledge base, which has
clearly overwhelmed physicians and made it all but impos-
sible for an individual physician to provide high quality
care on his or her own. A tremendous number of publica-
tions now report the results of randomized controlled trials,
and the number of new drugs and medical devices and the
amount of information flowing into the marketplace has
increased exponentially.

The second major factor is the need to care for people with
chronic conditions. A very limited number of chronic condi-
tions, 15 or 20, account for the bulk of health care problems. If
we targeted those conditions, we could make tremendous
progress and affect a sizable proportion of the health care de-
livery system, as well as of the general population.

The models that are most useful in caring for the chroni-
cally ill are very different from our current delivery system
models. Providing high-quality care to chronically ill indi-
viduals requires well designed care processes focused on in-
formation that meets the self-management needs of patients
and their families. Patients with chronic illnesses require
multidisciplinary care from teams of physicians, nurses,

social workers, aides, and others. Team care is essential for
high quality care.

Our current health care delivery system, which is orga-
nized around professionals and types of institutions, grew
out of a need to provide primarily acute care rather than
chronic care. This is one kind of chasm we have to cross.
The health care delivery system must be reorganized to meet
the real needs of patients.

Few clinical programs have the infrastructure to provide
a full complement of services to chronically ill patients.
Some institutions have well defined programs for particular
chronic conditions, but few institutions or systems provide
high quality care for the full range of chronic conditions. In
addition, we have a problem in “scaling up”—exemplary
programs are not replicated throughout the industry.

The lack of standardized performance measures has made
it difficult if not impossible to make cross-institutional com-
parisons. For example, we have no standardized performance
or outcome measures that enable us to identify which pro-
viders deliver exemplary care for diabetes. This creates two
problems. First, we do not know where the best performers
are. Second, the best performers are not rewarded for their
excellent work. We need much better systems for managing
knowledge and for using information technology to help
people make decisions, and we need unfettered, timely ac-
cess to clinical information.

Today, physician groups often operate as “silos” (i.e., in
isolation) without benefit of the kind of information, infra-
structure, and support they need to provide high quality care.
On the one hand, we can no longer deliver health care through
a collection of silos. On the other hand, we do not have the
organizational support that can, for example, pull together
the latest knowledge and make it readily available to providers
and patients. If one looks on the Web, one finds 42,000 sites
on lupus and 75,000 sites on breast cancer. Individual patients
and individual professionals are overloaded with huge
amounts of undigestible, disorganized information.
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The Committee on Quality of Health Care in America
recommended that the redesign process be initiated by fo-
cusing on priority areas. Specifically, the Agency for
Healthcare Research and Quality should identify 15 priority
areas and define them clearly so that everyone involved can
work toward the same goals. The committee also recom-
mended that Congress establish a $1 billion innovation fund
to seed improvement projects and that purchasers, health care
organizations, and professional groups begin to develop
action plans immediately for each priority area. The goal
should be a 50-percent improvement in quality and safety in
the next five years.

Meaningful innovation in the health care delivery system
will require some significant changes in the overall health
system environment. The Chasm report describes changes in
four key areas: (1) the use of information technology;
(2) payment policies; (3) the development of best practices,
decision support tools, and an accountability system; and
(4) professional education and training (IOM, 2001).

We have many examples of how information technology
can improve quality. For instance, we know that computer-
ized order entry by physicians can reduce adverse drug
events by 50 to 60 percent—an enormous improvement in
safety. Reminder systems for physicians or patients and their
families have been found to be effective in getting people
the right services at the right time. The Institute of Medicine
is working on a strategic plan for an information technology
initiative that should be ready soon.

Second, current payment policies are complex, contradic-
tory, and often work against improving quality. For example,
current payment systems do not reward investments in infor-
mation technology. Unlike investments in medical technol-
ogy, investments in information technology do not directly
generate billable services under Medicare or third-party-payer,
fee-for-service systems. Hence, providers may realize a faster
return on investments in a new surgical suite than they will on
investments in an automated order entry system. Unfortu-
nately, errors in clinical care contribute to rising health care
expenditures because patients injured as a result of errors typi-
cally require more services and readmissions.

The problem is compounded because the marketplace
typically cannot discern differences in quality. Because we
do not have good comparative data for measuring quality
and performance in medical care and patient outcomes,
health care organizations, medical groups, and hospital sys-
tems that have better outcomes do no better in the market-
place than providers with poorer outcomes. We must move
very aggressively to address these payment concerns before
they stifle the adoption of information technologies critical
to improving the safety and quality of care.

Third, we need to translate the evidence base into best
practices that can be implemented in care delivery and then
communicate this information to health care professionals
and patients. In addition, we must develop and implement
decision-support tools to assist clinicians and patients in

using the clinical knowledge base effectively. Last but not
least, the Chasm report calls for “transparency”—an ac-
countability system that emphasizes the release of compara-
tive data.

Fourth, we must make major changes in the medical edu-
cation system. Currently, many providers are trained in en-
vironments that are not “wired.” Students are not exposed to
technology and decision-support systems, evidence-based
practices are not emphasized, and learning is not focused on
multidisciplinary teams. In other words, we are not training
individuals to practice or acquire the kinds of skills they will
need to be effective in the health care delivery system we are
attempting to create. Changing the medical education sys-
tem will require the active participation of professional asso-
ciations, educational leaders, and professional licensing and
certification groups.

FIVE-PART AGENDA FOR CHANGE

The committee put forward an agenda for changing the
U.S. health care system:

• Commit to a shared agenda for improvement in six
areas: safety, effectiveness, patient-centeredness, time-
liness, efficiency, and fairness.

• Adopt “10 rules” (see below) to guide the redesign of
care processes.

• Implement more effective organizational supports.
• Focus initial efforts on priority areas.
• Create an environment that fosters and rewards

improvement.

TEN RULES FOR REDESIGNING
AND IMPROVING CARE

Private and public purchasers, health care organizations,
clinicians, and patients should work together to redesign
health care processes in accordance with the following rules.

1. Care should be based on continuous healing rela-
tionships. Patients should receive care whenever they
need it and in many forms, not just through face-to-
face visits. The health care system should be respon-
sive at all times (24 hours a day, every day), and ac-
cess to care should be provided over the Internet, by
telephone, and by other means in addition to face-to-
face visits.

2. Care should be customized based on the patient’s
needs and values. The system of care should be de-
signed to meet the most common needs but should
have the flexibility to respond to an individual patient’s
choices and preferences.

3. The patient should be in control. Patients should be
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given necessary information and the opportunity to
exercise as much control as they choose over health
care decisions that affect them. The health system
should be able to accommodate differences in
patient preferences and should encourage shared
decision making.

4. The system should encourage shared knowledge
and the free flow of information. Patients should
have unfettered access to their own medical informa-
tion and to clinical information. Clinicians and patients
should communicate effectively and share information.

5. Decision making should be evidence-based. Patients
should receive care based on the best available scien-
tific knowledge. Care should not vary illogically from
clinician to clinician or from place to place.

6. Safety should be a property of the system. Patients
should be safe from injury caused by the care system.
Reducing risk and ensuring safety will require systems
that help prevent and mitigate errors.

7. The system should be transparent. The health care
system should make information available to patients

and their families that allows them to make informed
decisions when selecting a health plan, a hospital, or a
clinical practice or when choosing among alternative
treatments. Patients should be informed of the system’s
performance on safety, evidence-based practice, and
patient satisfaction.

8. The system should anticipate patients’ needs. The
health system should be proactive in anticipating a
patient’s needs, rather than simply reacting to events.

9. The system should constantly strive to decrease
waste. The health system should not waste resources
or patients’ time.

10. The system should encourage cooperation among
clinicians. Clinicians and institutions should actively
collaborate and communicate with each other to en-
sure that patients receive appropriate care.
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This presentation focuses on the management of scien-
tific and technological breakthroughs as they are made avail-
able to the health care delivery system—specifically on
whether health care has kept pace with innovation by mov-
ing them into practice safely and responsibly. There is a sub-
stantial amount of overuse, misuse, and underuse of avail-
able science and technologies in the health care
system—regardless of geography, type of payment, or when
and where physicians were trained. To address this problem,
the Institute of Medicine (IOM) undertook two studies, To
Err Is Human, published in 2000, which focused on safety
issues, and Crossing the Quality Chasm, published in 2001,
which focused on quality issues. Both reports highlight the
symptoms of a broken system. Both reports concluded that
there is a mismatch between the rate and quantity of scien-
tific and technological innovations and the ability of the
health care system to use them safely and responsibly.

Wide variations in quality were documented as far back
as 1975 in a small-area variation analysis by John Wennberg,
M.D., and then in a variety of other studies across the coun-
try in the last 30 years (O’Connor et al., 1999; Wennberg,
1999). Recent safety studies, primarily but not exclusively
studies by Lucien Leape and his colleagues at Harvard, iden-
tified a variety of medical errors that result in morbidity and
mortality caused not because of physician malfeasance but
because of system errors (Brennan et al., 1991; Leape et al.,
2002; Thomas et al., 2000). The number of hospital deaths
from these errors range from 30,000 to 80,000 per year. At
this point, we have no understanding and little documenta-
tion of the number of errors in the ambulatory setting. Some
early estimates in the United Kingdom and the United States
have been published (Bubin, 1999; Fischer et al., 1997;
Weingart et al., 2000). The total number of deaths attribut-
able to errors in the health care system we think could be as
high as 150,000 or even 200,000 per year.

Another measure was published by Barbara Starfield in

Bridging the Quality Chasm
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an article in Journal of the American Medical Association in
2000. Dr. Starfield looked at the whole question of system-
related deaths for all reasons, including errors. She concluded
that 200,000 to 250,000 deaths per year were attributable to
system-related causes, of which error is the most notable
(Starfield, 2000). Starfield also made interesting compari-
sons between our system and others in terms of a variety of
health outcomes. She concluded, as have many others, that
although we spend an enormous amount on health care and
lead the world in scientific innovation and technology, the
results in terms of improved health do not match the level
of investment.

There are also other symptoms of poor quality in the
health care system. One of them has to do with responsive-
ness. In the Picker Institute studies of patient assessments of
their health care experiences, about three-quarters of those
surveyed indicated that their experiences with the health care
system had led them to conclude that it was a “nightmare” to
navigate (Picker Institute, 2000). They identified duplica-
tion, lack of communication, conflicting points of view about
what should be done, and lack of understanding about what
the science suggested. In short, the system is fragmented,
fractured, and not patient-centric.

Finally, there is the cost of poor quality care, which has
interesting implications for innovation. Between $.30 and
$.40 of every dollar spent on health care is spent on the costs
of poor quality. This extraordinary number represents
slightly more than a half-trillion dollars a year. A vast
amount of money is wasted on overuse, underuse, misuse,
duplication, system failures, unnecessary repetition, poor
communication, and inefficiency.

In this respect, the experience of General Electric Com-
pany and others in more tightly managed and highly orga-
nized manufacturing systems may be instructive. Compa-
nies often find substantial opportunities for improvement in
the cost performance of the system by using quality-

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


100 BUILDING A BETTER DELIVERY SYSTEM

improvement tools. The health care system does not even
come close to a well organized, systematically designed
system like a production or manufacturing system.

Our experience in Kaiser Permanente suggests that these
numbers are not exaggerations. When we look for ways to
improve the organization and delivery of care, we often find
that substantial improvements can be made in the underlying
cost performance of the organization. In fact, the premise on
which we compete is that we can drive costs down by im-
proving quality.

There are five major problems with the health care sys-
tem. The first is that most of the scientific and technological
breakthroughs that have occurred since World War II have
not simplified the task of taking care of patients. In fact, they
have made it more complex. Here are some examples:

• As we entered the 1950s, there were about 10 to
12 categories of health care professionals in the United
States. Today, there are more than 220 categories of
health care professionals.

• Right after World War II, there were about six to
eight—depending on how you counted them—special-
ties in medicine. Today, there are more than a hundred.

• In 1970, there were approximately 100 published ran-
domized control trials (RCTs) in the American medi-
cal literature. In 1999 alone, almost 10,000 RCTs were
published. Half of RCTs published in the United States
have appeared in the last five years.

Science and technology have certainly contributed to
growing complexity in medicine—increasing the number
of people involved, increasing the number of categories of
people involved, raising expectations about what can be done
to treat people, and increasing the amount of science and
technology that must be managed. Largely as a result of
advances in science and technology, the medical care system
is far more complex today in terms of the number of institu-
tions and types of health care practitioners than it was
in 1950.

Second, the health care system, or nonsystem, has grown
enormously over the last 50 years but has failed to keep the
patient and the patient’s family at the center of the enter-
prise. It is small wonder that people identify the system as a
nightmare to navigate. It is not a patient-centered system.

How could the complexity of a system be significantly
decreased? First, we could create a highly sophisticated
production-design or manufacturing-design process to
handle the complexity. Then an investment could be made in
an information technology infrastructure. Next, we could
create flow systems to manage the support activities required
to carry out these processes, retain people, and set new stan-
dards of quality.

In medicine, we have done very little of this. Physicians
are still trained on the principle of individual, professional
autonomy, even though, in reality, they do not work in

autonomous situations at all. Production design is a foreign
word. In fact, it is considered almost sacrilegious to talk
about production design in medicine. To many practitioners
medicine is a religion, not a science. Therefore, the tools of
production design have not been applied in the units where
patients get care.

The third issue is that it is extraordinarily difficult to scale
up medical care delivery. There are few examples of inte-
grated care across ambulatory, inpatient, hospice, and home
settings. Only a few systems enable us to capture capital and
reinvest capital in the delivery system infrastructure. With
80 percent of physicians practicing in groups of fewer than
10, medicine remains largely a single interaction between a
patient and a doctor. In reality, although the patient-doctor
interaction remains absolutely essential, the enterprise itself
now involves a much more complex set of interactions.

Except for the Veterans Health Administration, Kaiser
Permanente, which has 10,000 physicians, is the largest
health care delivery system. The next largest may be the
Mayo Clinic. Most others are small, regional players on
the delivery system side. Until there are more scaled-up
enterprises, it will be difficult to collect and reinvest enough
capital to build and support the production capability
essential to the delivery of the science and technology that
innovators are creating for us.

Fourth, our public policy environment is structured to in-
hibit the reshaping of the medical care delivery system. For
example, in Wisconsin there are 27 licensed categories of
health care professionals, each with its own board of prac-
tice. Medicine should be about removing boundaries so that
people can flow seamlessly among a variety of practitioners,
based on what the technology requires and what the patient
needs. Yet regulatory and license-based silos create barriers
between professionals. These barriers must be broken down
to create teams and to deliver integrated care. This can be done,
but only with great effort. The licensing system is designed
to protect the interests of particular professional groups in
medicine, not to further the delivery of integrated care.

On the reimbursement side, the fee-for-service system is
designed to reward individual acts by individual clinicians.
Our current reimbursement system does not support inte-
grated delivery capabilities. Crossing the Quality Chasm
called for experimenting with a variety of reimbursement
approaches to determine which ones would stimulate the cre-
ation of integrated delivery capabilities—prepayment, per-
haps, or capitation or other approaches. The fact remains
that the classic fee-for-service system is a barrier to the
development of collaborative medicine.

The final issue identified in Crossing the Quality Chasm
is that information technology is not being used in the deliv-
ery system the way one would expect for such an informa-
tion-rich industry. It is estimated that less than 2 percent of
total revenues in health care is being invested in information
technology infrastructure. Much more is being invested on the
health insurance side, but investment on the delivery system
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side is much lower than in other industries or in the medical
technologies industry. Finding capital, either by aggregating
organizations to generate capital or by other means, is a major
issue. As the system stands, we cannot make innovations in
health care delivery that match the complexity of the science.
A physician trying to keep up with 10,000 RCTs in a year
cannot practice evidence-based medicine without an informa-
tion technology decision-support system. It is simply beyond
the capacity of the individual to keep up.

Now let’s turn to opportunities for innovation, using the
problem areas as the focal points. The first priority for inno-
vation is to improve the ways patients can connect with the
medical care delivery system. Innovations in monitoring,
diagnosis, and treatment technologies will enable patients to
self-manage, or at least communicate on a regular, ongoing
basis, with the health care system. It makes no sense to con-
tinue to invest heavily in the bricks and mortar of classic
delivery systems when there are other vehicles for taking
care of patients in a far more responsive, patient-centric way.
So giving patients the tools and creating bridges between the
patient and the delivery system is one focus for innovation.

For example, one of the many promising innovations is
the ability to test whether Coumadin is operating at thera-
peutic levels; this can be done by the patient using a hand-
held testing device. A device for testing blood sugar is an-
other. These and many other devices will substantially
improve the connection between the patient and the system
and put more capability in the hands of the patient. These
innovations will also decrease our dependence on brick and
mortar solutions for the delivery system.

The second major area for innovation is translating the
tools used in the manufacturing and production of goods and
services into a language that applies to health care. I would
argue that the delivery of medical care today is the most
complex production challenge on the planet. Think about
what is involved in running a hospital with about 250 beds—
a wide array of diagnoses, a multitude of judgments being
made by teams of professionals interacting with patients, and
all of the support production that makes this happen hour
after hour, 24 hours a day, seven days a week. This is an
extraordinarily complex production challenge.

The third area of innovation involves organizational de-
sign or scaling. It has proven to be extremely difficult to
create sufficient scale systemwide to produce the necessary
capital, systems, and training capabilities. Scaling up has
been done successfully in certain health care settings, for
example, hospitals, nursing homes, laboratories, and phar-
macies, but it has proven to be extremely difficult to create
any kind of organizational scale for building integrated de-
livery capabilities.

Last, innovation could come through interventions at the
national policy level in regulation, reimbursement, and, possi-
bly, the financing of the information technology infrastructure
in medicine. Given the current organization of the health care

system, the financing of the information technology infrastruc-
ture may exceed the capacity of the private marketplace. Per-
haps we will have to create the medical equivalent of the
Superfund for environmental cleanup to build the information
technology infrastructure for the health care delivery system.
This infrastructure involves more than electronic medical
records, which simply capture and move information to sup-
port decision making. A robust infrastructure would incorpo-
rate analytic tools that would enable epidemiological studies
of disease. Without this infrastructure, it is extremely difficult
to test whether or not microproduction units are working well
and whether we are getting anywhere with the larger organi-
zational challenges facing us.

In closing, the message of Crossing the Quality Chasm
should be taken to heart. The mismatch between the pace
and scope of innovation in medical science and technology
and innovation in the delivery system has created a chasm,
which is aggravated by shifting demographics and the shift-
ing of the disease burden from acute to chronic care. The
complexity that both add to the task of taking care of patients
has not been matched by equivalent sophistication in the
delivery system.

REFERENCES
Brennan, T.A., L.L. Leape, N.M. Laird, L. Hebert, A.R. Localio, A.G.

Lawthers, J.P. Newhouse, P.C. Weiler, and H.H. Hiatt. 1991. Incidence
of adverse events and negligence in hospitalized patients. Results of the
Harvard Medical Practice Study I. New England Journal of Medicine
324(3): 370–376.

Bubin, C. 1999. Mistakes happen: improved processes mean fewer mis-
takes. Ambulatory Outreach (Fall): 23–26.

Fischer, G.F., A.P. Munro, and E.B. Goldman. 1997. Adverse events in
primary care identified from a risk-management database. Journal of
Family Practice 45(1): 40–46.

IOM (Institute of Medicine). 2000. To Err Is Human: Building a Safer
Health System, L.T. Kohn, J.M. Corrigan, and M.S. Donaldson, eds.
Washington, D.C.: National Academy Press.

IOM. 2001. Crossing the Quality Chasm: A New Health System for the 21st

Century. Washington, D.C.: National Academy Press.
Leape, L.L., D.M. Berwick, and D.W. Bates. 2002. What practices will

most improve safety?: evidence-based medicine meets patient safety.
Journal of the American Medical Association 288(4): 501–507.

O’Connor, G.T., H.B. Quinton, N.D. Traven, L.I. Ramunno, T.A. Dodds,
T.A. Marciniak, and J.E. Wennberg. 1999. Geographic variation in the
treatment of acute myocardial infarction: the Cooperative Cardiovascu-
lar Project. Journal of the American Medical Association 281(7): 627–
633.

Picker Institute. 2000. Eye on Patients. A Report by the Picker Institute for
the American Hospital Association. Boston, Mass.: Picker Institute.

Starfield, B. 2000. Is U.S. health care really the best in the world? Journal of
the American Medical Association 284(4): 483–485.

Thomas, E.J., D.M. Studdert, H.R. Burstin, E.J. Orav, T. Zeena, E.J. Will-
iams, K.M. Howard, P.C. Weiler, and T.A. Brennan. 2000. Incidence
and types of adverse events and negligent care in Utah and Colorado.
Medical Care 38(3): 261–271.

Weingart, S.N., R.M. Wilson, R.W. Gibberd, and B. Harrison. 2000. Epide-
miology of medical error. British Medical Journal 320(7237): 774–777.

Wennberg, J.E. 1999. Understanding geographic variations in health care
delivery. New England Journal of Medicine 340(1): 52–53.

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


103

Envisioning the Future

Jeff Goldsmith
Health Futures Incorporated

Our health care system is the largest knowledge-based
activity in the world. It is one-third larger than the gross
domestic product (GDP) of China and four times the size of
Africa’s entire economy. The research and development
portion of the health care system alone—this year about
$50 billion between spending by the National Institutes of
Health, venture capital firms, equity markets, and pharma-
ceutical companies—is as big as the GDP of many Latin
American countries. And yet, although we are generating
new knowledge at a staggering pace, we are also stagger-
ingly inefficient in assimilating that knowledge and applying
it to the delivery of health care services. Even though our
health care system is being constantly enriched by new
knowledge, we are still using nineteenth-century architec-
tures and sociological constructs for this information.

UNRAVELING THE GENOME AND EXTENDING
THE HUMAN LIFE SPAN

The business and mission of the health care system will
change with two radical scientific advances. The first is the
unraveling of the human genome. There was a tremendous
wave of expectation that the mere mapping of the genome
would revolutionize medicine and create powerful new tools
for intervening definitively in disease processes. My
nonscientist’s belief is that the results won’t be felt until
we’ve done a couple of generations of really hard work.
Eventually, genetic information will produce powerful tools
for affecting our health, but it is going to take a while.

The second advance is tinkering with the human life span.
At the beginning of the twentieth century, a typical Ameri-
can lived to be 47; by the end of the century, average life
expectancy was about 80. Most of the increase was the result
of eliminating premature causes of death—such as infant
mortality and childhood diseases. In the past, most human
biologists believed that there would never be much more
improvement because the maximum life span of human

beings is hardwired into our genome or into the processes by
which cells reproduce.

In 1998, discoveries in the processes of cell biology led to
the hope that we were close to understanding one of the
mechanisms that limit the viability of our cells and tissues
and, therefore, the life span of our organ systems. Many ger-
ontologists became convinced that if we could understand
the hardwired limits on the capacity of our cells and tissues
to reproduce and begin attacking some of them—declining
hormone levels, oxidation, etc.—we could dramatically ex-
tend the life span of human beings. There is now serious
discussion of people living to be 140 or 150 years old.

The stem cell, the Holy Grail of human biology, is the
subject of an enormous political debate in Washington, be-
cause the principal source of stem cells is discarded embryos
from in vitro fertilization. Buried in the software of a stem
cell is the recipe for each tissue type in your body, as well as
the assembly instructions for the organ systems that those
tissues ultimately form. A lot of people believe that, once we
master the instruction sets buried in the stem cells, we will
be able to create, on demand, tissues from our own cells that
can be used to repair damage to our organ systems from
strokes, spinal cord injuries, and other causes. In combina-
tion with growth factors that our bodies produce naturally to
encourage cells to grow, we will have the power to replace
damaged tissues and, eventually, whole organ systems.

As our understanding of human genetics improves, our
paradigm of vaccination will also change. Right now we
think of a vaccination as something given to children to pro-
tect them against infectious diseases. Soon, however, we will
be vaccinating people against chronic diseases, such as breast
cancer, asthma, and, perhaps, arthritis. We will be able to
vaccinate people any time during the course of the develop-
ment of the disease. Not everyone will be given the same
vaccine, however, because the tools of genetic prediction
will enable us to distinguish between risks of disease for
each individual all the way down to the level of nucleotide
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sequences. Instead of building blockbuster drugs to knock
out diseases in whole populations of people, the pharmaceu-
tical system will produce highly specific, genetically tailored
responses to an individual’s genetic risk. Many of these ad-
vances in genetics will not be the result of “wet work” (i.e.,
laboratory research) but of computer modeling and the
manipulation of massive computer databases using high-
performance computing.

COMPUTERIZED PATIENT RECORDS AND
DECISION-SUPPORT SYSTEMS

The Gartner Group, which studies health care systems, has
envisioned a computerized five-generation patient record:

• Generation 1 is a passive repository of clinical
data based on information gathered manually and
on paper.

• Generation 2 is the repository of clinical data plus an
electronic version of the paper chart. On this level,
passive alerts about drug interactions would be pos-
sible. Crude rules built into Generation 2 systems
would suggest that doctors reconsider decisions if a
deviation from standard practice were observed.

• Generation 3 combines the repository of clinical data,
the electronic version of the paper chart, and orders
entered by the physician. A Generation 3 record would
be able to track patients across inpatient ambulatory
settings and provide a full array of passive care alerts.
If the patient’s status changes, the system would send
the doctor a “do you want to do X?” type of message,
thus providing an undergirding for making clinical
decisions.

• Generation 4 would make the leap from a passive sys-
tem that mimics a record-keeping system to what
might be called “groupware” for clinical decision mak-
ing. Embedded in the system would be care pathways,
work flows, and data on the outcomes of certain
courses of action for a particular patient with a particu-
lar condition. Creating a Generation 4 record will be
very expensive. It will require information based on
thousands of hours of structured discussions by physi-
cians regarding what they do and then review of
emerging scientific literature on clinical effectiveness
and to support clinical decisions. At this level, the
patient’s chart would become a living document that
guides the care process; the system would become a
full partner in the care process.

• Generation 5 would be an “intelligent” system capable
of self-modification that has acquired knowledge of
the context of the patient and of the cognitive style and
work flow requirements of the physician or clinical
team. With a Generation 5 system, physicians would
have complete access to the information they need to

make better decisions. Thus, the system would become
a trusted source of new knowledge that could help phy-
sicians make decisions. The system would create
enough options and possibilities for physicians to con-
tinue learning, thus encouraging the physician’s de-
velopment, as well as improving patient care.

INTERACTIONS BETWEEN PATIENTS AND
THE HEALTH CARE SYSTEM

Changes in the clinical operating system will improve
interactions between doctors and patients, who will not have
to be in the same room, or even in the same time frame.
Enterprise software will provide a patient’s personal health
record with information from the person’s entire clinical his-
tory. Patients and caregivers will have a “dashboard” that
enables them to control their interactions with the rest of the
health care system. Thus, patients will be able to acquire
knowledge not only from their doctors but also from the sys-
tem about managing their own health problems. Once pa-
tients understand that this is possible, they will insist on be-
ing treated in institutions that have these capabilities.

Patients will hire care managers, particularly for the eld-
erly in a household. Care managers will use Web-based tools
to navigate knowledge domains to help make better deci-
sions and get better results. For instance, we will have a
search engine that will enable us to ask the questions we
really want answered. For example, we could ask where the
three most promising clinical trials for drugs that affect lu-
pus are being done and for a link so we can find out about
participating in a trial.

SUMMARY

Advances in medicine in the last 25 or 30 years—tools
from electrical engineering, miniaturization, and less invasive
surgery—have moved our understanding and our interven-
tions closer to the origins of disease. In the nineteenth century,
the health care system was focused on acute care—interven-
ing in the late stages of disease and salvaging people from
life-threatening events. In the twenty-first century, the health
care system will focus on predicting a patient’s risk for dis-
ease based on genetic screening and powerful clinical chemis-
try. The system will not only have therapeutic tools but will
also have tools to change behavior and disease-management
software to modify risk factors and, ideally, eliminate the risk
before it progresses into an illness in the first place.

An array of powerful new tools will make our medical
care system more humane and more responsive to our needs.
But to liberate caregivers and patients from our current cum-
bersome processes that don’t work very well and cost a stag-
gering, even unconscionable, amount of money, we will have
to do a tremendous amount of work to renovate the institu-
tions and cultures of medical care.
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Improving Health and Health Care

Lewis G. Sandy
Robert Wood Johnson Foundation
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Private foundations like the Robert Wood Johnson Foun-
dation are like venture capitalists for ideas. Today, I’m go-
ing to talk about our priorities and strategies for improving
the health care system and health care. I will reflect on the
challenges we face in implementing our agenda, outline stra-
tegic directions, and suggest how engineering and medicine
can be linked.

I want to make three points. First, I believe the major
problem in health care is not a lack of tools, although we
have heard about new tools that could and probably should
be developed. The major problem is the way we use existing
tools. Second, in thinking about using engineering principles,
theory, and knowledge, we must think about health, not just
health care. We must think beyond the health care delivery
system to using technology to actually improve the health of
people. We must think beyond the organization and financ-
ing of our current health care system. Third, bringing engi-
neering and medicine together is not predominantly a tech-
nical problem; it is a cultural problem.

The Robert Wood Johnson Foundation is one of the larg-
est foundations in the country and the largest foundation
devoted to improving health and health care for Americans.
We have about $8 billion in assets and award $400 million
annually in grants. We use a variety of methods to achieve
our goals—such as supporting research projects, demonstra-
tions, training, communications, and workshops. Our work
is organized around three goals: (1) ensuring that all Ameri-
cans have access to care; (2) improving care for people with
chronic health conditions; and (3) helping the country deal
with substance abuse. General improvement is part of our
mission, but the specifics are embodied in our goals. We
encourage the health care system to do the right things. In
some cases, we support innovations. In addition, we pro-
mote the diffusion and adoption of existing best practices.

For example, a program called Improving Chronic Illness
Care run by the Group Health Cooperative of Puget Sound
focuses on improving care for people with chronic illnesses.

Our health care delivery system generally focuses on acute
care; the system is geared toward treating infectious diseases
and acute traumas. There is a mismatch, however, between
that model and the prevalence of disease, predominantly
chronic illnesses that require a different model of care with
different elements.

A chronic care model of health care delivery includes
linkages between the health system and the community, as
well as support for self-care and self-management. A health
care delivery system organized for chronic care must pro-
vide decision-support tools for providers and for patients and
families. It must also have a supporting information infra-
structure; in addition, the health care delivery team must be
redesigned and retrained. The foundation has provided
$32 million to support projects, research, and demonstrations
and provide technical assistance to promote a health care
system configured to treat chronic illnesses.

A program called Smoke Free Families focuses on the
dissemination of best practices. The goal of the program is to
eliminate, or at least reduce, smoking by pregnant women,
one of the most important, modifiable risk factors for prema-
ture births. Everyone recognizes that prenatal smoking is a
problem, but the adoption of proven, effective interventions
has not been successful. We provide instructions for provid-
ers to assess the situation and advise women to quit smoking
during prenatal visits.

We try to implement and evaluate new models of health
care being developed by researchers and idea entrepreneurs.
Once a better technology has been developed and demon-
strated, the difficulty is in getting individuals to use it. It is
even more difficult to create an incentive structure that en-
courages the entire delivery system to adopt and diffuse in-
novations. We have tried to increase consumer demand for
higher quality care and have worked through vehicles, such
as a purchaser institute that brings together public and pri-
vate purchasers. We know that consumer demand can change
systems of care. Consider the changes in obstetrical care,
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which has changed from a technological, sterile practice to a
more humane, patient-centered, caring, warm experience
through birthing centers. These changes are the result of con-
sumer demand for changes in care.

Not enough attention has been paid to improving overall
health care. The health care system needs a “Toyota,” some-
one who can do for health care what Toyota did for the auto
industry—engineer the product in a fundamentally different
way. No health care delivery system yet has been demon-
strated to be better in all respects—in technical quality, in-
terpersonal quality, and so on.

The foundation is providing support to the Institute for
Health Care Improvement to develop a demonstration pro-
gram that would lead to a transformational change in health
care. The project, called Pursuing Perfection, is focused on
analyzing barriers to improving health care. We want to
shake up the current system to show that things can be done
in a fundamentally different way. We provide grants and
technical assistance for the program, and we are creating a
learning network and undertaking a communications cam-
paign. Currently, we are visiting 26 sites to choose awardees
for 12 planning grants, some on errors in medication, some
on access to care and patient flow, and some on nursing,
staffing, and human resource management.

The program has generated a great deal of interest, indi-
cating that there is a pent-up demand among providers for a
transformational change in health care. In a recent survey,
we found that about 30 percent of physicians think improv-
ing care is an important problem and that they personally
could affect change (IHI, 2001).

Very little production-process thinking is being used in
health care. Even those working on improving quality of care
are not using applicable engineering tools. We need to open
a bridge between medicine and engineering. People in the
engineering community know which tools would be helpful
for analyzing problems and effecting improvements.

One of the differences between engineering and medicine
is that engineers believe in the theoretical possibility of per-
fection; doctors do not. Even in highly reliable organiza-
tions, adverse events happen all the time. We know from the
genome project that human beings are riddled with genetic
errors. Doctors understand illness and medical care as part
of the human condition and the human tragedy.

But we can make changes through process improvement.
Medicine is an ancient story about heroes and tragedies that
has only been a high-technology scientific enterprise for the

past 50 to 75 years. For the first 3,000 or 4,000 years of the
history of medicine, it was considered a calling, a profession
that dealt with the inexplicable tragedy of the human condi-
tion. This long history is built into the socialization of physi-
cians in a fundamental way.

To bridge the culture gap, engineers who work in health
care delivery or operations improvement will need cultural
training in some aspects of health care. A good resource is
On Doctoring by Reynolds and Stone (1991), which is given
to all entering medical students by our foundation to social-
ize them into the practice and culture of medicine.

Physicians also need to be educated in what I call the
“engineering culture.” Some efforts are being made to train
physicians in principles of operations and improvement.
However, we need to develop a language and concepts for
health care practitioners interested in this field. We also need
a research agenda, such as the one being developed for medi-
cal errors and patient safety. Another critical area for re-
search is human factors engineering. The burden of malprac-
tice suits and litigation can hardly be overestimated, and we
need to create safe harbors for reporting on adverse events or
near misses. We must also develop a national agenda for
improvement.

We must consider health care at the macrosystem level,
that is, the health of the population, and not just the health
care system. The Web and other technologies can be used to
provide consumers with information on healthy living and
to promote behavioral change. The major modifiable deter-
minants of health are in the environment in which people
live, choices in individual behavior. Think about how we
can use technology and engineering principles to influence
those choices. In addition, we should be thinking about
designing communities that encourage people to walk or
otherwise stay physically active because we know that even
minimal exercise can have a huge health impact. We can
promote behavioral change strategies to help improve
people’s diets and help them deal with stress. New organiza-
tions and new functions outside the traditional health care
delivery system can improve people’s lives.
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Engineering and the Health Care System

Richard J. Coffey
University of Michigan Health System

I’ve spent almost 40 years in health care, including
10 years in consulting, which has given me the opportunity
to see many different institutions.  Today, I will lay out a
general format for the issues facing our institution and other
institutions across the country.

We can divide health care systems into different levels.
Table 1 shows a model with five levels.  At the individual
patient level (Level 1), the treatment of the patient, we en-
counter the issue of autonomy.  Physicians are trained from
the very beginning to work autonomously, to make autono-
mous decisions.  When we try to standardize care, some phy-
sicians may feel their autonomy is being challenged.  This
has made it difficult to standardize equipment, supplies, and
pharmaceuticals.  Leaders of industrial organizations, for
example, often have trouble understanding that health care
leaders cannot just order physicians to do something.  Aca-
demic institutions that have tenured physicians may have the

most difficulty resolving this issue.  To compound the prob-
lem, institutions tend to recruit interns, residents, and physi-
cians with the same attitude toward autonomy.  Mayo Clinic
tends to recruit people whose cultural orientation is similar
to the prevailing orientation at Mayo.  Academic institutions
tend to recruit strong researchers who are used to having
academic autonomy.

The second level is the department/unit level, such as
operating rooms and cancer programs.  The third level is the
individual hospital.  The fourth level, multihospital/
multiorganizational systems, try to coordinate operations
among multiple sites, multiple kinds of functions, and so
forth.  These systems have developed largely in the last few
years.  A few years ago, my colleagues and I wrote a book on
a fifth level, virtually integrated health systems, collabora-
tions among multiple organizations to improve health
(Coffey et al., 1997).

TABLE 1 A Five-Level Model of a Health Care System

Level Explanation Examples

Patient Treatment of individual patient • Clinical practice
• Surgical practice

Department/unit Specific systems within a program, unit, • Operating rooms
or department • Cancer program

Hospital Interacting systems within a hospital • Multiple departments
• Multiple settings

Multi-institutional/ Interacting systems among institutions • Multiple sites
multiorganizational • Multiple hospitals
systems • Multiple functions

Virtually integrated health Medical care in the larger context of a • Integrations among all systems affecting
system community and environment health and health care

xxx

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


108 BUILDING A BETTER DELIVERY SYSTEM

To begin with, we should correct a common mistake.
Most of the current U.S. health care system is not focused on
health.  The current system is primarily a medical care sys-
tem focused on diseases and illnesses.  Primarily, we treat
people who are already sick.  Some organizations, such as
health maintenance organizations, are focusing more on
prevention and health; but in large part, the system deals
with medicine, rather than health.

Table 2 describes the concept of a six-dimensional, virtu-
ally integrated health system.  The first dimension, social
and environmental conditions, includes crime violence, the
community situation, the family situation, and many other
factors that have a much stronger effect on health than much
of what we do.  A health care system that ignores the envi-
ronmental dimension has a very narrow focus.

The second dimension, health-related human conditions,
is familiar to many.  A classification system is necessary so
we can standardize or categorize diseases and treatments
(e.g., diagnosis-related groups).  The third dimension, foci,
describes types of activity.  The majority of work done by
health care organizations currently involves diagnosis and
treatment, but very little protection.  Occupational Safety
and Health Administration standards, Joint Commission on
Accreditation of Healthcare Organizations (JCAHO), and
other organizations address protection more directly than the
traditional health care system.

Settings is the fourth dimension.  Most of our work right
now is done in ambulatory and inpatient settings, facilities to
which patients come.  An example of health care in the com-
munity setting is a cooperative program by the University of
Michigan Health System (UMHS) and St. Joseph Mercy
Health System, in Ann Arbor, Michigan.  The purpose of the
program is to discourage smoking by eighth graders and to
raise their health awareness.

Core/key processes, the fifth dimension, categorizes ma-
jor processes, such as leadership, planning, and human re-
sources.  These categories are very similar to those used by
JCAHO and other organizations.  The final dimension cat-
egorizes resources.

As an example of how these levels apply, consider the
taxonomy we use to address heart disease.  What are we
doing environmentally to affect heart disease?  How do
we categorize heart disease?  What functions are we and/or
others providing?  Are we focusing on treatment?  The methods
of treatment for heart disease are changing radically—espe-
cially surgery versus the new drug-eluting stents, which
could threaten the role of cardiac surgeons.  Recently,
radiologists have been testing whether CT scanners can
diagnose heart disease as well as or better than cardiac
catheterization.  Because CT scans are noninvasive, this
research has many potential implications for the way we
coordinate and provide care.  These changes will affect who
provides care, where the money goes, and who controls it;
there are substantial dollar differences between medical and

surgical admissions.  The settings may also change.  As we
consider engineering applications, we must remain mindful
that the health care system is much broader than just work in
a hospital.  Most of you know there has been a sharp drop
in the length of hospital stays in the last decade.  Much of
that change has been possible because some care is now
provided in other settings.  Most large health care organiza-
tions have home-care services.  Today, even if you are on IV
therapy, you may not have to be in a hospital.  Many patients
can be treated in a less costly environment than a hospital.

Dr. James L. Reinertsen contrasts the ideas of “high sci-
ence” and “low science” (Reinertsen, 2003).  High science
asks if population A is different from population B (you try
to control for all other variables).  High science studies in-
volve comparative research or clinical trials that generate
“descriptive statistics.”  Low science asks how a process will
work the next time a patient experiences it, which involves
many complex variables.  Methods used to answer this ques-
tion include quality improvement, run and control charts,
and modeling.  Low science generates “analytic statistics.”
Most academic medical and engineering publications do not
publish “low science” research.

Academic physicians survive not by the quality of patient
care, but by whether or not they get tenure.  And tenure is
based not on the number of patients seen, but on research
and publications.  Young professors in engineering colleges
are judged in similar fashion.  If “low science” is considered
substandard, not academically acceptable, young academi-
cians are discouraged from pursuing this type of work in
health care.  When W. Edwards Deming split from the rest
of the statisticians, most academic statisticians advocated
theoretical “high science.”  Deming advocated using statis-
tics to predict system performance.  I think we should sup-
port research in predictive science, and what Reinertsen calls
“low science.”  If we don’t, we will be turning our backs on
enormous opportunities to improve systems, health care,
and health.

Figure 1 illustrates an example of interacting systems in a
hospital.  This is not intended to be a flow chart, but it shows
some of the interactive processes involved in the care of a
patient.  Patients come into a clinic or emergency depart-
ment and may move from there to another area—to the oper-
ating room, post-anesthesia care unit, intensive care unit,
acute care bed, home care, etc.  Physician services and con-
sults are also going on, as well as diagnostic tests.  Improved
engineering could benefit every one of these processes.
There are large variations among patients, which we also
need to address.  But, most important, we must address the
large variations in the way we care for patients.  Engineering
models could help us address these system variations and
minimize their impacts.  To reduce health costs, most health
care institutions are improving their use of resources,
including staff, equipment, and facilities.  If systems are not
efficient and coordinated, this leads to major bottlenecks,
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poor care, delays, lost business, more pain, and so on.  This
is an illustration of the tremendous opportunities for
engineering.

Figure 2 illustrates a breakthrough matrix (Gaucher and
Coffey, 2000).  Engineering can make major contributions
in terms of designing products and processes.  We can
improve models of customer requirements, interests, and
perceptions.

Many kinds of engineering applications (e.g., queuing,
operations research, and human factors research) can be ap-
plied at all five levels of health care systems (i.e., patient,
department, hospital, multi-institutional systems, and virtu-
ally integrated health systems).  Consider scheduling sys-
tems, for example.  We have good scheduling systems for
individual departments and services, like operating rooms.
Where we have failed, as was pointed out in the Institute of
Medicine reports, is in “handoffs,” the movement of patients
from one area of the system to another (IOM, 2000, 2001).
At UMHS, for example, we have a good operating room
scheduling system, but it isn’t linked to staffing of the nurs-
ing units or the admitting system.  Therefore, we have dis-
crepancies in our schedules.  The same is true to some de-
gree in virtually all health care organizations.

Another example of a scheduling problem is the result of
our aging population.  People often show up in emergency
rooms at night with cardiac and other serious problems.
These visits lead to increased medical admissions, which
often delay the operating room cases the next day and cause
huge turmoil in the organization.  I believe one of the great-
est opportunities for engineering is to improve the coordina-
tion of systems throughout a hospital or among multiple in-
stitutions.

At the patient system level (Level 1 in Table 1), changes
should be planned and implemented in collaboration with
physicians, nurses, and other caregivers.  Engineers don’t
deliver care, but they help analyze and model changes, such
as comparing the cost effectiveness of different medications.
Today, every insurance company and every hospital is doing
cost-effectiveness comparisons, but these efforts are not co-
ordinated in any way.

Another frustrating thing is that we do not have a bar
coding system throughout the health care industry.  Each

manufacturer has its own bar code system.  Standardized bar
codes could improve the quality of care, staffing, speed, and
operational effectiveness.  Also, we could model and opti-
mize care protocols using decision algorithms and critical
pathways.  Many protocols have been developed, but few of
them are used.  I believe this is because individual physi-
cians retain their autonomy rather than deferring to the col-
lective autonomy of a group of physicians to design best-
practice protocols.  In UMHS, for example, we have a
notebook full of critical pathways, but we frequently do not
use those protocols.

Don B. Chaffin, professor of industrial and operations
engineering at the University of Michigan, is working to
improve the handling of patients to reduce back injuries
to staff (Chaffin et al., 1999).  Although the injury rate for
employees in the health care industry is higher than in the
construction industry, as an industry, we are not even taking
care of our own employees.  So there are many opportunities
for engineering applications.

At the department level (Level 2 in Table 1), engineering
methods (e.g., scheduling systems, inventory control, and
staffing models) could improve the quality of care and cost
effectiveness.  As most of you know, we do not have labor
standards in health care.  In fact, very few health care man-
agers understand what labor standards are—engineered stan-
dards that define a job, measure time, pace-rate the person
doing the job, etc.  Hospitals don’t even have well defined
jobs; every nurse does the job differently.  Most hospitals
don’t even have labor standards for nonprofessional staff,
such as housekeepers.  At U of M, an industrial and opera-
tions engineering student group is working on standards for
environmental services, establishing a standard for how long
it takes to clean a patient room, for example.  There is a
tremendous opportunity for engineering here, which could
also provide fantastic opportunities for engineering students.
Every term, 40 to 45 students undertake projects and engi-
neering studies in UMHS.  But senior people must oversee
the students to make sure they understand cross-departmental,
interactive issues.

At the hospital system level (Level 3 in Table 1), a great
deal of attention has been given to information technology.
Linking scheduling systems among departments or elements
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FIGURE 1  Sample of interacting hospital system components.
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offers a great opportunity for engineering applications.
Computerized physician order entry systems are being
strongly promoted by many organizations, including large
employer organizations (e.g., the Leapfrog Group), and there
are a few really good systems.  For example, Intermountain
Health has an excellent system that’s been in development
for about 30 years.  But hospital-wide information systems
don’t come about quickly, and they are very expensive.  At
UMHS, we have spent about $30 to $50 million dollars over
the last 10 years, and we still don’t have an order entry sys-
tem.  We do have an excellent result reporting system, called
CareWeb, that includes test results, operating room reports,
discharge summaries, clinic notes, and other things—all
available at any computer terminal in our system.  Now we
are spending millions to develop a physician order entry sys-
tem with built-in logic checks for laboratory results, phar-
maceuticals, and other factors.  As an industry, we have poor
hospital-wide information systems.

The multi-institutional system level (Level 4 in Table 1)
addresses issues related to multiple facilities or organiza-
tions in a single health care system.  For example, how are
home-care services linked with hospital discharge planning,
and how are both of them linked with ambulatory care clin-
ics?  Lack of coordination among departments and organiza-
tional units is often a serious problem.

At the virtually integrated health system level (Level 5 in
Table 1), the engineering opportunity is to develop processes
to enable physicians, hospitals, public health departments,
employers, schools, houses of worship, and other organiza-
tions to work collaboratively to improve health.  I think there
are tremendous opportunities here for engineering applications,

but I’m not sure where the political support, leadership,
resources, and financial support will come from.  Schools,
houses of worship, YMCAs, and other organizations may
have more effect on changes in behavior than most physi-
cians.  Yet few health care systems include schools and other
organizations in the foci dimension (see Table 2).  Even
UMHS, a leader in health planning and delivery, has barely
scratched the surface of becoming a virtually integrated
health system.

Right now, the health care system in the United States is
characterized by fighting over resources and a lack of coor-
dination.  Employers, employees, insurance companies, hos-
pitals, doctors, and other stakeholders are fighting with each
other rather than trying to coordinate care to improve health.
I think each group is so protective of its autonomy that we
are not thinking about the broader good for everyone.

In summary, the United States has an aging population,
rapidly developing technologies and medical care capabili-
ties, and increasing expectations for care, which are driving
our health care costs out of control.  Every organization and
individual is impacted by these changes.  Small employers
are perilously close to not being able to afford insurance for
their employees.  Health care insurance premiums for small
employers have been rising by double digits for the past three
to five years.

In my opinion, the recognition that we need engineering
assistance is greater now than it has been at any time in the
past 40 years.  At UMHS, the dean of the medical school,
many faculty members, and many hospital administrators
now recognize that we need models of how UMHS works
and engineering tools to help us manage it better.  The ques-
tion is whether, in an environment of very scarce resources,
health care leaders are willing to pay for engineering to im-
prove the health care system.  In general the answer is no, at
least so far.  Engineering professionals must demonstrate the
cost effectiveness of their services, because engineering
models and solutions at all five levels of health care systems
are vitally important.
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Even though as an industry the U.S. health care system
spends more than $2 trillion every year, a number of barriers
at the organizational level have impeded the performance
improvements we are all seeking. Certainly, one should not
assume that the leaders who run this industry are incompe-
tent; they invest in whatever is in the best interests of their
particular institutions. Because of the environment, the pay-
ment systems, and the way things are structured, health care
leaders have not invested in engineering approaches that
could have a positive impact on quality and productivity.

