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OPENING REMARKS

On behalf of the Food and Drug Administration. I would like to welcome you to this symposium entitled,
"The Role of Non-invasive Imaging Modalities in Clinical Decision Making: Coronary Artery Disease"
and also to express our appreciation for your coming here.

I am pleased that so many of you took the time from your very busy schedules and come to Washington to
discuss the state-of-the-art of non-invasive heart imaging modalities and to compare their usefulness and
limitations as applied to coronary artery disease. These discussions, evaluations and comparisons are
important to us in the government as well as to you. As you know, one of the functions of the Center for
Devices and Radiological Health is to investigate and assess new modalities including advances in imaging
technology in order to optimize radiation exposures, both ionizing and non-ionizing, and reduce the risk
from invasive procedures in diagnostic radiology. CDRH has the responsibility for assuring the safety and
effectiveness of medical devices and electronic products. Encouraging use aspects that can lead to reduced
radiation exposure and increased utilization of more effective and non-invasive health care technology is an
important part of our activity.

Although the Center's priorities are shifting toward medical devices in the last 2 years, I would like to
assure you our interest in conferences that provide a forum to enhance the communication process between
the government and the scientific and professional communities remains intact. As the availability of funds
diminishes, I am happy to see other agencies cosponsoring this type of meeting.

This symposium will define the current role ami state-of-the-art regarding the usefulness and limitations of
the latest non-invasive diagnostic techniques in coronary artery disease and will focus on the new
technology of cardiac imaging by comparing the modalities that can be used for its diagnosis, namely
nuclear medicine (NM) both planar and tomographic (SPECT and PET), ultrasound (US), computerized
tomography (CT), and magnetic resonance (MR). The efficacy and cost containment of clinical decision
making will also be discussed and recommendations will be made. As the trend to reduce the number of
procedures performed on the same patient increases, greater attention must be paid to the individual advan-
tages of a specific test for specific disease entity. (Modalities would be expected to be available from which
an individual choice can be made.)

It is expected that this symposium will also stress the diagnostic and prognostic use of these procedures in
continuing care in order to assess evolution of disease and also the need for automation in the imaging
process to improve the reproducibility and availability of the data. This work also has an impact on the
utilization of expensive specialized hospital beds (such as CCUS) by means of diagnostic work-up of
myocardial infarction in the emergency department prior to admission. This improves the assessment of the
likelihood of disease and evaluates the severity of the condition. Milder or low likelihood cases could be
admitted 10 monitored medical acute wards at a lesser cost.

In short, the best quality of diagnostic information obtained with the lowest possible risk and cost is within
the mission of the CDRH.

Again, I welcome you and I look forward to some very productive discussions during the next two days.

John C. Villforth
Director
Center for Devices and Rad'ological Health
Food and Drug .Administration
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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EXECUTIVE SUMMARY - Joint International Symposium on the Role of
Noninvasive Imaging Modalities in Clinical Decision Making of Coronary
Artery Disease.

EXECUTIVE SUMMARY

Program Committee

Ismael G. Mena, M.D., Chairman
H. William Strauss, M.D., Co-Chairman
Stanley J. Goldsmith, M.D.
Kenneth A. McKusick, M.D.
Peter Paras, Ph.D.
Dennis Patton, M.D.
Richard C. Reba, M.D.
James M. Woolfenden, M.D.

Washington, D.C., September 9-10, 1985. Co-sponsored by the Society of
Nuclear Medicine and the American College of Nuclear Physicians.
Additional funding from the Department of Energy and the Food and Drug
Administration.

The morning of the first day was devoted to presentations by government
officials rind representatives of private health insurance companies. This
session provided a background for understanding the present crisis and
provided a perspective for the proposed solutions. The afternoon of the
first day was devoted to presentations from individuals with experience in
the area of cost benefit analysis. The various means of measuring "cost"
and defining "benefit" by providing the individual with choices and
potential outcomes of different therapeutic strategies (e.g., in terms of
"short but symptom free" or "long but symptomatic" outcomes) were
discussed. The difficulty of applying these measurements to the health
care system was identified. On the second day experts in established and
emerging technologies including: Thallium planar and SPECT, rest and
exercise first pass ventriculography, fast CT of the heart, rest and
exercise ultrasound, cardiac nuclear magnetic resonance, and positron
emission tomography, each presented their approach to the evaluation of
patients with coronary disease. The meeting concluded with a panel
discussion of the government concerning these techniques and their
acceptability in the present atmosphere of cost containment.

Opening Remarks: The government perspective. Mr. John C. Villforth.
Director of Center for Devices and Radiological Health. FDA.

In his opening remarks, Mr. Villforth stated that when comparing
noninvasive modalities for the diagnosis of heart conditions it is
important to consider factors leading to limitation of both exposure to
ionizing radiation and the use of invasive technology. The outcome of
this meeting should be an asessment of diagnostic and prognostic value and
reproducibility of results of the different imaging modalities with the
goal of reducing the number of procedures performed on a specific patient.
This will maximize the data from a single test.

EXESUM (1)



EXECUTIVE SUMMARY - Joint International Symposium on the Role of
Noninvasive Imaging Modalities in Clinical Decision Making of Coronary
Artery Disease.

In the area of cost containment the use of noninvasive procedures in the
emergency room could lead, for example, to the identification of patients
suspected of myocardial infarction but with low likelihood of disease that
could be monitored on medical acute wards rather than CCU's, thus
resulting in considerable cost savings. In summary, we would like to see
the identification of the specific test for specific clinical conditions
with maximal diagnostic information at the lowest cost.

