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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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142 BUILDING A BETTER DELIVERY SYSTEM

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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144 BUILDING A BETTER DELIVERY SYSTEM

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.

Copyright © National Academy of Sciences. All rights reserved.

Building a Better Delivery System:  A New Engineering/Health Care Partnership
http://www.nap.edu/catalog/11378.html

http://www.nap.edu/catalog/11378.html


CHANGING HEALTH CARE DELIVERY ENTERPRISES 151

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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Processes, and Structures of Health Care
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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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168 BUILDING A BETTER DELIVERY SYSTEM

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
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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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