The Henry Ford Health System is a very large integrated
health care system with three major components: hospitals, a
medical group, and a health plan with 600,000 enrollees.
The system has $2.6 billion dollars in annual revenue, six
hospitals, and a medical group with 900 physicians and
16,000 employees in the metropolitan Detroit area.

Changing practices in an environment like Henry Ford or
the Mayo Clinic or Kaiser Permanente, where the medical
staffs are highly motivated, well paid, and academically ori-
ented, is not the same as changing practices in a community
hospital system, where physicians come for part of their time
and are independent business people. In a community hospi-
tal environment, it can be extremely difficult to change clini-
cal practice. It can be all but impossible to get six orthopedic
surgeons to standardize the use of supplies (e.g., to agree on
which implant they will use). If they are pressured, they can
walk out and go to the hospital across the street. So far, most
of the work on quality improvement and engineering solu-
tions is being done in a few leading-edge organizations.

Anyone who thinks the problems of the world can be
solved by rational discussion among highly educated people
has never attended a faculty meeting. The problem is not
intelligence, but self-interest. Every organization that tries
to introduce change faces cultural issues that work against
the implementation of new solutions. For instance, the Insti-
tute for Healthcare Improvement has learned that current best
practices are not even implemented consistently by single

institutions, much less by institutions around the country
(Sahney, 2003). An institution may implement best practices
in its prostate cancer unit, but other groups in the same institu-
tion may completely ignore those practices. Problems occur
both within institutions and among multiple institutions.

There are four major barriers to improving quality. The
first barrier is a lack of metrics for comparison. What do we
mean by improving a system’s performance? Often, large
numbers of patients select one delivery system over another
based on their specific needs. For instance, if a patient is
getting diabetic care in one system and prostate care in an-
other, comparing quality of health care and productivity be-
comes a difficult issue. It may be possible to determine that,
at a microlevel, a system has improved care for a particular
disease. But at a macrolevel, comparison is nearly impos-
sible. It is very hard to evaluate whether any innovations
make a difference in cost or productivity.

In the United States, the problem is further complicated
because the acute-care sector is highly organized, but the
chronic-care system is very disorganized, with large num-
bers of independent physicians providing care. Another as-
pect of the metrics problem is the indigent-care sector. Fifty
percent of the population within a 10-mile radius of Henry
Ford Hospital is either underinsured (Medicaid) or unin-
sured. The hospital must treat all of these patients for free,
which puts an enormous burden on the hospital’s services.
Before solutions can be proposed for improving organiza-
tion, it is essential that we agree on the metrics to be used for
comparison. As an example of the confusion surrounding
rating systems, the ratings issued by U.S. News and World
Report, AARP, and Solucient are all based on different crite-
ria; as a result, each has rated a different institution as the
best in providing care.

The second barrier is a lack of alignment in the reim-
bursement system. In general, under the fee-for-service sys-
tem, institutions are paid for procedures and visits but not for
improvements in health status. The Advisory Board, a health
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care industry organization in Washington, D.C., subscribed
to by almost all of the major institutions in this country, re-
cently recommended that institutions that want to be suc-
cessful should focus not on caring for medical patients, but
on procedural care (The Advisory Board Company, 2001).
In other words, if an institution wants to maximize revenue
and profitability, it should keep all of the procedural-based
patients and send all of the medical-care patients to the hos-
pital across the street. Here’s another problem (or misalign-
ment) in the current system. The reimbursement rate is higher
when patients develop complications; this is obviously a
perverse incentive. Instead of paying for quality care, the
current system pays more generously if patients develop
complications.

The third barrier is industry structure. Innovations are
made by large hospitals and academic centers, which ac-
count for only about 25 percent of total expenditures in health
care. A large proportion of care is provided by small com-
munity hospitals. For health care to improve nationally, in-
novations must be implemented in community hospitals.
Therefore, improvement protocols should also be tested in
these institutions.

A fourth barrier to improvement is that many people, in-
cluding physicians, think quality health care is synonymous
with the use of the latest technology. It is important to under-
stand that there can be enormous gaps between quality of
design and quality of conformance. Take an example from
the automotive industry. Ford Motor Company spent mil-
lions to develop the Jaguar Lemans racing car, a vehicle that
will only be used in races. Ford justified the expenditure by
claiming the technology developed would also be used in the
manufacture of new cars for consumers (e.g., the Ford
Focus). But when the Focus was introduced, it was a mess. It
was recalled six times in its first year. The engine compart-
ment would catch on fire, the air bag would catch on fire or
deploy spontaneously, the car would stall on the freeway,
the front suspension would collapse. Otherwise, it was a
good car.

In The Machine That Changed the World, the Toyota pro-
duction system, which is considered the world’s best
production system, was described in detail (Womack et al.,
1990). But when other companies tried to copy that system,
they found that they could not convert their production
systems without developing the accompanying organizational
culture. This is a problem in health care too. American sur-
geons can do wonderful things; but can they do them every
time, consistently? Can quality care be delivered every time?
This is a quality-of-conformance issue and not a quality-of-
design issue. Making sure every patient gets the same quality
of care every time is a serious issue. There are huge gaps here,
major problems of conformance in the health care industry.

Across the country, a huge number of projects have been
undertaken to improve the experience of patients at the care-
delivery level (the microlevel). But at the macrolevel, little

has been done to create an organizational environment that
will make an overall impact and enable the transfer of knowl-
edge from one microproject to another. In addition, as I men-
tioned earlier, the current payment system may not generate
the will for senior leaders to improve quality. It’s not that we
can’t improve or that we lack ideas—there are plenty of
ideas. It’s just that we don’t have the will to work on
improvements.

What would generate the will? If there were enough pay-
ment incentives, senior leaders would pay attention to what
needs to be done. When clinical service chiefs at major insti-
tutions were asked how their senior leaders evaluate them,
they all said by financial performance. They said they were
never asked about the quality of health care they provide. In
the prevailing culture, these questions are simply not asked.
The will for improvement is not there.

To change this environment, the first thing we must
change is the goals for health care delivery; the goals must
be in alignment with population health status goals. To be-
gin with, health care systems must define the populations
they serve. If a health care system cannot define the popula-
tion for which it is responsible, it is extremely difficult to set
goals for improving people’s health status. If no goals are
set, the system cannot be held accountable for failing to
meet them.

Next, we should create macro-organizational models to
test alternative reimbursement policies for delivery systems.
Models that demonstrate the “cost of poor quality” must also
be created. A major barrier to investments in quality im-
provement is the belief on the part of physicians and senior
leaders that the investments do not pay back. Models could
prove that investing in improvements would actually gener-
ate a reasonable rate of return.

Another important step would be to create organizational
decision simulators—practical operational tools that would
show nurses what to do, if, for instance, the OR or ER is
backed up.

And finally, it is important to improve employee and team
skills for evidence-based care. It is very difficult to give staff
time for training, but it is also important that institutions
keep on training care teams. New, cost-effective methods of
training must be developed.

In conclusion, major improvements in the health care in-
dustry will require not only engineering solutions, but also
cultural changes in health care delivery organizations.
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The idea behind evidence-based health care is the transfer
of research results into practice. This means creating opera-
tional tools, procedures, and preappraisals of published re-
sults to enable practitioners to apply evidence to practice
with confidence. But no matter how well we manage evi-
dence or how compelling the evidence is, it has to fit into a
framework; it is only one part of the decision process. Ma-
chines are not going to control medical care because the evi-
dence has to fit the clinical circumstances of an individual.
Best evidence must complement decision making, which
must take into account a number of issues, including how
severely a disease affects an individual, other diseases com-
peting for the individual’s body space, allergies, financial
constraints, and so on. Evidence-enhanced health care is
perhaps a better term than evidence-based health care. We
are not trying to replace the medical care process. We are
trying to improve it by providing better access to evidence
from research.

What are the barriers to the implementation and accep-
tance of evidence-based health care? First, our current stan-
dards for research claims are very loose, and false messages
abound—messages such as “this will help you,” “this will be
better for you,” and so on. These messages come from many
sources, and their validity has not always been tested.

Although our resources for synthesizing evidence are gen-
erally inadequate, there is one worldwide organization, the
Cochrane Collaboration (2002),1  that attempts to synthesize
evidence from research. Because no single study can tell us
very much about the value of an innovation, we need the

Evidence-Based Medicine
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results of several investigations to get a clear picture of an
innovation’s effectiveness. Therefore, we should invest in
synthesis processes to ensure that there is a hard-wired link
between evidence and the final picture.

Support for practitioners and patients is also inadequate,
which makes it difficult to provide the best evidence when
and where it is needed. Consequently, procedures are some-
times done on the very patients who benefit least and are not
done on the patients who would benefit most. How can we
address the gap between research and practice? First and
foremost, the evidence must be clearly understood and as-
sessed so we can develop clinical policies based on the
strengths and limitations of the evidence and the settings in
which that evidence is going to be applied.

The extraction and synthesis of evidence is one aspect of
the process at which we have been successful. Core medical
journals put a massive number of published articles through
a double filter: (1) the scientific validity of the research;
(2) the contribution of the research to practice. An article
that meets both criteria may appear in one of the core journals
of internal medicine (e.g., New England Journal of Medi-
cine, Annals of Internal Medicine, Journal of the American
Medical Association, etc.). If one concentrates on these core
journals, the number of published articles to be read is some-
what reduced. Nevertheless, a practitioner trying to keep up
to date by reading the medical literature hasn’t got a chance.

We can now make this mass of information much more
tractable by centralizing the evidence-sorting process. The
Evidence-Based Medicine Review (EBMR) Service on
OVID, for example, provides integrated access to original
and reviewed research evidence. Let’s say you find a clinical
trial on Medline through EBMR and it has been included in
a systematic review by the Cochrane Collaboration. You will
then be routed right to that review so you can see all of the
other studies on the same topic and how they play out when
you put them together.

The next step is to develop clinical policies based on

1The Cochrane Collaboration’s mission is “preparing, maintaining and
promoting the accessibility of systematic reviews of the effects of healthcare
interventions.” The collaboration and the online library of databases were
developed in response to the call of a British epidemiologist, Archie
Cochrane, that information on relevant, randomized, controlled trials be
made more widely available.
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evidence. This is not simply a matter of taking the evidence
as it stands and applying it. Practitioners must first deter-
mine how the evidence applies in their own settings. At a
few institutions individual practice groups regularly sit down
to evaluate evidence systematically, but this is still rare. The
Hong Kong Hospital Authority runs about 65 hospitals in
the Hong Kong region. Doctors from these hospitals who
treat stroke, cancer, and heart disease get together regularly
to examine the evidence. They then put together medical
bulletins on evidence-based approaches to controversial ar-
eas of clinical practice, titled Evidence, which they circulate
in print form and post on their institution’s website (avail-
able online at: <http://www.ha.org.hk/hesd/nsapi/>).

Now I’d like to comment on the status of continuing pro-
fessional development. Doctors, and I think most other
health professionals, prefer, and are most often offered, con-
tinuing professional development in ways that are not very
effective—lectures, for example. More effective methods,
such as preceptorships, for example, in which a practicing
physician returns to an educational institution for a period of
supervised training, are expensive and time consuming. In
the future, practitioners will have to spend more time using
hands-on models. The system will also need ongoing perfor-
mance reports as feedback so a practitioner’s performance
can be compared with the performance of his or her col-
leagues or against quality standards. Many practitioners are
resistant to ongoing training, however, because they are re-
luctant to have anyone oversee their work. In addition, they
do not want to spend unpaid time away from their practices,
let alone pay for continuing education.

I’ll leave you with my wish list:

• Scientists should be looking for treatments that cure.
Unfortunately, the people who make money on ill-
nesses will not fund the search for cures, so we must
find different financing mechanisms.

• We must develop centralized evidence processing.
Despite the volume of research, we can have one cen-
tral, high-quality, evidence-processing source that ex-
amines all of the evidence and evaluates it in terms of
certain quality criteria. The next step would be to de-
termine which evidence is relevant to particular prac-
tice groups and deliver it to them.

• We must refine computerized decision-support sys-
tems and information services. We need a valid code
that alerts us to the quality and currency of evidence
on the Internet.

• We must develop information-retrieval systems that
are both sensitive and precise.

• We must apply human-factors engineering to reduce
errors.

• We must develop decision-support systems that inte-
grate clinical data with current, evidence-based, best-
practice information and that provide information on
when and why it may be appropriate to deviate from
best practices.

• We must develop learning systems for busy practitioners
that provide them (and the system) with feedback on
their performance.
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In the words of psychologist John Lauber, a former mem-
ber of the National Transportation Safety Board, “Human
performance doesn’t take place in a vacuum, it takes place in
an environment engendered and maintained by management,
government, and frontline personnel” (Lauber, 1995). Tak-
ing the context into consideration is critical for understand-
ing the complexities of human performance. As climate re-
searchers in quality of care, our task is to identify (with
methodological rigor) the systems and cultural influences
that affect the safe delivery of care.

In the wake of recent reports from the Institute of Medi-
cine and National Health Service, interest in patient safety
research has grown substantially (IOM, 1999; Department
of Health, 2000). Experience in other safety-critical indus-
tries suggests that measuring attitudes toward teamwork and
the overall context of work is an important step in improving
safety (Maurino et al., 1995; Reason, 1997). In health care,
quality of care must also be investigated within the frame-
work of the systems and contextual factors that provide the
environments in which errors and adverse events occur
(Cook and Woods, 1994; Leape, 1994; Reason, 1995;
Vincent et al., 1998). For example, Charles Vincent and his
colleagues identify several factors that influence clinical
practice: organizational factors (e.g., safety climate and mo-
rale), work environment factors (e.g., staffing levels and mana-
gerial support), team factors (e.g., teamwork and supervision),
and staff factors (e.g., overconfidence and being overly self-
assured) (Vincent et al., 1998). These factors are believed to
influence the safe delivery of care, but to date, the attitudes of
caregivers about these key factors remain largely unexplored
(Pronovost et al., 2001; Vella et al., 2000).

Influential organizations in health care agree that
caregivers’ attitudes about these issues should be examined.
Research agencies (Agency for Healthcare Research and
Quality, National Patient Safety Foundation, and National
Patient Safety Agency), regulators (Joint Commission on
Accreditation of Healthcare Organizations [JCAHO]), health

maintenance organizations (e.g., Kaiser Permanente),
professional organizations (e.g., American Hospital Asso-
ciation), and quality improvement experts (e.g., Institute for
Healthcare Improvement) are encouraging the measurement
of caregiver attitudes about the context of work. Despite this
interest, there is no commonly used metric to measure these
attitudes. The lack of a common metric led our research team
at the University of Texas Center of Excellence for Patient
Safety Research and Practice to develop and validate a tool
that can be used across different types of clinical areas,
different types of health care providers, and in different
national cultures.

THE SAFETY ATTITUDES QUESTIONNAIRE

The Safety Attitudes Questionnaire (SAQ) is a refinement
of the Intensive Care Unit Management Attitudes Question-
naire (Sexton et al., 2000; Thomas et al., 2003), which was
derived from a questionnaire widely used in commercial
aviation, the Flight Management Attitudes Questionnaire
(FMAQ) (Helmreich et al., 1993; Merritt, 1996). The SAQ
differs from other medical attitudinal surveys (Shortell et al.,
1991) in that it maintains continuity with its predecessor
(FMAQ), a traditional human factors survey with a 20-year
history (Gregorich et al., 1990; Helmreich, 1984). Preserv-
ing this continuity allows for comparisons between profes-
sions and assists with the search for universal human factors
issues. There is a 25 percent overlap in item content between
the SAQ and the FMAQ. The new (non-overlapping) SAQ
items were generated by focus groups of health care provid-
ers, literature review, and roundtable discussions with sub-
ject matter experts. More than 100 items were initially gen-
erated, but the number was reduced through pilot testing.
The SAQ has been adapted for use in intensive care units
(ICUs), operating rooms (ORs), general inpatient settings
(medical wards, surgical wards), ambulatory clinics, phar-
macies, and labor and delivery units. All versions of the SAQ
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have the same item content, with minor modifications to re-
flect the clinical area. For example, “In this ICU, it is diffi-
cult to discuss mistakes” would be changed to “In the ORs
here, it is difficult to discuss mistakes.”

The SAQ elicits caregiver attitudes through six-factor
analytically derived scales: teamwork climate; job satisfac-
tion; perceptions of management; safety climate; working
conditions; and stress recognition. These six scales are based
on prior research in the aviation industry and in medicine
(Helmreich and Merritt, 1998; Sexton, 2002; Sexton and
Klinect, 2001; Sexton et al., 2000; Thomas et al., 2003). The
SAQ is a single-page (double-sided) questionnaire with
60 items and demographics information (age, sex, experi-
ence, and nationality). The questionnaire takes approxi-
mately 10 to 15 minutes to complete. Each of the 60 items is
answered using a five-point Likert scale (Disagree Strongly,
Disagree Slightly, Neutral, Agree Slightly, Agree Strongly).

To date, we have administered the survey in more than
300 organizations in the United States, the United Kingdom,
and New Zealand. Our rule of thumb is that all personnel in
a clinical area who influence, or are influenced by, the work-
ing environment in that area are invited to participate (e.g.,
attending/staff physicians, resident physicians, registered
nurses, charge nurses, pharmacists, respiratory therapists,
technicians, ward clerks, and others). Participation is volun-
tary, and administration techniques included hand delivery,
meetings, and in-house mailings.

The SAQ is a psychometrically valid instrument for as-
sessing the safety-related attitudes and perceptions of front-
line health care providers. The SAQ factor structure was rep-
licated in ICUs, ORs, ambulatory clinics, and inpatient
settings, as well as three national cultures.

The SAQ results reported here demonstrate the substan-
tial variability in teamwork climate and safety climate across
50 organizations (Figures 1 and 2). Each bar represents the
percentage of respondents who reported positive attitudes in
each of 50 organizations.

In Figure 1, the right side of the distribution corresponds
to organizations with a positive teamwork climate. These
organizations are information rich, have good collaboration,
effective conflict resolution, and decision making based on
input from the team. The left side represents organizations
with a negative teamwork climate. These organizations are
information poor; the quality of collaboration is abysmal;
nurses do not feel comfortable speaking up if they perceive a
problem with patient care; conflicts often go unresolved; and
decision making does not integrate input from the team. Or-
ganizations on the left have problems with turnover and ab-
senteeism, whereas organizations on the right enjoy high lev-
els of retention, good participation, and better working
conditions.

In Figure 2, the right side of the distribution shows orga-
nizations with a positive safety climate. These organizations
have a proactive, rather than reactive, patient-safety posture.
Individuals are encouraged to report safety concerns;

medical errors are handled appropriately; rules and guide-
lines are followed; and it is easy to learn from the mistakes
of others.

It is noteworthy that the answers of senior leadership were
substantially more positive than the answers of health care
providers working at the front line. In fact, senior leadership
was four times as positive about teamwork climate as front
line personnel and two-and-a-half times as positive about
safety climate.

We have established a large archive of SAQ administra-
tions to use as bench marks for comparisons in future re-
search. We hope the SAQ can be used to meet some of the
demand for survey assessments of climate and culture
in medicine.

The SAQ was designed for organizational diagnoses and
interventions relevant to patient safety. Hospitals, federal
regulators, quality improvement organizations, and JCAHO
could use the SAQ as an economical and efficient means of
collecting safety-relevant data proactively, rather than wait-
ing for problems to manifest themselves through adverse and
sentinel events. The SAQ can be used to assess strengths
and weaknesses in a given organization and to provide a
basis for suggesting interventions. Examples of interventions
include: briefings, checklists, executive walk-rounds, human
factors training, multidisciplinary rounds, and the Compre-
hensive Unit-Based Safety Program (CUSP).

For example, a poor teamwork climate in the OR may
indicate a need for preoperative, multidisciplinary surgical
briefings, with participation by anesthetists, surgeons, and
nurses. More than 90 percent of OR personnel report that
briefings are important for patient safety, but only 23 per-
cent report that briefings are routinely held. On average, sur-
gical briefings require less than two minutes; they cover the
plan for contingencies for “this patient, this procedure, this
equipment, and this team today,” including who is respon-
sible for tasks and what the expectations are. Surgical brief-
ings have been shown to improve nurse retention rates and
to have a positive impact on teamwork climate as shown in
the higher percentage of respondents reporting that nurse
input is well received, that they know the names of the per-
sonnel they work with, and that they feel comfortable speak-
ing up if they perceive a problem with patient care.

Poor teamwork climate in the ICU might suggest a need
for multidisciplinary rounds (Uhlig et al., 2001), whereas a
poor safety climate might suggest a need for executive walk-
rounds (Frankel et al., 2003) or CUSP (Pronovost et al., un-
published). CUSP is an eight-step program developed by the
Johns Hopkins Hospital Patient Safety Committee and
implemented in hospital work units, beginning in ICUs.
Improvement teams were identified at each unit; outcome
variables included: changes in safety climate from pre-
implementation to six months post implementation; and a
decrease in medication errors, length of stay, and nursing
turnover rates. CUSP was carried out in the Weinberg
Intensive Care Unit; a second ICU (the Surgical Intensive
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Care Unit) was used as a control (see Figure 3). The evidence
from Johns Hopkins Hospital demonstrates that safety
climate can be improved and that these improvements are
associated with decreases in medication errors, lower nurse
turnover rates, and shorter ICU lengths of stay (Pronovost et
al., unpublished).

To date, more than 150,000 copies of the SAQ are in cir-
culation, many being used in longitudinal quality-of-care in-
vestigations. As our understanding of health care climates
and contextual factors evolves, we are becoming better
equipped to improve quality of care. Current research at the
University of Texas Center of Excellence for Patient Safety
Research and Practice is focused on the relationships

between provider attitudes and patient, provider, and organi-
zational outcomes. Some preliminary evidence shows that
SAQ factors are related to annual rates of nurse turnover
(Roberts, 2002; Sexton, 2002), medication errors, and ICU
length of stay (Pronovost et al., unpublished). Additional
links to outcomes have been found outside of medicine,
where predecessors of the SAQ have been linked to pilot
performance (Helmreich, 1984), pilot error management
(Sexton and Klinect, 2001), and incident rates among night
train conductors in Japan (Itoh et al., 2000). Taken together,
these relationships suggest that the SAQ can shed light on
important clinical, economical, and administrative issues in
medicine and beyond.
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FIGURE 1 Teamwork climate in 50 organizations.
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FIGURE 2 Safety climate in 50 organizations.
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Engineering the Patient and Family
into the Patient Care Team

David Gustafson
University of Wisconsin-Madison

The basic message I want to convey is that investing en-
gineering efforts in enabling patients and families to partici-
pate more fully in their own care is as important as investing
in improving the health care system per se. My focus is on
patients and families more than on improving the health de-
livery system.

In January of this year, my mother died. She had
Alzheimer’s for about seven years, and when she developed
shortness of breath, my sister-in-law took her to the hospital,
thinking that she had pneumonia. She may have been right,
but within a day that pneumonia, in some way or other,
changed to congestive heart failure. The next day she had a
heart attack, and on the third day she died. Setting aside the
grieving, in a sense, it was fascinating to watch what hap-
pened during those three days. I watched a wonderful
woman, whose mind had begun to fail but who was still ca-
pable of recognizing people and having conversations and
who was still physically quite fit, change into a person con-
nected to oxygen tubes, antibiotic IVs, and catheters, sur-
rounded by monitors, hands and body restrained, unable to
move, unable to twist, unable to lie on her side. My mother,
who never slept on her back, was expected to endure these
conditions as part of her “care.” All my mother wanted to do
was to go home.

It was nice that she died pretty quickly, but she died after
more than $20,000 worth of treatment had been given in her
last three days. My mom hated health care systems and never
went to doctors; she didn’t like them, didn’t trust them, and
didn’t think they were very useful. As a result, that $20,000
was a lot more than had ever been spent on her health care
during her entire life. And it was spent to see her die in a
very unpleasant situation. As a matter of fact, my mom was
not unique. In 1997, the Institute of Medicine concluded that
“the care of the dying does not even approach the norms of
decency” (IOM, 1997). I concluded the same thing from this
experience.

One of the fascinating things to me about that experience
was that there were so many decisions that could’ve,
should’ve, maybe would’ve been made if I and the rest of
the family had had access to information and had known
what our rights were. Could we have had the tubes removed?
All she wanted was to remove the tubes and go home. Did
we have the right to do that? Could we have done that? Could
we have just taken her home and said, “Look, this is silly.
Let’s let her die.” Would the assisted-living facility have
taken her back? How do you manage 24-hour care, if you
can find it? Could I have asked her if she wanted to die, and
if so what words should I have used to ask her? Should I
have called a hospice, and how would I have found a good
one? How about a nursing home? I know that nursing homes
vary enormously in quality. Which one should I have put her
in? How could I have gotten her into the right one, and how
could I have ensured that she was getting the right care?

Physicians were not helpful. They are very much “into”
curing patients, and I can’t blame them. I would be too. But
they headed for the hills. In three days, we didn’t talk to a
single physician! At the same time, the nurses kept telling us
they could not answer our questions and that we should talk
to the doctors. What we really needed was access to infor-
mation that we could get on our own. We needed help in
making decisions. Techniques like decision analysis might
have helped us through this tough time. We couldn’t get that
help from the health care system.

Tom Ferguson uses a triangle with a waterline dividing
the tip of the iceberg of professional care from the rest of
health care (Figure 1) (Ferguson, 1987). He argues that
the vast majority of health care is self-care, not care from the
traditional health care delivery system. Above the waterline
is the amount of care delivered by professionals, and below
it is the 95 percent of health care that’s delivered by indi-
viduals and their families. One of the key things that
engineering can and should do is find a way to raise the
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waterline, to help the patient and the family provide more
care themselves. This will require a multidisciplinary effort
that goes beyond industrial engineering to include other dis-
ciplines such as biomedical engineering, other profession-
als, such as psychologists and communications experts, and
beyond professionals to include patients and families. If we
can raise the waterline, increase the proportion of care deliv-
ered by the patient and the family themselves, we will dra-
matically cut the cost of care and exponentially improve the
quality of care.

This goal is not just for the dying, of course. The same
kind of problems occur with drug addicts, kids with severe
asthma, women with breast cancer, men with prostate can-
cer, stroke victims, etc. In all of these situations, the family
or patients can make a difference, can be involved, can influ-
ence outcomes, possibly more dramatically than the health
care system itself can. We need to find ways of making that
happen, and engineering is uniquely positioned, with the
kinds of tools and techniques it offers (and in collaboration
with other fields and the patients and family), to do that. I
will give you three examples.

One of them is e-health (interactive health communica-
tions, consumer informatics). The basic idea is that vehicles,
such as computers and the Internet, can make a huge differ-
ence in the capability of patients and families to care for
themselves. The system I will describe is CHESS (the com-
prehensive health enhancement support system) (Figure 2),
which we developed at the University of Wisconsin in the
late 1980s (Gustafson et al., 2002). Since then, it has gone
through many evolutions, and it now addresses many topics
(e.g., breast cancer, asthma, heart disease, depression, etc.)
and offers 17 different services, such as answers to frequently
asked questions, an action plan to determine how likely
people are to implement changes in your life, and decision
analysis to help people better understand their options and
their values. Hidden beneath some of these tools, although

patients would never notice, are Bayesian models, multi-
attribute utility models, statistical process controls, human-
computer interface designs, and several other engineer-
ing tools.

Although CHESS has proven to be quite powerful, it has
only scratched the surface of what industrial engineering and
operations research and other kinds of engineering could do.
CHESS does not even take full advantage of statistical pro-
cess controls as a way of helping patients monitor their own
care and helping families monitor the status of their loved
ones. We don’t use embedded chips to feed information to
CHESS about the health status of a patient. And, we have a
long way to go for our interface to be extremely easy to use.
We could give families of patients approaching the end of
life an opportunity to see how pain has changed and how
distress has changed. Patients could use that information as a
vehicle to communicate with clinicians. We are working on
that now.

There are many other ways interactive health communi-
cation systems can make a difference in patients’ lives. In
the last 10 years, we’ve done a lot of research on CHESS,
and the results of our work and other people’s work suggest
that these kind of tools are extensively used, especially by
the elderly and the underserved (Gustafson et al., 1998,
2001). These two groups use them differently from the rest
of us, and in fact they are the ones who seem to benefit the
most—in terms of improved quality of life and less expen-
sive health care services.

The Internet has great potential. The problem is that not
enough of the skills and tools of engineering have been
applied. We just completed a study of 300 breast cancer
patients: one-third of them got usual care; one-third were
given computers with access to the Internet and were trained
to use the Internet and given a list of high-quality breast
cancer sites; one-third got CHESS (Gustafson et al., 2003).
The straight line in Figure 2 (where it says zero) is the impact

����� ��� �����
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FIGURE 2 The comprehensive enhancement support system
(CHESS). Source: Gustafson et al., 2002.

FIGURE 1 Triangle with a waterline dividing the tip of the ice-
berg (professional care) from the rest of health care. Source:
Ferguson, 1987.
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of having usual care; this was our control group. Notice how
many things are below the line; those are Internet results.

The results of this study are preliminary but make some
important points. First, if you give people access to the
Internet, teach them how to use it, and give them high-quality
Internet sites, they become, if anything, more confused, more
worried, and more depressed. If the results continue to hold,
this suggests that, although the Internet has tremendous
potential, that potential won’t be reached until we can also
take full advantage of decision analysis, statistical process
control, and other kinds of industrial engineering and opera-
tions research tools and integrate them into interactive
delivery systems.

I think engineering will be the key to making the Internet
a truly useful health intervention. Moreover, this will be the
result not only of engineering tools, but also of engineering
insight. For instance, decision analysis offers not only tools,
such as utility models, but also an understanding of how
people make decisions and an understanding of how to com-
municate uncertainty effectively. These are critical issues in
sharing information with patients and families. Other issues
relate to the way information is displayed—the appropriate
combination of audio, video, and text, for instance. Engi-
neering, such as cost analyses, can help us determine the
cost effectiveness of interventions. We also need to address
the design and relative roles of PCs, PDAs, cell phones, and
monitoring chips embedded in the body.

We ought to convene a panel of experts to address the
following problem. Suppose we are caring for people (e.g.,
with severe asthma), and there is only one rule: no health
care professionals can be involved, no doctors, nurses, or
any other health care provider—just the patient and family.
Let’s design a system that’s completely technologically
based, recognizing, of course, that this could, and should,
never happen. Then let’s back off the assumption of involv-
ing no health professionals, but only involve them when it is
absolutely essential to do so. What would that system look
like? What tools, techniques, and resources would we need?
I think if we took that kind of approach, we would get an
idea of the potential of engineering to make a difference that
we couldn’t make otherwise.

My point is that the National Academy of Engineering
and Institute of Medicine should engage in blue-sky work
where we assume that we can do without the health care
system as we know it, and then back into the current health
care system only when it’s absolutely necessary. Our job
should not be to improve the existing system but to develop
systems to help patients and families play a more central role
in their own care. We can’t afford the system we have, and
the sooner we get away from the idea of improving it and on
to the idea of replacing it, the more likely our work is to
make a substantial difference.

In addition, we should not limit ourselves to the acute
health care delivery system. There are many other problem
areas. I am the national program director for a Robert Wood

Johnson Foundation program called Paths to Recovery,
which aims to improve access to and retention in substance
abuse treatment. When I first got into this area, I didn’t know
anything about heroin or other addictive drugs. So I took on
a persona and got myself admitted for heroin addiction. Ev-
erybody knew I was a fake, that I’d never seen heroin in my
life; I still don’t know what it looks like. But I adopted a
persona, and I walked in and said I wanted to get help. And
they said, “OK, we need to collect some information from
you.” They spent two hours collecting information from me,
and then they said, “Yes, you need to be admitted, but we
don’t have a bed. Call back once a week, and tell us if you’re
still interested.” Now heroin addiction is a chronic disease,
where timing means everything. A heroin addict can desper-
ately want help one hour and the next hour can give up and
desperately look for the next packet of heroin. But they told
me to call back. When I called back, I got an answering
machine, “leave a message,” first week. “Leave a message,”
second week. “Leave a message,” the third week, fourth
week, fifth week, sixth week, “leave a message.” The loneli-
ness and hopelessness that I felt (even though I don’t have
the problem) was incredible.

Then I went to my “staffing” where they decide how to
treat me, to find out how the process worked. Several profes-
sionals were at this meeting talking about what to do with
me and other potential patients. Remember this was after I
had been interviewed for over two hours to collect data on
my condition. The staffing team (which did not include the
person who had interviewed me) had one small paragraph of
information about me, and that is what they based their deci-
sion on. All of the other information collected from me was
paperwork compliance, simply satisfying a regulatory body.
The inefficiencies and duplications of effort and waste in
that system were terrible! I had to travel on a bus route for
over an hour to reach the location where my interview took
place. Would it have been possible to develop a computer
system to interview me that could have saved staff time and
allowed me to be interviewed at any public library? Would it
be possible to develop an Internet-based system to help the
family help heroin addicts? This organization did not have a
bed for me, but another one might have. Would it be possible to
have an inventory system that could have placed me
in an open bed immediately? Did I really need to be placed in
an inpatient facility? Could outpatient care have been at least
partially effective while I was waiting for a bed? Would it be
possible to develop a computer-based protocol that could
have made these decisions immediately without my waiting
for seven weeks to get an opportunity for treatment? There
are so many opportunities beyond the traditional physical
health system in areas such as substance abuse and mental
health, areas where engineering can make a huge difference.

We also need to ask how engineering can contribute to
the diffusion of innovation or the implementation of change.
Often changes in the health care field simply disappear, and
the system regresses back to its previous condition. One of
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the things we’ve got to figure out is how to make changes
that stick. That’s going to take a lot of work. One way might
be to use decision analytic models to predict and explain
whether changes will be made and sustained. The problems
are much too complex for us to try to solve them alone. We
must work with communications scientists, organizational
development scientists, psychologists, educators, econo-
mists, and others. It’s going to take all of us working to-
gether to solve them.

Finally, I think we should be trying to put ourselves out of
business. Our tools are so powerful. They have so much po-
tential. But too often, we focus on developing more sophis-
ticated tools rather than on asking how we can spread the
application of the tools we have. We engineers ought to as-
sume that with the kinds of information technology out there
today, we can design systems that will allow a patient or
family to do their own simulations and optimization. There’s
no reason we can’t make the technology we have so easy to
use and so automated that the assumptions are protected and
the data collection mechanisms are developed. Our tools
could then be used by the average citizen. We ought to be
engaged in developing technologies that automate our field
so that everyone can be an industrial engineer. By trying to
put ourselves out of business, engineering will find a future
that is more dynamic and useful than we can even imagine.
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Harvard has moved all of its clinical, financial, and ad-
ministrative applications to the Web. The changeover began
in 1998, when all clinical information was put online. Now
one can have complete, ubiquitous, transparent, seamless
access to all aspects of the clinical care process. The tech-
nologies are robust and secure, and all work flow processes
take place on the Web. From an engineering standpoint, the
change was made by taking all of the legacy systems that
already existed for Harvard’s patients and employees and
wrapping them, using XML Web services, to provide
standards-based information exchanges. Today, I will
present this new system.

Everything in the system is secure, and everything is
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audited. When the system is accessed by a provider, the first
screen provides access to the nine million patients in the
CareGroup master patient index, reflecting 6 hospitals (Beth
Israel-Deaconess, Mt. Auburn, New England Baptist, and
three community hospitals).

One serious impediment to using computerized medical
records is that there is no universal health identifier in the
United States. To search for a patient’s record, therefore, the
Harvard system uses a statistical, probabilistic match based
on demographic information. For example, using this model
to gather information about a Martha Ford, one can see (Fig-
ure 1) that patients with that name have visited the East Cam-
pus, the Mt. Auburn Campus, and the West Campus, with
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John D. Halamka
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FIGURE 1 Patient record screen.
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different medical record numbers for each of those visits;
but, with consolidated access, it is possible to see that all
three Martha Fords are the same person (this patient has
given permission for access to her medical records).

Next, one can assemble her entire medical record in real
time from all of the places she sought care. Information is
stored in very different ways, but, because the legacy sys-
tems have been wrapped in a standards-based package, it is
possible to click on, for instance, medications, and get a com-
plete look at the medications she is using. That information
can be forwarded, for instance, to a drug interaction engine,
that could list in order of severity the interactions of all the
medications she has taken in the entire continuum of her
care. It is possible to look at text data, such as her last
echocardiogram, to obtain all of the echo parameters. It is
also possible to pull out telemetry data, even data stored in
an old, non-standards-based system, convert it to a standards-
based display, and deliver it. This is truly a time series, scal-
able object that can be measured, printed, and manipulated.

All medical record images are also online and are DICOM
based. Because Martha’s chest x-ray is an object, it can be
examined in many ways, and old films can be pulled up for
comparison. Moreover, with this system one can also look at
laboratory results over time, such as her CBCs trended over
time for the last 10 years. This is the organizational context
of information ubiquity, pulling together all of the data from
wherever it is stored.

Provider order entry is also complete; there is 100 percent
compliance throughout the entire organization. To achieve
this, many processes had to be changed. Now, no voice or

handwritten orders are done anywhere at Beth Israel-
Deaconess Medical Center.

Here is an overview of how provider order entry works.
Farr 2 is a typical medical ward. From a dashboard of all
patients in that ward, one can click on any patient and get the
patient record and a snapshot of the patient. All the standard
orders that would appear on paper are available on the Web.
When orders are entered, the system response includes que-
ries as rules or reminders. One can, for instance, set rules
that a flu vaccine has to be given to a patient per the standard
protocol. One can then click a button to document that the
patient has received the flu vaccine or click a button to order
the vaccine. The system offers a quick pick list of all medi-
cations the clinician has ordered in the past for the patient,
the most common orders, as well as overlays of some phar-
macy and therapeutics standard formulary medications.

The physician order entry system has some fail-safe
mechanisms. If a clinician orders something that might be
bad for the patient—for instance cefazolin for a patient aller-
gic to penicillin—the system notifies the clinician of a po-
tential drug/drug interaction (Figure 2 shows a typical
flagged interaction). If the clinician overrides the warning
and continues ordering, the system queries the order. Let’s
say the clinician thinks the allergy history is questionable
and wants to monitor the patient. The system then immedi-
ately fires off another set of care pathways or rules that ad-
vise about the drug. Based on the newest information about
the patient’s size and test results, it calculates the recom-
mended dose of the drug, the dose frequency, and suggests
body parameters that a clinician may want to follow while

FIGURE 2 Typical flagged drug/drug interaction.
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administering this drug. Thus, this system helps reduce ad-
verse drug events.

If the clinician orders a different drug that may be re-
stricted, an ID fellow may have to approve it. This is a form
of consult. The system presents a built-in work flow: click
on the button and the system pages the ID fellow via the
Web to get approval for the drug. By the way, disapproval
happens less than 10 percent of the time. The clinician may
choose to default to the standard dose and standard route,
which also requires only one click.

The system covers all aspects of ordering care plans and
processes and contains standard order-sets for diseases, such
as congestive heart failure and asthma. The system has also
proven to be very helpful in the emergency room, where it
has resulted in a 30-minute decrease in patients’ length of
stay. At the same time, customer and provider satisfaction
has gone up a lot—before implementation, 60 percent rated
the ER experience as excellent; after implementation, 85 per-
cent rated it as excellent.

The system also gives the care team the organizational
context to enable patients to take part in their care. Here is an
example. In 1999, Harvard created a patient site, working
with people in the patient-centered movement, that allows
patients to have ubiquitous access to their own medical
records, with secure, encrypted, doctor–patient e-mail and
convenient transactions, such as appointment scheduling,
referrals, and prescription renewal.

The patient site begins at patientsite.caregroup.org. (A
typical screen shot is shown in Figure 3). For an overview,
you just click on the “Take a Tour” button. This is how it
works. A patient enters the system. The patient has a unique
portal with access to messages of the day from the doctor;
links to providers and websites; and life events such as

appointments, a flu vaccine, or a colonoscopy. The patient
can send secure—not standard—e-mails to doctors at any
time. The patient sites are backed up with behind-the-scenes
triage rules so that the medical staff can observe patient trans-
actions and route messages appropriately, for instance, to a
doctor, the appointments desk, or a nurse practitioner. The
information on the transactions goes into the permanent
medical record, where it is retained for 30 years. All of this
happens in a secure, audited way. Patients can see the same
medical records their doctors see, with certain limitations;
patients can access information about their medications, vis-
its, reports, x-rays, allergies, and problems, but cannot access
laboratory reports, microbiology, or DICOM imagery. That
happens across all institutions and outpatient facilities. CT,
MRI, pathology, and psychology results are delayed for
14 days, to ensure, for example, that patients do not first
read about a cancer diagnosis online; bad news does not
transmit well electronically. The idea is to get information to
patients as soon as possible without compromising the
doctor–patient relationship.

One question about such a system is “cyberchondria.” It’s
midnight, say, and a patient decides to type in a complete
27-page medical history, including every brand new symp-
tom, such as sudden chest pains. What is the liability issue?
Harvard has not encountered this problem. First of all, the
site is full of disclaimers and warnings, and patients are re-
peatedly told to call 911 in case of emergency. Patients have
been extraordinarily reasonable when it comes to interplay
with their doctors. They have been using the system cor-
rectly, even adding in their over-the-counter medications.
For example, a patient came in with refractory hypertension.
He was treated with ACE inhibitors, beta blockers, and cal-
cium channel blockers, but nothing helped. At the patient

FIGURE 3 Online communication between a patient and doctor.
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site, the patient documented that he was taking ephedra five
times a day for energy. That was good to know because that
is like drinking 40 gallons of coffee a day. Of course, this
exacerbated his hypertension.

In another example, a post-liver transplant patient who
was feeling depressed took St. John’s wort for the depres-
sion. One thing St. John’s wort does is wrap up the liver’s
cytochrome P-450 system so immune rejection drugs are
processed extraordinarily rapidly, leading to subtherapeutic
levels and rejection of the transplant. This problem was
picked up entirely because of the shared medical record,
amendable by the patient and seen by the care staff.

The patient portal also makes available standard services,
such as medication renewal. Patients go to the list of their
medications, click on the one that needs renewing, and a
prescription renewal request appears, querying dose, quan-
tity, and pharmacy. After review by a doctor, the renewal is
autofaxed to the pharmacy. The portal also has an appoint-
ments feature. Twenty percent of our doctors allow patients
to self-schedule into their calendars. There is also compli-
ance with the Health Insurance Portability and Accountabil-
ity Act, so that patients can find out who has been looking at
their medical records over time.

About 10,000 patients a month use this system, and
2.5 million transactions have been carried out. The average
patient sends 1.2 e-mails to the provider every month. Ninety
percent of those are triagable to extenders, such as nurse

practitioners. Even in a busy practice, the doctor does not
see more than five or ten clinical messages a day, which,
moreover, usually replace phone calls. The system has become
an asynchronous communication medium, allowing doctors to
answer e-mails at will instead of having to place phone calls
that break up the day. This makes the work flow much more
efficient. As long as there is a framework with good engi-
neering principles giving the patient and the doctor shared
information and a mechanism for questions and answers,
problems with excessive volumes of e-mail do not arise.

To ensure that the system is improving quality and using
resources appropriately, the performance of the system is
evaluated with metrics. This can be done because all data are
warehoused; there are about 40 terabytes of health care data.
Metrics based on good data, patient involvement, and con-
trol systems give doctors an understanding of how well and
how appropriately they are performing. It is also possible to
assess performance at the organization level.

The entire enterprise has really helped Harvard, as an or-
ganization, meet some of the challenges of the last few years.
The Web is an ideal technology for connecting payers, pro-
viders, and patients. Creating this system did involve some
challenges, which were mostly adaptive and organizational.
The important thing about the system is that patients can
access their information and participate more often in their
own care. Consumer empowerment is a reality that is al-
ready redefining the practice of medicine.
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New Paradigms for Working and Learning

Richard Bohmer
Harvard Business School

Most of us think of the health care process as the tasks
and activities we see performed by doctors and nurses and
the technologies and settings they use. However, behind
these tasks and technologies are problem-solving activities,
predominantly information gathering and decision making,
undertaken by members of the patient’s caregiving team.
These decisions are based on a huge body of medical knowl-
edge developed over centuries. Hence, at its heart the prac-
tice of medicine is the application of a general body of medi-
cal knowledge to a specific patient for the purpose of
resolving the health-related problem for which the patient
sought treatment.

Learning (the development and dissemination of the
knowledge underlying medical care and medical decisions)
plays a pivotal role in this endeavor. Learning is the mecha-
nism by which we advance the practice of medicine and en-
sure that these advances are widely applied. Learning occurs
at many levels in the health care industry. The most promi-
nent levels are the industry level (learning that derives from
funded basic research and new technology development) and
the individual practitioner level (learning that occurs in medi-
cal school and through continuing medical education). At
the industry level, learning means the creation of new knowl-
edge; on the individual practitioner level, it refers to the dis-
semination of existing knowledge. Learning occurs at other
levels, too. Patients learn through their experiences of medi-
cal problems, and whole organizations learn as they develop
experience with particular classes of problems or as they
implement new technologies.

One particularly important setting in which learning takes
place is inside a delivery organization during the adoption of
innovations, such as new services or technologies. Some in-
novations are, by their nature, nettlesome, difficult to adopt,
and significant learning challenges. I call these innovations
“interactive,” to distinguish them from what I call “compo-
nent” innovations, which cause relatively little disruption to
the processes and systems in which they are used. Consider

a “me-too” drug. For example, we have an existing process
of care for treating patients with congestive heart failure,
and we simply substitute one drug for another (e.g., we re-
place ACE inhibitor “A” with ACE inhibitor “B”). The adop-
tion of an interactive innovation occasions a redesign of a
process of care, a redistribution of tasks, a change in se-
quencing—in effect, a disruption of organizational routines.

Interactive innovations are technologies that disrupt pro-
cesses. Medical devices and new information systems are
frequently interactive innovations. A new generation of
biopharmaceuticals targeted more specifically based on a
genetic profile may also disrupt processes of care, organiza-
tional routines, and team configurations by requiring mem-
bers of the care delivery team to work together in new ways.
As interactive innovations occasion rearrangements of orga-
nizational roles and routines, care delivery teams have to
learn to use new technologies, perform new tasks, and de-
velop new relationships and new ways of working together.
Hence, organizational learning, as well as learning at the
individual practitioner level and the health care industry
level, is an important aspect of the adoption of a new
technology.

Both organizational and individual learning are correlated
with experience. In cardiac surgery, for example, where
much of the volume-outcome debate has taken place, this
insight has motivated a requirement for mandatory minimum
case numbers to credential an individual surgeon or surgical
unit. The underlying assumption of the so-called volume-
outcome hypothesis is that if you do something often enough,
you will become good at it. Practice makes perfect.

When we mandate minimum volumes to ensure compe-
tency, we assume that all individuals learn at the same rate
and that all institutions learn at the same rate. In effect, we
assume that for a given aliquot of experience all surgeons
and all institutions will abstract the same amount of learn-
ing. This might not be the case, however. Organizational
learning is not simply the accumulation of individual
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learning experiences in one organization. It also requires that
teams learn new ways of working together.

We recently undertook a research project to examine the
learning rates of 16 surgical units in the adoption of a new
surgical procedure for minimally invasive cardiac surgery.
With this technique, the surgeon places the patient on femo-
ral bypass and uses long-shafted instruments to operate
through a small chest incision (Edmondson et al., 2001). This
seemingly simple modification to a well understood opera-
tion involves a substantial change in the traditional activities
of each member of the surgical team and in the way team
members interact with each other. The change occurs be-
cause the direct visualization of the heart in the conventional
open method is replaced with remote monitoring via pres-
sure traces and transesophageal echocardiogram images dis-
played on various screens in the operating room. The result
has been that the new technology—a good example of an
interactive innovation—has been difficult for many teams to
learn to use, which has slowed its adoption.

The learning rates of the teams in our study varied signifi-
cantly (a finding that was not predicted by the volume-
outcome hypothesis) as did their success in adopting the new
technology. Even more intriguing were the factors associ-
ated with rapid learning and successful adoption. Type of
institution (academic or community) and seniority of the
adopting surgeon were not particularly important factors.
What mattered was whether the process of adoption of the
new technology was managed as a “project.” This meant
careful selection of the team members and adequate prepara-
tions, such as practice sessions before the first case, the se-
lection of simple cases to operate on early, and debriefings
after every early case to reflect on what went well and what
did not. For successful adoption, these learning activities
took place in an environment conducive to team-based learn-
ing—a “psychologically safe” environment. Learning as a
team is made easier if team members can fail publicly—
make an error or be criticized or warned of an impending
error by another team member—and not be disadvantaged.

In short, team learning cannot be left to chance. As the
example illustrates, although experience is clearly necessary

for learning, experience alone is not enough. Learning takes
place at both the individual level and the team level, but
unlike individuals, teams do not learn naturally. Team learn-
ing requires an environment that is deliberately structured
and managed to be conducive to learning. The role of team
leader and project manager was new to the surgeons in our
study. In the context of new technology adoption, they had
to be not only clinical decision makers and practitioners but
also team leaders and project managers.

We are becoming increasingly aware of the importance
of organization in care delivery. Solo practice is giving way
to group practice, and care that was once delivered by an
individual is now delivered by a team. In addition, the size
and complexity of the health care team has increased dra-
matically in the last century. Many current innovations in
health care (e.g., new services, processes, and technologies)
are interactive and thus have the potential to disrupt routines
and processes. The successful introduction of these innova-
tions into day-to-day care will require that team members
learn to work together in new ways. And as we have seen,
team learning depends on leadership more than anything
else—a very different role for the rank and file physician.

Engineers have already undergone the change from solo
professionals practicing their craft to members and leaders
of teams of professionals who collaborate to realize difficult
goals. An engineer used to be a technologist who functioned
in a tightly defined engineering specialty; now engineers are
project managers who use their knowledge base to manage
multidisciplinary teams to complete complex projects.
Health care practitioners are just beginning to undergo a
similar transition. So, we can learn a great deal from engi-
neers, not just about modeling—the subject of many of these
presentations—but also about leadership and about restruc-
turing the role of professionals.
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Designing Caregiver- and Patient-Centered
Health Care Systems

H. Kent Bowen
Harvard Business School

The engineering discipline, with its proclivity for seeing
the world as it really is and then designing systems to make
things better, offers a good perspective for addressing the
dilemma facing our health care systems. Like many people,
I was not aware of the chaos on the front lines of the health
care system until my 14-year-old son suddenly became
gravely ill. Because of a brain aneurysm, he went from an
active, vibrant young man to a paralyzed boy within min-
utes. My wife and I essentially lived at Massachusetts Gen-
eral Hospital for three weeks while a team of “the best of the
best” worked to save his life. During that time, I observed
how the actual practice of medicine affects patients, and it
became clear to me that the system was not designed to pre-
vent errors and defects. At one point, because important in-
formation was not communicated, a grievous mistake (not
directly related to the aneurysm) nearly cost my son his leg.
Even though the medical team corrected the error, after I
caught it, I wondered how such a mistake could have oc-
curred in the first place. After much thought, I came to the
conclusion that the nurses, physicians, and technicians were
not at fault. Our ad hoc system for delivering health care
conspires against the best intentions of care providers, mak-
ing it extremely difficult for them to provide patient-
centered, defect-free care.

Many industries have revolutionized their approaches to
deliver products and services that are more customer cen-
tered, high quality, and cost effective. The automotive in-
dustry, for example, has made dramatic improvements to
avoid both design and production failures. Toyota, in par-
ticular, has an operating system that delivers award-winning
quality year after year. Toyota’s system is designed to bring
problems to light, resolve them, and improve the system to
ensure that the problems are not repeated and that the orga-
nization learns. Toyota’s approach helps frontline workers
(as well as all others) be successful, as defined by the
customer’s (or patient’s) needs. The goal is “defect-free op-
erations” and learning (Spear and Bowen, 1999).

Based on examples from industry, a young colleague of
mine, Professor Steven Spear, developed a case study to de-
termine the applicability of systems-thinking to health care.
He engaged a former medical administrator and surgeon, Dr.
John Kenagy, to work with leaders of a small community
hospital in the Boston area. Like most people in the medical
profession, the dedicated hospital staff wanted to provide
the best care. He initially focused on a system for the admin-
istration of medications using the Toyota production system
(TPS) as a model for defect-free operations. First, he taught
Dr. Kenagy to look at the hospital through the TPS lens.
Early on, he discovered that not only does the medical staff
itself not fully understand its system for providing care, but
also that the staff was not equipped with the tools, processes,
or organizational structure to solve problems (Spear, 2001;
Spear and Kenagy, 2000a,b).

Anita Tucker, a doctoral student at the time (now an as-
sistant professor at the Wharton School, University of Penn-
sylvania), expanded the initial findings with studies of nurs-
ing care in 20 additional hospitals. Her studies revealed that
nurses’ care of patients was constantly interrupted because
of system failures (Tucker, 2003). Nurses are trained to
evaluate and diagnose patients and administer a care plan
based on a physician’s recommendation. Over the course of
a shift, however, nurses spent only 33 to 50 percent of their
time caring for patients. The rest of the time, they were
searching for information, equipment, or materials or cor-
recting mistakes. Thus, they spent most of their time com-
pensating for the faulty system, becoming frustrated and
cynical of management’s work design and rules.

The current design of most hospital work systems is dis-
respectful to both patients and frontline caregivers, as evi-
denced by the high turnover of nurses and the complaints of
patients. Think about the service you receive at the best com-
mercial establishments and compare that with the service
you receive when you are admitted to a hospital. One reason
for the difference is the constant and conflicting demands on
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hospital service personnel and caregivers. For example, a
typical nurse, in a single hour, works in eight different physi-
cal locations, makes 22 location changes among those eight
places, has conversations with 15 partners on 25 different
topics, while taking care of five patients in three rooms
(Spear and Kenagy, 2000a). If one of the patients requires
critical care, which means following strict care guidelines, it
is nearly impossible for the nurse to follow the care plan.
The critical-care routines are constantly interrupted because
of wrong medications, faulty equipment, poor information,
or requests to assist colleagues.

Observations of the flow of information necessary to pa-
tient care revealed other problems. Information that origi-
nates at the patient (e.g., the patient’s insurance provider,
family history, medications, medical history, symptoms, etc.)
flows along many pathways to physicians, nurses, and phar-
macies. In spite of large investments in information technol-
ogy, getting the correct information to the people who need
it when they need it is very problematic. Any of the path-
ways over which critical information flows can be blocked,
and there is a high probability that this will happen on a daily
basis. If the medication-administration pathway breaks
down, for example, the medication will not be administered
in the right dose at the right time under the right conditions.
The medication error rate has been shown to be in the parts-
per-hundred range (Bates et al., 1995). The most frequent
failures occur between shifts.

Most hospitals do not have defect-free standards for ex-
changes of information. Anita Tucker identified the best hos-
pitals from her pool of 20 for more detailed analysis of this
problem. Her study showed that even at facilities renowned
for the high quality of their nursing care, the work of a front-
line caregiver is filled with interruptions and poor informa-
tion flow. When she asked why health care workers “live
this way,” she concluded that most of them actually expect
the work system to be defective. Because problems often
cross organizational boundaries or are so complex a single
person cannot hope to eliminate the root cause, they expect
to have to “work around” problems (Tucker et al., 2002).

In hospital after hospital, because no resources have been
allocated for solving problems, health care workers confront
the same problems every day. At this point, the health care
system is incapable of fixing itself. This is a significant
contrast to a Toyota factory where improvements are made
continuously in the course of accomplishing daily work,
crossing organizational boundaries if necessary, sending
problems to the appropriate management level (Spear and
Schmidhofer, 2005).

We did find some medical facilities that have designed
systems to reduce defects, improve the work systems of
frontline caregivers, and improve the patient experience. For
example, we studied an eye surgery clinic in Boston with
18 top ophthalmic surgeons (Miguel and Bowen, 1997). One
of the surgeons, Dr. Barry Shingleton, was three times as
productive as other surgeons in terms of time spent performing

similar surgeries. When Dr. Shingleton was designing his
diagnostic and surgical procedures, he had turned to the busi-
ness literature for guidance. His service model is centered on
the patient experience, from the first encounter through post-
surgical follow-ups. In addition, he collects outcomes data
much more rigorously than his colleagues as feedback for
improving procedures and processes. He developed his own
patient scheduling algorithm to improve service and effi-
ciency, and he schedules simpler procedures earlier in the
day to minimize disruptions and delays. He also eliminated
unnecessary variabilities during surgery by standardizing
procedures. For example, to reduce changeover time between
surgeries, he maintains contact with the anesthesiologist
prepping the next patient; in this way, he has been able to
reduce the time between the administration of the drug and
the beginning of surgery by as much as 50 percent. More
important, as a result of his efficiency, his patients experi-
ence less surgical trauma, which speeds the healing process.

In a more recent study, we looked at Intermountain Health
Care, where doctors, under the leadership of Dr. Brent James,
have applied the entire quality-management concept to the
hospital’s functions (Bohmer et al., 2002). The study was
focused on two intensive care units (ICUs) located next to
each other in LDS Hospital in Salt Lake City (Tucker et al.,
in progress). We found that, even though the hospital had
developed an overarching quality system, frontline care was
administered differently in the two units. In addition to some
structural differences, the medical directors of each ICU had
different design models for operating their units. In one ICU,
problem solving was more prevalent, especially root-cause
elimination (much like Toyota’s TPS). This ICU also
stressed patient-centered care: the number of admitting
physicians was small; interns spent more time on the
rotation; a nurse manager was available to assist in problem
solving and problem prevention; and the unit developed and
used more medical protocols. In the second ICU, the quality
of care was also very high, but operations were more physi-
cian centered: because there was a different set of patients,
there were more admitting physicians; by design, interns
spent less time on this rotation; no nurse manager was avail-
able for problem solving; the unit had fewer protocols and
did not generate any of its own. To further learning at LDS,
the two ICU medical directors have now exchanged posi-
tions, which should provide a wonderful natural test of how
much the differences relate to design choices and how much
they relate to differences in the patient mix, structure, etc.

A recent study at the Pittsburgh Regional Health Initia-
tive demonstrates what can be achieved with a systematic
approach to redesigning work systems. In one study, the goal
was to eliminate central-line-associated bloodstream infec-
tions using techniques like those practiced at Toyota. By
implementing simple but elegant tools and devices, trans-
missions of infection were reduced dramatically. In 2003,
Allegheny General Hospital’s MICU and CCC (Cardiac
Critical Care) Units had 37 patients who suffered central-

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


DESIGNING CAREGIVER- AND PATIENT-CENTERED HEALTH CARE SYSTEMS 137

line-associated bloodstream infections, 19 of whom died. In
2004, there were six infected patients, one of whom died
(Shannon et al., in progress).

Solutions to the health care problem are being offered
from many directions. Our own suggestions are based on the
perspectives of the patient and frontline caregiver. We can
summarize what we learned through direct observation of
how frontline caregivers do their work:

• Most hospitals have evolved complex work systems
that conspire against defect-free health care.

• Caregivers have come up with “work arounds” and
other ineffective approaches to solving problems.
Frontline workers spend a significant fraction of their
time doing nonvalue-added work caused by fundamen-
tal failures in the design of work systems.

• The delivery of patient-centered care by nurses and
other frontline caregivers is limited under current work
systems designs.

• Systems approaches perfected by industrial corpora-
tions (e.g., Toyota’s TPS) appear to provide useful
models for improving health care work systems.

The challenge for engineers and managers outside the
health care system is to bring the lessons learned in other
settings to clinics and hospitals.
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Systems Engineering: Opportunities for Health Care

Jennifer K. Ryan
Purdue University

Systems engineering involves the design, implementa-
tion, and control of interacting components or subsystems.
A system consists of interacting, interrelated, or interdepen-
dent elements that form a complex whole, a set of interacting
objects or people that behaves in ways individuals acting
alone would not. The overall goal of systems engineering is
to produce a system that meets the needs of all users or par-
ticipants within the constraints that govern the system’s op-
eration. The objectives can generally be divided into two
broad categories: service and cost. Service can be measured
by a variety of criteria, such as availability, reliability, qual-
ity, and so on. Cost is usually measured by how much costs
can be reduced or at least controlled.

A final objective of systems engineering is to gain a bet-
ter understanding of system behavior and the problems asso-
ciated with it. Models enable us to study the impact of alter-
native ways of running the system—alternative designs or
controls and different configurations and management ap-
proaches. In short, systems engineering models enable us to
experiment with systems in ways we cannot experiment with
real systems.

Systems engineers generally prefer to work with analyti-
cal or mathematical models rather than with conceptual mod-
els because they are generally better defined, have more
clearly defined assumptions, and are easier to communicate,
manipulate, and analyze. We begin with a graphical repre-
sentation of the system, which often includes a diagram
showing the flow of information and resources. We then cre-
ate a mathematical description that includes objectives, in-
terrelationships, and constraints. The components of the
mathematical model can be divided into four categories:
(1) decision variables, which represent our options;
(2) parameters or givens, which are the inputs to the
decision-making process; (3) the objective function, which
is the goal, the function to be optimized; and (4) the
constraints, which are the rules that govern operation of
the system.

When dealing with large complex systems, we often
deconstruct it into smaller subsystems that interact with one
another to create a whole. The decision-making structure
provides natural breaks in the system. We model and analyze
the subsystems and then connect them in a way that recap-
tures the most important interdependencies between them.

Systems engineering requires a variety of quantitative and
qualitative tools for analyzing and interpreting system
models. We use tools from psychology, computer science,
operations research, management and economics, and
mathematics. The quantitative tools include optimization
methods, control theory, stochastic modeling and simulation,
statistics, utility theory, decision analysis, and economics.
Mathematical techniques have the capability of solving
large-scale, complex problems optimally using computerized
algorithms.

Mathematical models clarify the overall structure of a
system and reveal important relationships. They enable us to
analyze the system even when data are sparse. Models, com-
bined with analyses, reveal the most critical parameters and
enable us to analyze the system as a whole. Sensitivity analy-
sis involves testing out trade-offs. Before we can convert a
model solution to an implementable solution, we must test
and validate the model to ensure that it actually predicts the
behavior of the system.

A logistics system can be defined as a network of suppli-
ers, manufacturing centers, warehouses, distribution centers,
retail outlets, and end consumers. The system includes raw
materials, work in process, inventory, finished products, all
of the materials in the system, all of the information that
flows within the system, and all of the resources in the sys-
tem (e.g., people, equipment, etc.). Logistics-systems engi-
neering can be defined as the planning, implementation, and
control of the system to ensure the efficient, cost-effective
flow and storage of all materials and information from point
of origin to point of consumption for the purpose of meeting
customer requirements. Our goal is to ensure that the right
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amount of materials or resources is in the right place at the
right time at minimum cost.

We deliberately leave the definition of service (i.e., meet-
ing customer requirements) somewhat vague so we can de-
fine the needs and requirements of different customers in
different ways. Logistics-systems engineering involves the
difficult problem of simultaneously improving customer ser-
vice and quality, improving timeliness, reducing operating
expenses, and, if possible, minimizing capital investment.
We are also interested in answering strategic questions, such
as where we can expand capacity or what types of collabora-
tion with customers or suppliers would be most beneficial.

Systems engineering problems have some common char-
acteristics. They tend to be interdisciplinary, involving both
technical and nontechnical fields. They require multiple,
high-level, or strategic metrics or performance measures,
often measurements of nonquantitative factors (e.g., cus-
tomer satisfaction). They involve many participants with dif-
ferent value systems and many decision makers; therefore,
we have to find optimal solutions that meet conflicting crite-
ria. The systems and issues tend to be hierarchical and com-
plex, but the systems also evolve and change over time; they
generally involve significant uncertainties. Much of the cur-
rent research in logistics is driven by the needs of public and
private organizations, such as health care systems, that oper-
ate in environments characterized by intense competition,
constant change, and a strong focus on customer needs.

Health care delivery systems, for example, consist of a
variety of health care organizations, caregivers, and patients.
State and federal governments are involved, as well as a va-
riety of other organizations. These complex systems also in-
volve a large number of interconnections between the com-
ponents and the system—multihospital systems and provider
networks with linkages between hospitals, physician groups,
insurers, and others. There are also many decision makers
who often have conflicting criteria, and there are complex

interactions between participants. The effective organization
and management of a health care delivery system requires
careful management of resources to ensure that the neces-
sary staff and equipment are in the right place at the right
time. The problem is complicated by uncertainties and sys-
tem complexity.

Some aspects of the health care delivery system, such as
government intervention, the level of uncertainty, and the
nature of the demand, appear to be unique to health care. But
similar problems can be found in other industries, such as
the telecommunications and electricity industries, which also
have to factor in government intervention. The nature of the
uncertainties may be different, but they have similar effects
on the system. Both the telecommunications and electricity
industries have used logistics models to their advantage.

Systems engineering models can provide structured,
quantitative methods of studying alternative control policies
and system designs for almost any industry. The methods
can be used to help coordinate information systems, opera-
tions, and capital investment; develop control policies; pre-
dict and evaluate outcomes; and evaluate the benefits and
costs of a given program or system design.

The elements included in the model depend on the ques-
tion or problem to be solved. For the output of the model to
be useful, it must mimic the expected behavior of the real
system. To control the behavior of one part of the system,
the incentives driving that aspect of the system must be built
into the model.

A good deal of literature is now available on research in
this area. Operations research tools and systems engineering
tools have been used to address a wide variety of problems,
from the operation of a hospital to higher levels of complex-
ity, such as incentives, efficiency, and payment schemes.
Quantitative models can provide important input for making
decisions that involve complex societal, ethical, and eco-
nomic issues.
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Supply-Chain Management and Health Care Delivery:
Pursuing a System-Level Understanding

Reha Uzsoy
Purdue University

In recent years, effective supply-chain management has
emerged as a significant competitive advantage for compa-
nies in very different industries (e.g., Chopra and Meindl,
2000). Several leading companies, such as WalMart and Dell
Computer, are differentiated from their rivals more by the way
they manage their supply chains than by the particular prod-
ucts or services they provide. A supply chain can be defined
as the physical and informational resources required to deliver
a good or service to the final consumer. In the broadest sense,
a supply chain includes all activities related to manufacturing,
the extraction of raw materials, processing, storing and ware-
housing, and transportation. Hence, for large multinational
companies that manufacture complex products, such as auto-
mobiles, machines, or personal computers, supply chains are
highly complex socioeconomic systems.

The ability of successful firms to make the effective man-
agement of supply chains a source of competitive advantage
suggests that there may be useful knowledge that can pro-
vide a point of departure for the development of a similar
level of understanding of certain aspects of health care deliv-
ery systems. Similar to the supply chains in manufacturing
and other industries, the health care delivery system is so
large and complex that it has become impossible for any
individual, or even any single organization, to understand all
of the details of its operations. Like industrial supply chains,
the health care “supply chain” consists of multiple indepen-
dent agents, such as insurance companies, hospitals, doc-
tors, employers, and regulatory agencies, whose economic
structures, and hence objectives, differ and in many cases
conflict with each other. Both supply and demand for ser-
vices are uncertain in different ways, making it very difficult
to match supply to demand. This task is complicated be-
cause demand for services is determined by both available
technology (i.e., available treatments) and financial consid-
erations, such as whether or not certain treatments are cov-
ered by insurance. Decisions made by one party often affect

the options available to other parties, as well as the costs of
these options, in ways that are not well understood. How-
ever, almost all of these complicating factors are also present,
to one degree or another, in industrial supply chains; the
progress made in understanding these systems in the last sev-
eral decades is a cause for hope that some insights and mod-
eling tools developed in the industrial domain can be applied
to at least some aspects of health care delivery systems.

In general, a centralized approach to controlling the en-
tire system is clearly out of the question, although central-
ized decision models may be useful for coordinating the op-
erations of segments of the larger system controlled by a
single decision-making body. Designing decentralized mod-
els of operation that render the operation of the overall sys-
tem as effective as possible is the main challenge for both
health care delivery and industrial supply chains.

In the following section, I shall briefly discuss how the
study of industrial systems has evolved from individual unit
processes to considerations of complex interactions among
many different components of an industrial supply chain. I
shall then describe some examples of modeling approaches
that have been applied to supply chains and close with some
comments on how these tools might be adapted for the health
care delivery environment.

FROM UNIT PROCESSES TO SUPPLY CHAINS

If we examine how industrial operations, particularly
manufacturing operations, have evolved since the beginning
of the nineteenth century, we can see that many efforts were
motivated by a desire to understand and optimize individual
unit processes (see, for example, Chandler, 1980). These ef-
forts led to many innovations, among them the development
of improved machine tools and fixtures, a significantly bet-
ter understanding of the chemistry of processes (e.g., steel-
making), and through the work of the early industrial
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engineers, such as Frederick Taylor and Frank and Lillian
Gilbreth, the optimization of interactions between workers
and their environment.

As the understanding of unit processes developed, engi-
neers began to consider larger and larger groupings of unit
processes, trying to understand interactions between them
and optimize the performance of entire systems, sometimes
to the detriment of individual components. Hence, from con-
sidering individual unit processes, we progressed to consid-
ering departments of factories that perform similar opera-
tions, entire manufacturing processes from raw materials to
finished products, and eventually, the operations of entire
firms, as well as their suppliers and customers. It has often
been observed that most significant new opportunities, both
for cost reduction and the generation of new products and
services, have been based on an understanding of interac-
tions between different subsystems, or different agents, op-
erating in the supply chain.

Among today’s leading companies, examples abound.
Many automotive companies, for instance, have developed
joint ventures with transportation firms; the objective is to
optimize the interface between the production and distribu-
tion functions and facilitate the just-in-time operation of
automakers’ final assembly plants. Software companies that
provide supply-chain planning software for multilocation
companies is another strong indicator of the advantages com-
panies perceive will accrue to them by the effective manage-
ment of the various elements of their supply chains. The
strong trend in industry to outsource noncritical functions
has increased the need for companies to effectively manage
and clearly understand their relationships with other compa-
nies. As a final example, we can point to the collaborative
forecasting, planning, and replenishment initiative in the re-
tail sector; retailers work closely with major suppliers to
develop demand forecasts for products through information-
sharing and joint planning processes.

Clearly, the basic process of improving a system by a
detailed understanding of the most fundamental unit pro-
cesses, in other words the “atomic” elements of the system,
and steadily extending that knowledge to interactions among
larger and larger groupings of these elements is directly ap-
plicable to health care delivery systems. The individual unit
processes in this case include the processing of a patient in
an emergency room, the process by which a medical insur-
ance claim is approved, and the scheduling of hospital oper-
ating rooms to optimize their performance. The need for a
better understanding of how the operations of individual el-
ements affect each other is apparent; these interactions can
be quite complex because of long time lags between cause
and effect. For example, the decision by a regulatory agency
to disallow a certain kind of preventive procedure for infants
may result in the emergence of an unexpectedly large num-
ber of children with special needs in the elementary school
system several years later. The same kinds of problems are
present to some degree in industrial supply chains, and a

significant body of knowledge has been developed over the
years to address them.

Based on the history of industrial enterprises, we know
that the development of today’s enterprises required substan-
tial organizational innovations, such as capital budgeting to
allocate scarce capital between competing activities, cost
accounting to develop an understanding of factors contribut-
ing to product costs, and the development of multidivisional
corporations with complex structures of management incen-
tives and coordination mechanisms. An important develop-
ment in recent years has been the recognition of the need for
a cross-functional view of supply-chain operations. All as-
pects of a firm’s operation, from the design of a product to
the specific timing of marketing promotions, have a direct
effect on the operation of the supply chain. Therefore, differ-
ent functional specialties must actively collaborate to de-
velop solutions to optimize the performance of the overall
system. Similarly, in health care delivery a number of differ-
ent constituencies, such as doctors, government agencies,
insurance providers, and patient groups, are all involved in
the operation of the health care delivery supply chain.

KNOWLEDGE OF SUPPLY-CHAIN MANAGEMENT

In the domain of industrial supply chains, it is probably
safe to say that we have developed a fairly good understand-
ing of the operation and economics of individual unit pro-
cesses, including functions such as transportation, distribu-
tion, warehousing, and information processing. In particular,
we have developed a substantial understanding of the often
complex dynamics of capacity-constrained systems subject
to variability in both demand and process (Hopp and
Spearman, 2000). However, in general we are only begin-
ning to learn how to integrate the solutions to these indi-
vidual elements to reach a reasonable understanding of the
operation of the overall supply chain.

Integrated planning models based on linear and integer
programming have been applied to the segments of the sup-
ply chain controlled by a single company for at least four
decades (e.g., Johnson and Montgomery, 1974). Although
these models have been successful in many instances, they
have not been effective in addressing the needs of a supply
chain that involves many different companies with poten-
tially conflicting objectives. In recent years, considerable
efforts have been made to use some of the tools of econom-
ics, such as contracts, as a mechanism for coordinating the
operation of complex supply chains (Tayur et al., 1998).
However, these models are generally subject to long-run,
steady-state assumptions that can be carefully evaluated rela-
tive to market conditions.

Conventional Monte Carlo simulation techniques (Law
and Kelton, 1991) have proven extremely effective for sys-
tems in which the operational dynamics can be described at
a high level of detail, such as segments of manufacturing
processes or hospital operations. The difficulty with these
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models is that for large-scale systems the level of detail re-
quired to unequivocally model system behavior accurately
becomes prohibitive in terms of both data collection and
computation time. Systems dynamics models used to model
large systems work by establishing input-output relation-
ships for their components and simulating their operation
through time using techniques based on the techniques used
for the numerical solution of differential equations (Sterman,
2000). Although these techniques are capable of modeling
large, complex systems, they usually do so by specifying
aggregate input-output relationships for large subsystems,
which must be validated and whose parameters must be esti-
mated carefully. Nevertheless, these models can capture
many critical aspects of supply-chain behavior, such as the
“bullwhip effect,” in which variability in orders is amplified
as it passes down the supply chain from the consumer to-
wards the producers of raw materials (Forrester, 1962).

RESEARCH NEEDS AND FUTURE DIRECTIONS

At the risk of overgeneralizing, it appears that most of the
tools required for analysis of the individual unit processes in
health care delivery, such as efficiency of hospital facilities,
have been developed in the engineering literature and have,
in fact, been applied intermittently to a variety of systems
over the last several decades (e.g., Pierskalla and Brailer,
1994). However, if our experience with industrial supply
chains is any guide, only limited improvements in health
care delivery can be obtained by these means. Repeated ex-
perience has shown that far greater improvements can be
obtained by a thorough understanding of the interactions
between different elements of the system and restructuring
them in a way that leaves all parties better off. This brings
the modeling issues squarely into the region where current
supply-chain research is weakest (the effective coordination
of socioeconomic systems consisting of multiple, indepen-
dent agents); but this is also the area that is developing most
rapidly. The development of novel models at the intersection
of conventional engineering and economics promises to pro-
vide a wide range of challenging research problems for many
years to come.

To support this agenda, the most pressing research need
is for techniques that can be used to model systems at the

aggregate level, where one can accept some level of approxi-
mation to obtain computationally tractable models that
achieve the correct qualitative behavior and provide useful
insights into interactions between systems. This means that
the aggregate models must capture the often nonlinear rela-
tionships between critical variables correctly, which has not
always been the case in supply-chain modeling. The litera-
ture on systems dynamics may be a good starting point for
this initiative, but it must be complemented by a variety of
other techniques, such as economic models of competition
and collaboration and agent-based techniques for modeling
complex systems.

It is important to bear in mind that the purpose of these
models is far more likely to be descriptive than prescriptive,
that is, models are far more likely to be used, and arguably far
more useful, to inform debate between the various parties in-
volved in health care delivery than to deliver decisions to be
executed. Hence, the development of large-scale computa-
tional simulations of different scenarios with different actors
and interaction protocols between the actors appears to offer
interesting research challenges. These tools would be ex-
tremely beneficial to decision makers in health care delivery.
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The Human Factor in Health Care Systems Design

Kim J. Vicente
University of Toronto

The simplest way to think about the discipline of engi-
neering is that engineers design things that are useful to soci-
ety and satisfy important needs based on what we know about
the physical world. When a bridge fails, we do not usually
blame the bridge. We look to its design, trying to find a mis-
match between what we know about the physical world and
the outcome.

We should apply this same logic to people. But when a
system is poorly designed, we often blame the person using
it rather than the flaws in the system. For example, when we
design a mechanical lathe, we must place the mechanical
controls in a way that respects what we know about human
bodies. But sometimes, if a lathe is poorly designed, we
blame the user rather than the design.

Although we know a great deal about teamwork and about
human behavior at the organizational and political levels,
that knowledge is not always taken into account by design-
ers of health care systems and devices. Clearly, improve-
ments could be made, and not just in terms of safety. The
lack of respect for human nature in the design of health care
systems causes injuries and deaths, but it also costs money.

Contrast that to the field of aviation. Despite September
11, 2001 was not a bad year for aviation safety. The average
number of deadly crashes for the previous decade was 48 per
year. In 2001, however, there were only 34 deadly crashes—
worldwide, not just in the United States. That’s the lowest
number since 1946 when there were far fewer flights.

One reason for the improvement is that aviation engineers
pay attention to the human factor. A familiar example is the
rather high rate of crashes in a certain type of aircraft that
occurred because pilots tended to raise the landing gear as
the plane was landing, causing the airplane to scrape along
the runway. When Al Chapanis, an aviation engineer, stud-
ied the problem, he found that the controls for the landing
gear and the wing flaps were right next to each other and that
they looked and felt identical. He realized that pilots could
easily grab the wrong control, but he also realized that he

could not redesign the whole cockpit. He came up with an
idea, now called shape coding. He did not move the controls,
but he altered the feel of the landing gear control. The con-
trols are still right next to each other, but the change elimi-
nated the errors. It was as simple as that.

Can we apply the same type of thinking to health care
systems? Patient-controlled analgesic devices, which allow
patients to self-administer analgesics (usually morphine), are
a case in point. A number of parameters are programmed
into these devices by the nurse, the most important being
drug concentration. These devices rely strictly on the pro-
gramming and cannot independently verify either the con-
centration or even the type of analgesic in the syringe. There-
fore, errors in programming can mean underdoses or
overdoses; and errors have enduring effects, that is, the prob-
lem lasts until the programming is corrected.

For the particular device that we studied, programming
errors were associated with five to eight reported patient
deaths. Adverse drug events and adverse events in general in
medicine are severely underreported—roughly only 1.2 to
7.7 percent are reported (Vicente et al., 2003). In other
words, adverse events may be 13 to 83 times higher than the
reported rate. We calculated that programming errors had
lethal results for this particular device at least 65 times, and
perhaps as many as 667 times, over a 12-year period. To put
these numbers in context, the manufacturer reports that the
device was used safely over 22 million times.

We then examined the existing design using traditional
human-factor principles to see if there was room for im-
provement. We also talked to nurses, the users of this device.
One serious problem we found was that the layout of the
buttons on the interface was confusing and counterintuitive.
So we came up with a new design by resegmenting the but-
tons and changing some of the labels. The new design of-
fered the same functionality but changed the mode of inter-
action between the programmer and the pump. The system
now provided more feedback and gave the user an overview
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of the programming sequence. The redesigned device told
the programmer the drug concentration, what was coming
up next, how to program the mode, and then showed the
settings. In essence, the new programming sequence was
much less convoluted.

We tested the redesigned interface in a laboratory setting
with professional nurses who had more than five years of
experience programming the commercial device. With the
commercially available design, there were eight program-
ming errors for drug concentration, three of which were un-
detected. With the new interface, there were no errors in
drug concentration. They were eliminated.

Given the epidemiological data, the change was obviously
important for safety reasons. But it was also important in
terms of cultural attitudes. If the problem had originated with
the person programming the device, then changing the inter-
face should have made no difference in the error rate. In fact,
changing the design did eliminate the errors. Therefore, we
concluded that the problem was not with the people, or, at
least, not only with people.

Surprisingly, we had a great deal of difficulty getting this
research published. One journal refused it because the editor
took for granted that what we had scientifically demonstrated
was not true. We went through some pretty hard times, both
in terms of getting the work published and dealing with the

response from the public. One reviewer even suggested that
a lawyer look at the research because of potential legal ac-
tion by the manufacturer. We had chosen the particular de-
vice because it was relatively new, but soon after our re-
search was completed, the media began to report some deaths
as a result of errors in programming the device.

This example shows three important points. First, we
know how to design technology that works for people be-
cause we know a lot about people at many levels—physical,
psychological, team, organizational, and political. We do not
always make the most of this knowledge when we design
health care devices, but lack of understanding is not the prob-
lem. Second, not making the most of that knowledge results
in a tremendous loss to society. Tens of thousands, perhaps
even hundreds of thousands, of people are injured or die ev-
ery year unnecessarily. Finally—the most difficult lesson—
change is important and necessary, but there is a great
deal of resistance that must be overcome before we can
make progress.
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Changing Health Care Delivery Enterprises

Seth Bonder
The Bonder Group

The health care delivery (HCD) system in the United
States is in crisis. Access is limited, costs are high and
increasing at an unacceptable rate, and concerns are growing
about the quality of service. Many, including the Institute of
Medicine, believe the system should be changed significantly
in two ways: (1) HCD enterprises should be reengineered to
make them more productive, efficient, and effective; and
(2) substantially more effort should be devoted to a strategy
of prevention and management of chronic diseases instead
of the current heavy reliance on the treatment of diseases.
Although operations research can make substantial con-
tributions to both areas, the focus of this paper is on:
(1) reengineering HCD enterprises, particularly areas in
which operations research can provide valuable support to
senior health care managers; and (2) enterprise-level HCD
simulation models to determine the reengi-neering initiatives
with the biggest payoffs before implementation.

HCD enterprises are very large, complex operational sys-
tems comprised of large numbers of people and machine ele-
ments. Tens of thousands of people are involved as providers,
patients, support staff, and managers organized into special-
ties, departments, laboratories, and other organizations that
are considered independent service units (“stovepipes”). Ma-
chines include durable medical equipment, information tech-
nologies, communications equipment, expendable supplies,
rehabilitation equipment, and so on. These elements are af-
fected by many clinical and administrative processes (e.g.,
arrivals, testing, diagnosis, treatment, scheduling, purchasing,
billing, recruiting , etc.), most of which are probabilistic (i.e.,
uncertain) and change significantly over time.

Perhaps most important, these processes involve large
numbers of interactions within units, among units, and
across processes. Decisions by enterprise managers regard-
ing one unit may have second, third, and fourth order effects,
which may be more significant than the first order effect.
HCD enterprises are driven by endogenous and exogenous
human decisions made by providers, patients, insurers,

administrators, politicians, government employees, and
others. Demand and supply issues have complex feedback
effects. A great many resources are required for the develop-
ment and operation of an HCD enterprise. For example, the
University of Michigan’s budget for its HCD enterprise is
more than $1 billion; the Henry Ford Health System’s budget
is $2.5 billion, and these are relatively small HCD enterprises.
Billions of dollars have been spent on cost containment ini-
tiatives over the past 15 years by the Agency for Healthcare
Research and Quality (formerly the Agency for Health Care
Policy and Research), the U.S. Department of Defense, the
Veterans Administration, National Institutes of Health, foun-
dations, universities, and others to reengineer the HCD sys-
tem. Nevertheless, costs continue to rise at double-digit rates.

We need better ways of analyzing systems of this magni-
tude. The operations research community has been involved
with HCD enterprises for more than 40 years working on a
wide range of problems, such as inventory for perishables;
management of intensive care units; laboratory and radiol-
ogy scheduling; relieving congestion in outpatient clinics;
nurse staffing, scheduling, and assignments; and layouts for
operating and emergency rooms. These efforts have focused
on the small, stovepipe units, referred to by Don Berwick as
clinical and support “microsystems,” and have produced
some useful information for unit managers but have not
addressed enterprise-level reengineering and planning issues
(the so-called “macrosystem”). Macrosystem issues have
interactive effects across the enterprise and have large cost,
access, and effectiveness impacts. Some of these interrelated
issues are listed below:

• the mix of health services necessary to support a given
population

• the staff required (e.g., specialties, numbers, locations)
to provide necessary services

• the impacts of changing demands (e.g., aging popula-
tions, effects of preventive measures)
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• the impacts of new HCD models (e.g., home health
care, task performance substitution)

• the effects of centralized radiology services
• the impacts of primary care outreach
• facility capacity for the next 20 years and the best way

to provide it
• operational changes to adapt to regulatory changes

(e.g., Medicare)

These and other macrosystem issues can be addressed
quantitatively using enterprise-level simulation models that
represent all of the elements, units, and processes in the en-
terprise as well as the interactions among them. Because
analyses of these issues are necessarily prospective, the
models must be structural rather than statistical. Statistical
models, which are usually used in economics and the social
sciences, use existing system data to develop aggregated
statistical relationships between system inputs and outputs
(i.e., the model). Statistical models are used primarily retro-
spectively, that is, for making inferences and evaluations. In
contrast, structural models are usually developed in the
engineering and physical sciences by modeling the detailed
physics of each process and activity. Structural models are
used prospectively, that is, for predictions and planning. Sta-
tistical models are less appropriate to prospective analyses
of future systems because the data used to develop statistical
models are intrinsically tied to the existing system.

Figure 1 provides an overview of a particular enterprise-
level HCD simulation model. The figure shows the elements
in the Healthcare Complex Model (HCM), which was devel-
oped seven years ago and has been continually updated in a
prototyping process by Vector Research Incorporated (now
the Altarum Institute). HCM simulates individual patient
episodes in a network of facilities for a population of pa-
tients. The network of facilities, with its entities and pro-
cesses, is referred to as a “complex” (synonymous with an

enterprise). Complexes usually have one or two major medi-
cal centers (where much of the tertiary care is provided), five
to ten hospitals, and many clinics. The model can be adapted
to represent specific features of any HCD enterprise.

Inputs to the model include demographics of the popula-
tion that receives care. A model preprocessor converts the
demographics into a stream of patients entering the com-
plex; each patient’s condition is described by an Interna-
tional Classification of Diseases, ninth edition (ICD-9) code.
Patients can enter the enterprise at a clinic, a hospital, or a
medical center. They can be referred physically or via
telemedicine consults from clinics to hospitals or to a medi-
cal center. Providers of various types are located at each fa-
cility in the complex. The care protocols represent practice
guidelines and patient pathways, define what service patients
receive next, where patients receive the service, and the type
of personnel who will provide it. The model keeps track of
the resources used and estimates costs using related cost
models. Each protocol is a tree with many probabilistic
branches to simulate that different providers may provide
patients having the same condition with different medical
services. The care protocols may be tailored for simulations
of specific enterprises and facilities. The model represents
various ancillary personnel (e.g., nurses, nurse assistants,
medical technicians, etc.) and various ancillary resources
(e.g., laboratories, pharmacies, beds, CAT scans, MRIs, and
durable medical equipment). Finally, the model represents
various clinical (e.g., computerized patient record system)
and administrative (e.g., billing, scheduling) information
technologies and communications systems.

Because the HCM explicitly simulates all of the entities,
processes, and activities in the system, any one or combina-
tion of them can be changed, and the impact on various out-
put costs and access metrics can be observed. For example,
HCM can determine how a change affects the cost of run-
ning the enterprise, a hospital, or a particular unit in a
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FIGURE 1 Overview of the Healthcare Complex Model.
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hospital. It can calculate the impact on access metrics for the
enterprise, a hospital, or a unit in a hospital. Because the
model is being enhanced continually via a prototyping
process, consideration has been given to simulating false
positive and false negative statistical errors and their effects.
Although these are not outcomes, they would provide useful
quality information about the simulated HCD enterprise.

HCM has reasonable fidelity at this stage in its develop-
ment. It contains more than 1,200 ICD-9 code conditions
(e.g., acute appendicitis, asthma, cellulite, open chest wound,
viral hepatitis, low back pain, etc.) and more than 1,500 clini-
cal tasks/procedures (e.g., preoperative anesthesia, computer
tomography for staging/radiation, EEG, interpretation of
angiogram, administration of antibiotics, etc.). The model
simulates 60 different kinds of health care providers, 17 types
of ancillary resources (e.g., x-ray, ultrasound, pathology, di-
alysis unit, etc.), 6 different inpatient beds, and 23 combina-
tions of telemedicine equipment. And its fidelity improves
with every study.

The model was tested on one of the smaller regional HCD
enterprises in the military health system (MHS). The enter-
prise has one major medical center, two hospitals, two clin-
ics, and a managed care support contractor that provides ad-
ditional capacity for the region. Together they handled about
1.6 million outpatient visits in fiscal year 1999. The model
was adapted to represent the facilities, workforce, ancillary
resources, information technologies, and clinical protocols
used by the regional complex. Using population demograph-
ics provided by the government, regional operations for the
year 1999 were simulated a number of times (because of the
probabilistic nature of the protocols) to develop stable aver-
age outputs. These were compared to the historical values

from the enterprise’s 1999 operations with encouraging
results. Total outpatient visits differed by 0.11 percent, same-
day surgeries by 1.02 percent, inpatient admissions by
2.99 percent, emergency room visits by 6.04 percent, and
average length of stay by 0.94 percent. More detailed com-
parisons of outpatient visits by individual facility and indi-
vidual specialty all differed by less than 4 percent. Although
this was not a true validation study (which would require
implementing model-suggested changes and comparing pre-
dicted impacts with actual results after the changes), it did
show that simulation models can represent the complex
dynamics of health care enterprise operations and can gener-
ate useful information and insights for enterprise managers.

HCM has been used in a number of other studies including
the geographic distribution of primary care providers for a
large, dispersed enterprise; telemedicine needs for a MHS
regional complex; centralization of radiologists to service a
20-facility enterprise; and determining return-on-investment
for information technologies. HCM is currently being used to
determine capacity requirements for an enterprise that would
experience increased demand following a bioterrorist attack.

Enterprise-level simulation models like HCM can be used
to address a broad range of issues facing enterprise execu-
tives. Here is one challenge that could be posed: Given a popu-
lation of patients, how can operations research determine an
efficient set of resources to provide an acceptable level of ser-
vices to that population. Assuming the HCD enterprise is a
shell with no existing medical services, models like HCM can
be used to address difficult issues, such as designing a system
from scratch to serve a given population (sometimes referred
to as “zero-based” design). A schematic drawing of the
analysis process is shown in Figure 2. For purposes of this
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discussion, we assume that an acceptable level of service can
be defined in terms of some access/quality metrics, cost of
enterprise operations, and cost of the resources.

The resources required to service the specified population
depend not only on characteristics of the population (e.g., con-
ditions, prevalence, incidence, etc.), but also on the protocols,
as well as the degree to which the enterprise strategy for ser-
vicing the population focuses on treatment or prevention/
management of medical conditions. The three-dimensional
structure shown on the right side of Figure 2 allows the analy-
sis team to select a population, a protocol set, and a mixed
treatment/prevention strategy as input to the analysis process.
(The protocols are obviously related to the strategy and
designed to reflect the strategy.) Figure 2 shows that input
(1, 2, T), representing population 1, protocol set 2, and a
treatment-focused strategy is used to begin the analysis.

Regardless of the input set, the enterprise will need a
“base structure” consisting of a primary care package, medi-
cal records, medical logistics, a medical infrastructure pack-
age, and other base resources, as shown in the figure. Enter-
prise operations with the base-level resources, protocol set
2, and strategy T can then be simulated for a period of time
to see if it provides an acceptable level of service to the se-
lected population (#1). If the answer is no (as shown by the
decision diamond), the analysis can then try adding indi-
vidual resource packages to see which provides the most
improvement in service capability to the population. Resource
packages are designed by the user team (e.g., pediatrician/
internist/obstetrician/ENT package, which can be substituted
for a primary care package; a gastroenterologist/orthopedist
package; an oncologist/urologist package; a cardiologist/
thoracic surgeon package; an emergency room package; and
other resource groupings). Enterprise operations are simulated
for each package to determine the improvement in service
capability above the base level. The resource package with the
most improvement on the margin is added to the enterprise (as
shown under the variable structure).

This process is repeated, and resource packages with the
most marginal improvement to the enterprise are added until
an acceptable level of service is reached. (Mathematical pro-
gramming techniques would likely make this iterative search
process more efficient.) When this process is complete, the
sum of the base and variable resources constitute an efficient

set of resources that provide an acceptable level of service
(measured by access/quality and cost metrics) to the desig-
nated population using the specified protocols. The effect of
different protocols on the resource requirements, as well as
resource requirements for other populations, can be deter-
mined in a similar way. This process could be used to design
a “versatile” set of resources that would provide a capability
to serve multiple populations using different protocols.

Operations research could address some of the important
enterprise-level issues but would require cultural changes on
the part of enterprise management, as well as the operations
research community. Enterprise management would have to
encourage centralized planning for enterprise design and re-
source allocation issues, simultaneously maintaining decen-
tralized operations. Higher order (and usually large) effects
of interactions across stovepipes can only be identified at
this level. Enterprise management would have to encourage
a culture of prospective analyses to identify necessary
changes that would be useful and would provide a high re-
turn on investment. (Retrospective analysis is an expensive
trial-and-error process to learn what doesn’t work). Enter-
prise management would have to establish a “requirements-
pull” process for equipment and IT decisions, rather than the
existing “technology-push” process, which is based on what
is available from industry rather than what is needed. Man-
agement would also have to require that processes be
reengineered when implementing new technologies
(technology changes overlaid on existing processes produce
zero value).

The health operations research community would also
have to make important cultural changes. It needs to begin
addressing enterprise-level issues, which should not remain
in the purview of health econometricians who have failed to
solve the cost, access, and quality problems that have belea-
guered health enterprises and the nation. The operations
research community would have to start working with
enterprise-level structural models and begin using them for
prospective analyses. Health operations research practitioners
must become integral partners with senior enterprise managers
in their business planning. They should use their 40 years of
tactical-level support as an entreé and then demonstrate
(and market!) the value of enterprise-level analyses to
enterprise managers.
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Transforming Current Hospital Design:
Engineering Concepts Applied to

the Patient Care Team and Hospital Design

Ann Hendrich
Ascension Health National Clinical Excellence Operations Office

Health insurance premiums and the cost of hospital ser-
vices and care have risen significantly over the past few
years. Public and private data recently analyzed by
PricewaterhouseCoopers (2003) for the American Hospital
Association and the Federation of American Hospitals con-
firmed that, from 1997 to 2001 spending on hospital care
increased by $83.6 billion. Increased volume, the most im-
portant reason for this increase, accounted for 55.4 percent;
33.4 percent was attributed to increased use and 21.0 percent
to population growth. Since 1996, adjusted admissions in-
creased at least 3 percent every year except 1998, when the
increase was 2 percent. Other factors included an aging popu-
lation; lack of effective care management and patient educa-
tion; less restrictive benefit plans; and new, more expensive
technologies.

Spending on hospital services increased 61 percent over
the last 10 years and is still the largest component of rising
national expenditures on health care (31.7 percent in 2001).
Increased compensation is the most significant driver of the
rising cost of goods and services purchased by hospitals.
Nearly three-fifths of hospital expense goes to the wages and
benefits of caregivers and others. Furthermore, labor costs
accounted for 38.8 percent of the increase in spending on
hospital care between 1997 and 2001. The study also deter-
mined that improved hospital efficiency accounted for
$15 billion in savings between 1997 and 2001. These
initiatives resulted in shorter hospital stays, less inpatient
capacity, higher productivity, and consolidations.

Labor costs (related to the nursing shortage) are antici-
pated to account for the largest share of the current increase
in spending on hospital services. Between 1995 and 2000,
hospital wages exceeded increases paid in private industry,
and, as a result, financial margins eroded. In addition to
wages, hospitals have absorbed other expenses to retain or
recruit nurses, such as tuition reimbursement, sign-on bo-
nuses or referrals, loan repayments, and financing of child
care centers. This has put great financial pressure on

hospitals to be more efficient, which in turn has put signifi-
cant stress on the workforce. The lack of significant, sus-
tained efforts at improvement, coupled with efforts to reduce
labor costs, have led to caregivers spending less time with
patients and lower job satisfaction. These statistics suggest
that we have an enormous opportunity to improve efficiency,
safety, and environmental designs to counteract increases in
labor costs and inflation.

My presentation is divided into three sections: (1) a study
of how health care workers spend their time; (2) a study of
current and future hospital designs, with a focus on the pa-
tient room (about 400 new hospitals are currently being built
from the ground up, many of them designed the same way
they have been designed for 100 years or more raising con-
cerns about their sustainability); and (3) the results of
changes in design.

BACKGROUND

In Methodist Hospital, a large time-and-motion video
study of patient care processes and the patient care team,
with Ann Hendrich as the principal investigator, was done to
determine how improvements could be made (Hendrich and
Lee, 2003a). Four video cameras were installed in hospital
patient units: one in the nursing unit hallway, one on each
side of the nursing station, and one in each patient room.
(This was an informed Institution Review Board consent
study.) The four cameras fed video data into a quad screen
for data review and analysis. About 1,000 hours of continu-
ous work were studied in a hospital nursing unit very similar
to units in most hospitals in this country. Almost 4,000 events
in the patient room and thousands more in the nursing station
and the nursing hallway were tracked and “trended” to
measure how health care workers spend their time.

We found that in this typical unit a nurse executive
budgets for about five-and-one-half to six hours of direct
nursing hours per patient day. But patients received less than
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10 percent (about 20 to 40 minutes) of direct care in their
rooms. Nursing-acuity systems cannot account for the waste
and inefficiency we were able to measure in design, distance,
transfers, and differences among units. We concluded that
the built environment (new or transformed) enabled by tech-
nology is a nearly untapped opportunity for improving the
cost, quality, and access to hospital care. A main reason
nurses are unhappy in their professional roles is that most of
their time is spent doing things other than professional nurs-
ing. For the most part, their time is not spent with patients on
healing, intervention, care, or teaching. It is spent instead
on what I call “hunting and gathering”—hunting and gather-
ing paper, supplies, medical records, equipment, trays, carts,
linen, and so on. Thus hour by hour, much more time is spent
in the nursing unit hallway and the nursing station than in the
patients’ rooms.

In addition, many patients are moved two to five times
during short hospital stays, which adds to waste, inefficiency,
and the workload index. Patients are moved from unit to unit
for two reasons: (1) the head wall and technology; and
(2) nursing skills. Admittedly, these are very important
reasons, but if hospitals address these issues, a whole new
level of care and efficiency could be provided.

In a separate patient-transport study, patient-placement
data (the chance of transfers, waits, and delays) were entered
into a simulation model to show actual patient flow
(Hendrich and Lee, 2003b). This study affirmed the need for
changes in the current hospital design to reduce waste and
inefficiency, improve safety, increase meaningful work for
caregivers, and align facilities with future needs. The need
for flexible, acuity-adaptable rooms for current and future
hospital designs is imperative. The need for comprehensive
care and progressive-level care will continue to increase with
anticipated changes in demographics and technology. The
model clearly demonstrated the high cost and inefficiency of
running hospitals the way they are run now and the potential
improvements of doing things differently. The model sug-
gested that we have a multimillion dollar opportunity to re-
duce waste for both patients and caregivers.

A NEW DESIGN

Based on the internal and external trends revealed in these
studies, a demonstration unit was established at Methodist
Hospital, shortly after it was consolidated with University
Hospital and Riley Hospital for Children. Additional bed
space was needed for the cardiovascular consolidation, but
we chose not to replicate the familiar nursing unit design. A
coronary critical-care unit was combined with a coronary
medical unit into a future-state patient room. The head wall
was acuity adaptable, and patients were admitted and dis-
charged from the same room. The unit was called the com-
prehensive coronary critical care unit (Hendrich et al., 2003).

The simple change in the head wall required minimal in-
vestment (approximately $100 dollars per room) to provide

the pounds per square inch necessary to handle multiple
gases (oxygen and suction) up through a multilevel tower.
Other monitoring technologies would cost more and could
be added when needed. Private rooms with acuity-adaptable
head walls, adequate space for family, and lighting and tem-
perature controlled by the patient could help reduce infec-
tion rates and bed placement times. This design offers maxi-
mum flexibility for hospitals of the future.

Hospital patient flow also requires a major transforma-
tion. The demonstration unit showed the value of not mov-
ing patients from unit to unit. When patients are moved, not
only do we lose their dentures, but we also make serious
clinical errors because of communication gaps. Every time a
patient is moved from one nursing unit to another, the pa-
tient comes into contact with another 25 or so caregivers.

The new room design balanced privacy with high obser-
vation and created a healing environment for the patient. The
windows facing the interior hallway were electronically
charged. With the flip of a switch located on the wall, the
window in front of the decentralized nursing station could
become clear or opaque. (The same effect could be provided
with an inexpensive blind.) The nurses used an infrared
tracking system to reduce hunting and gathering time to find
each other on the unit. The phone was modem capable for
family or patient use, and blood analysis modules were in
each patient room, so routine blood tests could be done
quickly, at the point of care, to reduce lead time for physi-
cians and caregivers.

As electronic medical records become more prevalent,
hospitals should think about changing how they use the space
of a centralized nursing station. This centralized space could
become a business/care center for interdisciplinary practice
(nurses and physicians), which would in turn make physi-
cian office and department practices more efficient. The
nursing stations could be decentralized to reduce travel time
and workload index and increase direct-care time. Problems
relating to cultural change and human factors (nurses are
most familiar with centralized stations) can be resolved with
concerted effort. The data are clear—decentralized stations
reduce the waste and inefficiency of typical work patterns of
hospital nurses (see Figures 1 and 2).

When we consolidated the two units (coronary critical-
care and the coronary medical unit), we had a definite mo-
ment in time for comparison because patients from both units
were moved to the new unit on the same day. We were able
to compile true pre-baseline data, and, with this case-control
comparison, we were able to measure the impact of change
on a variety of levels (clinical, cost, satisfaction). The case-
mix was unchanged in the new unit. We measured sentinel
events, length of stay, cost of care, medication errors, nurs-
ing turnover, and patient falls. The decrease in errors and
adverse events was a direct result of the changes in design
and care model. Patient dissatisfaction decreased greatly and
more rapidly in this unit than in any other unit in the hospi-
tal. Nursing hours returned to 1997 levels—patient-care time
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FIGURE 2 Comprehensive cardiac critical care: acuity-adaptable room for single stay.

FIGURE 1 Typical critical-care patient room.
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was increased, not decreased. Direct-care contact was in-
creased, and hunting and gathering time was decreased.

Previously these two units had transported 200 patients a
month back and forth between them; the number dropped to
fewer than 20. Remember that the average time for a trans-
port is 25 minutes to 48 hours in most acute-care facilities.
Theoretically, we had predicted that acuity-adaptable rooms
would be more efficient and that there would be less need to
move patients; this was demonstrated in the outcome data.
Although the total number of beds was reduced by seven,
there were dozens more patient days handled on fewer beds.
When the data were entered into the simulation model, the
results showed millions of dollars in efficiency improve-
ment. This suggests that smaller, more efficient facilities
would bring some relief from workforce shortages and grow-
ing demand in the future.

At the heart of the hospital capacity and flow problem (or
the cause and effect) is the tension between medical and sur-
gical care specialties and critical care. Many patients don’t
require critical care, but because progressive beds are usu-
ally full, they are often assigned to a critical care bed. Emer-
gency departments and operating room recovery areas are
often backlogged with patients waiting for the “right” bed.
Thus, patients who are between the critical care and medical–
surgical care levels (“tweeners”) create a bottleneck in
hospital flow. Physicians and nurses tend to err on the side
of safety and “hold them” until critical care beds become
available. This bottleneck phenomenon tells us something

about future demands for care and the necessity of migrating
the middle section of care to the “next generation” of care
delivery (Hendrich and Lee, 2003c).

The built environment, enabled by technology, provides
an enormous untapped opportunity for reducing waste and
improving care when non-value-added analysis is used to
improve caregiver work spaces. The development of new
care-delivery models to match new hospital environments
will be an imperative for the future. This demonstration unit,
which provided a healing, patient-centered design to support
the patient and caregivers, improved both clinical and fiscal
outcomes.
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 Discrete-Event Simulation Modeling of the Content,
Processes, and Structures of Health Care

Robert S. Dittus, M.D., M.P.H.
Vanderbilt University and

Veterans Administration Tennessee Valley Healthcare System

The Institute of Medicine (IOM) report, Crossing the
Quality Chasm, challenged health care providers to deliver
care that is safe, timely, effective, equitable, patient-centered,
and efficient (IOM, 2001).  To meet these challenges, health
care providers must redesign, implement, and continually
improve current health care systems, including:  (1) the con-
tent of care (what is being delivered); (2) the processes of
care (how care is delivered—the microsystems of care); and
(3) the structures of care (how delivery systems are orga-
nized and financed—the macrosystems of care).  Although
biomedical and clinical researchers will continue to identify
potentially modifiable risk factors for disease and improve
methods for diagnosis and treatment through observational
and experimental studies, such advances alone cannot ad-
dress the IOM challenges.

CONTENT OF CARE

The content of care will be shaped largely by advances in
biomedical and clinical research.  In colorectal cancer, for
example, new chemotherapeutic agents have recently been
developed that can prolong life for patients with advanced
colorectal cancer (Rothenberg, 2004).  In addition, new di-
agnostic modalities have been developed, such as radio-
graphic “virtual colonoscopy” and a fecal DNA test, to de-
tect early colorectal cancer (Winawer et al., 2003).

Traditional clinical research designs can address the effi-
cacy and effectiveness of treatment and the sensitivity and
specificity of diagnostic tests, but cannot easily address many
important clinical management questions.  Clinical research
cannot readily examine the cost-effectiveness of screening
colonoscopy at different ages, the most cost-effective time
for surveillance colonoscopy among patients who have had
a polypectomy, or the combination of age and morbidity at
which colorectal cancer screening should be stopped.  The
myriad of possible solutions to these questions precludes
comparing alternatives using traditional research designs and

the size of a clinical study for adequate power would be pro-
hibitive.  In addition, the time required to gather study re-
sults would be measured in decades because of the slow
growth of adenomatous polyps, the precursor of colorectal
cancer.  However, simulation modeling is a study design that
could effectively address these questions (Banks et al., 2004;
Law and Kelton, 2000).

PROCESSES OF CARE

Biomedical research can contribute little to improvements
in the processes of care.  Clinical observational and experi-
mental studies on the processes of care could be helpful, but
little work has been done to date in this area.  In the past
decade, management science methods have been introduced
into clinical medicine more formally and extensively than in
the past.  A set of such methods, often referred to as continu-
ous quality improvement, have been used worldwide to re-
duce variations in care delivery.  Because health care is gen-
erally operating far from the efficiency frontier, these
reductions in variation are often accompanied by improve-
ments in quality and reductions in cost.  However, the “plan-
do-study-act” incremental approach to improvement is not
always applicable because external forces, such as govern-
mental or professional regulations, may require significant
sudden change.  Simulation modeling can be used to explore
the implications and consequences of alternative processes
of care.  Simulation modeling can also generate new insights
into underlying systems of care and identify new approaches
that might not otherwise be apparent.

STRUCTURES OF CARE

The structures of care will also require substantial modi-
fications.  For example, financing systems are not designed
to align incentives to improve the quality and efficiency of
care delivery.  Even though care delivery systems have
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changed over the past decades, they are still based on the
same general structures as they were a century ago.  For
example, the relationships and tasks among health care work-
ers have changed very little.  In the past two decades, ques-
tions have been raised about the effects of long hours (usu-
ally more than 80 hours per week) put in by residents on the
quality and safety of care.  In response to these concerns, the
Accreditation Council for Graduate Medical Education re-
cently established work-hour restrictions for residents.  How-
ever, it is difficult for residency programs and hospitals to
make small, incremental changes to their residency pro-
grams.  Changes are generally made once a year, and imple-
menting a poor system can affect a program’s reputation and
subsequent resident recruitment.  In this situation, simula-
tion modeling can again be an effective way of examining
the potential impact of alternative systems of resident sched-
uling on both residents and the quality of care.

TWO SIMULATION MODELING PROJECTS

In this paper, I will describe two simulation modeling
projects that highlight the benefits of this systems approach
to improving health care.  Both projects have been previ-
ously published.  The first project is a disease-based simula-
tion model that examines the content of care for colon can-
cer; the project also demonstrates how the model can affect
the structure of care.  The second project is a hospital-based
scheduling simulation that examines the structure of care;
the results of this simulation led to improvements in both the
structure and processes of care.

Disease-Based Simulation Model

Colorectal cancer is currently the second leading cause of
death from cancer in the United States (Jemal et al., 2003).
There are more than a million deaths per year from colorectal
cancer, predominantly among the elderly; mortality rates rise
logarithmically with age.  There is no cure for unresectable
disease, although when discovered at an early stage the dis-
ease is curable through resection.  Several different screen-
ing tests are available for early detection, and studies have
shown that screening decreases mortality by 15 to 30 percent
and that the removal of adenomatous colorectal polyps (e.g.,
during colonoscopy) decreases the incidence of cancer by 70
to 90 percent (Winawer et al., 2003).  Based on these data, a
single screening colonoscopy at an appropriate age might be
an appropriate diagnostic and therapeutic strategy.  Our ob-
jective was to develop a decision model and examine the
cost-effectiveness of one-time colonoscopic screening for
elderly patients (Ness et al., 2000).

A discrete-event network simulation model was used as
the platform.  The model included the biology of the disease,
risk factors for incidence and prognosis, and the health care
system that screens for and treats the disease. Input
parameters for the model were described as distributions with

characteristics, including distribution shapes, and fit to the
data.  To measure the cost-effectiveness of alternative
screening strategies for colorectal cancer, the outcomes of
colorectal cancer had to be described; to measure quality-
adjusted life years (QALYs), a standard metric for cost-
effectiveness analyses; utilities (as morbidity weights)
needed to be measured for each outcome (Gold et al., 1996).
Two clinical studies were conducted to create these out-
comes, develop a utility instrument, and measure the utilities
associated with the outcome states (Ness et al., 1998, 1999).
Next, a comprehensive review of the literature (more than
2,500 citations) was conducted.  Cost information for diag-
nosis and treatment were derived from a variety of sources.
Once the process was conceptualized and the model formally
constructed, verification and validation tests were conducted
(Ness et al., 2000).

In constructing the model, an attempt was made to match
polyp prevalence data measured through autopsy series and
cancer incidence data measured through cancer registries,
under the assumption that all adenomas progress to cancer.
However, matching the adenoma prevalence rate and the
cancer incidence rate required using a dichotomous popula-
tion of “slow-growing” and “fast-growing” polyps, with
mean transition times from adenoma to carcinoma of
52 years and 26 years, respectively.  As a result, it was
revealed that adenomas progress to cancer at substantially
different rates and that some, perhaps many, adenomas
regress without treatment.  Subsequent data have also
suggested that adenomas may regress.  As this experience
shows, modeling can not only lead to insights into the effec-
tiveness and efficiency of alternative strategies of care, but
can also inform the basic biomedical sciences and generate
hypotheses regarding the pathophysiology of disease.

The main study results revealed that, among men who
had not previously been screened for colorectal cancer (un-
fortunately, a significant percentage of the population), one-
time screening colonoscopy between the ages of 55 and 59
not only reduces the incidence of colorectal cancer, but is
also less costly overall than no screening (Ness et al., 2000).
In a hypothetical cohort of 100,000 40-year-old men, a
screening colonoscopy between the ages of 55 and 59 re-
duced the overall incidence of colorectal cancer from 5,672
to 2,060 and reduced deaths from colorectal cancer from
2,177 to 654.  One-time screening colonoscopy thus was
demonstrated in this model to reduce the incidence and mor-
tality of colorectal cancer by approximately 65 to 70 per-
cent.  At the same time, the cost of care (colorectal cancer
screening, follow-up, and treatment) for these 100,000 men
was reduced by 15 percent, from $75 to $63 million.  If the
screening was done five years earlier, between the ages of 50
and 54, the incidence and mortality were reduced even more,
but at a slightly higher cost.  The marginal cost per QALY
was less than $4,000, which is generally considered a very
favorable cost-per-quality ratio.  Similar findings were dem-
onstrated for women.  The results of this study thus informed
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changes in the “content” of health care, that is, the specific,
recommended care.

A clinical trial to compare the costs and effectiveness of
screening different age groups would be prohibitively ex-
pensive and take a very long time.  A simulation model is
feasible and, in addition, can also examine other features of
these strategies of care, such as differential risk patterns
among subgroups for the formation of adenomas or the speed
of transformation from adenoma to cancer.  The impact of
differential sensitivities and specificities of diagnostic tests
and new diagnostic modalities can be examined quickly.  The
model can also be used to examine the timing of a repeat
“surveillance” colonoscopy after a polyp has been identified
and removed.  The frequency of surveillance colonoscopies
can have a significant impact on the effectiveness and costs
of a screening strategy.  Given the current lack of capacity in
this country to meet the need for colonoscopy under current
recommendations, any strategy that reduces demand (such
as lengthening the interval for surveillance colonoscopy) can
be important.  The simulation model can also examine the
importance of compliance with certain elements of the strat-
egies on the overall effectiveness and cost-effectiveness
of care.

Clinical trials, observational studies, and decision analy-
ses, such as the one described above, have since been used to
inform Medicare payment policy.  Prior to 2001, Medicare
did not reimburse for screening colonoscopies.  When cost-
effectiveness models demonstrated the overall impact and
potential cost savings of screening compared to not screen-
ing, this policy was changed.  With potential reductions of
70 percent in deaths from colorectal cancer and simultaneous
reductions in costs, the “structure” of health care was im-
proved significantly, in this case by a financing change.

Workforce-Scheduling Simulation Model

Outside of healthcare, simulation modeling has been most
commonly used to address facility design, inventory man-
agement, scheduling, and workforce deployment.  Simula-
tion modeling has also been used in a variety of settings to
examine and design new structures and processes of health
care (Klein et al., 1993).  The second project described in
this paper addressed issues related to workforce scheduling.

As a result of a variety of pressures to improve patient
safety and reduce resident fatigue, many residency programs
began in the 1980s to review and implement changes in
house staff work schedules.  The initial focus was on the
frequency of in-hospital call and the amount of resident sleep
time.  In the 1970s, first-year residents in internal medicine
in some programs were on call either 5 nights out of 7 or
every other night, with the norm being every third night, and
the work hours regularly exceeded 100 per week.  Over time,
the frequency of call has been reduced, and recently, the
work week has been limited to 80 hours by professional train-
ing regulations.  In addition, the number of continuous work

hours and the quantity of work, such as patient volume, have
also been regulated.  As a result, residency programs
have been forced to redesign their resident work hours and,
at the same time, hospitals have had to redesign their
workforces to make up for the reduction in resident work.
Resident work scheduling remains an ongoing problem for
academic health centers.

In 1989, simulation modeling was used to examine resi-
dent scheduling in a county hospital affiliated with an aca-
demic medical center (Dittus et al., 1996).  A goal of the
project was to show whether a discrete-event simulation
model of an internal medicine service constructed from eas-
ily obtainable information could make valid predictions of
residents’ experiences; the major focus was on the amount
of sleep residents experienced while on call.  A two-stage
study was conducted.  First, a network simulation model of
the internal medicine service of the teaching county hospital
was constructed, parameterized, verified, and validated us-
ing readily available hospital data and physician surveys.
Second, the model was used prospectively to predict the ef-
fects of changes in the resident work schedule; the changes
were made the year after the model was built.

The setting for the study was a 450-bed municipal teach-
ing hospital with an average daily census of 90 patients on
the internal medicine service (78 ward patients and 12 inten-
sive care unit [ICU] patients).  Each week, approximately
91 new patients were admitted.  The service averaged eight
admissions per night, one-third of which went to the ICU.
To care for these patients, the medicine service had six
teams; each team included a faculty member, a second or
third year resident (resident), two first-year residents
(interns), a senior student, and several junior medical
students.  In the baseline call schedule, two of the six teams
were on call each night—one ward resident and his or her
two interns and senior student, as well as a consulting resi-
dent and two interns from another team.  Interns were on call
every third night and residents every sixth night.  Interns
averaged 97 hours per week in the hospital.

To model the service, a discrete-event network simula-
tion model was constructed using the INSIGHT simulation
language (Roberts, 1983).  The model characterized hospital
schedules, such as the on-call schedule, the nighttime cross-
coverage plan, clinic and conference schedules, and week-
day versus weekend work schedules.  The model described
patient arrivals based on both scheduled and emergency ad-
missions either to the ward or the ICU and characterized
38 house staff activities (residents and interns), including
routine patient care, patient-initiated requests for care, and
other activities.  A decision-priority list established the order
in which tasks would be addressed by the house staff follow-
ing completion of any task.  Twenty preemption levels de-
scribed the prioritization of new tasks added to the work list,
which described the interruption of a task prior to comple-
tion when a more urgent request was received.  Because tasks
were time sensitive, their preemption levels could change
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over time.  The baseline model was constructed and vali-
dated against observational data not used in the parameter-
ization of the model.

In contrast to other types of decision analyses, a discrete-
event network simulation model is flexible enough to ac-
commodate such representations.  The model also allowed
for complete flexibility in the description of the input param-
eters.  A flexible distribution system was used to character-
ize and parameterize input data elements by mean, variance,
skewness, and kurtosis.

The model was used to inform a change in the call system
from four interns on call every third night to three interns on
call every fourth night.  To test the predictive validity of the
model following this change, a second phase of the project, a
prospective work-measurement study, was conducted.  Se-
nior medical students were assigned to track the house staff
and record the time for the beginning and end of each task.
In a pilot study, we measured interobserver variability among
the medical students, and, after making clarifications, more
than 96 percent agreement was established.  The predictive
validation study was conducted on 18 house staff days and
6 house staff nights during which house staff were followed
and their tasks recorded.  We then programmed the simula-
tion model to reflect the change in call schedules and repli-
cated the timing and number of admissions to the hospital to
reflect the actual workload managed during the observed
time periods.

The simulation model was able to make accurate predic-
tions of the observed house staff work and very close
predictions of house staff sleep time, the principal objective
of the study (Dittus et al., 1996).  For example, in the work-
measurement study observations, interns spent 32 percent of
their time during the day providing ward and ICU care; the
model had predicted 31.5 percent.  Residents spent 22.6 per-
cent of their time on ward and ICU time; the model had
predicted 23.5 percent.  The observed measurements were
then compared to the model prediction for total house staff
sleep time when on call.  The measurement study observed
that each member of the house staff spent 3 hours and
30 minutes sleeping; the model had predicted 3 hours
and 27 minutes.  Thus, the model appeared to be a valid repre-
sentation of the actual work.  Once validity was established,
the model was used to improve work and care delivery.

One advantage of the model is that it can examine a num-
ber of parameters and monitor outcomes.  For example, a
quality-of-care metric might be based on the percentage of
care provided by “tired” house staff members, the percent-
age of emergency or urgent care delivered by “tired” house
staff members, or the average time taken to complete a care
request.  The model allows for a very flexible definition of
“tired” (e.g. the total number of minutes of sleep over a past
period of time and/or the total number of minutes of uninter-
rupted sleep, etc.).  In addition, the model could track the
percentage of time that an emergency or urgent care request
was managed by a member of the patient’s true team, and

not a covering member of another team, who wouldn’t know
the patient as well.  The new and old call schedules were
compared against these quality metrics using varying defini-
tions of “tired.”  The results showed that the new call sched-
ule, although designed to reduce house staff fatigue, resulted
in significantly less sleep on call because the house staff
teams were busier during their nights on call.  As a result, the
quality metrics deteriorated.

The model also allowed for the examination of potential
improvements in the “processes” of care.  An examination
of the causes of interruptions of sleep time revealed a com-
mon demand for starting intravenous lines and drawing
blood at various times during the night.   The model illus-
trated that relieving the house staff of these jobs would result
in a substantial increase in uninterrupted sleep time.  As a
consequence, a phlebotomy and intravenous placement team
was hired by the hospital, which had an important impact on
the quantity and quality of house staff sleep time.

CONCLUSION

As the colorectal cancer and house staff scheduling mod-
els demonstrate, discrete-event network simulation model-
ing can be used to analyze and improve the content, pro-
cesses, and structures of health care.  Continued advances in
computational speed and modeling software should make
this technology increasingly accessible to health care lead-
ers and managers.  The incorporation of such models into the
routine planning, examination, and improvement of health
care systems holds promise for helping health care become
increasingly safe, timely, effective, equitable, efficient and
patient-centered.
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 Measuring and Reporting on Health Care Quality

Dana Gelb Safran
New England Medical Center

I will address a crucial question in this talk—what brought
us to the point that we mistrust or question our doctors and
our insurance companies? The answer is complex. Research
has shown that medical practice varies greatly across the
country, raising the question of how much of medical prac-
tice is really science. Research has also been done on health
care spending and cost inflation—but efforts to contain
spending have raised concerns about compromising quality.
Gradually, the idea of accountability through measurement
and reporting is gaining support.

Several definitions of “health” and “health care quality”
have been proposed over the years. Back in 1952, Lembeke
proposed this definition:

The best measure of quality is not how well or how fre-
quently a medical care service is given but how closely the
result approaches the fundamental objectives of prolonging
life, relieving distress, restoring function, and preventing
disability.

In 1948, the World Health Organization defined health in
the Declaration of Human Rights: “Health is a state of com-
plete physical, social, and mental well-being, not merely the
absence of disease and infirmity.” We are just beginning to
measure health in these terms and to study the impact of
medical care on functional health status and well-being.

One of the many difficulties in measuring health care
quality is determining how overall health relates to health
care spending. Managed care raises the question of where
we are on the hypothetical curve that economists propose
reflects the relationship of health care to health (Figure 1).
Will spending more or providing more care lead to better
health? If we are on the ascending part of the curve, then
more care or more spending will lead to better health. But if
we are on the flat part of the curve, and that is the theory of
many managed care organizations, then we can afford to cut
back on care without doing harm. This is a fundamental

question in health services research, and the answer depends
on who you ask.

The most widely used instrument for measuring health in
the multidimensional terms outlined by the World Health
Organization is the Short Form 36-Item Health Survey
(SF-36), which measures eight dimensions of health—
physical function, the physical component of role function,
bodily pain, general health perceptions, vitality or energy,
social function, the emotional component of role function,
and mental health. These eight dimensions combined yield
two global assessments—one of physical health and one of
mental health.

The Health Care Financing Administration and the Na-
tional Committee on Quality Assurance are using the SF-36
to study the health outcomes of Medicare beneficiaries in
Medicare HMOs. This Medicare Health Outcomes Survey is
the first to follow data on patients’ health longitudinally. The
goal is to be able to hold systems accountable for patients’
health as defined by the World Health Organization. There
has been tremendous resistance to this approach. Many have
questioned how doctors can be expected to affect multiple
aspects of patient functioning. My answer is that, until they
try, they probably can’t.

From 1986 to 1992, I had the privilege of participating in
the Medical Outcome Study, a large-scale, longitudinal study
by leading scientists at New England Medical Center; the
study was performed in conjunction with RAND. Two goals
of the study were: (1) to determine where we are on the
health care curve; and (2) to assess how differences in health
care delivery and specialty care are reflected in health out-
comes (Tarlov et al., 1989). This study could start a new
dialogue about health care and the way patients think about
their health.

In the early 1990s, we began measuring and reporting on
the performance, or quality, of health care plans. The impe-
tus for the study was a demand for data by large employers
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in the United States who needed information about health plans
for themselves and their employees. The website for the
National Committee for Quality Assurance (www.ncqa.org)
now provides report cards (by zip code) rating health main-
tenance organizations (HMOs) in the following categories:
Access, Service, Qualified Providers, Staying Healthy,
Getting Better, Living with Illness. Each HMO is given an
overall rating of Commendable or Excellent.

Unfortunately, this two-dimensional system of informa-
tion is not very helpful to patients. First, an increasing share
of Americans don’t have a choice of plans. Second, even
those who do have a choice find it difficult to process this
much information. Third, the information is not presented in
a user-friendly way; it does not allow the user to prioritize
the aspects of care or to add dimensions. One of the things
we learned from quality measurement on the health plan
level is that plans don’t vary much in a given market, espe-
cially in the provision of care.

However, it is important to note that our analyses and
others have demonstrated considerable variability across
markets—suggesting that where you live has an important
bearing on the quality of care you can expect to receive. But
assuming that the public will not use health care quality data
to make “relocation” decisions—but rather to make health
care decisions, the question remains as to what level of data
are most appropriate and most relevant.

The next level of quality measurement that has been at-
tempted, after health plans, is performance at the medical
group level. And, indeed, within markets there appears to be
considerably more variation among medical groups than
among health plans. However, our own analyses reveal that
the variability within groups is considerably greater than the
variability between them. In other words, a medical group’s
overall performance does not provide an accurate represen-
tation of the performance of individual physicians within that
group. So knowing how a group performs, on average,

doesn’t tell me very much about the quality of care I will
receive from an individual physician in that group whom I
might select. And for patients, choosing a doctor—not a
group—is almost always the relevant choice. There are ex-
ceptions in a few select U.S. health care markets, but for the
most part, patients choose a specific physician to take care of
them, not a group. Indeed, recent studies confirm that the
kind of health care quality data that is a priority for U.S.
adults is information that will help them choose a doctor
(Tumlinson et al., 1997).

So, what do we know about measuring performance at
the individual physician level? First, although there is some
momentum for measuring physician performance, there is
also tremendous resistance. Our research group developed a
tool to measure each attribute of primary care based on
the definitions of the Institute of Medicine Committee on the
Future of Primary Care (IOM, 1996):

Primary care is the provision of integrated, accessible health
care services by clinicians who are accountable for address-
ing a large majority of personal health care needs, develop-
ing a sustained partnership with patients, and practicing in
the context of family and community.

We measured access (a defining characteristic of primary
care), continuity, and comprehensiveness of care, including
knowledge of the patient. We measured two aspects of clini-
cal interaction, the quality of communications and the thor-
oughness of physical exams. We measured the quality of
interpersonal relations and trust, both of which relate to sus-
tained partnerships. We then used these measurements to get
an understanding of the organizational and individual char-
acteristics that predict performance in these areas and to
determine whether performance is a meaningful predictor
of outcomes.

We have studied three outcomes so far: (1) a patient’s
adherence to a doctor’s advice; (2) a patient’s voluntary
disenrollment from a doctor’s practice; and (3) a patient’s
functional health outcome. We found that two attributes of
primary care predict a patient’s adherence to the doctor’s
advice: the patient’s trust in the doctor and the patient’s feel-
ing that the doctor has “whole-person knowledge” about him
or her. Lack of trust and lack of comprehensive knowledge
of the patient are strongly correlated with patients voluntar-
ily leaving a doctor’s practice. Over a three-year period (from
1996 to 1999), 11 percent of patients who had the most trust
in their doctors voluntarily left the practice; 37 percent of
patients with the least trust in their doctors voluntarily left.
For an individual doctor, that translates to a loss of 400 pa-
tients over a three-year period, a lot of patients to replace.
We need to find ways to improve the interpersonal dimen-
sions of health care and thus close the gaps in performance
in these attributes.

So far, we have not improved on them. Our three-year
follow-up study in Massachusetts showed that patients who
had stayed with their primary care doctors had noticed an
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FIGURE 1 The health care curve.
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erosion in their relationships with their doctors. Physician
satisfaction and physician morale had also declined, espe-
cially in terms of professional autonomy, time spent with
patients, and time for family and personal life (Murphy et
al., 2001; Safran et al., 2001).

We have also attempted to assess the current medical en-
vironment, specifically the experiences of clinicians and
nonclinicians who work together. We developed an instru-
ment to gauge medical care culture by job classification.
First, the data suggest that physicians are dissatisfied, and, if
physicians are dissatisfied, the feeling probably cascades to
everybody else in the health care setting. When we mea-
sured several aspects of the quality of the medical work-
place, including job demand, job control, leadership quality,
supervisor support, interactions with physicians, interactions
with patients, team culture, overall mood, and job benefits,
the results were alarming. A survey of residents, for example,
showed that they were satisfied with their interactions with
other residents but very dissatisfied with their interactions
with nurses. In addition, because of the complexity of health
care and time constraints on clinicians, patients must rely on
teams for their care. Our study showed that both patients and

team members were dissatisfied with team care. To engen-
der a true team culture, we will have to change the way phy-
sicians and other caregivers are educated.
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The practice of medicine has become extraordinarily
complex, and it promises to become even more complex as
the pace of innovation accelerates. Managing that complex-
ity requires good information about the effects of different
courses of action on health, logistic, and economic outcomes.
The preferred method of obtaining that information is
through empirical clinical research. Unfortunately, in medi-
cine the ability to conduct clinical research is severely lim-
ited by the high cost of enrolling and following patients, the
long follow-up times, the large number of options to be com-
pared, the large number of patients, unwillingness of people
to participate (e.g., to be randomized or to follow a specified
protocol), and unwillingness of the world to stand still until
the research is done. A typical clinical trial comparing just
two options requires thousands of patients, costs tens or hun-
dreds of millions of dollars, takes 3 to 15 years, and is likely
to be outdated before it is completed.

In other fields, mathematical models have been used to
help make decisions and design systems. However, the vari-
ability of human biology and behavior, the size and com-
plexity of health care systems, and the wide variety of im-
portant questions to be addressed all place special demands
on health care models. We have designed a new type of
model, called Archimedes, to try to address these special
demands. This paper describes the basic structure and scope
of the model, the modelling methods, how we can validate
the model, and its potential uses.

STRUCTURE AND SCOPE

Archimedes has three main parts. At the core is a model
of human physiology that describes the pertinent aspects of
anatomy, physiology, pathophysiology, occurrence of signs
and symptoms, effects of tests and treatments, and occur-
rence of health outcomes. The second part consists of care
process models; these describe what providers do when
a person seeks care or what providers can do to prevent a

Archimedes: An Analytical Tool for Improving
the Quality and Efficiency of Health Care

David M. Eddy and Leonard Schlessinger
Care Management Institute, Kaiser Permanente

and Kaiser Permanente Southern California

person from needing care. The third part, system resources,
includes such things as personnel, facilities, equipment, and
costs. The full Archimedes model is applied in a specific
health care setting defined by specific care processes and
specific system resources.

A complete description of all the objects and their at-
tributes, functions and interactions is not possible here. But
to give you a sense of the model’s scope, I will describe
some of the main classes of objects and give examples of
their attributes and functions.

Patients. We use the term “patient” to mean anyone who
might receive health care from the system, including people
when they are well. The attributes of patients can be as de-
tailed as required; they can include age, sex, risk factors,
behaviors, education level, type of employment, and insur-
ance coverage. All patients have physiologies, which include
all pertinent organs and biological variables. As governed
by the equations, patients can get diseases, which can modify
the functions of their organs and can cause signs, symptoms,
and health outcomes. Patients have perceptions, memories,
and behaviors that determine how they respond to signs and
symptoms and how they adhere to interventions. Their risk
factors, physiologies, and behaviors can respond to inter-
ventions, which in turn can affect the occurrence and pro-
gression of their diseases. As in reality, each patient is dif-
ferent, and the spectra of physiologies, behaviors, and other
characteristics correspond to the spectra seen in reality.

Health Care Providers. All pertinent types of personnel
involved directly or indirectly in providing health care are
included. Examples are nurses, pharmacists, physicians, tele-
phone operators, and case managers. Within each of these
types are the appropriate subtypes to model a particular prob-
lem (e.g., physicians → surgeons → cardiac surgeons →
pediatric cardiac surgeons). Health care providers have at-
tributes (e.g., ages, skill levels, behaviors), as well as func-
tions (e.g., cardiac surgeons can perform bypasses, but tele-
phone operators can not).
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Interventions. Archimedes includes two main types of
interventions. “Tests and treatments” encompass what care
is delivered. This type includes: changes in risk factors and
preventive treatments; tests that provide information about
the existence, severity, or prognosis of a disease; “curative
treatments” that directly affect the progression and outcomes
of a disease; and “symptomatic treatments” that affect the
symptoms of a disease, without affecting its progression. The
other type of intervention, “care processes,” determines how
tests and treatments are delivered. Examples are: use of case
managers, creation of a registry to increase compliance with
a performance measure, and development of criteria for re-
ferrals to specialists. For either type of intervention it is pos-
sible to specify the types of providers who can deliver it, the
types of facilities or locations where it can be provided, and
the types of equipment and supplies it requires. In the model,
such things as the use, effectiveness, and cost of an interven-
tion can vary depending on many factors, such as patient
characteristics, type of provider, skill of provider, time of
day, delivery site, and random factors.

Policies, Protocols, and Regulations. The use and effec-
tiveness of any intervention can be determined by a set of
policies and protocols that describe such things as: who deliv-
ers it, where it is delivered, the criteria for determining which
patients should get it, the sequence of events for implement-
ing it, and the decision rules applied at different steps. Clinical
practice guidelines, performance measures, strategic goals,
and the “what-to-do” parts of disease management programs
are examples of policies that affect tests and treatments. Con-
tinuous quality improvement projects, nursing protocols, in-
structions to telephone operators, and the “how-to-do-it” parts
of disease management programs are examples of policies that
affect care processes. The accuracy with which any of these is
applied can allow for variations and random factors that mimic
the variations and randomness of real practice. For example,
adherence to a particular guideline can be different for a pri-
mary care physician than for a specialist, for a physician who
has attended a continuing medical education class within the
last 12 months, or for a physician who sees more than
50 patients a year who are candidates for the guideline.

Facilities, Equipments, and Supplies. Archimedes can
include all types of facilities, equipment, and supplies that
are involved in the management of a disease. Any type of
any of these classes can be expanded to any level of detail
(e.g., bed → monitored bed → monitored bed in the emer-
gency department).

Logistics and Finances. Archimedes can record the cost,
location, time, and any other important circumstance of every
event. Thus virtually any type of budget, table of accounts,
utilization report, or forecasting report can be calculated.

METHODS

The mathematical foundations of the Archimedes model
are described elsewhere (Schlessinger and Eddy, 2002).

Briefly, it is written in differential equations and pro-
grammed Smalltalk, an object-oriented language. The most
difficult part of the model is the representation of physiol-
ogy. We conceptualize the physiology of a person as a col-
lection of continuously interacting objects that we call “fea-
tures.” The concept of a feature is very general, but features
correspond roughly to anatomic and biological variables.
Examples in the current Archimedes model are systolic and
diastolic blood pressures, patency of a coronary artery, car-
diac output, visual acuity, and amount of protein in the urine.
Features can represent real physical phenomena (e.g., the
number of milligrams of glucose in a deciliter of plasma),
behavioral phenomena (e.g., ability to read an eye chart), or
conceptual phenomena (e.g., the “resistance” of liver cells to
the effects of insulin).

The model is largely driven by the trajectories of fea-
tures—their values as continuous functions of time. They
register the effects of patient characteristics, interact con-
tinuously with each other, determine the occurrence and pro-
gression of diseases, trigger the onset and determine the se-
verity of signs and symptoms, are measured by tests, respond
to treatments, and cause health outcomes. Specifically, dif-
ferential equations are used to define the progression of each
feature as a function of patient attributes as well as other
features. At any given time, the values of features can be
measured by tests, subject to both random and systematic
errors. Equations define clinical events, such as signs, symp-
toms, and health outcomes, as functions of the magnitudes
and trajectories (e.g., rate of change) of various combina-
tions of features. Diseases, which in reality are human-made
labels for constellations of biological variables, are defined
in the model in the same way. For example, in the model as
in reality, a person is said to have “diabetes” if the fasting
plasma glucose exceeds 125 mg/dl or the oral glucose toler-
ance test exceeds 199. Treatments are included as param-
eters in the equations for features, being able to change their
values, rates of progression, or both. In the model, treatments
do this at the level at which their actual mechanisms of action
are understood to occur. For example, in the model the drug
Metformin affects the equation that determines the amount
of glucose produced by the simulated liver cells. Finally, the
signs, symptoms, and behaviors caused by changes in
features set in motion all the logistic events and use of
resources that occur in a health care system.

In general, several dozen features and 10 to 30 equations
are necessary to calculate the occurrence of any particular
outcome (e.g., the rate of heart attacks in a specified popula-
tion). The model currently includes the features pertinent to
coronary artery disease, congestive heart failure, diabetes,
and asthma. Features relating to other diseases are being
added continually. Other formulas describe the clinical, lo-
gistic, and economic events. These formulas are typical of
decision trees, flow charts, and accounting models. All of
the formulas can include person-to-person differences, ran-
dom variations, and uncertainty.
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The level of detail of the model is determined by the in-
tended users. We build the physiology part of the model to
the level of detail clinicians tell us they consider necessary
for their decisions. As a result, the physiology model corre-
sponds roughly to the level of biological detail found in pa-
tient charts, general medical textbooks, and the designs of
clinical trials. Care processes, logistics, resources, and costs
are modelled at an equally high level of detail, as determined
by administrators. For example, there are 37 different types
of outpatient primary care visits.

BUILDING THE MODEL

Archimedes is built from existing basic research, epide-
miological studies, and clinical trials of treatments
(Schlessinger and Eddy, 2002). When person-specific data
are available, they can be used to derive equations for fea-
tures as functions of other features. When person-specific
data are not available, aggregated data, such as those rou-
tinely published for registries, population-based studies, and
clinical trials, can be used. In general, the results of any well
designed study can be used to build the part of an
Archimedes model that addresses biological phenomena,
outcomes, and interventions that were investigated in
the study.

The data to describe care processes are not routinely col-
lected or published. In practice, we develop our models of
care processes through examination of administrative data,
existing protocols, interviews, and on-site observations,
checked against any available data. Pilot studies can be con-
ducted as needed for processes that are determined through
sensitivity analysis to be critical.

VALIDATION

Methods. Ultimately, the value of a model depends on
how accurately it can represent reality. The deep level of
physiological detail coupled with the care processes in the
Archimedes model provide a rigorous way to test this. The
validation strategy is to identify an epidemiological study or
clinical trial, conduct a “virtual study” or “virtual trial” in
the virtual world of the model, and then compare the results.
The basic steps are: (1) Have the model “give birth” to a
large population of simulated people. Imagine a large city of
simulated people with a representative spectrum of charac-
teristics (e.g., age, sex, race/ethnicity, and genetic back-
ground) and medical histories. They are all unique, and most
will never get the disease to be studied in the trial. (2) Run
the model to let them age naturally until they reach the age
range of the people who were candidates for the real trial.
(3) Identify those who would meet the inclusion criteria for
the trial, and select from them a sample that corresponds to
the sample size of the real trial. (4) Randomize the simulated
participants into groups, as was done in the real trial.
(5) Have simulated providers give the patients the treatments

according to the protocols described for the real trial. (6) Run
the model for the simulated duration of the trial, with the
simulated providers applying whatever follow-up and testing
protocols were used in the real trial. (7) Count the outcomes
of interest that occurred to the participants in the simulated
trial. (8) Compare them to the results observed in the real
trial. We use Kaplan Meier curves to make the comparisons
because they contain the most information about the out-
comes in all of the arms of a trial at all time periods.

All of this is done at whatever level of detail is necessary to
simulate what was done in the real trial, using whatever de-
scriptions are available from publications. For example, if
“hypertension” is defined as “a finding on at least two of three
consecutive measurements obtained one week apart . . . of
a mean systolic blood pressure of more than 135 mm Hg or
mean diastolic blood pressure of more than 85 mm Hg,
or both,” that is what we have the simulated physicians do.

Each trial that is simulated in this way provides a sensi-
tive test of the model. For each, the simulated results come
from thousands of simulated individuals, each of whom has
a simulated liver, heart, pancreas, and other organs. Each
liver produces glucose, each coronary artery can develop
plaque or thrombus at any point, and each kidney clears
urine. The progression of the pathological process is differ-
ent in every person, just as in reality. The simulations also
include simulated physicians following simulated practice
patterns or guidelines, with different degrees of compliance
. . . on through to the performance of tests, reporting of re-
sults, making of errors, giving of treatments, use of facilities
and equipment, and generation of costs. All told, each simu-
lation tests scores of equations in every patient and hundreds
of other equations that all have to work correctly in concert.

At the end of a simulation, the results of the virtual study
should closely match the results of the real study, within the
bounds of random variation related to sample size. We say
there is a “statistical matching” of results if there is no statis-
tically significant difference between the model’s results and
the real results.

To help probe different parts of the model and to check its
validity for different populations, organ systems, treatments
and outcomes, we test the model in this way against a variety
of different trials. Each validation exercise uses the same
model with the same parameter values; parameters are not
set to “fit” one trial and then reset to fit another trial. The
trials are chosen by an independent advisory committee,
which also reviews the results.

In some cases, some information from a trial is needed to
help build some part of the model. When this occurs, the
information from the trial is used to help derive only one
equation out of the 10 to 30 used to calculate the outcome of
interest in the population of interest. Thus a validation exer-
cise involving such a trial not only confirms the equation it
helped build, but also provides an independent validation of
the other equations. Furthermore, the equation built with help
of any particular trial is independently tested by all of the
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validation exercises involving other trials. Out of the 18 tri-
als used to validate the model thus far, 8 were used to help
build the model, 10 were not.

Validation Results. Using these methods, the Archimedes
diabetes model has been validated against 17 epidemiologi-
cal studies and 18 clinical trials thus far. The example shown
in Figure 1 compares the model results with the trial results
for the Heart Protection Study (2002). This trial randomized
about 25,000 high-risk people to receive either a placebo or
a cholesterol-lowering drug, Simvastatin. People were de-
fined as being at high risk if they had coronary artery dis-
ease, occlusive arterial disease, or diabetes. The primary
outcome was the fraction of people who developed heart at-
tacks. No information from this trial was used to help build
the model.

Counting the different arms and outcomes of the 18 trials,
a total of 74 validation exercises have been conducted to
date. (Figure 1 illustrates 2 of the 74.) In 71 of the exercises,
the model’s results statistically matched the real results. For
the three exercises that were not a statistical match, in one
case the difference in results was just barely statistically sig-
nificant (p = 0.04), which is to be expected in 74 exercises.
In the other two, the difference was due to the model under-
estimating the underlying rate of the outcome in the trial
population by about 35 percent. (The model estimated the
effect of the treatment accurately.) The advisory committee
concluded that this discrepancy was most likely due to a risk
factor in the trial population that was not described in the
publication and therefore could not be included in the model.
Considering all 74 exercises, the correlation between the

model’s results and the real results is r > 0.99. Considering
only the 10 trials that were not used to help build the model,
the correlation was still r > 0.99.

USES OF AN ARCHIMEDES MODEL

Archimedes is meant to create a virtual world at the level
of detail at which real clinical and administrative decisions
are made. Once created and validated, the virtual world can
be used to explore a wide variety of scenarios and questions,
much as a flight simulator can be used to simulate different
types of flying conditions and emergencies. Applications
include: (1) designing and testing clinical management tools,
such as guidelines, performance measures, strategic goals,
disease management programs, priorities and continuous
quality improvement programs; (2) evaluating and perform-
ing cost-effectiveness analyses of clinical and administra-
tive programs; (3) designing and interpreting clinical re-
search, including setting priorities for new trials, planning
trials (e.g., sample size, duration, clinical costs), projecting
long-term Phase 3 results from short-term Phase 2 results,
estimating outcomes in subpopulations, and extending the
results of a trial (e.g., predicting 15-year outcomes from 3-
year outcomes, predicting outcomes that were not initially
measured); (4) estimating outcomes for specific patients who
are contemplating different treatment options; and (5) creat-
ing a “living library”—a place where the current body of
knowledge about a disease is not only organized and stored,
but is also integrated in a quantitative way that can be used
for the other types of applications just described.
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FIGURE 1 Comparison of model and trial of fraction of patients having major coronary events in the Heart Protection Study (2002).
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DISCUSSION

Archimedes is distinguished from other models by sev-
eral features. It is a person-by-person, object-by-object simu-
lation. It covers a broad spectrum, spanning features from
biological details to the care processes, logistics, resources,
and costs of health care systems. It is written at a deep level
of biological, clinical, and administrative detail. It is con-
tinuous in time; there are no discrete time steps, and any
event can occur at any time. Biological variables that are
continuous in reality are represented continuously in the
model; there are no clinical “states” or “strata.” It includes
many diseases simultaneously and interactively in a single
integrated physiology, enabling it to address comorbidities,
syndromes, and treatments with multiple effects. Finally, it has
been validated by simulations of a wide range of clinical trials.

Archimedes is not intended to replace reality. If a ques-
tion can be answered with a well designed empirical study,
that approach is always preferable. Our goal is to provide a
trial-validated method that can be used to address problems
that can not be feasibly addressed through empirical studies,
because of high cost, long follow-up times, large sample size,
unwillingness of providers or patients to participate, large

number of options, or the rapid pace of technological change.
In the way that a flight simulator provides valuable experi-
ence, shortens the time needed in real planes, and simulates
experiences that are too dangerous or rare to attempt for real
(like severe wind shear), the Archimedes diabetes model
should be a useful tool for sharpening our understanding of
diseases and their management.

The model, which was developed and is owned by Kaiser
Permanente, is currently being prepared to be made acces-
sible to individuals and organizations, over the Web, through
a friendly interface on a nonprofit basis. The website is ex-
pected to be completed by the end of 2005. In the meantime,
the authors can be contacted by e-mail about access
(eddyaspen@yahoo.com).
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Applying Financial Engineering to the
Health Services Industry

John M. Mulvey
Princeton University

The primary goal of operations research (OR) is to im-
prove the efficiency of public and private organizations.
There have been many significant success stories since the
field began during the Second World War. For example,
military war planners employ OR methods to assist in the
logistics of moving people and equipment to designated lo-
cations and time points; the last two wars in Iraq show the
critical benefits of efficient logistical planning. In another
application, both the airline and telecommunication indus-
tries rely on optimization for scheduling and planning pur-
poses. OR methods improve the efficiency of these complex
logistical decisions.

The goal of financial engineering is to analyze, manage,
and transfer risks efficiently within and across organizations.
To achieve this goal, we focus on modeling uncertain ele-
ments as stochastic systems of equations. Financial engineer-
ing has been used to price options, design structured securi-
ties, employ dynamic portfolio theory for investors, and
manage asset-liability for institutional and individual inves-
tors. In contrast to traditional OR, financial engineers must
model risks and create instruments for transferring risks. Fi-
nancial engineering addresses both tactical and strategic de-
cisions. At the strategic level, we optimize complex organi-
zations (enterprises) in the face of uncertainties.

There are differences, of course, between traditional en-
gineering and service-sector engineering (such as financial
engineering). Traditional engineers typically design physi-
cal objects, machines, and networks. Financial engineers
design financial products and services. Traditional engineers
build upon physical reality, whereas financial engineers at-
tempting to solve problems using advanced mathematics
build objects that are not physical in nature, such as novel
securities. Traditional engineers typically take on profes-
sional responsibility; they are personally liable if harm re-
sults from a failure. Financial engineers have little personal
liability at this time. And finally, perhaps because of per-
sonal liability and related issues, traditional engineers

concentrate on design failures (e.g., why a bridge collapsed).
For financial engineers, the deep study of failures is just
beginning.

Regulations have an enormous impact on both domains.
With the 1936 Flood Control Act, the government created
regulations that required government projects to meet mini-
mum economic standards. Those regulations led to methods
enabling the government, and companies, to compute cost-
benefit analyses of proposed projects and to engage in
projects only when the overall benefits outweighed the over-
all costs. Similarly, the 1974 ERISA Act helped U.S. pen-
sion plans analyze their assets and liabilities and compute
annual pension plan surpluses. When there are deficits, con-
tribution rules are based on these calculations. In addition,
the “prudent-man rule” (required by ERISA) has had a sub-
stantial impact on how decisions are made.

Despite these significant regulations, severe difficulties
can arise. In the past three years, many large U.S. companies
have seen ample surpluses turn to large losses as the equity
markets have plunged and interest rates have declined. The
1974 regulations should be revised to prevent this type of
difficulty from recurring. Financial engineering can play an
important role in developing more efficient regulations for
the pension industry.

IMPROVING EFFICIENCY IN THE INSURANCE
INDUSTRY

The U.S. insurance industry, another highly regulated
domain, is regulated mostly through the 50 state insurance
commissions. In 1998, the National Association of Insur-
ance Commissioners completed its revisions of statutory ac-
counting standards, the code of standards that requires insur-
ance companies operating in the United States to evaluate
their assets and liabilities according to regulatory standards.
Annual assessments are made so that a company’s assets and
liabilities can be applied to surplus calculations. There are
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several methods for determining an insurance company’s
surplus, including GAAP, statutory surplus, and economic
(market value) surplus. Each of these values helps determine
the health of an insurance company in terms of its ability to
pay future liabilities and make a profit along the way.

An “optimal” insurance company would not only be safe
in terms of protecting itself against adverse circumstances,
but would also be reasonably profitable so that shareholders
benefit and the cost of capital is relatively low. An optimal
insurance company would satisfy all of its policy holders,
provide relatively inexpensive products and services, pay
shareholders a profit, and have a low chance of bankruptcy.
Company employees and customers would both be pleased
with this optimal environment.

Are there insurance companies that satisfy all these crite-
ria? Most existing insurance companies, including health care
insurers, fall short on several counts. Many primary insurers
have low profitability, and customers may be unhappy with
existing rates. Financial engineering can play an important
role in improving the efficiency of insurance companies.

An example of an efficient company is the Renaissance
Reinsurance Company of Bermuda, which operates primarily
in the area of catastrophic risk. This reinsurance company
takes in money by selling reinsurance to insurance companies
that sell catastrophic insurance—mainly for earthquakes and
hurricanes. Major decisions for a reinsurance (or insurance)
company are: (1)  how to invest assets (called asset alloca-
tion); and (2) which businesses to insure. Other decisions in-
clude who the policy holders are, how much is charged, and
how diversification is done. Once assets and liabilities are
decided, the question becomes how much insurance the com-
pany buys for itself—thus insuring its own risk. This leads to
what is called retrocessional insurance.

For large insurance companies, the capital structure is an
important factor in these decisions. Capital acts as a buffer
that protects the company against loss. How large the capital
should be depends on how much risk the organization is will-
ing to accept. The amount of risk capital generally depends
on the size of losses at the left tail of the profit/loss probabil-
ity distribution. As we will see, diversification reduces the
tail losses thereby lowering the capital charge.

GLOBAL INSURANCE COMPANIES

In many cases, multidivisional insurance companies can
operate more efficiently than single product companies. For
example, AXA, the global insurance company based in Paris,
France, allocates capital according to a system that projects
scenarios into the future and estimates profit under each sce-
nario for each division. The company then allocates risk capi-
tal through its headquarters (see Figure 1). This approach
saves total enterprise capital because benefits are diversified
and profits are gained by lower capital requirements.

Would this work for an insurance company in the health-
care industry? A company with a life-insurance division and

a health-insurance division would have to determine how
capital should be spread between the two divisions. Would it
be more or less efficient to separate risks? The factors that
determine risk are related to the work of both the life insurer
and the health insurer. For instance, a health insurer makes
less profit on elderly patients, but a life insurer makes more
profit if the clients live longer. So in some sense, for an effi-
cient operation, the enterprise risks would be lower for a
merged health/life insurance company than for two separate
companies. However, current regulations discourage the
single organization structure and the sharing of risks between
life insurance and health insurance.

PLANNING TO ACHIEVE FUTURE GOALS AND
OBLIGATIONS

Financial engineering methods can be used by individuals
planning their personal investment, consumption, and sav-
ings decisions. The first step is determining an individual’s
financial goals, for example, establishing an account for re-
tirement purposes or saving for the purchase of a house or
setting up a health care expense account.

Someone aiming for a long-term target, for example, a
million dollars for retirement, could use various formulas to
calculate how much to set aside each year to reach that goal.
There are several ways to simplify this process, such as as-
signing a market value to cash flows and discounting them
back to the present with a risk-adjusted rate to determine the
individual’s surplus value (similar to a pension plan). How-
ever, because cash flows and discount rates are generally
uncertain, this approach is not usually used for future sav-
ings. Also, the decision involves long periods of time and
information regarding the chances of meeting the goal at the
designated time is not available.

A more comprehensive approach to help individuals make
investment decisions for their future retirement would be to

� 

Headquarters

Division 1 Division 2 Division 3

s
3ρs

2ρ
s

1ρ

( )22, yx ( )33, yx( )11, yx

( )000 ,, yxω

1c 2c 3c

sP

sC

enterprise-level profit (scenario            

enterprise-level decisions

asset-related decisions

liability-related decisions 

Ss ∈

Assume

sP

w

x

y

AXA

)

FIGURE 1 Allocation of risk for a global financial company.
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project the investor’s wealth for a set of plausible scenarios
via a stochastic Monte Carlo simulation. In particular, we
can evaluate factors, such as interest rates or inflation, and
then simulate each of these factors, along with the respective
performance of the assets over a planning horizon. This ap-
proach is the basis for a multiperiod asset and liability man-
agement (ALM) model for an individual. The planning
model helps estimate how much capital is needed to protect
against any particular set of circumstances, such as, if the
equity market returns are lower than their historical 10.5 per-
cent average annual values. As we did for the pension plan,
we evaluate the assets and liabilities (and now goals) under a
common framework. This analysis is similar to the analysis
insurance companies use to make risk-based capital deci-
sions—how much money the company needs to protect
against adverse losses when future targets are uncertain.

LIMITATIONS OF INDIVIDUALS MAKING DECISIONS
UNDER UNCERTAINTY

Financial engineering promises to help individuals make
investment decisions under uncertainty. Unfortunately, indi-
viduals may not always make the most economically effi-
cient decisions. For example, Princeton University allows
employees to set aside up to $5,000 a year before taxes in a
health care expense account; unspent monies are lost at the
end of each year. We have observed that many Princeton
faculty and staff, despite their greater than average intelli-
gence, rarely make the best decision relative to the costs of
overage and underage. In fact, most individuals do not evalu-
ate the opportunity cost of saving from the expense account
as rendering an error and, therefore, do not set aside adequate
funds in the health-expense account. Even in simple cases,
individuals do not address risk consistently. Nevertheless,

the U.S. government is encouraging individual responsibil-
ity for life-choice decisions.

Information to assist individuals with investment decisions
can be provided based on the ALM model. One graphical
approach is called the Financial Diamond™ (see Figure 2).
This illustration provides an intuitive way of thinking about
the risks of achieving future goals. It allows an investor plan-
ning for retirement to set a target goal and then simulate
scenarios to arrive at a range of time periods to obtain the
goal. A portfolio of assets, such as stocks and bonds, is simu-
lated in conjunction with savings strategies to determine the
chances of meeting the goal. The shape of the Financial
Diamond™ determines the range of likely outcomes in the
future, given the proposed investment and saving strategies.
Thus, individuals can evaluate alternative strategies and see
the results.

Individuals require sound, intuitive methods to under-
stand stochastic outcomes from investment/consumption/
savings strategies. Training is also important for selecting
the best strategy for an individual. A barrier to improving the
health-care system is getting individuals to think about
health-related decisions consistently and cost efficiently.
Like pension planning decisions, health-care decisions often
involve long time periods and substantial uncertainties.

IMPLICATIONS FOR THE HEALTH CARE INDUSTRY

Two primary challenges relate to financial engineering
and the U.S. health care system. The first involves the design
of an efficient insurance industry. Deciding how risks across
organizations should be diversified involves: (1) structural
decisions for the enterprise; and (2) the creation of effective
risk-transfer mechanisms. Because capital allocation helps
determine an insurance company’s future profitability, a well

Current Style

FIGURE 2 A graphical representation to help individuals make financial decisions.
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diversified company will not only be more profitable but
will also be safer than a single-line company. Of course, the
combined company must manage it risks and price its prod-
ucts via profitable risk-adjusted values for the enterprise.
Thus, the overall structure of an insurance company should
be optimized as a single enterprise.

Improving the environment for health care delivery will
require determining a market mechanism, choosing a way to
transfer risk across different kinds of activities, seeking sta-
bility across time, and planning under uncertainty. The in-
surance industry should be restructured to make greater di-
versification of risks possible, thus improving the
profitability of companies and reducing their overall risks.
Given the large losses in the past few years, insurance com-
panies in the health care field are ripe for restructuring. Of
course, a primary issue involves the rapid increase in costs
for U.S. health care. Even a highly efficient insurance com-
pany cannot overcome the barriers created by rapidly rising
costs. Nevertheless, well managed insurance companies can
improve the environment of the health care industry.

The trend today is to give individuals greater responsibil-
ity for managing their affairs in general. The emergence of
defined-contribution pension plans (Keoghs, IRAs, etc.) over
defined-benefit pension plans is a significant example. A
similar pattern may be emerging in health care, with

proposals for increasing rollover health care expense
accounts and related arrangements. Individuals will have to
make significant investment decisions that may affect their
future health. Unfortunately, individuals are not always
equipped to make wise decisions when faced with financial
choices involving uncertainty.

Financial engineers can assist by creating understandable
decision-support systems. Education will also be important;
for example, courses on decision making under uncertainty
in health care could show how to find the best compromise
between costs, efficiency, and possible states of future
health. Financial engineers face similar issues on a regular
basis. Many insights and methods from financial engineer-
ing can be directly applied to the health care industry.
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Engineering Tools and Methods
in the Delivery of Cancer Care Services

Molla S. Donaldson
National Cancer Institute

For several reasons, cancer care is an especially interest-
ing and challenging field. First, cancer is a major cause of
mortality. Second, we have a large, rapidly increasing evi-
dence base of what works, promoted in part by strong patient
advocacy groups. Third, as more patients survive for longer
periods of time, cancer is changing from an acute condition
to a chronic condition. Fourth, despite the existence of com-
prehensive cancer centers, we need new models of care de-
livery based on the consistent use of evidence about ways to
deliver care that meet the needs and expectations of patients
and their families.

This year, 1.3 million new cases of cancer will be diag-
nosed in the United States. Cancer is the second leading
cause of death in the United States, accounting for slightly
more than 23 percent of all deaths; large disparities in inci-
dence and mortality rates have been found for different ra-
cial and ethnic groups, despite the strong evidence base that
has been developed for cancer screening, diagnosis, and
treatment (DHHS, 2001). Randomized controlled trials
(RCTs)—cancer’s working models of care—are the gold
standard in cancer care. RCTs compare, for example, the
best known treatments with new approaches. Based on a few
simplified assumptions and a very restricted set of variables,
RCTs test the efficacy of new agents or combinations of
agents. Based on the results, they put forward hypotheses
about how well a model will work and its effectiveness in
real-world practice. Only 2.5 percent of adults with cancer
are ever involved in clinical trials, and participation in trials
varies by age (Sataren et al., 2002). One estimate is that more
than half of children younger than 15 are in clinical trials and
that findings are quickly translated into pediatric oncology
practice (Bleyer et al., 1997).

The evidence base on effective cancer treatment and man-
agement has been used as the basis of guidelines that include
descriptions of the strength of the evidence for treatment and
supportive care for most tumor sites by stage. The guidelines
developed by the National Comprehensive Cancer Network,

for example, are reviewed annually by standing panels, for a
large set of tumor types and are readily available to
oncologists (NCCN, 2001) and patients (www.nccn.org).
Yet, when researchers studied oncologists’ compliance with
these guidelines, they found a lot of room for improvement.
For example, the appropriate use of guidelines depends on
accurate staging, yet many patients are not accurately staged,
not staged at all, or staging information is not available to
treating clinicians.

The evidence base is also growing because of major ad-
vances in basic biology. The implication of the genome
project is that oncologists will no longer classify cancers by
tumor site (e.g., lung, prostate, pancreas, etc.) but by genetic
transcription errors in the germ line (i.e., in the genetic makeup)
or in somatic cells. Previously unexplainable differences in
patient responses to therapy for tumors that look alike to
pathologists are beginning to be understood in terms of the
chemical pathways that produce various proteins. Recent
advances have raised hopes that molecular profiles and indi-
vidual phenotypes can be matched to the most effective
therapy, something like matching antibiotics to specific
bacteria, but at the molecular level.

With earlier diagnosis and more effective treatment, sur-
vival times have increased, sometimes making cancer care
more like treating a chronic condition than an acute condi-
tion; thus, coordinated follow-up care and the late effects of
treatment are becoming a central interest. New therapies
may also require sustained treatment. Molecular therapies may
mean less toxic and more targeted interventions, but they
may also mean that patients will have to take pills for a very
long time, perhaps even for a lifetime. Successful treatment
will also mean that survivors will live much longer, which
will shift the emphasis to follow-up care. Like care for other
chronic diseases, long-term follow-up care is complex and
requires multidisciplinary, multisetting, coordinated ser-
vices. In addition, early detection may require long-term
chemoprevention. Long periods of time may pass during
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which cells change before genetic defects become evident as
tumors, and the distinction between prevention and therapy
may disappear as detectable genetic errors are treated long
before they are expressed as lesions.

The achievements and promise of genomics, proteomics,
and molecular discoveries, however, have not been matched
by advances in the organization and delivery of services.
When patients are diagnosed with cancer, they often find
navigating the medical care system a nightmare. A colleague
I had not seen for a while said to me, “When I was diagnosed
with Stage 3 melanoma, I thought everyone in the health
system would swing into action and take care of me. I didn’t
realize until much later that no one could or would. It was up
to me to make sure things happened and that my doctors
knew about it.” She is a patient in a world-class medical
center in the Baltimore-Washington area. Despite her educa-
tion, her considerable resources, her excellent insurance, and
her husband who took full-time leave to help her, she was
not able to make the system work.

The processes by which a patient accesses care (because
of a symptom or for screening), receives a diagnosis, makes
decisions, and plans for care in a hospital or outpatient facil-
ity or arranges for services from community service and sup-
port groups or home care may include initial treatment (such
as surgery), follow-up treatment (such as adjuvant chemo-
therapy or radiation therapy), palliative care, education and
information about community services, monitoring as a sur-
vivor, and treatment for recurrent disease, continuing pri-
mary care, and if needed, timely and appropriate end-of-life
care in a hospital, hospice, or home. It may also involve ge-
netic screening, rehabilitation, and support for family and
others during and after serious illness. It is easy to under-
stand why when Lee Atwater, campaign manager for
Ronald Reagan, was diagnosed with a brain tumor and
began treatment, he is reported to have exclaimed, “I
need a campaign manager.”

One hears the same complaints from the medical side of
health care. Ensuring Quality Cancer Care, a report by the
Institute of Medicine National Cancer Policy Board, states
emphatically, “There is no national cancer program, care
program or system of care in the United States” (IOM, 1999).
A pediatric oncologist commented, “In the standard model
of delivery of care to pediatric cancer patients, the onus of
negotiating all aspects of treatment falls on the patient and
his or her family” (Wolfe, 1993).

Figure 1 shows a very common model of health care for
cancer. In this distributed model, with oncologists practicing
in the community, the patient goes from one doctor and labo-
ratory to another trying to integrate sometimes conflicting
information. In addition, oncologists have difficulty obtain-
ing information, which results in waste, duplication of ef-
fort, and delays; and the primary care physician often has
little information about the patient’s treatments. Care is pro-
vided in multiple settings, not only at the time of diagnosis
and primary treatment, but also over time through later

treatments and follow-up, as needed. Recently, interest has
grown in the use of “patient navigator” programs to help
patients schedule appointments and keep up with their treat-
ment and progress, but I am not aware that such programs
have been evaluated for effectiveness (American Cancer
Society, 2002; Christensen and Akcasu, 1999).

Figure 2 shows a different model based on care in a com-
prehensive cancer center, such as M.D. Anderson, Memorial
Sloan Kettering, or Dana Farber, where oncologists and other
caregivers are grouped together in one facility. Even in these
settings, patients may still go from one caregiver to another,
and their records may be quite separate. A care coordinator,
such as a nurse oncologist, might help the patient coordinate
his or her care, and patients in these centers are more likely
to enter clinical trials with stringent protocols and follow-
up. In this model, tumor boards or multidisciplinary confer-
ences among oncologists and pathologists develop a plan for
patient care. Such conferences, which may be held
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FIGURE 1 Distributed model of health care for cancer.

FIGURE 2 Comprehensive cancer center model.
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periodically after primary treatment, may, but usually don’t,
include the patient and his or her family (Joishy, 2001).

Figure 3, a pediatric multisite model, was developed by
Dr. L.C. Wolfe and his colleagues when he was at the New
England Medical Center (Wolfe, 1993). The model attempts
to remedy the boundary problems at the transitions between
settings, particularly between the hospital and home, home
care and some outpatient care, and outpatient care and
inpatient care. When something goes wrong, people do not
always know what to do or who to contact.

The model addresses these problems by having the on-
cologist and the nurse spend time in the hospital together
with the patient and then in the outpatient setting and then,
as a team, continuing to care for patients who had been in the
hospital. To ease the boundary problems between hospital
and home care, Wolfe devised an electronic system that en-
ables families to transmit problems and questions to their
doctors. O’Connell and colleagues (2000) have critiqued
other models of care that try to integrate the hospital-
community interface.

Only a few efforts to design better health care delivery
systems have been reported. Last week, I attended the an-
nual meeting of the American Society of Clinical Oncology,
which drew 25,000 participants from all over the world. Of
the more than 3,000 abstracts published, only two reported
on programs for improving care. One was a report from
France on the number of cancer patients who had attended a
nutritional workshop; the other was on the costs and satis-
faction of palliative care service in a hospital.

This points up a stark contrast. The knowledge base for
the science of cancer care has undergone a radical transfor-
mation, but little attention has been paid to ensuring the con-
sistent translation of this knowledge to the health care set-
ting—not just for patients in cancer centers on protocols, but
for all cancer patients all the time. Indeed, the assumption
seems to be that the results of clinical trials will be translated
into practice without error and without specifying how ser-
vices should be organized and delivered.

The lack of well designed systems can result in the loss of
benefits to patients. In many systems, failures can and do
occur that could have been addressed by operational engi-
neering. One of the most common consequences is the fail-
ure to screen patients. A research project involving health
maintenance organizations found that only 50 to 83 percent
of women who were expected to have mammographies in a
particular year actually had them (Taplin et al., 2002). In
Colorado, a risk-management study of lawsuits for failure to
diagnose breast cancer found that the average length of de-
lay from symptom to detection or detection to diagnosis was
13.4 months (Marjie G. Harbrect, M.D., personal communi-
cation, April 2001). There were many reasons for the delay,
but most of them were system problems. In some cases, the
primary care clinics did not have systems for tracking or
follow-up. In many cases, individuals thought someone else
was following up with the patient. Sometimes a lump found
in an exam was not visible on a mammogram, and there was
simply no follow-up. Failure to diagnose was also found in
the United Kingdom, where there was on average a seven-
month delay between detection and definitive diagnosis.

A study in New York hospitals on women who clearly
should have had adjuvant breast therapy after treatment for
early-stage breast cancer found that in hospitals that were
part of the Mount Sinai system, only 18 to 33 percent of
these patients, depending on the hospital, received their indi-
cated adjuvant therapy for early-stage breast cancer (Bickell
and Young, 2001; Bickell et al., 2000). This was not because
of a lack of knowledge. After going through the medical
records of these patients and talking to the surgeons, the
study found that the surgeons simply did not know what had
happened to these patients, they had simply “fallen through
the cracks.”

Another serious problem is failure to use the evidence
base. Dr. Ezekiel Emanuel (2001) at NIH recently reported
on an excessive use of chemotherapy for patients in the last
months of life. He found that in the last six months, three
months, and one month of life, as much chemotherapy was
given for tumors that are known to be unresponsive to chemo-
therapy as for tumors that are responsive to chemotherapy.

Other losses of benefits include: failure to ensure that the
necessary information is available at the time of decision
making and at the point of care; failure to help with transi-
tions following active treatment; failure to monitor and man-
age symptoms, including pain; and failure to support dying
patients and their families.

A few health systems have reported their attempts to de-
velop an integrated model of care—financially, organiza-
tionally, and in data management (Clive, 1997; Demers et
al., 1998; Glass, 1998). Other reports include the develop-
ment of disease-management models of inpatient and outpa-
tient oncology care (Hennings et al., 1998; Piro and Doctor,
1998; Sagebiel, 1996; Uhlenhake, 1995), breast cancer cen-
ters (Frost et al., 1999; Kalton et al., 1997), psychosocial
support services (McQuellon et al., 1996), support forFIGURE 3 Pediatric multisite model. Source: Wolfe, 1993.
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long-term cancer survivors (Hollen and Hobbie, 1995), and
quality improvement teams (Frank and Cramer, 1998).

A remarkable example of what can be accomplished is
the use of logistical engineering in the United Kingdom for
cancer services (Kerr et al., 2002; NHS Modernisation
Agency, 2001; H. Bevan, personal communication, May
2001). The story began with a major comparative study that
showed that survival rates in the United Kingdom were low
compared to rates in the rest of Europe and the United States.
The study also found that therapy was initiated at a much
more advanced stage of disease than expected, which re-
sulted in low five-year survival rates. One reason was the
seven- to eight-month delay between (1) detection and
(2) diagnosis and staging. Patients were also not able to get
the radiation therapy they needed, even though 20 to 50 per-
cent of the appointment slots were not used. By the time
patients were seen, the plan of care was often outdated or no
longer appropriate. Although the patients’ needs were pre-
dictable, they did not know what to do once they left the
hospital. Further, the percentage of patients referred for ab-
normal exams or test results who will, in fact, have cancer
can be predicted. Hence, services could be designed accord-
ing to a known demand function.

Using such information, the National Health Service
(NHS) made improvements in cancer care services a prior-
ity. The program began with 50 teams from nine cancer
networks; the program has now been expanded to all 34 net-
works. The project teams tested more than 4,400 changes in
the first 12 months and implemented nearly 550 of them.
They instituted multidisciplinary teams that meet regularly
to manage the experiences of families and caregivers. They
revamped services to meet patient and family needs. For
example, tests that used to require three separate hospital
visits are now done in one visit.

As a result of this initiative, there was, on average,
a 50-percent reduction in time to first appointment and a
60-percent reduction in radiology waiting times. The NHS
believes the five-year cancer survival rate can be improved
by 10 percent and is reengineering systems accordingly.

Engineering can play a major role in accelerating im-
provements in the quality and efficiency of cancer care. The
unique skills of practicing engineers should be applied in six
major arenas of cancer care:

1. Redesign care processes using engineering tools, such
as the 80/20 rule, continuous flow, mass customization,
production planning, and supply-chain manufacturing.

2. Use information technology to make medical informa-
tion and patient-specific information available when
needed. The goal is to ensure that timely, accurate in-
formation is available to clinicians and patients when
they need to make decisions.

3. Redesign care to include the patient and family in de-
cision making.

4. Encourage the continuous acquisition of knowledge
and skills by all health care workers to support
multidisciplinary work. The health care workforce
must have the expertise to manage complex tasks,
which may require changes in training, education, and
protocols and rules about which tasks are permitted.
Human factors analysis, which has been used in other
industries for crew resource management, shift man-
agement, ensuring patient and worker safety, and en-
suring high-level, reliable performance in dynamic,
high-risk settings, should be applied to the health
care setting.

5. Care should be coordinated across settings and over
time using any engineering tools available.

6. Measurement of performance and outcomes should be
used to improve care. This entails measuring the re-
sults of practice and removing the distinctions between
research and clinical practice environments so that all
patients and patient care can increase our knowledge.
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Patient Trajectory Risk Management

Charles Denham
HCC Corporation and

Texas Medical Institute of Technology

This paper addresses the notion of risk trajectory of indi-
vidual patients and the resultant aggregate risk trajectory of
the healthcare enterprise caring for populations of patients.
It also describes the use of various engineering concepts ap-
plied to medicine.

In the late 90’s, working with a team from the Institute for
Healthcare Improvement (IHI) and Premier Inc. a group pur-
chasing organization of 1,800 hospitals we focused our at-
tention on medication management. The project involved
collaborators from the Cleveland Clinic, Partners System,
Harvard Medical School, Mayo Health System, a number of
frontline hospitals and leading experts. Our goal was to iden-
tify the idealized design for medication management to re-
duce adverse drug events, a major cause of preventable death
and disability in U.S. hospitals. To do that, we first had to
identify achievable world-class performance, then the “is
state” of frontline hospital performance, and finally pro-
cesses and technologies that would enable us to close the
gap between the two. We were surprised by our findings and
gratified by the opportunities they revealed.

Engineers are used to using process impact evaluations,
risk analyses, and pattern recognition methods, however
these are new to the practice of medicine at frontline institu-
tions. Clearly, medicine has much to gain from engineering,
and many benefits have yet to be realized.

The Institute of Medicine report, Crossing the Quality
Chasm (IOM, 2001), proposes that we must redesign
healthcare so that it is patient centered, evidence based, and
systems focused. As such we must have a much better un-
derstanding of “integrated performance”—i.e. operational,
clinical, and financial processes and outcomes—of an indi-
vidual patient’s care delivery through a healthcare episode.
We must look at the performance/risk trajectories of com-
mon patient treatment process paths and examine the con-
tributive impact to enterprise wide performance. Hospital
administrators must step back from their traditional vertical
business unit view and take into account their patient

populations as they move through those vertical units so that
they can recognize operational innovations that can elimi-
nate process segment failures.

The game of golf provides a powerful metaphor. The de-
sired outcome is to deliver the ball to the hole. For a given
link one golfer may take eight strokes and another might
take three. Both reach the goal if the outcome measure was
just “ball in hole,” however one expended more energy and
time than the other. The golfer taking eight strokes has in-
creased the risk of having mishap along the way. In a similar
way, if a patient requires two or three extra days of care, the
risk of having an adverse event is greatly increased due to
greater exposure to the inherently dangerous hospital
environment.

To come up with an ideal design for medication manage-
ment, we first mapped the clinical and operational processes
involved in medication use. Next, we considered the prod-
ucts, services, and technologies involved that enable best or
better practice (technologies might include process
reengineering tools, for example). Then we identified
their impact on the risk of adverse events and whether
they closed the gap between typical performance and best
achievable performance.

Traditionally administrators and clinicians have been
trained to define a medication error by violation of one or
more of the “five rights”—the right patient, the right drug,
the right time, the right dose, the right route. Such errors
occur with virtually every patient admitted to hospital. Dr.
David Classen a noted patient safety expert on our team dem-
onstrated that the overlap between error and harm minimal
using this definition of error—only a small fraction of harm
is caused by error as defined by the “five rights.” A great
number of errors do not cause harm, and more importantly a
number of adverse drug events that cause death, disability,
or require treatment would not normally be counted using
the classical “5 rights” framework.

During the idealized design process, we worked with a
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number innovative healthcare technology suppliers; 70 to
80 percent of them were attuned to error. Few focused on
harm. The deeper we explored adverse drug events it became
more and more apparent that distinguishing between error
and harm was critical. We focused on the most common
causes of adverse drug events including transition zones
between care teams and high impact intravenous infusion
events. We did not ignore errors without harm, but we did not
focus on them. After completing about 80 percent of a
thorough, evidence-based review of integrated care and opera-
tional processes, with the guidance of a number of experts,
the opportunities for mitigation started to become clear.

Subsequently IHI led a number of very successful hospi-
tal collaborative initiatives using a “trigger tool” medical
record review framework that helped identify adverse drug
event (ADE) risk and performance gaps.

We studied smart the Alaris smart infusion pumps that
have now have the ability of capturing and even preventing
the most serious IV adverse events, clearly a technology ad-
vance that will deliver dramatic speed to impact in reduction
of ADEs.

To illustrate the error-harm gap and the notions of patient
trajectory and hospital risk trajectory we used the example
case of anticoagulation management with our teams and col-
laborative groups. Anticoagulant drugs are often very poorly
managed by clinicians and patients resulting in severe ad-
verse drug events. In fact this is the area of the most common
drug related malpractice claims and awards.

Certain engineering concepts have great application to
medicine. When engineers evaluate airplanes, they examine
and discuss its performance envelope. We applied this con-
cept to the management of anticoagulation. Warfarin is an
anticoagulant drug used to manage patients. Its danger lies
in the fact that the therapeutic envelope of safety relating
dose to effectiveness and complications may change or shift.
The patient’s diet (i.e., wine or vitamin K consumption), or
liver function can shift the therapeutic window. The thera-
peutic envelope is always changing, posing huge risk to pa-
tients for overdose or under dose leading to clotting or bleed-
ing disorders. Currently physicians try to manage patients
undergoing anticoagulation by trying to interpolate and ex-
trapolate the relative patterns of multiple lab values and his-
torical factors. Application of the performance envelope de-
livers terrific pattern recognition opportunities.

We also demonstrated the use of other aviation tools to
communicate performance. For instance we created a mock
up “digital dashboard,” illustrating how clinicians could rec-
ognize patterns, access relevant protocols, and in the case
anticoagulation decide how to manage the patient.

In collaboration with one of the nations leading anti-
coagulation experts we presented an example case study of a
young adult admitted for treatment of a defective heart valve
who experienced 11 typical and different adverse drug
events, none of which was caused by a medical error (using
the 5 right classification) and none of which would have

been picked up by the typical methods we use to catch medi-
cal errors. Dose adjustments unique to the patient’s condi-
tion and omissions due to missed laboratory values would
not typically be classified as a medication error. The patient
eventually has a stroke. In this case, the potential for recog-
nition of the risk for adverse events would have been picked
up by a computerized physician order entry (CPOE), which
integrates order entries with laboratory and historical infor-
mation. We know from other studies that CPOE can reduce
adverse events dramatically.

In the future, we will have a decision-support systems
that enable clinicians who are not specialists in anticoagula-
tion to put that part of the treatment in the hands of a phar-
macy team while being able to monitor potential adverse
events. That is precisely what an information integrating
device that pilots use called a flight director does. Flight in-
formation is provided as an input, the crew makes sure all
the instrumentation is synchronized and the director follows
the plan. If the workload becomes too heavy, the autopilot
can be turned on.

Today, 16 different types of specialists prescribe anti-
coagulants; none are specialists in anticoagulation. Orthope-
dists, internists, and cardiologists are all administering the
drug and are responsible. The risk trajectories such patients
are not being managed well and adverse events such as pre-
ventable strokes and bleeding related complications are oc-
curring in epidemic proportions.

We used a mockup of the digital dashboard to study the
young adult described earlier. His medical history and his
recent history revealed a number of health problems that pre-
disposed him to a bleeding and clotting disorder that made
anticoagulation drugs extremely dangerous for him. When
we asked what might have been done differently, we found
that when the care data is reconstituted in a graphic it would
allow us to recognize a pattern. Had the data presentation
been like that presented in aircraft instrumentation we would
have seen the window of safety narrowing and prevented
catastrophe. Instead, we are caught by surprise driving from
a view through the rear view mirror.

Clinicians could be assisted by innovations that make
patterns simpler to recognize. The average doctor in an in-
tensive care unit can interpolate three or four trends. A
patient on a respirator who is very ill might have could have
60 pertinent trends. Our slowest cognitive capability is in
processing data, which is exactly what computers do well.

Before retiring to focus full time on emerging technolo-
gies, I was a radiation oncologist with a very large practice,
and I managed all of my patients all the way through therapy.
I had a high volume of patients with common diseases, in-
cluding colon, breast, lung, and prostate cancer. I had to navi-
gate between the response of the tumor to radiation therapy
and the response of normal tissue. I had to manage that pa-
tient through a safety window that would become narrower
and narrower as we proceeded through care. As the dose was
increased, the risk for a host of complications would increase
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and continue intensify through out treatment. We knew that
every treatment decision had a risk-benefit balance to it.
Every patient had a unique trajectory based on historical data
and how certain factors had impact as therapy progressed.
These patients were managed based on tacit knowledge—
we could tell when a patient was headed for trouble, we could
link this to certain parameters.

In working with healthcare technology suppliers, we have
found that an evidence-based, patient centered, and systems
performance targeted approach to “enabling” best or better
practice allows innovations to be developed that improve
clinical performance and reduce risk. In addition, they often
deliver improved enterprise wide performance as a by-
product of improved patient specific performance.

If we had continuity of information with pattern recogni-
tion support we could examine the risk trajectory of patients
with very complex disorders and create scenarios and real
time forecasts, as we do in aviation. In the future, we might
ask a medical student to use a computer model to run

scenarios for a specific patient. We could graphically portray
patterns and risk trajectories to assist in decision making
before patients get into trouble. Is the patient’s cardiac func-
tion adequate? Will his kidneys clear everything? What-if
scenarios can be run before events cascade.

Engineers already provide wonderful computational sup-
port and pattern recognition solutions for many industries.
These technologies will offer physicians a terrific opportu-
nity to “think through” treatment scenarios. With an appro-
priate decision-support system, we could apply the lessons
learned in other industries, such as aviation and aerospace,
to complex medical problems. The principles of data analy-
sis from engineering could be tremendously beneficial for
health care.
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Deploying Resources for an Idealized Office Practice:
Access, Interactions, Reliability, and Vitality

Thomas W. Nolan
Associates in Process Improvement and

Institute for Healthcare Improvement

The goal of our initiative is to create an idealized design
of clinical office practices (IDCOP) that offers the best pos-
sible solutions to the health care practice needs of our cus-
tomers. When implemented, these solutions should lead a
visiting patient to say, “They give me exactly the help I want
(and need) exactly when I want (and need) it.” To accom-
plish this goal, we have to improve measures associated with:
clinical outcomes; patient satisfaction; finance; and staff sat-
isfaction. To simplify and further systematize the systems
that emerge from IDCOP, we have developed a framework
of four “themes” to guide the redesign processes as a whole:
access, interactions, reliability, and vitality.

Access. Timing is an essential component of health care.
When things happen is almost as important as what happens.
Of all forms of timing, patients almost certainly value most
the timing of entry into the system—getting to care when the
care is needed. Care in this context does not mean only en-
counters or visits. It means all appropriate forms of interac-
tion, including access to information, support, dialogue, re-
assurance, treatment, and supplies, as well as all possible
routes of delivery—not just face-to-face meetings, but also
electronic, print, and other media of exchange.

Interactions. Health care is fundamentally interaction. Inter-
action is not the price of or vehicle for care; it is the care.
Those who regard health care as a list of resources—people,
medications, machines, technologies, and so forth—are
merely listing the “inert” ingredients that become care only
when they are combined in interactions between patients and
the system. The quality of care is the quality of interaction
among resources, not the quality of the resources per se.

Reliability. Reliability involves ensuring an exact match
between knowledge and activity in the IDCOP practice. Ide-
ally, “all and only” effective and helpful care is given. The
IDCOP practice, therefore, aims always to give care that can

help a patient and never to give care that harms or cannot
help a patient. Reliability is the conscious attempt to avoid
the defects in health care that the Institute of Medicine
Roundtable on Quality summarizes as “overuse, underuse,
and misuse” of care. (The Roundtable defines misuse as
errors in care and threats to patient safety.)

Vitality. IDCOP aims for a sustainable design. The new
system would be financially viable and would provide a great
workplace. In other words, the demanding performance stan-
dard is not realized at the expense of those who work in the
practice and depend upon it for their livelihood. Vitality also
implies renewal—continual innovation and improvement.
The IDCOP practice is not a fixed, solved system; it is a
learning organization with the capability, agility, resilience,
and will to change over time as desires, environments, and
knowledge change.

Each of these themes or aspects of IDCOP requires cer-
tain activities, some familiar and some new. One of the ini-
tial steps to redesigning the system as a whole is the system-
atic examination of the current premises and beliefs
concerning the activities performed and the people who per-
form them. Meeting each of the goals requires some resource
deployment and scheduling. To achieve excellent access, the
demand for visits and other interactions must be estimated
beforehand, and capacity, for example for appointments,
must be available to meet the demand. Conceiving of care as
interactions between the patient and the system via multiple
media means that resources must be deployed to enable these
interactions. Reliability requires an exact match between
knowledge and activity in the practice, knowing the activi-
ties that will meet the needs of patients and ensuring that
these activities are performed in an orderly manner and at
the proper time. The activities that contribute to the vitality
of a practice, such as training and process redesign, might
easily be put off in the face of pressing daily demands, but
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these activities are essential. Hence, time must be scheduled
for them.

Besides helping with the daily deployment of resources,
the development of a master schedule for the practice will
facilitate the fundamental rethinking of the design of
the practice. The following three tasks serve as a guide to the
deployment of resources consistent with the IDCOP themes:

1. Understand and define the work involved in caring for
persons who depend on the practice.

2. Assemble a team of people and resources to match
the work.

3. Develop a repetitive master schedule to optimize the
use of resources relative to the needs of the population.

Defining the work involves describing activities in the
practice and then assessing them in terms of the four themes.
The activities can then be adjusted to ensure that the practice
has all four characteristics and the appropriate clinician
matched with the work. Once the work and appropriate team
have been identified, the practice can match the work to the
members of the team on specific days of the week using a
repetitive master schedule.

REPETITIVE MASTER SCHEDULE

The work of a clinical practice is varied and complex—no
two patients are alike, insurance companies have different re-
quirements, and the external environment is changing rapidly.
Designing an IDCOP practice is impossible unless some sense
of order is established in the midst of increasing demands and
varying conditions. Developing and using a repetitive master
schedule is one method of establishing order.

Although the work varies, every practice has a natural
rhythm—the length of time after which the work begins to
repeat. Staff in a primary care practice often cite one week as
the repetitive period. Up to a point, the work done in one
week is similar to the work done the next week. Of course,
the rhythm in a practice is also influenced by shorter periods,
such as days, and longer seasonal periods that must also be
taken into account.

The practice must first establish the period for which a
master schedule will be designed. For purposes of discussion,
let’s assume the period is one week. That means that a master
schedule for a “typical” week can be used with minor adjust-
ments for any week. The definition of the repetitive period
simplifies the task of deploying the resources of the practice
because the schedule is built only for a short period of time.

Once the period has been chosen, a master schedule can
answer the questions of what work will be done, who will do it,
when they will do it, and where they will do it. An IDCOP
practice calls for forms of interaction in addition to one-on-one
visits with the doctor. Who will be using e-mail? Who will
provide chronic disease management and review registries?
When will training and staff development take place? The mas-
ter schedule should provide answers to these questions.

The slogan for a master schedule with a period of one
week is “do today’s work today.” Although there is some
overlap in each day’s work, Tuesday’s work will not be ex-
actly the same as Thursday’s. The practice may hold a group
visit on Tuesday, for example, and review the chronic dis-
ease registries on Thursday. Daily work should be completed
on the day it is scheduled.

“Open access” requires that patients be scheduled within
the master schedule cycle. Hence, practice-patient interac-
tions are a very large component of the master schedule.
Backlogs are defined as work that is not scheduled or com-
pleted within the master scheduling period. Consider a
patient’s initial appointment in a behavioral health practice.
Because the initial appointment requires that multiple
providers see the patient during the visit, a practice may
designate one morning a week for initial appointments. The
“open access” philosophy requires that new patients be seen
within a week. Backlogs of two or more weeks for new
patients are inconsistent with the repetitive master schedul-
ing approach.

Open access and repetitive master scheduling are based
on the general concept of “continuous flow,” which requires
that the amount of work be predicted and resources deployed
to complete the work in a specified period of time without
backlogs. Continuous flow principles apply to weekly sched-
uling and even daily scheduling. The physician who sees a
patient and completes the chart before moving on to the next
patient within the specified activity cycle time is using con-
tinuous flow.

Many practices already use some aspects of master sched-
uling. Practices with open access to visits and phone calls
are well along in the development of a repetitive master
schedule. For practices that wish to develop a master sched-
ule the following steps should be considered:

1. Implement an open access system for visiting patients.
2. Define the care process for each of the top diagnoses

to use as input to the master schedule. Include in the
definition the desired time between when a patient first
presents with the problem and when an effective plan
of treatment is begun.

3. List the services required to accomplish the themes
and the internal processes required to support these
services.

4. Devise a master schedule of one to two weeks that
addresses who, what, where, and when for the services
and processes enumerated above.

5. Use the following metrics to assess success in execut-
ing the master schedule:
a. the degree of completion of the schedule and the

reasons for not achieving it
b. the percentage of time physicians are doing work

that only they can do or that only they are legally
allowed to do

c. the time from patient presentation to treatment for
the top 10 diagnoses
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Engineering and the System Environment

Paul C. Tang
Palo Alto Medical Foundation

I will address three questions: (1) how engineering can
help determine characteristics of a desirable information in-
frastructure; (2) how engineering can help establish data
standards; and (3) how engineering can help build an infor-
mation infrastructure for health care.

Ethnography, the social science method of studying hu-
man cultures in the field, is a useful technique for under-
standing information needs in the health care environment.
A derivative technique, video ethnography, includes the
video recording of subjects in their natural state. With the
consent of patients and physicians, we used observational
ethnography and video ethnography to study the information-
seeking habits of physicians.

Time and motion studies have shown that physicians
spend up to 38 percent of their time foraging for data in the
paper medical record and creating more data for the record
(Mamlin and Baker, 1973). Formal studies of physicians’
information needs showed that 81 percent of the time they
were unable to find one to 20 pieces of information (four
pieces on average) important to a specific patient visit at the
time decisions were being made (Tang et al., 1994). Al-
though physicians often spent additional time trying to track
down the missing information, including asking patients
what they might have heard, they often ended up making
decisions without the information, even though they had the
paper-based medical record 95 percent of the time. In sum-
mary, although clinical decision making depends on the
availability of patient data, domain information, and admin-
istrative information, these data are routinely not available
when physicians make patient-care decisions.

In Crossing the Quality Chasm, the Institute of Medicine
stated that “American health care is incapable of providing
the public with the quality health care it expects and de-
serves.” Furthermore, “if we want safer, higher-quality care,
we will need to have redesigned systems of care, including
the use of information technology to support clinical and
administrative processes” (IOM, 2001). There are many

challenges to be overcome in transforming health care via
information technology. Some of the environmental barriers
to the adoption of information technology are: high capital
acquisition costs for electronic medical records (EMR); an
inadequate supply of fully functioning EMR systems; high
training costs for EMR implementation; and uncertainty
about who will pay and who will benefit.

Another challenge facing the health care system is the
lack of an effective mechanism for knowledge diffusion.
Even though medical knowledge is increasing very rapidly,
the diffusion of medical knowledge into practice has been
limited by the absence of decision support at the point of
care. Compliance with the guidelines for influenza vaccina-
tions is a good example. It is well known that administering
the influenza vaccine to eligible adults can halve the death
rate, halve the hospital admission rate, and halve the costs
associated with outbreaks of influenza. Nevertheless, be-
cause of human oversight, physicians immunize only 50 to
60 percent of the eligible patients they see during flu season.
Simple computer-based reminders at the time of a patient’s
visit have been shown to increase adherence to the simple
clinical guideline by 78 percent compared to controls (Tang
et al., 1999). Engineering techniques, such as EMR systems
that remind physicians at the moment of opportunity, have
been proven effective.

Another area of opportunity for engineering is in resolv-
ing cross-organizational issues that impede health care de-
livery. Health care is delivered in many settings, by multiple
providers, and over a period of time. Yet, because of an ab-
sence of standards, neither the paper system nor computer-
based systems allow for the seamless, reliable exchange of
data across settings of care. The current health care delivery
model is highly fragmented and poorly designed. Furthermore,
current health care financing schemes create disincentives to
the creation of any kind of system of care. Engineering could
make a major contribution by applying systems design and
analysis techniques to the health care delivery system.
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Another area of opportunity is at the interface between
devices and information systems. As living beings, patients
constantly emit signals, but there is no instrumentation to
capture and filter those signals. At best, information is gath-
ered at random intervals determined by the vagaries of
matching schedules rather than by clinical events. As the
care of patients is transferred from one clinic to another or to
a specialist or to a hospital, the inefficiency of these
“handoffs” further impedes the delivery of coordinated care.
We have also failed to provide patients with tools to help
themselves. We must do a better job.

Engineering can help provide methods for the continuous
gathering of data at patients’ homes, the automatic filtering
of data, and alerts to care providers when there are devia-
tions from expected control points. EMRs with evidence-
based decision support can improve the diffusion and
implementation of best practices. Collaborative work
technologies—among providers and between patients and
providers—could be applied to patient care.

In short, twenty-first century clinicians have been prac-
ticing medicine with twentieth-century information tools.
We need a National Health Information Infrastructure (NHII)
to support the information-driven practice of contemporary
medicine. This infrastructure would consist of standards for
connectivity, system interoperability, data content and ex-
change, applications, and laws. The challenge is to design,
develop, and implement these necessary systems in a
resource-constrained environment. Financing NHII and
reimbursing the costs of ongoing operation will be key to the
widespread adoption of engineering and information tech-
nology that supports the delivery of care.

There are many engineering opportunities in building the
NHII. First, we will need a technical infrastructure that in-
cludes standards to enable systems to interoperate techni-
cally and semantically. Second, the system must have an
application infrastructure that supports mobile, secure, and
robust functionality that can access patient information wher-
ever it is stored. Third, there must be an interoperable method
of storing structured, executable knowledge that can be used
at the point of care by any qualified provider. Fourth, policies
must be in place to protect sensitive, confidential patient

information stored and transmitted by these systems. And
finally, there must be a financing and incentive model that
provides investment resources for the implementation and
continuing operation of patient care systems.

Engineering opportunities abound to address the
information-technology needs of health care. At the top of
the list is the need for a systems perspective and repertoire
of methods in the study and design of a rational health care
system that serves the diverse needs of current and future
patient populations. Monitoring technologies that process
and interpret high-volume data and mine the important
information therein would be useful. A secure, wireless
infrastructure would support patient and provider mobility.
Interoperability, for both computers and people, would be
important for collaboration among providers and patients.
Knowledge diffusion tools would be important to help
physicians keep up with fast-paced advances in medical
knowledge. Tools to assist with distributed authoring of key
technical standards would help accelerate the development
of essential technical standards. Methods of managing the
constant queues in scheduling scarce medical resources
would help distribute medical services to those who need them.

In summary, delivering patient-centered, evidence-based,
safe care is an expectation of twenty-first century health care.
To deliver on that expectation, we need sophisticated,
computer-based tools, and an NHII. That is the engineering
challenge—and the engineering opportunity.
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Challenges in Informatics

William W. Stead
Vanderbilt University Medical Center

The ultimate purpose of information technology is to help
everyone make better decisions, no matter what their role in
the system. Biomedical informatics is the structuring of in-
formation into simple systems that clarify complex relation-
ships, reveal relationships between similar or related infor-
mation from disparate sources, and link that information into
the work flow.

Implementing a solution can be difficult, however, be-
cause current tools were built largely to administrate and
automate processes instead of to provide information to help
us function more effectively. The value of information de-
cays exponentially over time. Without effective information
technology, information moves very slowly through admin-
istrative processes or publication channels. The object of in-
formation technology is to move information quickly so it
can be assimilated into decision-making processes at the
right time.

Let me give you an example from Vanderbilt. A few years
ago, we noted that physicians were ordering many more tests
than could be justified. They did this for one simple rea-
son—the tests were routine. We put an intervention in place
to address this problem. Physicians now have a decision-
support tool that shows them patient data and local and na-
tional guidelines at the time they are making ordering deci-
sions. When a physician tries to order basic chemistries, for
example, a screen pops up showing graphically the results of
previous tests for that patient and highlighting which chem-
istries are stable. With that information, physicians may
choose to order tests just for the chemistries that are chang-
ing or the ones they think need to be done. With this change,
we reduced the number of basic chemistries ordered by
60 percent.

Two trends in information technology will be particularly
important for the management and provision of knowledge
in health care. First, with the convergence of media, comput-
ing, and communication, all information will be available in
digital form. The information will be easily accessible and

available at minimum cost, which means we will be able to
provide the most appropriate information organized to meet
an objective. Second, the continuing movement toward
smaller, cheaper, faster technology will result in better user
interfaces and embedded, context-sensitive sensors that can
identify the time, location, and function of a technology. This
will eliminate a large number of data entry problems.

When data displays in fighter cockpits became too big,
too numerous, and too fast for pilots to react, virtual reality
displays were developed to create patterns they could recog-
nize. Thus, data were turned into useful signals, and over-
load was eliminated. The same kind of advancements will be
made in health care.

One of the trends in informatics is the development of an
architecture that allows you to separate the content from the
tools. Historically, information systems have held informa-
tion about how we practice hostage. When we separate
the content from the tools we use to automate processes, the
information becomes scalable and much more useful. We
will have to figure out how to protect information about
patients and about how we practice. This will require a
system that keeps the information separate and encapsulates
it in digital rights technology, so that the patient can always
pull the key. Caregivers, however, are not trained to protect
privacy, so unless “We shall not violate privacy” becomes
their Hippocratic oath, we will not be able to reap the benefits
of new information technologies.

A second trend concerns process redesign. We are work-
ing on new approaches based on constant communication
between the different parts of a distributed system process.
This will lead to changes in the educational system based on
a model of continuous education in which teaching is done
with tools and techniques that students use as they move
forward. Instead of credentials being based on completion of
a curriculum, credentials would be based on competencies
built up over time and on learning records and outcome
records. This will lead to changes in traditional roles. The
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role of the physician would change from intermediary and
prescriber to coach. Our current concept of patient compli-
ance is backwards. If a physician prescribes something that
doesn’t fit in with a patient’s life style, the patient probably
won’t follow it. Instead of working with the patient to de-
velop a regime the patient is likely to follow, we label the
patient noncompliant.

One of the challenges facing informatics designers is the
need for standard structures for representing biomedical
knowledge, data, and patient data. We will also need people
who can certify that products are in compliance with various
standards. We will need a payer system with incentives for
installing the informatics infrastructure and for people to use it.

People will need new skills, such as data-driven practice
improvement, to perform well in this new environment. Phy-
sicians at Vanderbilt were surprised when they were pre-
sented with data about how they actually practice. They sud-
denly realized the variability in how they practice. Another
new skill will be learning at “teachable moments” instead of
trying to learn “just in case.” If a physician reads two articles
every night, he will be 800 years behind at the end of the first
year. Physicians will have to learn new ways to learn. Physi-
cians and other care providers will also, of course, continue
to provide traditional care and comfort.

SUMMARY

Some of the challenges facing the developers of
informatics for health care delivery are listed below:

• standard structures for representing biomedical knowl-
edge, protocols, and patient data

• techniques for modeling diversity
• digital certification and rights technology
• decision-support tools that reduce the caregiver’s

workload
• certification of products for compliance with standards
• incentives

Some of the new skills caregivers will require are listed
below:

• data-driven practice improvement
• privacy, confidentiality, security
• learning at teachable moments
• distributed clinical trials
• licensing of intellectual property

Traditional skills that all caregivers will need are listed
below:

• comforting patients
• observing patients
• reflecting patients’ values
• knowing what one needs to know
• recognizing patterns
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A National Standard for Medication Use

David Classen
First Consulting Group

The unsafe use of medication is not the only safety prob-
lem in the health care system, but it is certainly one of the
most significant. Most published studies about patient safety
relate to the use of medication, and a lot of attention has been
focused on improving the safety of medication use (Classen,
1998, 2000, 2003; Classen and Metzger, 2003; Classen et
al., 1991, 1992a,b; Evans et al., 1994). Ensuring a safer medi-
cation system at an organizational level, as well as at the
national level, is a major challenge that involves engineer-
ing, information technology, and the overall health care sys-
tem. The creation of a national standard is very much a work
in progress.

Engineers tend to think in terms of process, and this is
also one way to approach the issue of medication manage-
ment. From a process perspective, medication management
is multidisciplinary and highly complex. Interestingly
enough, in most organizations it is also a largely manual
process. Even if the process of providing medications goes
well, the system must be monitored prospectively to detect
when things begin to go wrong. Surveillance will be one
component of an improved system.

Most studies have shown that the use of medications is
very risky for patients. We must incorporate what we know
from the literature about risks—especially two kinds of risk.
One is medication errors—errors that occur in the medica-
tion process but usually do not lead to harm to the patient.
For instance, one common medication error is giving medi-
cation a few minutes late, which rarely causes harm to the
patient. Another kind of risk is adverse drug events—events
that actually do cause harm to patients. These two kinds of
risk overlap but are not concurrent (Classen et al., 1997).

A process model showing where and how errors occur
reveals that at least a quarter of the events that harm patients
occur during the administration phase of the process. Many
of these errors involve IV fluids rather than pills. Interven-
tions to improve the safety of the medication process should
initially be focused on the events that harm patients, rather

than on the more numerous events that do not. The process
model also shows that interventions in the prescribing and
transcribing phases of the process could affect almost
60 percent of events that adversely impact patients (Classen
et al., 1997).

One change that could affect a substantial percentage of
events that harm patients is computerized physician order
entry (CPOE), which is being adopted all across the country.
My company, First Consulting Group, is working on a na-
tional safety standard for CPOE (Kilbridge et al., 2001;
Metzger and Turisco, 2001). Another group, the Leapfrog
Group, a large employer group dedicated to improving health
care, is aggressively pushing for the implementation of stan-
dards (Leapfrog Group, 2003). So far, Leapfrog has focused
on three proven safety practices it believes could markedly
improve the safety of health care (Classen, 2003). A fourth
standard, which will touch on CPOE and will be the first
ambulatory standard, is about to be issued. The new standard
will relate to the electronic retrieval of laboratory results and
the electronic prescribing of medications for outpatients.
Leapfrog intends to introduce standards in certain regions of
the country and engage business leaders to pressure health
care organizations to adopt the standards. But these stan-
dards have also stimulated interest in a national standard for
CPOE (Classen, 2003).

The Leapfrog CPOE standard has several components.
First, it will require physicians to enter medication orders for
inpatients via a computer system linked to error-prevention
software. Second, it will require documented acknow-
ledgement by the prescribing physician of any interception
(warning or alert) prior to an override. Third, the hospital or
health care organization will be required to demonstrate that
the CPOE system picks up at least half of the most common
serious errors. There has been a great deal of debate about
the third component (Kilbridge et al., 2001).

An organization cannot simply put in a CPOE system and
say it meets the standards, because the literature shows that
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there is a great deal of variability in the safety impact of
CPOE systems (Bates et al., 1995; Classen et al., 1997; Evans
et al., 1998; Kilbridge et al., 2001; Leape et al., 1995). The
debate has centered on whether a national standard should
require that CPOE systems be tested for safety using simula-
tions. The literature shows that CPOE systems can have a
wide range of effects on safety. One study of a CPOE system
at Brigham and Women’s Hospital in Boston showed there
was a significant decrease in medication errors, but a much
smaller decrease in actual harm to patients (Bates et al.,
1998). A study at another hospital showed there was a much
larger decrease in adverse drug events with CPOE (Evans et
al., 1998). The differences between these two studies have
raised a number of questions (Classen, 2003).

The Institute of Safe Medicare Practices conducted an-
other study of a CPOE system testing electronically ordered
medications at the pharmacy level, the level at which most
medications are ordered (ISMP, 1999). For the test, 10 un-
safe orders were created posing 10 different problems. For
instance, a drug toxic to the kidney was ordered for a patient
with markedly elevated kidney function. The 10 unsafe or-
ders were sent to 304 pharmacies around the country. Some
of them caught a few of the errors, but only four of the 304
picked up all 10. And remember, these sites had systems
designed to pick up errors.

A second study focused on the drug Cisapride, which was
withdrawn from the market after six or seven years because
it was found to interact adversely with a number of com-
monly used drugs (Jones et al., 2001). The FDA issued three
very strong warnings that prescribing Cisapride with con-
traindicated drugs could be fatal. This study of how Cisapride
was being prescribed in a managed care system showed that
the drug was often prescribed for patients taking contraindi-
cated drugs. Half of the time, the contraindicated drugs
were ordered by the same physician; 90 percent of the time,
the prescriptions were filled by the same pharmacy. When
the pharmacies were investigated, it was discovered that
pharmacists had turned off aspects of the safety systems in
the interest of saving time.

As these studies show, having a system in place does not
equal safe operation. Both studies created a lot of angst about
the value of a national standard in this area. Another test, a
simulation of installed CPOE systems that evaluated if they
met safety standards, has led to some changes (Kilbridge et
al., 2001). A variety of categories were developed, based on
the points at which very common errors occurred (e.g., thera-
peutic duplication, ordering too high a dose, and ordering a
drug to which the patient is allergic). Other areas that were
tested included corollary orders (Overhage et al., 1997). For
instance, if a patient is admitted with a seizure disorder, a
physician may put the patient on a seizure drug but not
specify the dosage. Cost was also tested. For instance, some-
times within an hour or two the same test was ordered twice.
Another area tested was nuisance alerts (Kilbridge et al.,
2001). If safety systems have too many warnings, physicians

tend either to ignore all of them or refuse to use the system.
Deception analysis was also tested (i.e., orders intended to
test safety) (Kilbridge et al., 2001).

The 12 organizations tested in the first round showed a
very high degree of variability in impact on medication
safety. This is still a work in progress, however. The test I
just described was designed for inpatients; a test for outpa-
tients is being designed (Classen, 2003).

So far, we have learned three major lessons from testing
this national safety standard. First, the impact on safety de-
pends on how a system is installed and used rather than on
which system is used. Second, CPOE had the greatest im-
pact on safety in organizations with the most clinical deci-
sion support. Third, organizations with highly disparate sys-
tems (clinical applications from several different vendors)
did not score well.
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Obstacles to the Implementation and Acceptance of
Electronic Medical Record Systems

Paul D. Clayton
Intermountain Health Care and

University of Utah

If an investigator could come up with a big yellow pill
that would reduce the length of hospital stays by 10 percent
for all patients across the board, then that investigator would
be a serious candidate for the Nobel prize. The issue in this
paper is whether “information intervention” can accomplish
the same goal as a big yellow pill.

The benefits of electronic medical records systems have
been highlighted in several reports released by the Institute
of Medicine (IOM, 1991, 1997, 2001):

• convenient, rapid access (by legitimate stakeholders)
to organized, legible patient data

• links from displayed information to pertinent literature
• automated generation of alerts, reminders, and sugges-

tions when standards of care are not being met
• analysis of population databases for clinical research,

epidemiological assessments, quality measures,
and outcomes

• lower costs
• better service to providers and patients

Although good examples of electronic medical records
exist, the industry in general has not yet implemented sys-
tems that can routinely provide all of the desired functional-
ity. In this paper, I describe the obstacles keeping us from
enjoying the potential benefits of these systems. There are
high-level obstacles, such as the absence of institutional
commitment and the lack of capital, and low-level obstacles
that have more to do with engineering, functionality, and
technical issues.

The biggest obstacle is the lack of institutional commit-
ment. Many hospitals in the United States are losing money
and cannot afford all of the technologies and services they
would like. Because it takes at least a decade to select and
implement a comprehensive clinical information system,
beleaguered executives are often reluctant to initiate a long-
range strategic project that they might not be able to see

through to fruition. Lack of commitment may also be attrib-
utable to concerns about demonstrable returns on investment
in information technology, and there are some examples of
wasteful failures (Littlejohns et al., 2003). However, the
number of well documented examples of financial savings
and improved quality is increasing (Pestotnik et al., 1996;
Wang et al., 2003). Even if the cost and quality benefits of
clinical information systems are appreciated and the institu-
tional leadership is committed to the idea, the lack of capital
remains an issue both for hospitals that are losing money and
for private practices.

In fact, the benefits of investments in information sys-
tems often accrue to the payer rather than to the care pro-
vider. For example, if the blood glucose levels of a patient
with diabetes can be monitored remotely, the patient may
require fewer office or hospital visits to treat complications
of the disease. Some payers now offer a premium for care
provided with the assistance of competent information sys-
tems. The Leapfrog Group, for example, pays extra to hospi-
tals that have computerized physician order entry. The prob-
lem is that there are many payers, and all of them want to
lower costs for the patients they insure by having providers
use information systems that support standards of care. If
United Health Care promotes one standard for people with
diabetes and Intermountain Health Care (IHC) supports a
slightly different standard that requires additional data, how
does a physician know which standard or information system
to use? Another challenge is keeping standards of care up to
date on a national basis (Shekelle et al., 2001).

A nontechnical obstacle is the lack of people who under-
stand clinical practice, project management, and software
technology and who have practical strategic vision, wisdom,
and experience. We need people with both education in medi-
cal informatics and a sense of economic considerations. We
currently have openings for such people that we cannot fill.

A partly technical, but mostly sociological, obstacle is
maintaining a longitudinal medical record for patients being
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cared for by multiple parties. If the care is episodic, the ben-
efits of an electronic medical record may not accrue. One
provider may enter allergies and prescriptions into a system,
but when the patient visits a second provider, that informa-
tion may not be available. Patients often switch insurers (on
average, once every four years); they may see a primary care
physician, multiple specialists, and be treated at different
hospitals, nursing homes, and emergency rooms. In the
1980s and 1990s, the Hartford Foundation attempted to build
community health information networks, but as of 1995, with
one or two exceptions, when the grant support diminished,
these models disintegrated because of complex legal, orga-
nizational, funding, and control issues (Duncan, 1995). The
problem was not only the reluctance of competitors to facili-
tate easy switching of providers by patients, but also the
question of how to identify individual patients. Even in
communities that have networks (e.g., state childhood vacci-
nation registries), when a patient goes from provider to
provider, it is difficult to consolidate information because
duplicate versions of the same patient contain fragments of
the record; often merged information from more than one
patient creates an inaccurate composite. Some have sug-
gested that we use a national patient identifier akin to a Social
Security number. But cost and privacy implications have
impeded progress in that direction, even though such an iden-
tifier was mandated in the original Health Insurance Port-
ability and Accountability Act of 1996 (P.L. 104-191).
Standards for providers and payers have been established,
but individual patient identifiers have not. Then, in 1998,
Congress rescinded the original requirement and forbade the
U.S. Department of Health and Human Services from issuing
ID numbers. Several approaches to this problem have been
identified (Appavu, 1997). For obvious reasons, countries in
which government is the single payer for health care have
been more successful in addressing the problems of unique
identifiers.

The problems discussed to this point have been addressed
by IHC in Salt Lake City. However, few organizations in the
country can emulate them. IHC is an integrated health deliv-
ery network with 21 hospitals, 400 physicians who practice
in 90 ambulatory clinics, and a health insurance plan that has
affiliations with another 2,500 physicians. IHC provides
health insurance for a half-million people and brokers insur-
ance for another half-million; we provide care for more than
50 percent of the population of the intermountain region.
The IHC patient population and facilities are distributed over
a 400 mile geographic area connected by high-speed net-
works. But even in this organization, in which investment in
information systems (3.9 percent of gross revenues) is con-
sidered a key to the delivery of high-quality, cost-effective
care, we still have problems. In the remainder of this paper,
I will discuss the technical problems facing IHC.

In the 1960s, work began on an electronic medical record
system for hospitals. This system, known as HELP, gener-
ates automatic alerts, reminders, and suggestions based on

logical criteria used to evaluate coded data recorded in the
patient database. The suggestions have been well received
by clinicians and have been shown to improve care (Pryor et
al., 1983). In 1992, IHC realized the need for a longitudinal
medical record that could provide for continuity of care, re-
gardless of where the patient was located (e.g., hospital,
clinic, or home).

Figure 1 shows the basic architecture of our current ap-
proach. The system is based on: (1) a master patient index,
in which local medical record numbers/identifiers for each
person are mapped to a unique, persistent identifier; and (2) a
longitudinal patient database (clinical data repository) that
includes as much health-related information as we are able
to capture for each of 1.45 million patients. This clinical
repository is designed for optimum retrieval of data for a
single patient.

A separate enterprise data warehouse (that includes cost
information as well as clinical data) is used for population
research, quality improvement, and cost analysis. About a
dozen people are devoted full time to analyzing the data in
this population-oriented warehouse.

Data are entered using a variety of applications and are
transmitted to the clinical data repository. Necessary data
captured in one application are shared via interfaces with
other applications that may need particular data items. For
example, when a patient encounter is created in one of our
registration systems, the information is fed to the billing sys-
tem, the laboratory system, the operating room scheduling
system, and other relevant systems. The interfaces are com-
plicated, because even simple things like the concept of gen-
der are not standardized (radiology uses M and F, pharmacy
uses one and zero, and laboratory uses zero and one). A dic-
tionary contains coded identifiers for medical concepts and
mappings from the canonical description of that concept to
the analogous vocabulary used by other systems that have
been developed by vendors independently of our nomencla-
ture. This mapping allows us to build interfaces that commu-
nicate with independent systems using their native languages
and still maintain a canonical representation of information
for generating alerts and reports, regardless of the origin of
the data. Eight people are devoted full time to management
of the dictionary content and data models.

Implementing each interface costs us as much as $50,000
because there are no universally accepted vocabularies or
data models in the health care industry. We currently em-
ploy 22 people to implement and maintain our 60 or so inter-
faces. Under current conditions, the interfaces are just as
expensive for smaller organizations, which do not have our
level of resources. In 1997, the interface issue was identified
as a major obstacle by Clem McDonald (1997), one of the
leaders trying to develop standards for vocabulary and mes-
saging formats. A group known as Health Level 7 (HL7) is
trying to promote standards, but vendors are resistant be-
cause of their investment in existing product platforms and
because they do not want to make it easy for purchasers to
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switch vendors or to buy components from multiple ven-
dors. Few institutions have the resources to drive market
demand for interoperability (HL7, 2003).

The IHC system also has a rules engine triggered by the
arrival of new data or the passage of time. Logical criteria
are used to evaluate patient data to generate patient-specific
alerts, reminders, and suggestions, when appropriate. Be-
cause these alerts must be generated in real time, the design
of the data dictionary and the clinical data repository has
extremely challenging requirements (Bakken et al., 2000;
Huff et al., 1998; Johnson 1996). New data items must be
stored without adding new tables. Response time for queries
generated by users and the rules engine must be minimal (up
to 500 queries per second).  The database should not be taken
down for maintenance, but because the system is very com-
plex, we have trouble keeping it up 24 hours a day, seven
days a week. Therefore, we have redundant hardware. De-
spite our best quality-assurance efforts, however, we still
have problems, especially when we make software changes.
We need better tools for managing complex systems.

All of our coded medications, problems, and laboratory
values, can be linked via an ”info button” to five or six stan-
dard questions about a particular patient diagnosis/problem,
medication, or laboratory test result (Cimino, 1996; Reichert
et al., 2002). With three clicks of a button, one can be read-
ing a paragraph that provides a concise answer to the ques-
tion at hand. The problem is that publishers publish books,

not paragraphs. We need reference literature that is marked
up and searchable quickly.

The most vexing unsolved problem involves data cap-
ture. When we link instruments, such as infusion pumps,
respirators, spirometers, labor and delivery monitors, or ICU
monitors to our system, the devices need to “know” the iden-
tity of the subject and must transmit data in a way that can be
easily accommodated. As more and more monitoring takes
place in the home, these challenges will become more diffi-
cult. We have documented that monitoring (blood glucose,
blood pressure, weight in heart failure patients, etc.) patients
at home is cost effective, especially for patients with certain
chronic diseases. The effectiveness of therapy would be
greatly improved if we had unobtrusive ways to ascertain
whether people were routinely taking their medications.

Studies have shown that nurses spend one-third of their
time at work dealing with documentation. For every hour of
direct patient care, they spend up to an hour documenting
that care (PricewaterhouseCooper, 2001). Estimates for phy-
sicians are not as high, but the time required is still signifi-
cant. Individuals can enter data by typing text, dictating and
having someone else transcribe the dictation, using bar codes
or other scanning devices, filling in forms by clicking with a
mouse, or letting the computer understand the spoken com-
mands and narrative dictation. We have 20 to 30 physicians
who use voice recognition, but many users (about 225 of our
400 employed physicians) prefer to use “hot text” (macros

FIGURE 1 An overview of the IHC information architecture. This architecture reflects the philosophy that data should be entered only once
regardless of the source and that multiple independent components can be integrated. The entry of data or the passage of time evokes the
event monitor, which evaluates medical logic to produce, when warranted, alerts, reminders, and suggestions.
Source: Clayton et al., 2003.
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created for certain types of patients and certain types of vis-
its that enable clinicians to change only the items that are
exceptional/remarkable). We have found that this approach
is much faster than dictation or clicking and that physicians
in the ambulatory setting change only 3 percent of the stan-
dard text. Overall, we need to reduce the amount of required
documentation, reduce the amount of duplication in docu-
mentation, and derive billing information from data collected
at the point of care (rather than asking people to fill out sepa-
rate billing-oriented forms).

Natural language processing is emerging as a valuable
means of extracting coded, machine-processable data from
narrative text (Hripcsak et al., 2002). Much of the documen-
tation burden stems from regulatory requirements to ensure
that we have provided the care for which we generate bills.
In essence, regulators have added a 25-percent overhead to
catch the 1 or 2 percent of crooks who abuse the system. If
we could use sampling techniques instead, the 99 percent
would not be punished.

Wireless mobile devices would be very convenient, but
many problems would have to be overcome: battery life,
screen size, the need for individualized devices (e.g., indi-
vidual profiles for voice recognition), and the propensity to
lose information.

Authentication is another challenge. Proximity cards, bio-
metric markers, and other tokens present logistical chal-
lenges for rotating medical students, residents, interns, and
per diem nurses. Once we have accurately identified the user,
we believe that the confidentiality of patient information can
be preserved, but no system, paper or electronic, is abso-
lutely secure in the face of a truly determined investigator.
At IHC, we have five criteria for allowing someone to see
patient information: (1) an established patient/provider rela-
tionship (these relationships can often be established auto-
matically via scheduling or registration systems); (2) other
people with a relationship to the provider (e.g., covering
partners, nurses who work with physicians, etc.) who assist
in the care of that provider’s patients; (3) patient location (if
the patient is in one of our facilities); (4) user location (clini-
cians in the same facility); and (5) user’s role (revealed in-
formation may be limited in scope). These criteria narrow
the number of patients whose information can be seen by a
particular user from more than a million to a few thousand.
We also keep audit trails of who has looked at what data and
terminate individuals who violate their agreement by look-
ing at data when there is no legitimate need.

In the emerging Web-based, desktop paradigm, one
should ideally be able to switch seamlessly from application
to application (e.g., literature server, image browser, regis-
tration process), even if the applications have been devel-
oped by different vendors and run on different servers. The
goal is to preserve user authentication and privileges and
patient context without requiring the user to re-authenticate
or reselect the patient. The approach in medicine has been to
establish a standard (CCOW) (HL7, 2003). The World Wide

Web consortium is addressing these same issues, and it
would be nice to end up with a universal standard.

The final obstacle is facilitating best practices based on
evidence, rather than on recent experience or premonition.
Our approach at IHC is to create a knowledge base of
problem-specific standards of care and measurable expected
outcomes. After a clinician enters a problem, we generate a
patient-specific work list and suggested order sets for the
patient. We find that it is easier for physicians to use these
order sets (modified, if appropriate) than to write their own
list of 15 or so items, which may not be complete or justified.
We recognize that managing this knowledge base for every
individual institution will be very expensive.

I hope this brief summary of the challenges we face will
stimulate those of you with applicable expertise and accom-
plishments in the engineering domain to help us find
solutions. In the end, we hope to provide better, more cost-
effective care.
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Automation of the Clinical Practice:
Cost-Effective and Efficient Health Care

Prince K. Zachariah
Mayo Clinic Scottsdale

According to the American Society of Testing Material,
the purpose of the health record is to present a unified, coor-
dinated, and complete repository of genetic, environmental,
and clinical health care data (ASTM, 1991). It has been esti-
mated, however, that as much as 30 percent of the informa-
tion an internist needs is not accessible during a patient’s
visit because of missing clinical information and missing
laboratory reports (Covell et al., 1985). At the very least, this
lack of information can be considered inconvenient; at worst,
it may have a negative impact on patient care.

The health care record becomes highly fragmented over
the life of an individual patient as care is sought from mul-
tiple practitioners with various subspecialties practicing at
numerous health care institutions. For each practitioner to
have a complete record, there must be frequent duplication,
reiterations by multiple practitioners with potential record-
ing or transcription errors, which, over time, affects the reli-
ability of the information. These inherent weaknesses in the
system hinder the tracking of clinical problems and often
result in duplicate testing, which makes it difficult to evalu-
ate outcomes and reduce the cost of health care.

Although the complexity of health care has increased ex-
ponentially, the patient medical record has remained essen-
tially the same. The paper record, historically consisting of
pages of handwritten notes, is archived and stored in medi-
cal records departments or warehouses managed by each
health care organization that provides care. Although this
antiquated method has obvious limitations, health care pro-
fessionals have been reluctant to change. Now, however,
pressures to change are increasing from external and internal
sources because of concerns about the quality of the record,
its inaccessibility to patients and health care providers, de-
clining reimbursements, increasing medicolegal and regula-
tory agency reporting requirements, and many others.

At the Mayo Clinic, patient records have a long history of
being well organized, thorough repositories of information.
Originally designed in Rochester, Minnesota, around 1907

by Henry Plummer, M.D., the Mayo Clinic record was
planned to be a comprehensive compendium of patient medi-
cal information that spans the life of the patient. Upon ar-
rival at the clinic, each patient is registered and assigned a
unique serial number. Dr. Plummer developed a central file
consisting of an envelope (called a “dossier”) bearing that
identification number in which all of the patient’s records
are placed for the first and subsequent visits. Upon comple-
tion of a visit, the record is cross-indexed according to dis-
ease, surgical technique, surgical result, and pathologic find-
ings to make record archiving and data gathering at a later
date simpler. Patient number one was registered on July 19,
1907 (Clapesattle, 1954). With 88 years of experience and
more than 4.5 million patient records, this invaluable data-
base daily complements our practice. The record is designed
to include a variety of forms filed in a certain order that can
be easily identified by color. Today, the Mayo Clinic uses
more than 350 different color or coded forms that span both
outpatient and inpatient care (Mayo Magazine, 1989).

Historically, an elaborate manual system has been used to
maintain this record. Large numbers of people are required
to sort, organize, and transcribe data, as well as to file and
retrieve records. Beyond organizing charts, clinic personnel
manually transcribe all laboratory and x-ray results. “Green
sheets” provide in one location in the record a summary of
all laboratory and radiological test results arranged in chro-
nological order. This design has allowed for a consolidation
of results into a concise summary format, which reduces the
bulk of the record and makes it easier to use. Patient care is
both more efficient and, at the same time, simpler because of
this summarization. Another benefit is that the Mayo Clinic
record easily complements research activities by allowing
quick access to needed information.

Over time, patient demands, as well as our own adminis-
trative and clinical work flow, have required us to increase
our level of service in the midst of a changing health care
system that has experienced significant reductions in
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reimbursements. In response to these influences, Mayo
Clinic has an opportunity to improve the quality of the patient
record through automation, at the same time increasing the
efficiency of the physician’s use of time, decreasing the
patient’s waiting time, and reducing expenses. We believe
that the implementation of a clinical information system can
improve not only the patient chart, but also our integrated
practice by automating the processes of ordering, billing,
scheduling, and result inquiry.

Historically, because of the limitations of computer-based
patient records (CPRs), physicians have resisted using them.
Concerns have included the organization of data, security,
and most important, how data are entered and retrieved
(Barnett, 1984). A CPR should provide patient information
in a clear, intuitive format concurrently from any terminal. It
should automate charge capture and improve the use of insti-
tutional resources. Finally, the process of entering data
should require no more time than the manual method. In
fact, it should require less time because data entered in a
single, online location are automatically available in a vari-
ety of electronic formats.

According to C.J. McDonald, M.D., physicians want au-
tomated clinical records that provide access to appropriately
organized patient information when they want it, in a format
tailored to their needs. They also want pertinent data trends
and patterns displayed, the ability to organize subsets of in-
formation, flexible reporting requirements, and order entry
capability (IOM, 1991).

For Mayo Clinic to continue to provide high-quality
health care with a high degree of patient satisfaction based
on an integrated practice model, the shift to a CPR (the elec-
tronic medical record [EMR]) is not an option; it is a manda-
tory change dictated by declining revenues at a time of in-
creased demand. A true CPR provides the automated
management of a comprehensive, longitudinal health record
(IOM, 1991). EMR is designed to meet this definition. Us-
ing a common format via a central system, EMR incorpo-
rates all of the elements necessary for a lifetime of care for
each patient. These elements are: the medical record, labora-
tory reports, surgery and pathology reports, dictation and
transcriptions, consultations, hospital records, radiology re-
ports, and radiology images.

Not only are these basic components represented in an
intuitive, easy-to-use graphical interface, they are accompa-
nied by the tools necessary to customize the display to suit
each user’s practice style and personal preferences. The user
interface integrates automated support services for ordering,
scheduling, and coordinating the activities of a business of-
fice. These features are incorporated into a system that can
be expanded and adapted to accommodate varied specialty
care needs.

With the EMR, most of the limitations of our practice
have been streamlined or eliminated. A physician’s ordering
and scheduling requests are automatically and immediately
processed by the computer alone. The patient’s schedule can

be printed out almost instantly on the floor, and the patient
promptly sent on his or her way. The billing information is
also immediately processed and, in an electronic billing ar-
rangement, is ready to be sent to the payer. Mayo Clinic’s
management will have the ability to access current clinical
and financial data instantly as a basis for making practice
decisions. And the record, the fixture that started this all, is
legible, accessible, and reliable—in fact more accurate. In
addition, there is less room for error because the radiology
and laboratory reporting systems have direct data links to the
EMR. The record is also more organized through the use of
standardized dictation templates, whose contents vary ac-
cording to the level of service, which makes billing and the
justification for billing straightforward and simple.

We believe with EMR we will achieve our goal of in-
creasing efficiency and reducing cost. The Mayo Clinic sites
(Jacksonville, Rochester, and Scottsdale) are at different
stages of EMR implementation because of differences in the
size and complexity of the organizations. Through further
automation, Mayo will meet its commitments to patients and
enhance its academic mission.

The system security arrangement makes it possible to as-
sign different levels of access to individuals, based on the
information required by each care provider. System manag-
ers are granted the highest level of security access, followed
by physicians, and so on, down the security ladder. Each
security level restricts user access to specified documents,
thereby allowing graduated access to the record but not nec-
essarily to privileged clinical information. This approach to
system security has alleviated physicians’ concerns about
maintaining the confidentiality of patient information.

Even though there is a strong desire to share EMR data
with patients, differences in medical institutions and clinical
practices and the lack of standardized data elements, com-
mon clinical vocabularies, and formatting have hampered
the portability of EMR and the acquisition of data for re-
search. However, attempts are being made to achieve com-
monly accepted recommendations of diagnoses and open-
standard clinical vocabularies, such as SNOMED and
formats like XML. To meet the challenges facing the health
care system, significant automation of operational processes
has become imperative, and we are attempting to meet these
challenges without compromising the quality and efficiency
of care.

In this discussion, I have outlined the history of the Mayo
Clinic patient medical record, as well as the motivation for
change at Mayo Clinic. We acknowledge that our past poli-
cies and procedures have been labor intensive, but a review
of medical records practices at most other medical facilities
will show that they too have tremendous operating costs for
moving and managing patient medical records. From the
outset, our goal has been to maintain, if not improve, patient
satisfaction and the efficiency of patient care delivery. We
believe that if we can achieve this goal, physician satisfac-
tion will also be enhanced. Where EMR is available, almost
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instantaneous access to patient records, laboratory results,
ordering, and billing services has become a practice asset to
which physicians have eagerly responded.

Nevertheless, although physician acceptance has been
high, there is a price. Using the EMR requires significant
physician procedural rewiring. It requires significant, some-
times painful, changes in the methods and habits physicians
have developed over years of clinical training and practice.
Physicians have become comfortable and dependent upon
the paper record, and adapting to its absence requires time
and patience. In our experience, after four to eight weeks of
training, physician workloads are reduced and practice vol-
umes return to their normal levels.

The Institute of Medicine concluded that CPR should be
the heart of the health care information system (IOM, 1991).
It should form an individual’s longitudinal health record and
provide a terminal-based system that supports text and
graphics, requires minimal training time, and includes a pri-
vate and secure form of data entry that takes no longer to
create than the paper record. The Mayo Clinic EMR meets

these goals and builds upon the history of the CPR by estab-
lishing an expandable, open architecture as a foundation for
future progress.
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The eICU® Solution:
A Technology-Enabled Care Paradigm for ICU Performance

Michael J. Breslow
VISICU, Inc.

This presentation describes a broad-based effort to rede-
sign a complex clinical environment, the intensive care unit
(ICU). ICUs account for about 10 percent of inpatient beds
nationwide, although in tertiary-care centers the percentage
is higher. ICU patients have the highest acuity of all patients
in the hospital; their mortality rate exceeds 10 percent, and
their daily costs are four times higher than those of other
inpatients. As a result, the ICU represents an ideal target for
quality initiatives. ICU patients experience a high incidence
of medical errors (1.7 per patient per day in one study), and
because of their inherent instability, they are particularly
vulnerable to harm from suboptimal care (Donchin et al.,
1995). Improvements in care delivery can lead to substantial
improvements in outcomes, both clinical and financial.

ICUs also provide major support for other areas of the
hospital. Many key functional areas (e.g., emergency depart-
ment, operating room) send patients to the ICU. If ICU pa-
tients are not well enough to leave the ICU, the unit becomes
a bottleneck—a common problem in many urban centers—
and the operation of other service areas is adversely affected.
Thus, improving clinical outcomes in the ICU can improve
the overall efficiency of the hospital.

Several trends in ICU care suggest a need for new sys-
tems. First, the number and acuity of ICU patients is increas-
ing rapidly, driven primarily by the aging of the population.
It is estimated that the number of patients requiring ICU care
will double in the next 10 to 15 years. These changes in ICU
volumes and the severity of problems are increasing de-
mands on care providers and adversely affecting the operat-
ing effectiveness of ICUs and the throughput of patients. At
the same time, there are major problems with the clinical
workforce. The number of nurses choosing to work in ICUs
is decreasing, and the average level of experience of the nurs-
ing force is lower than in years past.

In addition, physician coverage is inadequate to meet pa-
tient needs. ICUs with intensivists in constant attendance
have been shown to have clinical outcomes superior to those

of ICUs with other staffing models. The value of these spe-
cialists derives both from their expertise and from their con-
stant monitoring and altering of care plans in response to
changes in patients’ clinical status. Intensivists also serve as
the leaders of care teams, coordinating the activities of the
many different physicians and ancillary staff who contribute
to the care of ICU patients with complex conditions. Despite
the clear advantages of this staffing model, less than 15 per-
cent of U.S. hospitals have dedicated physicians in the ICU.
There are many reasons hospitals do not have dedicated
intensivist staffs, but the biggest problem is a severe short-
age of these specialists. Fewer than 6,000 intensivists are
currently in active practice. Staffing ICUs nationwide,
24 hours a day, seven days a week, would require
30,000 intensivists. Therefore, most ICUs depend on nurses
to detect new problems, assess their severity, identify the
appropriate physician, track him or her down, and communi-
cate the nature of the problem—just to get a treatment order.

Despite the shortage of intensivists, the Leapfrog Group,
a health care purchasing organization created by Fortune 500
companies to improve the quality of health care, has called
for dedicated intensivist staffing for all nonrural U.S. hospi-
tals within the next two years. Leapfrog estimates that broad
implementation of this staffing pattern would save 50,000 to
150,000 lives annually. Although the call for intensivist staff-
ing is controversial—after all, how can hospitals meet this
performance standard if the resources aren’t there—the cor-
porate leaders of the Leapfrog Group want to change behav-
iors and expectations by sending a strong message that busi-
nesses do not trust the health care system to maintain the
health of their workers and control the costs. Don Berwick,
of the Institute for Healthcare Improvement and a longtime
proponent of fundamental changes in health care, put it this
way, “Every system is perfectly designed to get the results
it achieves.”

There are many points of failure in our current system.
The Institute of Medicine (IOM) created quite a stir with the
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publication in 2000 of To Err Is Human, a report that esti-
mated there were as many as 100,000 deaths each year in
American hospitals from medical errors. IOM focused al-
most exclusively on errors of comission. In ICUs, errors of
omission outnumber errors of comission by a large margin.
When these errors are included, the number of unnecessary
deaths is even higher. Crossing the Quality Chasm, the
follow-up report by IOM in 2001, outlined the need for
fundamental changes in the way health care is delivered. The
basic message was that outcomes will improve only when
new systems of care are introduced.

In the remainder of this presentation, the eICU solution, a
systematic reorganization of ICU care focused on improving
patient safety and operating efficiency, is described. The
reengineering of ICU care was initiated by two intensivists
(the author and Brian Rosenfeld, the other founder of
VISICU, Inc.) who ran a large tertiary-care center ICU for
almost 20 years. The eICU solution has two main compo-
nents. First, technology is used to leverage the expertise of
intensivists. A telemedicine-type application bridges the
manpower gap by creating networks of ICUs and linking
them to centralized command centers (eICU facilities) that
are continuously staffed by intensivists and support person-
nel. eICU care teams, led by intensivists, provide continuous
monitoring and timely interventions when intensivists can-
not be available on site. The second feature of the eICU so-
lution is the use of technology tools to help both on-site and
remote intensivists do their jobs better, more safely, and
faster. Specifically, information technology systems are used
to identify problems, guide decision making, and improve
operating efficiency.

Figure 1 is a schematic drawing of an eICU network,
which usually links multiple hospitals within an integrated
delivery system (or any geographically proximate aggrega-
tion of hospitals) to an eICU facility. The participating hos-
pitals generally care for different types of patients, and the
availability and sophistication of on-site physicians and the
organization of their ICUs vary. Tertiary-care centers usu-
ally have multiple ICUs with very high acuity patients and
some dedicated intensivist presence during daytime hours.
They frequently have step-down units with unstable patients
but minimal physician presence. They also often care for
similar patients in the emergency department, at least until
they can be transferred to the ICU. Community and rural
hospitals generally have fewer ICU beds, less acutely ill pa-
tients, and fewer intensivists. Rural hospitals, which often
do not have sophisticated ICU resources, attempt to stabilize
sick patients and transfer them to larger hospitals. All of
these sites may be included in an eICU network, but their
needs are different, and the role of the off-site team varies
accordingly.

The physical network connecting an eICU to participat-
ing hospitals and ICUs must be secure and robust and must
have adequate bandwidth to support real-time video. Some
hospitals already have such networks, but most do not. In the

absence of an existing network, dedicated T-1 lines can be
used. Each patient room has a high-resolution camera and a
two-way audio system so the eICU care team can see the
patient and communicate directly with on-site personnel. In
addition, “hot” phones provide ICU staff with immediate
access to the intensivist-led staff in the eICU. Other equip-
ment in the eICU includes real-time bedside monitor view-
ers, an electronic data system, note-writing and order-entry
applications, an alerting system, and a computerized
decision-support tool. High-resolution scanners are used for
x-rays and other images, unless a digital x-ray system is
already in place.

Some have suggested that it would be helpful to provide
remote patient access to physicians in their offices or at
home. We see many advantages to a dedicated staffing cen-
ter instead. When I (as a physician) am at home, in my of-
fice, or on the golf course, I am doing something else, and
the staff person in the ICU (usually a nurse) has to detect a
problem and decide whether or not to contact me. I then
have to stop what I am doing to address that problem. Once
the problem has been dealt with, I probably will return to my
preferred activity, without providing follow-up. Acutely ill
patients need continuous monitoring by people who have the
expertise and the authority to initiate therapies and who have
nothing to do but oversee the care of patients in the network.

Experience suggests that eICU personnel often detect pa-
tient problems before the on-site nurses. We have noticed
that nurses in traditional ICUs often are reluctant to ask for
help—usually because they don’t want to “bother” the phy-
sicians (a reaction that may be conditioned by prior inappro-
priate physician responses to such calls). In addition, ICU
nurses today are less experienced than they were in the past,
and they may not recognize problems early. Prompt detec-
tion is very important because appropriate interventions at
an early stage often can restore stability and prevent
complications.

The eICU program uses a suite of information technology
tools to support the remote team and the on-site team. The
core information system collects data from a variety of
sources and reconfigures it to optimize data presentation and
facilitate physician work flow. The goal is to organize data
in a format that makes the information easily accessible so
clinicians can see temporal and other associative relation-
ships. As part of this application, we provide note-writing
and order-writing applications that allow physicians to ini-
tiate therapies and document their actions. We also provide
real-time decision support designed for succinct data pre-
sentation and real-time use in guiding patient care decisions.
Computer-based algorithms provide patient-specific assis-
tance. These decision trees solicit key clinical information
and, based on the data entered, provide clinicians with con-
crete recommendations suited to the situation. Another ma-
jor focus has been on the creation of an early warning system
that provides timely alerts designed to ensure that appropri-
ate actions are initiated as soon as problems begin to develop.
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The goal is to move away from a system in which correct
decisions depend solely on flawless behavior of busy
clinicians.

Four key applications have been developed to achieve
these goals. The first, called eCareManager, is a physician-
focused ICU electronic medical record and tool set for ex-
ecuting routine tasks (e.g., monitoring, note and order writ-
ing, care planning, communication, etc.). eCareManager was
designed to support the key functions of an intensivist, on
site or off site. Data display screens are organized by organ
system to provide context, and data are formatted to show
changes in key parameters over time. The data density is
high to highlight important relationships. Other screens show
more detailed information (e.g., laboratory results, medica-
tions, etc.) with icons that announce the presence of new
information. The overall acuity of the patient is prominently
displayed, and this is tied to specific care processes. For ex-
ample, the most acutely ill patients are reviewed comprehen-
sively at least once every hour by the eICU team. Another
screen contains all details of the care plan. ICUs have many
different caregivers (e.g., intensivists, consultants, nurses,
nutritionists, respiratory therapists, pharmacists, etc.) all pro-
viding care to the same patients. Often each member of the
care team carefully documents his or her activities, but other
members of the team do not take the time to process the
information. As a result, communication and coordination
are less than optimal. For better integration, we created a
single site to document the inputs of team members. The
goal is to facilitate information transfer. Our decision sup-
port tool, called The Source, was created with the assistance
of more than 50 physicians around the country. The Source,
which includes approximately 160 acute medical problems,
provides succinct summaries of the literature, with an em-
phasis on diagnosis and therapy. Links to source material are
provided for additional detail, but the primary goal is to pro-
vide real-time assistance with decision making.

A second important feature is the presence of clinical
algorithms that help physicians deal with a specific patient.
These algorithms are generally based on published best prac-
tices or, if evidence is not definitive, major consensus
reports, such as recent publications by the American
Thoracic Society and the American Society of Infectious
Diseases on the empirical treatment of hospital-acquired
pneumonia. These comprehensive review articles have been
deconstructed and a series of decision trees created. Based
on physician-provided, patient-specific answers to key ques-
tions, the user is directed to appropriate recommendations
for prescribing antibiotics.

The third major application, Smart Alerts, functions as an
early warning system. Remember that all relevant clinical
data (e.g., vital signs, laboratory results, medications, etc.)
are being stored in a relational database. Whenever new data
are entered, they are run against a complex set of rules to
determine whether the ICU team (on-site or remote) should

be notified of an impending problem. These rules can iden-
tify values that are out of range or parameters that have
changed by a predetermined amount over a fixed period of
time. One example flags patients on heparin if their platelet
count drops. The rationale is to alert clinicians to the possi-
bility of an infrequent (but life-threatening) complication.

The fourth application, Smart Reports, also capitalizes on
the robust information stored in the database. Smart Reports
provides detailed information about outcomes, practice pat-
terns, resource utilization, and clinical operations. For ex-
ample, a report on the use of deep-venous thrombosis pro-
phylactic therapies identifies the population at risk, shows
when preventative treatments were begun during the ICU
stay (if at all), and shows which agents were used. These
reports, which can detail individual physician practice pat-
terns, become an effective tool for managing change.

The eICU solution is currently being used in five health
care systems. The impact on outcomes has been studied for-
mally at Sentara Healthcare, a six-hospital system in Vir-
ginia, where the program has been up and running for two
years. This detailed study showed a 25 percent reduction in
hospital mortality, a 17 percent reduction in ICU length of
stay (LOS), and a 13 percent reduction in hospital LOS. The
decrease in ICU LOS is attributable entirely to a reduction in
the number and LOS of the outliers, which strongly suggests
that early, appropriate interventions can prevent complica-
tions that prolong ICU stay and lead to outliers.

Cap Gemini Ernst & Young, which performed a detailed
analysis of the financial impact of the program, found that
hospital revenue went up because of the reduction in ICU
LOS, which made room for 20 percent more patients to be
admitted to the ICU. Costs of care also fell, through a com-
bination of decreased LOS and improved use of resources.
Practice standardization and a reduced illness burden, as a
result of fewer complications, are thought to have contrib-
uted to the latter benefit. A number of ancillary benefits were
also noted: nursing turnover was lower; intensivist lifestyle
improved; and the hospital was able to market an innovative
patient-safety initiative.

In conclusion, ICUs represent an ideal target for quality
improvement efforts because of the high acuity of ICU pa-
tients and the high cost of caring for them. Substantial im-
provements in outcomes are possible, but they require a com-
prehensive reorganization of existing systems of care.
Technology solutions can provide meaningful increases in
operating efficiency and quality if they can be integrated
effectively into physician work flow. The eICU Solution rep-
resents a new paradigm for ICU care that treats the manage-
ment of acutely ill patients as an enterprise-wide priority and
uses a suite of technology applications to reduce errors, stan-
dardize practice patterns, and improve operating efficiency.
Early results suggest promising changes in clinical and eco-
nomic performance.

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


THE eICU® SOLUTION 213

REFERENCES
Donchin, Y., D. Gopher, M. Olin, Y. Badihi, M. Biesky, C.L. Sprung, R.

Pizov, and S. Cotev. 1995. A look into the nature and causes of human
errors in the intensive care unit. Critical Care Medicine 23(2): 294–300.

IOM (Institute of Medicine). 2000. To Err Is Human: Building a Safer
Health System, L.T. Kohn, J.M. Corrigan, and M.S. Donaldson, eds.
Washington, D.C.: National Academy Press.

IOM. 2001. Crossing the Quality Chasm: A New Health System for the 21st
Century. Washington, D.C.: National Academy Press.

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


215

Wireless Biomonitoring for Health Care

Thomas F. Budinger
Lawrence Berkeley National Laboratory and

University of California, Berkeley

Biomonitoring methods have developed substantially
since 1965, and wireless technologies of the last few years
promise major advances in efficiency by simplifying hospi-
tal and home health care. Improved technology has led to
better sensors for monitoring pulse, heartbeat (ECG), blood
pressure, blood oxygenation, physical activity, falls, vascu-
lar compliance, and even endoscopy. But what about com-
munication between the patient and caregiver and between
the patient and the environment (e.g., brain-computer inter-
faces)? If we could do anything we wanted with wireless
technology for health care, what would we choose? This
analysis argues for inexpensive engineering technologies
that improve health care and substantially improve the qual-
ity of life for patients who are severely disabled from spinal
cord injury or aging processes.

TRACKING FALLS

A few commercial medical-alert networks provide com-
munication between the subject and a remote communica-
tion center, similar to contemporary fire and burglar alarm
systems. These systems are designed to be used by a con-
scious subject to alert loved ones or caregivers in case of a
fall, trauma, or cardiac arrest. Of some 300,000 falls a year
in the United States, 10 percent happen to people at home
alone who are not discovered for more than an hour after the
fall. One-third of people over 65 who fall and are not found
for more than an hour are seriously disabled or die (Gurley et
al., 1996). This is a very serious problem.

Current devices for monitoring falls have some serious
flaws, and innovations are urgently needed. Commercial
devices are costly, bulky, and not scalable to contemporary
communications. They rely on a type of fire-alarm system
that is commercially operated at a monthly cost of $20 and
depends on an answering operator putting the subject in con-
tact with the appropriate response team or person. Indeed, a
variety of monitors currently on the market have limited

range and a layered communication system that is not flex-
ible enough to meet the needs of patients and loved ones at
home alone. We need wearable systems that can communi-
cate through a local low-power communications system to a
module that then connects to the Internet, land lines, or speci-
fied cell phone numbers.

There are more than 400,000 cases of sudden cardiac
death (SCD) each year. The key element in resuscitation is
the time interval between the cardiac event and the adminis-
tration of professional aid. We need a reliable communica-
tion interface to a patient-friendly device that can detect falls
or irregular heart action (e.g., a wrist-worn device that moni-
tors pulse or a chest-strap device that monitors electrical
events) to ensure against SCD, particularly when the patient
is sleeping.

Commercial tracking devices also need improvement.
Commercial systems advertised for tracking elderly patients
with Alzheimer’s disease are available, but they are expen-
sive and not scalable at low cost to a wide variety of situa-
tions. It is possible, using GPS with a combination of mod-
ern communication networks (e.g., 802.11, ultra-wideband)
to create a wireless system that monitors not only location
but also the health status of individuals, just as we monitor
the location and status of automobiles. In fact, there is no
barrier to engineering customized tracking systems that can
locate a wandering family member or a lost pet and, in addi-
tion, provide information on some physical signs, such as
activity, pulse, temperature, and so on.

TRACKING THE AGED, CHILDREN, AND PETS

A commercial system that can track people or pets over a
distance of 1.5 miles from a base station has been developed
by Wheels of Zeus Inc. (WoZ). The system operates at about
900 Mhz and uses small poker-chip-like tags attached to the
subject. Each tag has a GPS and local wireless device and an
option for storing data related to the subject. The system
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requires a base station (a few base stations could serve an entire
town). In field trials in February 2005 (evaluated by me), the
system proved to be highly reliable in most terrains. A commer-
cial version should be available in late 2005 (WoZ, 2005).

HOME CARE

Patient-centered home telecare and health systems have
shown great promise, but little modern engineering is being
used to develop them. Wellness promotion now focuses on
bringing patients home and caring for them at home, a very
practical idea. Improved monitoring systems could greatly
facilitate the objective of caring for patients at home.

A study has been going on in Australia for the last few
years to monitor the physiological condition of patients at
home (Wilson et al., 2000). This study is of great interest to
the National Cancer Institute, which is looking for a way
to monitor the drug therapy of cancer patients in a home set-
ting. Participants in the study wear a radio connected to a
number of sensors, including a blood-pressure monitor. The
information is sent through a modem to a central location.
The results of this and other studies on child monitoring
(Neuman et al., 2001) have shown that remote sensing is
reliable and can replace home visits. However, wireless com-
munication methods are still not standardized.

Wireless technology that can transmit images of patients,
as well as monitor vital signs, via radio or TV frequencies
has existed since 1965. Years ago when home monitoring
was first considered, the available technologies were encum-
bered by FCC regulations. In 2005, however, wireless tech-
nologies can reach almost anywhere on the planet via the
Internet, cell phones, or other hand-held devices, and

WEBCAM technology can visualize patients and health care
monitors or situations. Many physicians would agree that
the number-one priority for patient in-home care is ready
access to a video of the patient or the patient’s bedside moni-
tor. At this point, however, although the technology exists
(e.g., WEBCAM), it is not adaptable to a scalable system.
Improving video monitoring of home-care patients will re-
quire the participation of engineers, physicians, and nursing
support institutions.

RESPIRATORY MONITORING

A recent example illustrates the need for wireless moni-
toring in a hospital. In February 2003, 60 percent of the pa-
tients admitted to Children’s Hospital in Oakland, Califor-
nia, a major hospital in the Bay Area, were admitted for
infections with respiratory syncytial virus. Treatment for this
condition is mainly by oxygen delivery, and oxygenation is
monitored by pulse oximetry. Patients being monitored must
wear a wire connected to a bedside unit from a toe or finger.
Figure 1 shows the chaotic scene on the wards using this
wired system.

With a wireless system, false alarms due to motions of
wires and disconnects would be eliminated (Figure 2). In
addition, hospital stays could be shortened from four days to
one and one-half days with reliable respiratory monitors and
pulse oximeters with oxygen controls appropriate for home
care. The engineering agenda for creating the monitoring
device is a lightweight, reliable power supply for the pulse
oximeter and wireless transmitter.

BeeeepBeeeep
Beeeep

O2

zzzzzz

O2

FIGURE 1 A wired system to monitor oxygenation by
pulse oximetry.

FIGURE 2 A wireless system for monitoring oxygenation by
pulse oximetry.
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My group has built a small pulse oximeter that can be
worn on the forehead and that uses the Bluetooth or another
system (802.11, 802.15 “mote”) for local wireless transmis-
sion. Pulse oximeters already on the market could be used if
they were adapted for wireless transmission (e.g., the
Minolta Pulsox™ system that can be worn on the hand and
costs about $240) (Figure 3). The device would communi-
cate with a modem or router situated within 10 meters of the
subject through which the data would be uploaded to
the Internet where it would be available to caregivers.

Sleep apnea is a serious health problem related to cardio-
vascular disease. Yet, for many people with sleep apnea, the
only monitor is a sleeping partner. The gadgets now sold to
monitor episodes of sleep apnea are bulky, expensive, and
complicated. If they were re-engineered to be wireless, they
would be much simpler and smaller (Figure 4).

Another wireless device is a breathing sensor incorpo-
rated into a strap around the chest similar to the device used
to monitor pulse in athletes. Wireless transmission to a local
receiver can facilitate recording, alarms, and further trans-
mission to data archives.

One of the newest ideas for wireless monitoring is to use
ultra-wideband frequency technology. For example, one

could use a crib-installed radar device to monitor a baby’s
breathing. An electronic signal-processing system would set
off an alarm if lung motion were abnormal or absent
(Budinger, 2003).

MONITORING ACTIVITY

Accelerometers used to evaluate how much activity an
individual expends during a day could be used to monitor
the activity of patients at home. Current accelerometers (pro-
duced by four different companies) are all one dimensional.
A three-dimensional accelerometer could potentially pick up
both the activities and pulse rate of a patient who has fallen
or who is lying down. The same system could also detect a
fall reliably with a low rate of false alarms. A reset button
could be pushed in case the fall alarm was triggered acciden-
tally. In addition, 3-D accelerometers the size of a nickel
could improve GPS tracking systems.

BLOOD PRESSURE AND VASCULAR COMPLIANCE

High blood pressure is one of the major risk factors for
heart attacks and heart failure. But of the 50 million people
in North America with high blood pressure, 30 percent do
not know that their pressure is abnormally high and that they
would benefit from medical treatment (Mensah, 2002). A
single blood pressure measurement during a visit to a
doctor’s office or clinic is extremely unreliable. A simple,
inexpensive ($75) blood pressure monitor that can be worn
on the wrist was manufactured in 2003 by Omron, and based
on tests by the author, the device is reliable. Other devices
available in 2005 are 60 percent less expensive, but their
reliability has not been verified.

However, a wireless device must await the establishment
of a practical communication network for convenient trans-
mission to caregivers. Such a system could be combined with
the WoZ network, or a router could send transmissions from
the blood pressure or other monitoring device to the Internet.

Another monitor for measuring compliance of the vascu-
lar system could possibly be developed within five years.

FIGURE 3 A Minolta Pulsox™ system.
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FIGURE 4 Wired (left) and wireless (right) systems for monitoring sleep apnea.
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Ideally, this would be a simple wrist-worn device that trans-
mits the arrival of a pulse and a chest strap that transmits the
time of the R wave (Figure 5). The time difference between
these measurements is proportional to the compliance of the
vascular system and reflects endothelial function. This de-
vice would require a wireless timing signal between the heart
electrical event and the pulse arrival at the wrist. The system
could take repeated measurements to demonstrate vascular
response to psychological stress and changes associated with
drugs and foodstuffs. This wireless unit could also transmit
information to a permanent record or to a caregiver
(Budinger, 2003).

Another device now under investigation is a wireless
colonoscopy that can monitor for signs of colon cancer. The
subject swallows a little disposable transmitter that takes pic-
tures as it travels through the colon and transmits them to a
recorder worn on a belt (Appleyard et al., 2001). A problem
with this device is that a clinician has to look through all of
the pictures.

WIRELESS TECHNOLOGIES FOR PARALYZED
PATIENTS

The incidence of spinal cord injuries in the United States
is 11,000 cases per year, and there are currently about
250,000 patients. The annual medical cost of caring for these
patients is $9.3 billion (NSCISC, 2004). The cost could be
substantially reduced and the quality of life for these patients
improved by new techniques of wireless communication.
Electronic equipment and wireless communications can
make it easier for quadriplegic patients to control powered
wheelchairs, light switches, heating devices, televisions,

radios, telephones, and computer systems for learning,
entertainment, and communications (Friehs et al., 2004;
Keirn and Aunon, 1990).

An array of small electrodes implanted into the brain of a
25-year-old quadriplegic man was programmed through
wired connection signals to control a computer cursor (Fig-
ure 6A). After a short learning period, the patient was able to
check his e-mail and control aspects of his environment by
moving a cursor on a computer screen with his thoughts
alone. The system, called BrainGate™, is an investigational
device being tested clinically by Cyberkinetics Inc. (2005).
At this point, Brain Gate is not an approved device and is
available only through a clinical study. The innovations are
the implanted electrode system and the module that inter-
prets brain signals and translates them into control of de-
vices. The system could potentially be used to help people
with disabilities become more independent by allowing them
to control various devices with their thoughts.

Monkeys with similarly implanted electrodes have shown
that brain signals can move robotic arms in two dimensions
(Taylor et al., 2002). More recently, an array of external elec-
trodes have been used as a brain-computer interface that can
translate externally detected brain signals (Figure 6B) into
both horizontal and vertical movements of a computer cur-
sor (Wolpaw and McFarland, 2004).

Another approach that does not require invasive electrode
implantation or an array of electrodes on the surface of the
scalp is to use the tongue to control a cursor, just as one
would use a touch pad or a mouse. The idea of using an intra-
oral device with tongue switching dates back to 1990 (Parker
and White, 1990), but a fully wireless implementation has
not yet been developed.

Nevertheless, this idea has many practical advantages
over other systems that have been proposed for quadriplegic
patients (Figure 6C). The tongue-operated intra-oral remote
controller consists of an acrylic plate fitted to the roof of the
mouth. A capacitor-based platform on the plate is similar to
the touch pad of a laptop. The electronics of the pad are in
resonance with a loop antenna around the head or neck that
senses the tongue activations by a power drop. This informa-
tion can then be sent wirelessly to a computer or other pick-
up device to control light switches, a television, and even
movement of a wheel chair.

The device could also be used to send messages by tongue
taps for transmitting Morse code (Yang et al., 2003). Alter-
natively, the intra-oral wireless signaling device could be
used in conjunction with a head-mounted pointing system
that employs a laser or infrared beam (Chen et al., 1999).

Another method is to use an infrared-controlled human-
computer interface with a laser pointer and infrared-
transmitting diode mounted on the patient’s eyeglasses.
Using the laser, the patient could point to a computer cursor
control panel and keyboard equipped with an infrared re-
ceiver. With his or her tongue, the patient would key a switch
on the side of the cheek suspended from an arm also mounted

PTT

FIGURE 5 Wireless system for measuring vascular system
compliance.
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on the eyeglasses. When the laser points to the desired target
on the computer control board, the patient would key a
switch “to send” the infrared signal (Chen et al., 1999).

WIRELESS SYSTEMS FOR HEALTH CARE

Many wireless systems operate with low power at
2.45 gigahertz; thus, they have very short range (e.g.,
10 meters or less). Even though these systems are not
regulated by the FCC, their use in hospitals has been limited.
The purpose of the prohibition against using cell phones in
hospital environments is not only to prevent voice interfer-
ence out of respect for patients, but also, in some cases, to
prevent interference by high-power wireless transmissions
with devices used in acute care, such as monitors and infusion
systems. This problem now seems to be coming under control,
and wireless systems are being widely used in hospitals across
the country.

In February 2003, the FCC finally endorsed a new ruling
loosening restrictions on unlicensed ultra-wideband radio
transmissions. In principle, this technology enables one to
see through walls, monitor patients, and implement commu-
nications in radiofrequency-busy environments without in-
terference, thus opening enormous possibilities for wireless
transmissions in hospitals and in homes with devices that do
not interfere with each other. Thus, the limitations of wire-
less communications for medical sensor devices have disap-
peared, and opportunities for improving health care abound.
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Rehabilitation Redefined

Mindy L. Aisen
Department of Veterans Affairs

The Department of Veterans Affairs (VA) has redefined
rehabilitation as everything done to address chronic impair-
ment, and, therefore, disability, including hearing loss, vi-
sion loss, problems with ambulation, and sensory impair-
ment. The VA’s needs encompass a great many engineering
areas, and the VA is looking to engineers to provide better
wheelchairs made of lighter weight materials, better implant
technologies, and so forth.

The VA is the third largest agency in the federal govern-
ment; only the U.S. Department of Defense and the Depart-
ment of Homeland Security are bigger in terms of human
capital. The Veterans Health Administration (VHA) is the
largest academic health care system in the world. Every state
in the union has at least one VA hospital, and many have
more than one. The VHA also has clinics, nursing homes,
and a research program. It provides medical care to about
four million of the ten million veterans living in the United
States. The agency also has a statutory obligation to affiliate
with academia, and almost every VA hospital is affiliated
with a medical school, a university, or both. The VA also
provides professional training and has numerous programs
that dovetail with educational programs at the Ph.D. level;
VA hospitals provide training for medical students, interns,
and residents.

VA engineering research is focused on the development
of cutting-edge rehabilitation technology and the translation
of that technology from the workbench to patient use. The
VA takes an active role in the development of patented tech-
nology. Rehabilitation engineers create environmental con-
trol units and replace and/or restore lost function through
functional electrical stimulation that helps people make the
most of the abilities they still have.

The VA is very supportive of engineering research, espe-
cially on neuroprostheses—devices that are activated by out-
puts of the brain. Work at other institutions has shown that
picking up motor directions from the brain does not require

a massive number of electrodes; studies on nonhuman pri-
mates have shown that very small patches of electrodes can
pick up signals for volitional movement. The results of these
experiments have clear implications for the development of
peripheral stimulators. The VA also vigorously supports
work on retinal prostheses.

The VA already keeps entirely paperless electronic records;
telemedicine and, more broadly, e-health programs are criti-
cal to the VA. We hope to provide better care—including bet-
ter visualization, more electronic connectivity, and electronic
records—to rural veterans via telemedicine. One of the persis-
tent problems in treating veterans who live in remote areas is
determining when a clinician is needed. e-Health has been
very successful in a few areas, such as psychiatry, but it could
be useful in dozens of other areas, including post-stroke
follow-up. We need technology that can perceive the severity
of a patient’s problems when a clinician cannot be there in
person. So far, no technology or combination of technologies
can provide even a prototype test of such a system. One can
imagine remote sensors that can monitor many parameters,
such as strength and range of motion.

The VA is eager to explore uses for the global positioning
system, activity monitors, and temperature sensors for
vulnerable patients with psychiatric problems and major dis-
abilities. Some patients, particularly quadriplegics, have
trouble regulating their body temperature on hot days, and
even some very young patients have died of hyperthermia.
Technology could help these patients stay healthy and lead
more independent lives.

Rehabilitation following stroke has undergone a revolu-
tion in our lifetime. Formerly, when a patient lost control of
a body part, that part would be immobilized during rehabili-
tation, and the patient would be taught to compensate with
the other side of the body. Now we understand that the body
has a great capacity for plasticity, and rehabilitation now
focuses on constrained, induced therapy—in other words,
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patients are taught to move the weakened limb. There are
many possibilities for assistive devices, including imaging,
to quantify sensory, motor, and cognitive recovery.

Outcomes research is critical. After engineers create a
design, it must be tested clinically. Unfortunately for the
engineer, this entails a lot of drudgery, from compiling data
through determining whether an outcome is reproducible in
clinical trials. Outcomes research requires a blending of cul-
tures and seamless interaction between the engineers who
create the design and clinicians who treat the patients. Be-
cause clinicians and engineers may have very different ex-
pectations about what a device should do, the engineer must
observe the clinician and the patient to determine their needs.
It is essential that we know what patients and doctors want
before we invest in development. A product created without
input from the clinical world may do little to improve a
patient’s quality of life.

The VA in Pittsburgh, working with the University of
Pittsburgh and Carnegie Mellon University, is funding work
to improve wheelchair design and technology. Dr. Rory Coo-
per, who is a veteran and a paraplegic, is leading the re-
search. One chair under investigation uses built-in gyro-
scopes to climb stairs and can climb in and out of a van. The
chair is collapsible and can be folded into a backpack. But it
does have drawbacks. It is very heavy, is not entirely stable,
and is extremely conspicuous.

The VA has also funded a virtual reality program to train
people who are newly confined to a wheelchair to handle
rapid turns and curves—a virtual driving experience. The
program has also been modified for other purposes—for in-
stance, to help people in a chair who have problems with
visual perception. This work could also potentially help pa-
tients with brain disease overcome perceptual problems.

Another area of interest is in body-weight-supported
treadmill training, which began with work by Reggie
Edgerton at UCLA; it was initially used for patients with
spinal-cord injuries. The idea is to place people who cannot
support their own weight over a treadmill with their feet in
contact with the treadmill and to move them through the
ambulation sequence. Many patients develop appropriate
sequential firing of electromyogram signals, or messages
between nerves and muscles. The meaning of the findings
remains cloudy, however, and more studies are necessary
before we will know if adding this activity to conventional
rehabilitation will be helpful. One persistent finding so far is
that stroke victims who are put in this device regularly learn
to walk sooner and better. The current technology is very
labor intensive and uncomfortable, involving at least three
therapists. But one new system that is commercially avail-
able now, a robotic system from Switzerland, requires only
one therapist and has a number of safety features. The VA
plans to purchase some of these apparatuses.

The VA in Palo Alto is working on a device based on the

idea of aggressive stimulation of a limb. The device enables a
good arm to direct a weak arm—a mirror image experience.

Prosthetics is a wide-open field. Our main concerns are
limb preservation and best-function preservation after loss of
a limb. Research is desperately needed in this area, as well as
on the manufacture of prostheses. Prosthetic devices are cur-
rently made largely by hand and are, therefore, labor inten-
sive; they are only as good as the prosthetist who makes them.
We believe the process could be automated, and the VA has
tried to promote the idea of computer-aided design. Electronic
or e-health could also come into play. Take, for example, two
VA patients who use prosthetics who live in rural Nevada and
Colorado. Right now, doctors must fly out to see them to get
their measurements. With e-health, we could provide their
measurements to a centralized manufacturer.

Current prosthetics could be greatly improved. People
with upper limb loss suffer greatly because they have to wear
big harnesses that are creaky, itchy, and uncomfortable.
Lower-extremity prosthetics, particularly above the knee, are
also less than optimal. At the moment, engineers are not
working on these problems, even though the VA has money
to support this kind of research.

Another area for research is osseointegration to eliminate the
need for heavy harnesses. Osseointegration is the direct attach-
ment of inert metal to bone, giving the prosthetic limb an anchor
or clip. Because limbs are not built to accept metal implants,
infections are common, and impedance matching can be diffi-
cult, more research is needed before osseointegration will be-
come commonplace. There is a great need for engineers to deter-
mine how to provide comfortable, durable prostheses that do not
cause infection. In implants that have been successful, patients
report better perception and no skin irritation or swelling at the
end of the day. Work in this area with accident victims in
Scandinavia has been successful. The VA believes we need more
fundamental research in this area and is eager to invest in it.

One of the programs the VA is funding now is on a device
called BION™, a tiny, implantable, neural and muscular
stimulation device being developed by the Alfred Mann
Foundation. BIONs are battery-powered, radio-controlled
devices that are implanted subcutaneously alongside a nerve
to facilitate coordinated functional stimulation. In a Coop-
erative Research and Development Agreement with the
Mann Foundation, the VA provides subjects for study,
scientists, and work space; the Mann Foundation provides
technological and engineering support. We are in the midst
of the first Request for Abstracts (RFA)—requests for
research plans using BION. RFAs that are deemed scientifi-
cally meritorious and applicable to rehabilitation issues
facing veterans are awarded grant support.

The VA is eager to work in partnership with industry on
similar studies. Our goal is to enrich the intellectual environ-
ment of VA hospitals and make them vibrant, academic
institutions.
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Evaluating the Potential of New Technologies

Carolyn M. Clancy
Agency for Healthcare Research and Quality

On a recent tour of the Baltimore VA Hospital with
Tommy Thompson, the secretary of Health and Human Ser-
vices, Anthony G. Principi, secretary of Veterans Affairs,
and Senator Barbara Mikulski, I was struck by how much
information technology (IT) has improved the health care
process.  And it occurred to me that such improvements are
figured out only after investments in IT have been made,
rather than up front.

Some of this is inevitable, of course, and after-the-fact
improvements are beneficial.  Nevertheless, one can imag-
ine a process in which technology-induced changes in care
delivery are anticipated prior to and throughout the imple-
mentation of interventions.  In addition to targeting prob-
lems at the point of care, it could also be useful to anticipate
the effects of new technologies on the larger health care sys-
tem.  For instance, as a result of some changes now being put
in place at many hospitals, the future system may require
fewer cardiologists, and cardiologists may also face very dif-
ferent challenges.  These changes could influence medical
education and increase the return on investment for innova-
tions in care.

The mission of the Agency for Healthcare Research and
Quality (AHRQ) is to support and conduct research to im-
prove the safety and quality of health care.  In short, we
produce evidence-based information and ensure its effective
use.  A very high priority of the agency is patient safety.  In
2001, Congress appropriated $50 million for AHRQ to work
on this issue, and the agency’s safety portfolio is very di-
verse, including many investments related to human factors,
IT, and human psychology.  This work is incredibly exciting
and, in some ways, is a striking departure from traditional
research paradigms.  Applying human factors research to
improving patient safety, for example, is based on a research
model that looks more like continuous quality improvement
(i.e., iterative testing of interventions) than classical hypoth-
esis testing.

As a steward of public resources, the agency must be

careful that breakthrough findings from research investments
in patient safety and quality can be put to wider use.  An
investigator who develops and evaluates a brilliant idea but
fails to consider how it will be used in current settings is not
an unmitigated success.  This happened with the shared-
decision-making software programs that emerged from the
agency’s outcomes research.  These are fabulous programs,
but if the software were given to many hospitals today, it
would not be helpful.  First of all, patients and residents
would have no idea how to use it.  Second, there is no place
to store the paperwork.  And, third, no one knows when to
use the software in the flow of practice.  Should a patient use
it before or after a primary care encounter?  Before or after
seeing a specialist?  Is a coach necessary?  Will some patients
hesitate to use it at all?  The program is terrific, but no one
appears to have thought through how it might interfere with
the psychology of interactions between clinicians and
patients or where it fits in conceptually.

Although we are proud of our track record in producing
evidence-based information, we now recognize that an es-
sential and underdeveloped part of our mission is to identify
strategies for making that information useful at the point of
care. Making this transition will require insights from a broad
array of disciplines, including engineering.  But what other
changes can be anticipated in this regard as more systems
take up IT?  Why have hospitals like Cedars-Sinai, which
have made huge investments in IT, encountered enormous
problems when it was implemented?

The answer, in part, is that no one thought about how the
new system would change the work process.  Doctors were
being asked to use a brand new information system that
added hours to their workday.  So the dislike of new systems
may be only partly because people resist change.  It may also
be because they know from experience that new systems do
not always improve the work process.  And, in fact, many of
these systems, often designed with little or no input from
clinicians, do not make things better.
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In terms of using technologies to make human error less
likely, health care is way behind most other industries.
Starbucks has more built-in checks for errors in making a
cup of coffee than the health care system does for treating a
patient.  It is hard to grasp that health care is based mostly on
intuition and a common knowledge base rather than on a
built-in system.

Having said this, it is important to say also that there are
many, many opportunities to bring disciplines together and
improve the situation.  Improvements in care delivery through
the wise application of innovations are within our reach—if
we bring in the right disciplines and support the right research.
Statisticians and others who are poised to make real break-
throughs in terms of improving health care delivery should be
working alongside health care researchers.

This will require that specific changes be put in place.
How can these people be brought together?  How should
current training programs be changed?  What about career
paths?  Are we willing to provide academic rewards (in

addition to peer-reviewed publications) to people whose con-
tributions make “smart” applications of knowledge and tech-
nologies to improve care?  A senior researcher recently chal-
lenged us with the following questions, “Would you advise
a young person to get into the improvement arena?  Is it a
viable career path?”  As the National Institutes of Health
turn attention to reengineering clinical research, they will
also confront the issues of academic incentives.

Another major challenge facing us is how to accelerate
knowledge transfer.  In the old model, a researcher conceives
a study, carries out the study, and publishes the results.  Then
the results trickle down, and people eventually change their
practices.  The old model works much too slowly.

There are many opportunities for improving the safety
and quality of health care.  We must rigorously evaluate the
potential of new technologies so that the improvements that
are possible are realized and so that we avoid costly invest-
ments in applications that yield little gain, and may actually
impede progress.
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Political Barriers to Change

Nancy-Ann DeParle
JP Morgan Partners, LLC and

The Wharton School

The United States spends more than $200 billion a year to
provide guaranteed health care to some 39 million Medicare
beneficiaries. The federal government, through Medicare,
supplies one-third to one-half the revenues of every hospital
in the country and a substantial proportion of the revenues of
each and every physician, nursing home, and other health
care provider and vendor of every stripe. Medicare is one
of—if not the—most popular government programs ever in-
vented, at least among its beneficiaries, if not among hospi-
tals and physicians. So it might be reasonable to think that if
the federal government can run such an effective, popular
program, it could also lead the charge to reengineer health
care delivery systems to promote better quality of care. Rea-
sonable, but naive. I hate to be the skunk at today’s party,
and no one wants to improve health care quality more than I
do. But I guess I am here to provide the realpolitik. Based on
my experience as a health-policy official in the federal gov-
ernment, I believe that not only do we have a very long way
to go to achieve acceptable levels of clinical quality (as oth-
ers today have persuasively argued), but also that it will not
be easy for the federal government to be involved appropri-
ately in moving the system in the right direction.

We are gathered here under the auspices of the National
Academy of Engineering, and I imagine there are some
rocket scientists in this room, so I hesitate to say this. But I
think it is important to understand that changing health care
is not rocket science. It is harder. This morning I will talk
about my experiences as a health-policy official in the
Clinton administration that have led me, regrettably, to a
fairly pessimistic assessment of what we can reasonably ex-
pect the government to do in reengineering health care deliv-
ery systems to improve the quality of care.

Last October, the Health Care Financing Administration
(HCFA) (now the Centers for Medicare and Medicaid Ser-
vices, or CMS), the agency that administers Medicare, finally
published the first state-by-state assessment of the quality of

care Medicare provides to beneficiaries (Jencks et al., 2000).
I say finally both because it took us a long time to get the
sign-offs from the U.S. Department of Health and Human
Services and from “down the street” (the way we referred to
the White House and the Office of Management and Budget)
to release the study and because it had taken Medicare more
than 35 years to get around to making this assessment.

To do this first-ever qualitative assessment, we began by
assembling a group of experts to decide which areas should
be included. The group decided to focus on process mea-
sures rather than outcomes, which would be more controver-
sial. According to the clinicians who worked on the study,
the measures were very basic; one told me they were practi-
cally at the level of washing one’s hands before surgery. In
other words, all of the measures were supported by clinical
consensus, and, in an ideal world, they should all have been
at or near 100 percent. The beauty of the study is that it
clearly indicates where we are and what needs to be done.

We chose to assess processes in the six most significant
areas for Medicare beneficiaries: acute myocardial infarc-
tion, heart failure, stroke, pneumonia, breast cancer, and dia-
betes. For some measures, we did a systematic, random
sample of up to 750 patient records in each state; for others
we looked at all Medicare claims.

For pneumonia, for example, the study showed that the
39 million Medicare beneficiaries are not getting some of
the basic things they need to treat them when they are sick or
to prevent them from getting sick. The study focused on er-
rors of omission rather than errors of commission (in this
sense, it was slightly different than the focus of To Err Is
Human [IOM, 2000], the ground-breaking study document-
ing 50,000 to 100,000 death annually from preventable medi-
cal errors). Overall, it wasn’t a very pretty picture. The indi-
vidual indicators ranged from a low of 11 percent to a high
of around 95 percent. Some of the data suggest major prob-
lems in medical education and care processes. Practice
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patterns showed physicians were not providing some very
basic treatments in roughly 50 percent of the cases.

The report was published the week I left HCFA, and this
timing was not accidental. It required a great deal of effort to
get it published, and in fact, I think some of the career clini-
cians and policy analysts who worked on the assessment and
the article we published began to doubt whether it would
ever see the light of day. The agency did not publicize it
widely, in part because of a concern that the information
might make Medicare, or some physicians or hospitals, look
bad, and in part because it might be embarrassing to some
states. We did not have a political agenda when we under-
took the study. We wanted to know where we stood and how
effective Medicare was in translating insurance coverage into
high quality care so we could assess how well we were doing
in purchasing good care on behalf of Medicare beneficiaries
and taxpayers.

The silence that greeted our efforts was deafening. I re-
member that New Jersey ranked near the bottom of the
50 states on an aggregate basis. The day after the data were
released, the New Jersey Medical Society held a press con-
ference. Surprisingly, the physicians at the press conference
did not question the data or criticize HCFA (a popular pas-
time). Instead, they said they were concerned and would
work to improve the quality of care provided to Medicare
beneficiaries in New Jersey, which seems like an entirely
proper and laudable reaction. But except for that press con-
ference, I heard nothing about the report. I have since quizzed
clinicians in other states—and found, totally unscientifically
but, I fear, very reliably, that almost no one had heard of it.
In fact, let me see a show of hands in this room of those who
have heard about this report. So that is the bad news.

The good news is that just because no one has heard of
the report doesn’t mean that it won’t have an impact.
HCFA’s plan is for the peer review organizations that con-
duct quality improvement projects (called “QIOs” or Qual-
ity Improvement Organizations) to work with the providers
in each state to develop a plan to improve their scores on
each of the quality-of-care indicators. Over time, the plan for
New Jersey might raise some indicators by 10 or 20 percent,
which would make a real difference in the lives of Medicare
beneficiaries. That, I think, is the best we can hope for.

Don’t get me wrong. I think that result would be terrific.
But I think this example illustrates why changing health care
is so hard—it is personal, and it challenges people’s assump-
tions, and it forces them to think about things they would
prefer not to think about, like what happens when loved ones
get sick. It is really difficult to get a consensus about what
constitutes quality health care. And I guarantee you, most
clinicians believe they are providing high quality care.

Consider an anecdote that illustrates why changing health
care is so hard. In the late 1980s and early 1990s, Medicare
tried a demonstration program in which we designated “cen-
ters of excellence,” which were hospitals that had demon-
strated consistently high quality care and good outcomes for

certain procedures and were willing to accept a capitated
payment and meet other standards. Beneficiaries could still
go wherever they wanted to have their cataracts removed or
to undergo coronary artery bypass grafting surgery, but they
were offered lower copayments if they chose a center of ex-
cellence. We wanted to see if giving beneficiaries incentives
to choose hospitals that had demonstrated a better quality of
care would improve outcomes and save beneficiaries (and
Medicare) money.

The results were even better than we expected. The out-
comes for patients improved, and Medicare and the benefi-
ciaries saved money. Therefore, we proposed extending the
centers of excellence program to include other procedures
and make it a permanent feature of Medicare. Great idea,
right? Not so fast.

Our proposal was included in several versions of the Bal-
anced Budget Act but was rejected by congressional confer-
ees in the end because of heavy lobbying against it. You
might assume, as I did, that the lobbying was on behalf of a
group of mediocre hospitals that were threatened by the no-
tion of providing information about outcomes and quality
and offering beneficiaries incentives to choose higher qual-
ity care. You would be wrong, however. The intense opposi-
tion came from one of the premier academic health centers
in this country. As it was explained to me, this facility felt it
was already considered a center of excellence and did not
want Medicare to put its “Good Housekeeping Seal of Ap-
proval” on other facilities. Amazing, but not that unusual! It
seems that everyone wants a market-based health care sys-
tem where competition is allowed to drive prices down and
quality up—unless it affects them. When there’s this much
money involved, and when providers view it as a zero-sum
game—“if hospital X gets the patients and the money, hos-
pital Y loses”—markets do not (or are not allowed to) func-
tion as they are intended to function.

Another reason changing health care is harder than rocket
science is that there is no real consensus about its goals or
the laws that govern it. When you’re faced with a vexing
scientific or technical problem, you can go back to first prin-
ciples, theorems, settled laws, and formulas. There is noth-
ing like that in health care. Other than the vague principle
that promoting the public health is a good thing and laws that
say certain Americans are entitled to Medicare and Medic-
aid coverage, there are no rules and no entity with the au-
thority to enforce them.

This may strike you as a strange insight coming from the
person who used to run Medicare, the 900-lb. gorilla. And
yes, it is true that the government, because Medicare con-
trols about one-third of health care spending, can have a great
deal of influence over what happens in health care. But in
Medicare’s nearly 40-year history, I think our record of us-
ing Medicare and its huge dollar impact to affect the quality
of the health care delivery system is mixed at best. Medicare
has shown that it can set prices. Medicare has shown that it
can set minimal conditions of participation (which in some
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cases are proxies for quality, or at least, in the aggregate, a
basis for concern if they are not met). And in recent years, the
federal government has shown that it can control waste, fraud,
and abuse in Medicare by aggressively (some would say too
aggressively) prosecuting and punishing wrongdoers.

What is less clear is whether Congress or the public would
tolerate Medicare using its market leverage and its authority
to purchase health care for 40 million elderly and disabled
people to affect broad changes in the delivery system. I am
skeptical that this would be allowed—or for that matter, se-
riously attempted by any administration. The Clinton admin-
istration did make some efforts in this direction, but it was
never anything we went to the mat for. When all is said and
done, I am not convinced the country is ready to invest in the
kind of assessments and distinctions based on quality that
would force us to implement the changes we need. Certainly,
Congress is not ready to support it. The government is a
powerful purchaser and could be a powerful force for change.
However, after eight years, I have learned that there is a
good deal of opposition in Congress to giving HCFA, or any
agency, the kind of authority it needs to make meaningful
changes in the way health care is delivered in this country.

There are too many entrenched interests, and there is too
much money at stake.

Even though this conference is asking the right questions
and represents a step in the right direction, except for the
adoption of some basic technologies that, despite their wide-
spread adoption in other industries, are not yet widely used
in this country, there is no consensus about what the govern-
ment, or anyone else, should do to improve the quality of
health care. For these reasons, I think we need to be realistic
about how difficult reengineering health care delivery sys-
tems will be and how difficult it will be for the government
to play a leadership role.
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Lessons from Financial Services

Ralph Kimball
Babson College

Financial services and medical services have many simi-
larities. They are both data intensive. They are both service
industries with high-stakes costs. Both have a mix of large
and small providers. And both are opaque, meaning that con-
sumers generally have a limited understanding of how they
work. For both, as procedures and processes become more
complex, the number and extent of system vulnerabilities
increases. In other words, the more complex a system is, the
more likely it is that something will go wrong. Innovations
are simultaneously a source of risk and a means of avoiding
risk. A new test, for example, may help identify a condition
and treat it, but the test itself may involve risks.

Financial services and medical services also have many
dissimilarities. Risks in financial services tend to be sym-
metrical; they have an up side and a down side. Many medi-
cal risks, however, have only a down side.

How much can be learned from financial services depends
on how much you can learn from failure. In the last five
years, there have been multi-billion-dollar failures among
very sophisticated organizations; losses have been on the
order of $2 billion to $3 billion, which can wipe out a major
institution overnight.

The causes of those dramatic failures fall into two major
categories. The first is errors in risk mitigation; a risk was
identified but the attempt to reduce or manage the risk failed.
Errors in risk mitigation come from three areas: agency risk,
risk migration, and risk degradation. The second cause of
failure is errors in risk measurement. One of the most com-
mon errors is the assumption that all risks are normally dis-
tributed. We tend to know a lot about the middle of a bell-
shaped curve, but we have a very poor idea, based on
historical data, of what is in the tails.

In financial services, returns are the outcome, and returns
are not normally distributed. There are fewer outcomes in
the middle of the curve and more at the extremes. In risk
management, that means that the 100-year storm is going to
occur every 50 years. The analogy in medical services is that

your mitigation efforts will depend on how frequently you
believe extreme adverse circumstances in the tails will oc-
cur. If you base your strategy on normal distributions, you
will underinvest in risk management.

Another error in risk measurement is a failure to take co-
variances into account. We have found that risk is driven
much more by covariances than by standard deviations. The
poster child for this error is Long-Term Capital Manage-
ment. Despite sophisticated models, Nobel laureates on the
board, and bright employees, the company concluded that
many adverse circumstances would not happen at once,
that diversification would provide protection. It did not. In
financial services, in periods of real stress or meltdown, the
correlations tend to change. If you don’t include covariances
in the model, you will have a very difficult time modeling
the risk. You cannot use normal periods as a basis for model-
ing crises; in addition, covariances and correlations may not
be stable.

Another cause for error is risk ignorance, failure to recog-
nize that a risk exists. Risk ignorance tends to be associated
with innovations, a lack of familiarity with the characteris-
tics of new products, new drugs, new surgical processes. If
you are unfamiliar with what is likely to happen, it is very
difficult to know how to mitigate the risk.

A risk mitigation plan itself can have risks because it pro-
vides a sense that risk has been addressed. If you haven’t
addressed the risk correctly, the risk can be higher than if
you had no mitigation strategy. Perhaps the most common
form of risk is what we in financial services call agency risk.
In aviation, it is called pilot error. In medical terms, it is
called medical malpractice. The employee or the staff mem-
ber fails to follow established procedures.

Risk migration is another problem. Most risk mitigation
efforts do not eliminate risk; they simply transform it into
another form of risk or transfer it to another area. A new
medication, for example, may reduce risk, but may raise the
risk of administering an incorrect dosage. An example in
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financial services was during the meltdown in 1998, when
many U.S. banks did foreign exchange swaps with Russian
banks to protect themselves against the decline in the Rus-
sian ruble. That worked fine until the Russian banks failed.

That is a very clear example of risk migration. If you fail
to recognize risk migration, you end up with risk ignorance.
You assume you have protected yourself against a risk, when
all you have done is transfer it to another site. You can’t
simply take the first step. You have to take the second step
and know what to do if the backup system fails. What hap-
pens if this happens? What happens if that happens?

Now consider risk degradation. Case studies of major in-
dustrial disasters and major financial disasters have shown
that over time there is a gradual degradation of the risk man-
agement process because systems are not maintained and
audits are not done. These systems fail incrementally, and for
a while as they fail, nothing seems to change. When the first
light bulb goes out in your house, you may not change it
because other lights are still on.

When one system fails and there are no obvious adverse
circumstances, people may conclude that redundant systems
are not necessary. The organization becomes desensitized to
risk so that, over time, the probability that the degradation in
the risk system will be addressed actually declines. Finally,
a minor incident creates an interaction among these various
failing systems that results in a major disaster, such as the
disaster in Bhopal, which could have been prevented if
the risk management systems had been maintained.

Risk management is an ongoing process that must be
cared for and tended to as you go forward. Most financial
services now are very humble about their ability to measure

risk. We know that it is “fat-tailed,” but we haven’t come up
with distributions that reflect how it actually behaves. In-
stead, we try to allow for very large margins of error. We do
a lot of stress testing; we run the worst possible conditions
through the model and see if anybody is left standing at the
fault line. For example, a large life insurance company can
stress its portfolio by assuming simultaneous 8.5 earthquakes
in Los Angeles and Tokyo. Risk migration and risk igno-
rance can be addressed through risk mapping, a
reengineering process that asks what could possibly go
wrong at every point in the process.

The best way to manage risk is through real-time audits.
That is the only way you can control agency risk. Real-time
audits often reveal degradation in the risk management pro-
cesses. Auditors have never been liked because they seem to
be second guessing or interfering with procedures. However,
financial services organizations with an “audit culture” are
among the best trading houses on Wall Street. Some star
traders have very aggressive auditors who walk the floors
and call traders off the floor at any time to question their
actions. Traders who make millions of dollars a year for
their organizations and for themselves are not afraid to be
second-guessed.

Another approach is what the aviation industry calls a
“cockpit culture,” in which there are frequent communica-
tions and discussions in the cockpit. Cockpit cultures are
based on the idea that any member of the team can challenge
what is going on at any time. I think that type of team culture
can be substituted for an audit, basically relying on internal
challenges rather than external challenges.
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Can Purchasers Leverage Engineering Principles
to Improve Health Care?

Arnold Milstein
Pacific Business Group on Health and

The Leapfrog Group

Most purchasers wish we didn’t have to think about the
question in the title of my presentation. Most purchasers would
like the health care industry to adopt quality engineering meth-
ods as a natural expression of professional responsibility; and
we would like our health insurance beneficiaries to select only
quality-engineered providers as an expression of informed
consumerism. However, the three Institute of Medicine (IOM)
reports on quality and rapidly increasing health care costs have
persuaded large purchasers to consider how they might use
their unique role to accelerate American providers’ journey to
engineered care delivery.

Waiting for other stakeholders to solve the problem is not
a promising option. When I ask consumers, like my mother,
why she isn’t a prudent buyer, she replies, “When I am well,
I don’t want to think about health care. When I am sick, I
want to be able to trust that my treatment will be error-free.
When I go to doctors’ offices and hospitals, big white certi-
fications with gold seals are hanging on the wall. I’d prefer
to rely on them rather than be skeptical.”

When I remind regulators that “Our moms are relying on
you,” they reply, “It’s the tax cuts. We don’t have the budget
to ensure quality, so we rely on accreditors.”

When I ask accreditors about the IOM reports and the
hospitals they certify, they reply, “You force us to rely on pro-
viders to pay us for our accreditation activities. If we become
too demanding, they will find a more tolerant accreditor.”

When I ask hospitals and doctors about high average na-
tional rates of quality failure and the IOM reports, they re-
ply, “We don’t believe that our personal error rates are as
bad as the national average. To achieve perfect care, we’d
probably have to hire quality engineers and buy complex
clinical information systems. Where is the money for that?
Insurers don’t pay us any more for these things.”

When we then turn to each other in the purchaser commu-
nity, we agree that we have to do something about this. But
many of us are understandably cautious, reasoning, “If we
begin to get aggressive and limit our insurance plan networks

to providers that are engineering high quality into their care,
we will surely receive many complaints from our insurance
beneficiaries that we are restricting their access to the doc-
tors and hospitals they know and love. Then our careers will
be at risk. We can only go as far as our beneficiaries/
consumers will let us go.”

So we are back to our starting point in the “circle of
nonaccountability” with consumers. Apparently, everyone
is responsible for improving quality via better engineered
care delivery methods, but no one feels accountable for its
occurrence. Until every stakeholder has more responsibility
for solutions, we aren’t likely to make much progress. How
can purchasers leverage engineering principles to advance
the interests of all stakeholders?

Several options are available. First, purchasers can use
various purchaser-mediated rewards to encourage health
plans and providers to adopt engineering methods. Differen-
tial rewards could be offered to plans and providers who
widely apply general engineering methods, such as the
80/20 principle, design for safety, mass customization,
continuous flow production, and other methods that have
worked well in other complex, high-risk industries. The most
practical method of implementation may be to develop a
meaningful ISO-type certification in health care and to make
comprehensive, publicly released performance measure-
ments available. We are very far from having anything like
that today, at least not at a level that inspires confidence.

Another approach would be to use systems analysis to
identify narrow, high-yield single “ingredients” (e.g., uptake
of electronic clinical information systems or implementation
of robust disease registries to provide continuous, stratified
population risk scores). We could select a menu of tangible,
multifaceted “best-operating practices,” based on nationally
distinguished care redesign efforts, such as the idealized de-
sign of clinical office practice or RWJ’s Pursuing Perfection
winners, and reward other providers that adopt them or health
plans that encourage their adoption. The Leapfrog Group
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implemented a variant of the “single ingredient” approach
by initially adopting three tangible operating practices, in-
cluding computer physician order entry (CPOE), which im-
provement experts predicted would lead to big leaps in the
safety of American hospital care.

However, rewarding single or multiple structural ingredi-
ents carries the risk of not fitting all providers equally well,
and they are subject to implementation flaws. Accordingly,
they may not lead to better performance. We may best use
them as a stopgap until robust provider performance mea-
surements are routinely available, if our prioritization of the
structural ingredients that we encourage is evidence-based
and strategic. One of the attractive features of tangible im-
provements like CPOE is that a purchaser or insurer can eas-
ily determine if a provider has implemented it. It is much
harder to assess implementation of broad engineering prin-
ciples, such as continuous flow production. For this reason,
purchasers understandably favor narrow, less flexible, tan-
gible engineering advances over the implementation of broad
engineering principles.

Besides purchaser-mediated rewards, purchasers can ap-
ply engineering principles to their own purchasing processes.
In the world of health care purchasing, there is no clear con-
sensus on intermediate outcomes or the best way to pursue
them. We operate in what systems engineers call a “zone of
complexity,” so we must focus on simple rules, good-enough
vision, and room for innovation. The Leapfrog Group’s ap-
proach of focusing on tangible operating practices aligns well
with this heuristic from complex, adaptive systems thinking.
The Leapfrog Group advocates a few simple, good-enough
purchasing rules:

1. Hold purchasers responsible for rating their highest
volume providers directly or via their plans.

2. Offer purchasers multiple methods for rewarding
higher provider performance and creating a “business
case” for quality and quality improvement.

3. Test each purchaser member’s aggregate improvement
incentives by applying Leapfrog’s criterion that every
year the percentage of the patient population receiving
care from a provider that adopts the three Leapfrog
safe practices must increase at a statistically signifi-
cant rate. If not, the Leapfrog purchaser must notch up
its provider rewards until this rule is met or drop out of
the group.

4. Encourage consumers to take an interest in differences
in quality of care ratings for providers.

5. Make the “back bencher purchasers” visible. We want
Leapfrog purchasers to be clearly distinguished from
other purchasers. It has been easy for purchasers to
talk about quality, but to do very little about it.

Obviously, the application of complex, adaptive systems
thinking to the purchase of health care is still in an embry-
onic stage. Leapfrog purchasing principles illustrate an in-
tuitive, initial application. The concept of engineered pur-
chasing warrants further development.

Let me close by briefly addressing a pivotal engineering
challenge for all institutional stakeholders—the need for con-
sumers and physicians to recognize the magnitude of current
quality failure in health care in their own work. Research in
social science by Kahneman, Tversky, and others is avail-
able on which to base new approaches, but applications have
been few. As long as we continue to permit poor quality to
remain invisible, purchasers and consumers will have trouble
becoming robust advocates for quality care, and providers
will only slowly incorporate engineering knowledge into
their work. Today, quality defects are largely invisible to
most stakeholders. Until we find a better way of addressing
the invisibility problem, it is going to be hard to motivate
any of the key stakeholders to apply the rich resources of
engineering knowledge to improving health care.
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Shibboleths in Modeling Public Policy1

Richard P. O’Neill
Federal Energy Regulatory Commission

Over the last 25 years, the principal direction of the
government’s modeling of public policy in the energy area
has been to analyze the effects of more market-driven and
incentive-driven outcomes. Similar efforts have been made
in health care. Many of the regulations hastily put in place in
the 1970s after the oil embargoes and price run-ups are still
being unraveled today. As a result, paradigms that have been
accepted for more than a century are changing.

People consume some services and commodities without
knowing the price, then pay the bill without fully understand-
ing how the price was determined. One of those commodi-
ties has been electricity. Attempts to create market forces in
this area have been made since the 1970s, when legislation
was passed to begin to open up natural gas and electricity
markets. But paradigms shifts are not easy.

One of the most interesting paradigm shifts in history took
place during the tenure of Pope Urban VIII. In 1530,
Copernicus published a book stating that the earth revolved
around the sun. At the time, Church theology held that the
earth was the fixed, immovable center of the universe. But
Galileo read Copernicus, looked at the skies through his
newly invented telescope, and agreed with him. Soon after,
Galileo published the Dialogue, his most controversial work,
which presented the arguments for and against heliocentrism.
The Inquisition banned the book, and Galileo was found
guilty of heresy and condemned to spend the rest of his life
under house arrest (in a palace). Writings by Copernicus and
Galileo were placed on the Church’s index of forbidden
works, where they remained for more than 200 years. All of
this happened despite the fact that the Church had been de-
bating the truth of Copernican discoveries for decades and
despite Pope Urban VIII’s admiration for Galileo.

Western science doesn’t always get things right the first
time. Priestley, who is usually credited with discovering oxy-
gen, went to his grave believing in the phlogiston theory of
combustion. History shows that paradigm shifts are difficult.

In our day, the move from a centralized, regulated system
of energy to a more decentralized system based on competi-
tive incentives has been very difficult. In some ways, the
electricity system is like a hospital, a centrally run institution
with many agents (e.g., doctors, nurses, and administrators)
operating with different incentives—some of them at odds
with the overall mission of the organization. In the energy
system, a key goal has been getting the incentives right. Very
quickly, one realizes that entrenched cultural beliefs present
major barriers to change. Some social scientists believe that
cultural paradigm shifts can take several generations.

Modelers are often compared to carpenters with hammers
looking for nails; if they find a screw instead of a nail, they
pound it anyway. Many in the energy field assume that the
market was in a Nash equilibrium (i.e., entities may not
collude explicitly, but they do collude implicitly) in part be-
cause of a popular book, successful movie and Nobel prize
on Nash’s life and work. Much modeling was done based on
Nash’s theory, but it turned out that there was explicit collu-
sion in Western markets.

Different jargons and market dialects often present barri-
ers to paradigm shifts. Enormous efforts have been made to
introduce competition and competitive market paradigms
over the last quarter century, but many people in the field
have been trained to think and speak in cost-of-service or
cost-base dialect. In fact, a huge segment of the industry still
talks and thinks in this dialect. Like Eskimos who have many
words for snow but few words for heat stroke, market par-
ticipants trying to talk about auctions and market processes
do not have the appropriate grammar or vocabulary to dis-
cuss the topic.

Small, unwritten rules matter. In New Zealand, unwritten
rules for government-owned electricity corporations were an

1This report does not necessarily reflect the view of the Federal Energy
Regulatory Commission.
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important factor in market outcomes. In other countries,
when government-owned electric assets were sold to private
interests, often one of the first things the CEOs did was in-
crease their own salaries and buy private jets—hardly a con-
fidence builder for competition.

Some popular analogies in policy discussions about elec-
tricity market reforms are to the natural gas market and the air
traffic control system. Natural gas is a poor analogy for the
electricity market, because natural gas can be economically
stored. There is no simple equivalent of a valve in the electric-
ity system. Some have argued that the electricity system con-
troller should be like an air traffic controller, meaning there
should be no central market-control process. These same
people seem to want rules that direct behavior with no regard
for cost. Most of these analogies are misleading because, even
though they argue for market forces, they also lead either to
greater socialization or easier manipulation of the market.

The California electricity market is an interesting case
study. In the early 1990s, there was a great deal of discussion
about liberalizing the California market. Technical people
spent two years designing the new market, but when politi-
cians got involved, they threw out all of the market designs
and cut a deal that emerged as legislation (AB1890), which
was passed unanimously. Environmentalists agreed to sup-
port the plan if they could be given money for their pro-
grams. Marketers pushed for a bad market design to ensure
more profits for themselves later.

Employees of utilities who had been involved in the dis-
cussions before the compromise were told not to discuss the
previously proposed market designs. A number of staff at the
Federal Energy Regulatory Commission noted that the model
did not provide good incentives and that the process could get
out of control. For two years, the legislatively mandated mar-
ket design underwent constant changes. Confusion and gam-
ing masked what was to happen—no new generators, demand
growth, and a drought. In the end, the state risked everything
on a model designed by a legislative committee.

Prices in the wholesale electricity market are typically in
the range of $30 to $50 per megawatt-hour. In California and
most of the west, spot prices remained more than $100 per
megawatt-hour for months. Then, suddenly, prices dropped,
for a number of reasons: the utilities lost their credit ratings; the
governor bought power under high-priced, long-term contracts;
new generators came on line; and the weather changed.

Since then, hundreds of thousands of dollars have been
spent on litigation to determine what went wrong and who
should be punished. Interestingly, the smartest people turned
out to be the consumer representatives who had been skepti-
cal about the program and had called for a retail rate freeze
and guaranteed rate reductions. Initially, they came out look-
ing good, but in the end, the rate freeze contributed to the
market disequilibrium. Consumers will be paying for these
mistakes for years to come.

In retrospect, it can be seen that another player in this
market caused a lot of the mischief. That player constantly

proposed and funded campaigns for market designs that
would not work, but that it could take advantage of. That
player supported an array of approaches that all eventually
failed. That player was Enron, the darling of Wall Street at
the time. After Enron went bankrupt, it released a memo
outlining the strategies it had used to manipulate the market
in California. Wall Street lost its exuberance and abandoned
its desire for Enron clones.

Some interesting questions have been asked about the
California experience. For instance, was this a six-sigma
event (i.e., was the outcome a low-probability event)? Or
was this a one-sigma or two-sigma event (i.e., the wrong
paradigm)? If we look at the debacle as an enormous experi-
ment, some good may come of it. Theory can predict perfor-
mance, and theory predicted that the market design in Cali-
fornia would fail under stress. The California experiment
cost billions of dollars, but it did prove the strength of
the theory.

Another lesson we learned from California is that incen-
tives matter. Financial incentives are very important, in en-
ergy markets and in the health care market. Fee-for-service
versus salary systems can change the incentives signifi-
cantly. You always have to ask what incentive a doctor or
dentist has to cure a problem; non-monetary incentives are
far more important in health care than in the energy industry.
Dedication is a very important factor in health care and hard
to model. Another issue is the principal agent problem—
who acts on the patient’s behalf? Programming this behavior
into a model is difficult.

Bad incentives yield bad practice. Enron is a case in point
in the energy market. Good accounting theory is mark-to-
market accounting. In theory, mark-to-market accounting is
theoretically correct, but in practice, in thin markets the mar-
ket price is prone to manipulation. In fact, it can often simply
be made up. Enron took advantage of this gap and produced
a grossly distorted set of accounts.

In energy and health care markets, good market designs
can yield benefits. Here are some don’ts in market design:
don’t oversimplify; don’t create gaming opportunities; don’t
favor large players; don’t use market jargon or model jargon
to explain things; don’t ignore the extreme model outcomes,
because outliers often provide interesting information and
stories. The modeler should be immersed in the problem.
Outsiders may be brought in to help, but somebody must
intimately understand the model, as well as the process be-
ing modeled.

Clients should understand that models provide insights.
Forecast are often wrong, but everyone must forecast. Fore-
casting often involves insight into possible outcomes, rather
than numbers. The model must be tuned based on experi-
ence. A model should not be a black box. It should be
available to people; it should be testable; and it should
be auditable.

A lesson for health care modeling is that modeling can be a
useful tool, but a healthy skepticism is necessary for success.
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Matching and Allocation in Medicine and Health Care

Alvin E. Roth
Harvard University

Many of the previous speakers have considered hospitals
analogous to factories. But, unlike factories, hospitals are
highly decentralized, and many of the important decision
makers, including doctors (not to mention patients), aren’t
employees of the hospital; they come to the hospital on their
own patient-care missions, and they have their own objectives.

To efficiently allocate resources to serve these different
objectives, it becomes necessary to elicit information from
the people who have it. But eliciting information isn’t al-
ways simple, because the information we can elicit depends
in part on what we plan to do with it. When you ask me about
something I know, I want to ask you why you are asking.
What you intend to do with my answers will influence the
way I answer you.

That is, what information we can reliably obtain depends
in part on how we use it and what incentives this gives the
people from whom we must get the information. My own
most relevant experience of these issues in a medical context
comes from redesigning the resident match, so I’ll start my
discussion there. Then I’ll suggest how similar “strategic”
issues might arise in organ transplantation, scheduling oper-
ating rooms, etc.

Hospitals only began offering internships about a hun-
dred years ago. Typically, a student graduated from medical
school, then looked for a job at a hospital. By the 1920s,
interns had become a significant part of the labor force in
hospitals; and internships had become an important part of
the career path of doctors. Hospitals began to try to get good
interns by hiring them a little bit earlier than their competi-
tors. Gradually, hiring began earlier and earlier, and by 1945,
hospitals were hiring medical students as early as the end of
their sophomore year of medical school for internships that
would begin only after graduation. As a result, residents were
being hired so early in their education that it was very hard
for residency programs to distinguish the best candidates, or
even for candidates to be sure what kind of residency pro-
gram they would be interested in. In 1945, medical schools

intervened by refusing to release any student information
before a certain date—no transcripts, no letters of recom-
mendation, no confirmation that a student was in good stand-
ing in medical school. It may have been risky to hire some-
one just on the basis of sophomore-year grades, but it was
even riskier to hire someone just because he said he was a
medical student. So, this intervention was successful at con-
trolling the dates of appointment, and as this became appar-
ent, the date of appointment was successfully moved later,
into the senior year of medical school, when more informa-
tion about students’ abilities and preferences was available
for finding appropriate matches of students and hospitals.

But, between 1945 and 1950, a new problem appeared. In
1945, hospitals were all supposed to wait until a given day to
make offers and give students 10 days to accept or reject
those offers. What happened? Consider a student who got an
offer from his third-choice hospital and had 10 days to
decide. Suppose that student also heard from his first- or
second-choice hospital, saying they liked the student but
were not making an offer yet; the student had been placed on
a waiting list in case some of the offers they had made were
rejected. So, the student waited, which was easy to do be-
cause he had 10 days to decide about the offer from his third-
choice hospital. If all students waited those 10 days, the wait-
ing lists didn’t move, and on the tenth day bad things
happened. The student might have accepted his third-choice
offer and then, later in the day, received a more preferred
offer. The student might have accepted that too. If, after even
only a modest delay to gather his courage, he informed his
third-choice hospital of his change of heart, students whom
that hospital would have liked to hire may have already com-
mitted to other hospitals. (Obviously the hospital’s problem
could be even worse if a long time passed before they realized
they had an unfilled position.) On the other hand, even if the
student felt honor bound to decline a late, more preferred
offer, he might have spent the next year very unhappily at
his third-choice hospital, explaining to all his colleagues why
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a talented doc like him shouldn’t have been working in a
place like this. Either way, there was a lot of unhappiness.

Given that all these troubles had occurred on the tenth
day, in 1946 hospitals agreed to allow only eight days for
offers to remain open. As you might imagine, this didn’t
solve the problem. By 1949, residency programs were giv-
ing exploding offers—students had to accept or reject imme-
diately, without knowing what other offers might be forth-
coming. So, once again, decisions were being made without
all the information that might be available.

In the early 1950s, a radical innovation was tried—a cen-
tralized clearinghouse. Graduating medical students submit-
ted to the clearinghouse a list, in order of preference, of the
residency programs at which they had interviewed. Resi-
dency programs similarly ranked students they had inter-
viewed. These rank order lists—that is, the information elic-
ited from the participants in the market for residents—were
then used to match students to residency programs. And al-
though this system has evolved over the years to take ac-
count of changes in the medical marketplace, it has survived
to the present day in something close to its original form, as
the National Resident Matching Program. (I had the privi-
lege of directing the most recent redesign of the matching
algorithm.)

The surprising thing that was observed in the 1950s is
that most positions were filled as matched: that is, students
and residency programs submitted their rank order lists and
then went on to sign the employment contracts suggested by
the match. We now understand that this wasn’t inevitable,
but it came about because the match algorithm that was cho-
sen in the 1950s produced matches that were stable, in the
sense that there were never “blocking pairs” consisting of a
student and a residency program that were not matched to
one another but that would both have preferred to be matched
to one another rather than matched to their actual partners.

It is easy to see in principle why a clearinghouse that pro-
duces unstable matches might not succeed. A student who
receives a match with her third-choice hospital, for example,
only has to make two phone calls to find out if she is part of
a blocking pair. She calls her first- and second- choice hospi-
tals and says, “before I accept my match outcome, I just
wanted to check if you might have a position for me.” If she
is part of a blocking pair, then one of the hospitals will see
that they prefer her to someone with whom they are sup-
posed to match. They might say something like, “by chance
we have an extra position . . .” and then call up the candidate
they liked less and say they’ve had a budget shortfall and are
one position short. But if the match is stable, when the hos-
pital looks at the list of people with whom it is supposed to
match, it sees that it would prefer to go ahead with the match.
To put it another way, if the match is stable, no candidate
can find a hospital that she would prefer to go to that is will-
ing to take her.

One way the importance of stability became evident had
to do with the growing number of couples graduating from

American medical schools who wanted to find two resi-
dency positions in the same city. The number of couples
increased in the 1970s, as medical schools stopped being
overwhelmingly male. An attempt was made to accommo-
date couples by allowing them (after being certified by their
deans as a “genuine” couple) to indicate that they wished to
be matched to residencies in the same city. Then each indi-
vidual submitted a rank order list, as if they were single,
except that they were asked to specify one member of the
couple as the “leading” member. The leading member went
through the match as if single, and the rank order list of the
other member was then edited to remove options that were
not in the same city as the residency to which the leading
member had matched.

Although this procedure did give couples two jobs in the
same city, many couples started to find their residencies out-
side of the match, and it is easy to see why. Suppose that my
wife and I have as our first choice two particular, good posi-
tions in Boston. Our second choice would be to get two par-
ticular positions in New York. If instead we get one good job
in Boston and one bad one, we’re not going to be very happy
(because of the Iron Law of Marriage, which says you can’t
be happier than your spouse). So an instability may exist:
when we call the two residency programs in New York, they
may be happy to take us, which now leaves the Boston jobs
unfilled and some people who were matched to the New
York jobs scrambling to find new ones.

So, a failure to elicit the right kind of information (the
preferences of couples) contributed to a decline in the effec-
tiveness of the match by giving couples incentives to cir-
cumvent the clearinghouse. The present match deals with
that by allowing couples to submit rank order lists of pairs of
positions. Last year about 550 couples (1,100 people) par-
ticipated in the match as couples.

Another way the importance of stability became clear was
through the experience of British doctors. In the 1960s, the
British began to experience the same kind of troubles
the American medical market had experienced before 1945.
But in Britain, different regions of the National Health
Service adopted different kinds of centralized clearing-
houses. Some produced stable matches, and some did not.
The stable systems are still working; but most of the unstable
ones failed, sometimes quite dramatically, even though the
National Health Service can mandate that jobs be filled
through the centralized clearinghouse.

But participants learned to circumvent unstable clearing-
houses. In the Birmingham area, for example, after a few
years, the majority of the rank order lists submitted by stu-
dents contained only a single position, and hospital programs
in turn listed only the students who listed them in this way.
In other words, by the time the lists were submitted, the
matching of students to positions had already been deter-
mined privately, in advance, by the parties, and they wrote
each other’s names down and that was that. That is, people
can often find ways to circumvent even compulsory systems,
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if they have incentives to do so. In contrast, stable mecha-
nisms that do not give people incentives to get around them
can function efficiently for years.

Before I move on to topics more directly related to patient
care, let me just mention that no design of an allocation or
matching system can be successful unless it is first adopted
for use. So part of the design process is the adoption process.
The question of how radical changes are adopted is ulti-
mately political. Those who want to see their work imple-
mented need to understand the objections to it, the fears it
may arouse, and what constituencies are concerned. Because
complex systems in which information is decentralized are
subject to being gamed and circumvented, these “political”
concerns need to be addressed carefully.

What are the lessons of these kinds of matching processes
for allocation issues more directly concerned with patient
care? People don’t get sick because of incentives, so you
might think that incentives, which are such a big deal in la-
bor markets, won’t play a big role in allocation decisions
directly concerned with health care.

But consider organ transplants. There are about
80,000 candidates on various waiting lists for organs. Last
year, about 22,000 organs were harvested from 11,000 donors.
There is scarcity here and real questions about allocation.
Over time, the United Network for Organ Sharing has made
many modifications in the system allocating these scarce
organs. There are waiting lists, with priorities based on crite-
ria such as time on the list and current health.

While the details of the allocation rule will certainly af-
fect who gets which organ (or who gets an organ and who
does not), it might not be clear how the incentives created by
different allocation rules can affect the overall efficiency of
allocation. To get an idea of this, consider the case of pediat-
ric heart transplants.

Congenital heart defects can now be discovered in utero.
When priority started to be given to patients with greater
time on the waiting list, pediatric cardiologists began to put
their patients on the waiting list while they were still in the
womb. If a heart became available before the pregnancy was
full term, it was often nevertheless in the patient’s interest to
perform a C-section, so that the baby would get the heart.
That meant that donor hearts started going into babies who
were not full term and were lower birth weight, which isn’t
good for the overall survival rate. Now the system has been
modified so that fetuses can be on a waiting list, but in a

different category than already born pediatric patients. But
giving more priority to time on the waiting list changed the
incentives of pediatric cardiologists and changed the flow of
hearts into babies in an unanticipated and not necessarily
positive way.

This brings me back to the game theory observation with
which I began—when agents have different objectives (e.g.,
when each doctor is concerned with managing his own pa-
tients), how information is used to make allocations affects
the incentives of those who have the information in ways
that can alter the allocations in unintended ways. Many as-
pects of the allocation process for organs involves these is-
sues, from the debate over regional versus national waiting
lists to the priorities that should be given to different kinds of
candidates (e.g., chronic versus acute illness). And patients,
as well as doctors, can act strategically based on their incen-
tives, as when a given patient may be able to place himself
on multiple regional lists, for example.

Similarly, other medical allocation issues involve infor-
mation that must be elicited from interested participants. For
instance, one of the big issues in scheduling an operating
room that is used by many surgeons is how long a given
operation will take. How an operation is described can influ-
ence its estimated duration, which in turn influences what
resources it is allocated. To make appropriate allocation and
scheduling decisions, it is first necessary to elicit informa-
tion, and what information is delivered depends on how that
information will be used.

This is of course a common issue in markets. And be-
cause doctors often run their own businesses, the business of
the hospital interacts with the business of the market. So we
need to remain aware that anything done inside a hospital
interacts with all of the other things that go on in the medical
marketplace outside of the hospital.

In summary, to do allocation well, information is needed.
When information is decentralized, it still must be found.
One of the things that makes systems in which information
is decentralized different from those in which it is central-
ized is the importance of incentives and the constraints that
incentives put on what can be done. In the medical market
for residents, there is a lot of evidence to support the conten-
tion that the stability constraint is binding. As we start to
think about how to elicit information to make allocation de-
cisions in other systems, we will have to pay attention to the
incentive constraints.
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 Appendix A

Agenda for First Workshop

WORKSHOP ON ENGINEERING AND HEALTH CARE DELIVERY SYSTEMS

May 21–22, 2001
Cecil and Ida Green Building

2001 Wisconsin Avenue, N.W.
Washington, D.C.

May 21

9:15 a.m. Welcome and Opening Remarks
Kenneth I. Shine, M.D., President, Institute of Medicine

9:25 a.m. Session I: Transforming Health Care Delivery Systems: Realizing the Potential of Radical Advances in
Engineering, Science, and Technology
Moderator: W. Dale Compton, Lillian M. Gilbreth Distinguished Professor of Industrial Engineering,

Purdue University
9:30 a.m. Opening Keynote Address

Jeff Goldsmith, President, Health Futures Inc.
10:15 a.m. Panel Presentations and Discussion

“Crossing the Quality Chasm: A New Health System for the 21st Century”: Key Findings of the Quality
of Health Care in America Committee

Janet Corrigan, Director, Quality of Health Care in America Project and Division of Health Care
Services, Institute of Medicine

Evidence-Based Medicine/Outcomes Assessment: Invitation to Engineering Process Redesign
Brian Haynes, M.D., Professor and Chair, Clinical Epidemiology and Biostatistics and Medicine,
McMaster University

Break
Systems Engineering: The Logistics Revolution and Opportunities for Health Care Delivery

Jennifer K. Ryan, Assistant Professor of Industrial Engineering, Purdue University
Informatics and Information Technology: Foundations for Decision Support and Process Improvement

William W. Stead, M.D., Professor of Medicine and Biomedical Informatics, Director of the
Informatics Center, Associate Vice Chancellor for Health Affairs, Vanderbilt University

1:00 p.m. Lunch
2:00 p.m. Session II: Transforming Health Care Delivery Systems: Exploring Potentially High-Yield Areas for

Engineering/Medicine Collaboration and Innovation
Moderator: Jerome H. Grossman, M.D., Senior Fellow, Center for Business and Government, John F.

Kennedy School of Government, Harvard University
Modeling the Total Delivery System: Simulation Modeling Applied to Population Health Management
and Distributed Health Care Delivery Systems

John K. Taylor, M.D., Medical Director, and Seth Bonder, Chairman and CEO, Vector Research, Inc.
Modeling Disease: Cancer Services in Transformation

Molla S. Donaldson, Health Policy Analyst, National Cancer Institute, and Codirector, IOM Quality of
Health Care in America Project
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Modeling the Hospital
Robert S. Dittus, M.D., M.P.H., Director of General Internal Medicine and of the Geriatric Research,
Education and Clinical Center, Vanderbilt University

Modeling the Clinic: Toward the Idealized Practice
Thomas W. Nolan, Chief Executive Officer, Associates in Process Improvement, and Faculty Member,
Institute for Healthcare Improvement

5:30 p.m. Adjourn
5:45 p.m. Reception and Dinner

Keynote Speaker: David M. Lawrence, M.D., Chairman and CEO, Kaiser Foundation Health Plan Inc.

May 22

8:00 a.m. Session III: Transforming Health Care Delivery Systems: Human Factors and Risk Management in
Distributed Delivery Systems
Moderator: Marshall L. Fisher, Heyman Professor of Operations Management, University of

Pennsylvania
Disruptive Innovation in Healthcare: Implications for Patient and Provider Roles and Responsibilities

Richard Bohmer, M.D., M.P.H., James M. Collins Fund Senior Lecturer in Business Administration,
Harvard Business School

Patient Risk Management Systems
Charles R. Denham, M.D., Cofounder, Premier Innovation Institute

Enhancing Delivery System Accountability and Performance: Insights from Social and Behavioral Sciences
Dana Gelb Safran, Director, The Health Institute, New England Medical Center

Failures in Risk Management: Lessons from Financial Services
Ralph C. Kimball, Associate Professor, School of Management, Babson College

10:30 a.m. Session IV: Identifying Priority Areas for Health Care Delivery System Research and Innovation
Moderator: Paul F. Griner, M.D., Professor Emeritus, University of Rochester School of Medicine

and Dentistry
Identifying Priority Areas: A Payer Perspective

Christopher Stanley, M.D., Medical Director, UnitedHealthcare of North Carolina
Improving Health and Health Care: Priority Areas for Research and Innovation

Lewis G. Sandy, M.D., Executive Vice President, Robert Wood Johnson Foundation
Can Purchasers Leverage Engineering Principles to Improve Health Care?

Arnold Milstein, M.D., M.P.H, Managing Director, William M. Mercer Inc., and Medical Director,
Pacific Business Group on Health

Commentary
Nancy-Ann DeParle, Former Administrator, Health Care Financing Administration, U.S. Department
of Health and Human Services

12:15 p.m. Closing Remarks
Jerome Grossman, M.D., Senior Fellow, Center for Business and Government, John F. Kennedy School
of Government, Harvard University

12:45 p.m. Adjourn
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Participants in First Workshop
Workshop on Engineering and Health Care Delivery Systems

May 21–22, 2001

John A. Alic, Ph.D.
Consultant
Washington, DC 20024

Neeraj Arora, Ph.D.
Outcomes Research Branch, ARP, DCCPS
National Cancer Institute

Philip Aspden, Ph.D.
Senior Program Officer
Board on Science, Technology, and Economic Policy
Policy and Global Affairs Division
The National Academies

James P. Bagian, M.D., P.E.
Director, National Center for Patient Safety
Department of Veterans Affairs
Veterans Health Administration

John E. Billi, M.D.
Associate Dean for Clinical Affairs
Associate Vice President for Medical Affairs
University of Michigan

Richard Bohmer, M.D., M.P.H.
Senior Lecturer
Harvard Business School

Seth Bonder, Ph.D.
Chairman and CEO
Vector Research Inc.

David A. Burnett, M.D., M.B.A.
Vice President
University HealthSystem Consortium

Kathryn Ciffolillo, M.A.
Writer
North Easton, MA 02356

W. Dale Compton, Ph.D.
Lillian M. Gilbreth Distinguished Professor of Industrial

Engineering
School of Industrial Engineering
Purdue University

Janet Corrigan, Ph.D.
Director, Quality of Health Care in America Project

and Board on Health Care Services
Institute of Medicine
The National Academies

Lance A. Davis, Ph.D.
Executive Officer
National Academy of Engineering
The National Academies

Donna J. Dean, Ph.D.
Acting Interim Director
National Institute of Biomedical Imaging and

Bioengineering
National Institutes of Health

Charles R. Denham, M.D.
Co-founder
Premier Innovation Institute

Nancy-Ann DeParle, J.D.
Former Administrator
Health Care Financing Administration
U.S. Department of Health and Human Services
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Robert S. Dittus, M.D., M.P.H.
Joe and Morris Werthan Professor of Investigative

Medicine
Director, Center for Health Services Research
Vanderbilt University Medical Center

Molla S. Donaldson, M.S.
Health Policy Analyst
Outcomes Research Branch, ARP, DCCPS
National Cancer Institute

Thomas L. Garthwaite, M.D.
Under Secretary for Health
Department of Veterans Affairs
Veterans Health Administration

Jeff Goldsmith, Ph.D.
President
Health Futures Inc.

Paul F. Griner, M.D.
Professor Emeritus
University of Rochester School of Medicine and Dentistry

Jerome H. Grossman, M.D.
Senior Fellow
Center for Business and Government
John F. Kennedy School of Government
Harvard University

Diwakar Gupta, Ph.D.
Associate Professor
Department of Mechanical Engineering
University of Minnesota

Craig M. Harvey, Ph.D., P.E.
Assistant Professor of Industrial and Human Factors

Engineering
Wright State University

Brian Haynes, M.D., Ph.D.
Professor and Chair
Clinical Epidemiology and Biostatistics and Medicine
McMaster University

Ralph C. Kimball, Ph.D.
Associate Professor
School of Management
Babson College

David M. Lawrence, M.D.
Chairman and CEO
Kaiser Foundation Health Plan Inc.

Thomas C. Mahoney, M.A.
Director, WV-MEP
University of West Virginia

Donald J. Marsh, M.D.
Dean of Medicine and Biological Sciences
Brown University

Stephen A. Merrill, Ph.D.
Executive Director
Board on Science, Technology, and Economic Policy
Policy and Global Affairs Division
The National Academies

Howard Messing
Executive Vice President
Medical Information Technology

Arnold Milstein, M.D., M.P.H.
Managing Director
William M. Mercer Inc. and
Medical Director
Pacific Business Group on Health

Thomas W. Nolan, Ph.D.
Chief Executive Officer
Associates in Process Improvement

John A. Parrish, M.D.
Director, Center for Integration of Medicine

and Innovation Technologies
Harvard Medical School
Massachusetts General Hospital

James Phimister, Ph.D.
Postdoctoral Fellow
Risk Management and Decision Processes Center
The Wharton School
University of Pennsylvania

Ronald L. Rardin, Ph.D.
Program Director for Operations Research and Production

Systems
National Science Foundation

Proctor P. Reid, Ph.D.
Associate Director
Program Office
National Academy of Engineering
The National Academies

Brian Rosenfeld, M.D., FCCM
Chief Medical Officer and Cofounder
VISICU
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Jennifer K. Ryan, Ph.D.
Assistant Professor
School of Industrial Engineering
Purdue University

Dana Gelb Safran, Sc.D.
Director
The Health Institute
New England Medical Center

Lewis G. Sandy, M.D., M.B.A.
Executive Vice President
Robert Wood Johnson Foundation

Adam L. Scheffler, M.A., LSW
Policy Researcher/Consultant
Chicago, Illinois

Alan Scheller-Wolf, Ph.D.
Associate Professor of Manufacturing and Operations

Management
Graduate School of Industrial Administration
Carnegie Mellon University

James C. Sherlock, B.A.
Program Manager
Science Applications International Corporation

Kenneth I. Shine, M.D.
President
Institute of Medicine
The National Academies

Warner V. Slack, M.D.
Professor of Medicine and Psychiatry
Center for Clinical Computing
Harvard Medical School

Harry J. Smolen, M.S.
President
Medical Decision Modeling Inc.

Christopher Stanley, M.D.
Medical Director
UnitedHealthcare of North Carolina

William W. Stead, M.D.
Professor of Medicine and Biomedical Informatics and

Director, Informatics Center
Associate Vice Chancellor for Health Affairs
Vanderbilt University

John K. Taylor, M.D.
Medical Director
Vector Research Inc.

Eoin W. Trevelyan, D.B.A.
Lecturer in Management
Department of Health Policy and Management
Harvard School of Public Health

Lawrence M. Wein, Ph.D.
DEC Leaders for Manufacturing Professor of Management

Science
Sloan School of Management
Massachusetts Institute of Technology

Mark J. Young, M.D.
Chair, Department of Health Evaluation Sciences
Penn State College of Medicine and
Chairman, Department of Community Health and Health

Studies
Lehigh Valley Hospital
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February 6

7:30 a.m. Breakfast
8:15 a.m. Welcome and Review of Agenda

Co-chairs Dale Compton and Jerome Grossman
8:30 a.m. Round-the-Room Introductions
9:00 a.m. Session I: Engineering and the Health Care System

9:00–9:20 Brent James, Executive Director, Institute for Health Care Delivery Research
9:20–9:40 Richard Coffey, Director, Health System Planning, University of Michigan Health System
9:40–10:15 Q&A

10:15 a.m. Break
10:30 a.m. Session II: Engineering and the Patient-Care Team

10:30–11:45 Panel Presentations
Dave Gustafson, Professor of Industrial Engineering, University of Wisconsin, Madison
Bryan Sexton, Postdoctoral Fellow through the University of Texas Center of Excellence

for Patient Safety Research and Practice
Ann Hendrich, President, Ann Hendrich and Associates

11:45–12:00 Q&A
12:15 p.m. Lunch
1:00 p.m. Engineering and the Patient-Care Team Breakout Session
1:45 p.m. Plenary: Group Presentations and Discussion
2:45 p.m. Break
3:00 p.m. Session III: Engineering and the Organization

3:00–4:15 Panel Presentations
Paul Clayton, Chief Medical Informatics Officer, Intermountain Health Care
Prince Zachariah, Professor of Medicine, Mayo Clinic Scottsdale
Vinod Sahney, Senior Vice President, Planning and Strategic Development, Henry Ford

Health System
4:15–4:30 Q&A

4:30 p.m. Engineering and the Organization Breakout Session
5:15 p.m. Plenary Session: Group Presentations and Discussion
6:15 p.m. Reception
6:45 p.m. Dinner
7:45 p.m. Keynote Speaker: Denis Cortese, President and CEO, Mayo Clinic
8:45 p.m. Adjourn

 Appendix C

Agenda for Second Workshop

WORKSHOP ON ENGINEERING AND HEALTH CARE DELIVERY SYSTEMS

February 6–7, 2003
Arnold and Mabel Beckman Center

National Academies of Sciences and Engineering
100 Academy Drive
Irvine, California
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February 7

8:00 a.m. Breakfast
8:30 a.m. Welcome and Overview of the Day

Co-chairs Dale Compton and Jerome Grossman
8:45 a.m. Session IV: Engineering and the System Environment

8:45–10:00 Panel Presentations
Paul Tang, Chief Medical Information Officer, Palo Alto Medical Foundation
Seth Bonder, Founder, Vector Research Inc.
David Classen, Vice President, First Consulting Group

10:00–10:15 Q&A
10:15 a.m. Break
10:30 a.m. Engineering and the System Environment Breakout Session
11:15 a.m. Plenary Session: Group Presentations and Discussion
12:15 p.m. Closing Remarks by Co-chairs
12:30 p.m. Adjournment and Lunch
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Rebecca M. Bergman
Vice President, Science and Technology
Medtronic Inc.

John R. Birge (by phone)
Dean, McCormick School of Engineering and Applied

Science
Northwestern University

Seth Bonder
Retired Chairman and CEO
Vector Research Inc.

J. Mark Campbell
Director, Western Region
PROMODEL Corporation

David C. Classen
Vice President
First Consulting Group

Paul D. Clayton
Chief Medical Informatics Officer
Intermountain Health Care

Richard J. Coffey
Director, Health System Planning
University of Michigan Health System

W. Dale Compton
Lillian M. Gilbreth Distinguished Professor of Industrial

Engineering
School of Industrial Engineering
Purdue University

 Appendix D

Participants in Second Workshop
Workshop on Engineering and the Health Care System

Irvine, California
February 6–7, 2003

Janet Corrigan
Director, Board on Health Care Services
Institute of Medicine
The National Academies

Denis Cortese
President and CEO
Mayo Clinic

Matthew Cottle
Director, Major Gifts
Office of Development
The National Academies

Robert S. Dittus
Director, Center for Health Services Research
Vanderbilt University Medical Center

Gary Fanjiang
Fellow, National Academy of Engineering Program Office
The National Academies

G. Scott Gazelle
MGH Institute for Technology Assessment

Jerome H. Grossman
Senior Fellow
Center for Business and Government
John F. Kennedy School of Government
Harvard University

David H. Gustafson
Professor of Industrial Engineering
University of Wisconsin-Madison
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Randolph Hall
Professor, Chairman, and Associate Dean for Research,

Industrial and Systems Engineering
University of Southern California

Carol Haraden
Vice President
Institute for Healthcare Improvement

Ann Hendrich
Robert Wood Johnson Fellow and President
Ann Hendrich and Associates

Brent C. James
Executive Director
Institute for Health Care Delivery Research
Intermountain Health Care Inc.

Ernest G. Ludy
EGL Investments LLC

Richard J. Migliori
Chief Executive Officer
United Resource Networks

Woodrow Myers
Executive Vice President and Chief Medical Officer
WellPoint Health Networks

Robert M. Nerem
Parker H. Petit Professor and Director
Institute for Bioengineering and Bioscience
Georgia Institute of Technology

James Phimister
J. Herbert Hollomon Fellow
National Academy of Engineering Program Office
The National Academies

William P. Pierskalla
John E. Anderson Professor of Management and Former

Dean
The Anderson School at UCLA
University of California, Los Angeles

Ronald L. Rardin
Program Director for Operations Research and Service

Enterprise Engineering
National Science Foundation

Proctor P. Reid
Associate Director
National Academy of Engineering Program Office
The National Academies

Frances Richmond
Director, Regulatory and Clinical Science
Alfred E. Mann Institute of Biomedical Engineering
University of Southern California

Denise Runde
Vice President
Foundation for Accountability (FACCT)

Vinod K. Sahney
Senior Vice President
Planning and Strategic Development
Henry Ford Health System

Laurence C. Seifert
Retired Executive Vice President
AT&T Wireless Group
AT&T Corporation

J. Bryan Sexton
Postdoctoral Fellow through the University of Texas Center

of Excellence for Patient Safety Research and Practice

Andrei M. Shkel
Assistant Professor
Biomedical Engineering
University of California-Irvine

Stephen M. Shortell (by phone)
Blue Cross of California Distinguished Professor of Health

Policy and Management
School of Public Health
University of California-Berkeley

Paul Tang
Chief Medical Information Officer
Palo Alto Medical Foundation

Kensall D. Wise (by phone)
J. Reid and Polly Anderson Professor of Manufacturing

Technology
University of Michigan

David D. Woods
Professor in Industrial and Systems Engineering
Institute for Ergonomics
Ohio State University

Jonathan Young
Program Manager, Safety and Risk Assessment
Environmental Technology Division
Pacific Northwest National Laboratory

Prince K. Zachariah
Professor of Medicine
Mayo Clinic Scottsdale
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March 10

8:30 a.m. Continental Breakfast
9:15 a.m. Welcome and Review of Agenda

Dale Compton, Lillian M. Gilbreth Distinguished Professor of Industrial Engineering, Purdue University
9:30 a.m. Round-the-Room Introductions
9:45 a.m. Designing Health Care Systems That Are Caregiver and Patient Centered

Kent Bowen, Professor of Technology and Operations Management, Harvard Business School
10:15 a.m. Session I: Engineering as Part of the Patient Care Team

Moderator: Rebecca Bergman, Vice President of Science and Technology, Medtronic Inc.
10:15–11:30 Panel Presentations

The Human Factor in Health Care Systems Design
Kim Vicente, Professor, University of Toronto

Practical Biomonitoring Using Wireless Technology
Thomas Budinger, Head, Center for Functional Imaging, Lawrence Berkeley National

Laboratory
The eICU® Solution—A Technology-Enabled Care Paradigm for Improved ICU Performance

Michael Breslow, Executive Vice President of Research and Development, VISICU
11:30–11:45 Q&A

11:45 a.m. Lunch
12:30 p.m. Lunch Presentation

Carolyn Clancy, Director, Agency for Healthcare Research and Quality
1:15 p.m. Breakout Session
2:15 p.m. Presenter Preparation Time and Break
2:30 p.m. Plenary Session: Group Presentations and Discussion
3:15 p.m. Session II: Engineering, Modeling, and the Health Care System

Moderator: John Birge, Dean, Robert R. McCormick School of Engineering and Applied Science,
Northwestern University

3:15–4:30 Panel Presentations
Shibboleths in Public Policy Modeling

Richard O’Neill, Chief Economic Advisor, Federal Energy Regulatory Commission
Matching and Allocation in Medicine and Health Care

Alvin Roth, George Gund Professor of Economics and Business Administration,
Harvard University

Supply Chain Management: Pursuing a System-Level Understanding
Reha Uzsoy, Professor of Industrial Engineering, Purdue University

4:30–4:45 Q&A

 Appendix E

Agenda for Third Workshop

WORKSHOP ON ENGINEERING AND THE HEALTH CARE SYSTEM

March 10–11, 2003
National Academies Room 201

500 Fifth Street, N.W., Washington, D.C.
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5:00 p.m. Shuttle to NAS Building
5:30 p.m. Reception
6:00 p.m. Dinner
7:00 p.m. Keynote Speaker

Engineering in the Service of Health Care: An Example
David Eddy, Senior Advisor for Health Policy and Management, Kaiser Permanente

March 11

7:30 a.m. Breakfast
8:00 a.m. Opening Presentation

Mindy Aisen, Director, Deputy Chief Research and Development Officer, Department of Veterans Affairs
8:45 a.m. Breakout Session
9:30 a.m. Presenter Preparation Time and Break
9:45 a.m. Plenary Session: Group Presentations and Discussion
10:30 a.m. Session III: Connecting the Patient to the System

Moderator: David Woods, Professor in Industrial and Systems Engineering, Ohio State University
10:30–11:45 Panel Presentations

Connecting Patients, Providers, and Payers
John Halamka, Senior Vice President and Chief Information Officer, CareGroup

Applying Financial Engineering to Health Services
John Mulvey, Professor of Operations Research and Financial Engineering, Princeton
University

11:45–12:00 Q&A
12:00 p.m. Lunch
1:00 p.m. Breakout Session
1:45 p.m. Presenter Preparation Time and Break
2:00 p.m. Plenary Session: Group Presentations and Discussion
2:45 p.m. Closing Remarks

Cochair Dale Compton
3:00 p.m. Workshop Adjourns
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Mindy Aisen
Deputy Chief Research and Development Officer
Department of Veterans Affairs

Jim Benneyan
Assistant Professor
Mechanical, Industrial and Manufacturing Engineering
Northeastern University

Rebecca M. Bergman
Vice President, Science and Technology
Medtronic Inc.

John R. Birge
Dean, McCormick School of Engineering and Applied

Science
Northwestern University

H. Kent Bowen
Bruce Rauner Professor in Business Administration
Harvard Business School

Patricia Flatley Brennan
Moehlman Bascom Professor
School of Nursing and College of Engineering
University of Wisconsin

Michael J. Breslow
Executive Vice President
Research and Development
VISICU Inc.
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Participants in Third Workshop
Workshop on Engineering and the Health Care System

Washington, DC
March 10–11, 2003

Thomas F. Budinger
Head, Department of Nuclear Medicine and Functional

Imaging
E.O. Lawrence Berkeley National Laboratory

Carolyn M. Clancy
Director
Agency for Healthcare Research and Quality

W. Dale Compton
Lillian M. Gilbreth Distinguished Professor of Industrial

Engineering
School of Industrial Engineering
Purdue University

Janet Corrigan
Director, Board on Health Care Services
Institute of Medicine
The National Academies

Denis Cortese
President and CEO
Mayo Clinic

Donna J. Dean
Deputy Director
National Institute of Biomedical Imaging and

Bioengineering
National Institutes of Health

Robert S. Dittus
Director, Center for Health Services Research
Vanderbilt University Medical Center

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


256 APPENDIX F

Molla S. Donaldson
Senior Scientist for Quality of Care Research and Policy
Outcomes Research Branch
National Cancer Institute

David M. Eddy
Senior Advisor for Health Policy and Management
Kaiser Permanente

Gary Fanjiang
Fellow, National Academy of Engineering Program Office
The National Academies

G. Scott Gazelle
Director
MGH Institute for Technology Assessment

Linda Green
Armand G. Erpf Professor
Columbia School of Business

Paul F. Griner
Professor of Medicine, Emeritus
University of Rochester School of Medicine

Jerome H. Grossman (by phone)
Senior Fellow
Center for Business and Government
John F. Kennedy School of Government
Harvard University

John D. Halamka
Chief Information Officer
CareGroup Health System and Harvard Medical School

Carol Haraden
Vice President
Institute for Healthcare Improvement

Andrew Kusiak
Professor, Intelligent Systems Laboratory
University of Iowa

Eva K. Lee
Assistant Professor and Director for Operations Research

in Medicine
School of Industrial and Systems Engineering
Georgia Institute of Technology

Eugene Litvak
Director, Program for Management of Variability in Health

Care Delivery
Health Policy Institute
Boston University

Richard J. Migliori
CEO
United Resource Networks

John M. Mulvey
Professor, Operations Research and Financial Engineering
Princeton University

Woodrow Myers
Executive Vice President and Chief Medical Officer
WellPoint Health Networks

Richard P. O’Neill
Economic Group Manager
Office of Markets, Tariffs, and Rates
U.S. Department of Energy

James Phimister
J. Herbert Hollomon Fellow
National Academy of Engineering Program Office
The National Academies

Catherine Plaisant
Associate Director
Human-Computer Interaction Laboratory
University of Maryland

Peter J. Pronovost
Associate Professor and Medical Director
Center for Innovations in Quality Patient Care
Johns Hopkins University School of Medicine

Ronald L. Rardin
Program Director for Operations Research and Service

Enterprise Engineering
National Science Foundation

Proctor P. Reid
Associate Director
National Academy of Engineering Program Office
The National Academies

Alvin E. Roth
George Gund Professor of Economics and Business

Administration
Department of Economics
Harvard University

Donald M. Steinwachs
Professor and Chair
Department of Health Policy and Management
Bloomberg School of Public Health
Johns Hopkins University

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


APPENDIX F 257

Jan Twomey
Program Director, Manufacturing Enterprise Systems

Program
National Science Foundation

Reha M. Uzsoy
Director, Laboratory for Extended Enterprises at Purdue
Purdue University

Kim J. Vicente
Jerome C. Hunsaker Distinguished Visiting Professor of

Aerospace Information Engineering
Department of Aeronautics and Astronautics
Massachusetts Institute of Technology

Timothy J. Ward
Principal
Health Services Engineering Inc.

Kensall D. Wise
J. Reid and Polly Anderson Professor of Manufacturing

Technology
University of Michigan

David D. Woods
Professor in Industrial and Systems Engineering
Institute for Ergonomics
Ohio State University

Yan Xiao
Professor
University of Maryland School of Medicine

Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


Building a Better Delivery System: A New Engineering/Health Care Partnership

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11378


259

Committee Co-chairs

W. DALE COMPTON is the Lillian M. Gilbreth Distin-
guished Professor of Industrial Engineering Emeritus at
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a Ph.D. in health policy from Harvard University, where he
concentrated in decision science. Currently, associate
professor in radiology at Harvard Medical School and asso-
ciate professor in the Department of Health Policy and Man-
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been a dean in higher education, a clinician, a consultant,
and a researcher. Prior to joining IHI, she was vice president
for quality services at Fletcher Allen Health Care in
Burlington, Vermont, where she was responsible for quality
improvement, clinical and operational measurement, service
excellence, risk management, safety, and organizational
development. Dr. Haraden has written several grants and has
served as the measurement consultant for a Robert Woods
Johnson grant. Carol is a frequent speaker on program evalu-
ation, measurement, and quality improvement and is the
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applications of microelectronics in new areas, including
health care and environmental monitoring. He has worked
on supporting technologies, such as micromachining,
impurity-based etch-stops, wafer bonding, and wafer-level
hermetic packaging, as well as on the devices themselves.
Dr. Wise has long experience in a number of biomedical
devices and has helped pioneer technologies for merging
sensing microstructures with integrated circuits. An area of
increasing interest in microsystems that combine sensors,
microactuators, and signal processing electronics. Dr. Wise
is a member of the National Academy of Engineering.

DAVID D. WOODS is professor of industrial and systems
engineering at Ohio State University and a pioneer in cogni-
tive systems engineering for human-computer decision
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Dr. Woods is past president and a fellow of the Human

Factors and Ergonomic Society and a fellow of the Ameri-
can Psychological Society and the American Psychological
Association. He received the Ely Award for best paper in the
journal Human Factors (1994) and a Laurels Award from
Aviation Week and Space Technology (1995) for research
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board member of the National Patient Safety Foundation
(1996-2002) and associate director of the Midwest Center
for Inquiry on Patient Safety of the Veterans Health Admin-
istration (1999-2003), he has worked extensively on the
interaction of engineering and health care. He is coauthor of
Behind Human Error (1994), A Tale of Two Stories:
Contrasting Views of Patient Safety (1998), and Resilience
Engineering (2005). Dr. Woods has also investigated acci-
dents in nuclear power, aviation, space, and anesthesiology
and was an advisor to the Columbia Accident Investigation
Board.
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