James Robertson. M.D.. Director. Division of Life Sciences. Health and
Environmental Research. Department of Energy.

The interest of the department on this symposium is related to its
research on radiation detection instruments and development of new
radiopharmaceuticals. The symposium should provide a platform for further
discussion on the state-of-the-art and relative efficacy of the different
noninvasive imaging modalities for cardiac conditions leading to an
improvement of the cost benefit ratio, to an improvement on the
availability of these procedures in the clinical setting with improvement
of accuracy and if possible lowering the cost.

Government views on availability of resources for clinical decision
making. Enrioue Carter. M.D.. Director of Office of Health Technology
Assessment. National Center for Health Services Research and Health Care
Technology Assessment. U.S. Department of Health and Human Services.
Rockville. Maryland.

This office performs health care assessment for decision making at the
request of the health care financing administration, <n order to define
reimbursement policies for Medi-Care. Dr. Carter stressed that his agency
is not a regulatory agency but its activity has been justified by the
rising health cost that in 1964 was at 3.5% of the GNP, while in 1974 this
figure had grown lo 5.5% and today the health care cost is 10.8% to the
GNP (over one billion dollars per day). The projected costs for next year
would be four hundred billion dollars that is more than a 10% of the GNP.
This malignant health care inflation compares on the other hand with
expenditures of 9.8% of GNP in France and Sweden of 10%. There is no
clear reason why costs are rising so fast. Possible mechanism for this
phenomenon are 1) the cost of high technology, (therapy and diagnosis), 2)
over utilization of low cost test, 3) over utilization of noninvasive
tests, 4) waste, and 5) hospital costs. Additional problems are the fast
turnover rate of technologies, problem of multiple approaches to identify
a specific problem, etc..

N-w technical developments have a basic biocycle that consists on basic
research, development, widespread use of the technology, and later on,
obsolescence. Government agencies get involved in this life cycle when
they are asked to finance any of the two initial stages of the biocycle
and when request for payments have to be activated. Currently this occurs
when the technology is at a stage of development that coincides with the
application of approval by the FDA of this new device. Extended testing
prior to payment is now an accepted norm. The guidelines of Medi-Care for
this type of assessment are the following: broadly the new technology has
EXESUM (2)



EXECUTIVE SUMMARY - Joint International Symposium on the Role of
Noninvasive Imaging Modalities in Clinical Decision Making of Coronary
Artery Disease.

to demonstrate an influence on the outcome of the clinical condition being
analysed. The following issues have to be assessed: necessity, safety,
efficacy, acceptability, clinical utility, plausible rationale, treatment
of last resort. Improvement over current therapy or current diagnostic
methods and it has to achieve widespread acceptance. Treatment of last
resort presents major problems since disease may be rare and potential for
getting large clinical series are dim. Therefore, Dr. Carter suggested
different criteria that could be used for acceptance.

The evaluation process is initiated by HCFA, bureau of eligibility
develops issues and refers to a panel of physicians from HCFA and OHTA.
Following a literature search contact is made with practitioners to seek
users' opinions. The decision of OHTA is announced in the Federal
Register, thereafter coverage instructions are developed. OHTA will not
fund its own clinical trials but requires data from the literature.
Currently, it is using decision theory data to enhance the value of
information in the literature in terms of its decision making power. The
specific parameter sought from the literature is the predictive accuracy
of a test. This information may be difficult to obtain because data in
the literature may be conflicting.

There is no specific criteria to demonstrate when the period of
investigation of a new procedure ends and clinical application begins.
This is important, since new technologies are compared to existing gold
standards to define their efficacy. The recommendations for acceptance
are not related to cost but primarily to acceptability by the scientific
community and efficacy. OHTA doesn't want to delay the diffusion of
technology to clinical practice. To minimize the time required for
review, studies should address the issues of predictive accuracy for
specific procedures. Thus data may be available from small studies, such
as occurred with opthalmic laser surgery and lithotripter therapy.

Administration views on availability of resources for clinical decision
making. Donald W. Moran. formerly Executive assistant. Director of
Budget. Office of Management and Budget. White House.

Mr. Moran left the office of the president 10 days ago and is now
executive president of ICF, Inc., Washington, D.C. consulting office on
environmental and health protection.

In order to better understand the present position of the government in
health care it is of interest to analyse the evolution of this involvement
during the last 20 years. In 1965 the federal government became involved
in offering health care to the poor and the elderly with a cost estimate
projected for 1972 to be 2.5 billion dollars. The real cost however was
20 billion due to understimation of the number of people utilizing the
services and the intensity of the utilization. The congress at that time
was concerned with providing a type of Blue-Cross, Blue-Shield insurance
for everybody over 65 years of age. Thus guaranteeing access to medical
care for everybody. For this reason the total assets/hospital bed grew by
over 95% over these 10 years and the requirement for nursing per bed grew
by a factor of 2 in a similar time frame. The "over utilization" of this
system produced a reaction by congress to control expenditures. This
EXESUM (3)
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reaction resulted in the current series of programs that control prices.
These series of programs are represented by the institution of the
certificate of need program, mandated utilization review, PSRO and current
PRO that set to contend with the problem of burgeoning cost. By the end
of the decade of the 70's, a new notion emerged - competition among
physicians and among hospitals to try to contain the inflation and health
care. Voluntary health containment by hospitals during the Carter
administration was replaced by the regulatory structure of DRG's during
the present administration. The curreni system attempts to regulate the
relationship that are at present not well balanced. The health policies
at present are made for budgetary reasons rather than trying to establish
a coherent policy in health care. However, while these policies are
changing, increased competition benefits from private ingenuity leading to
a better utilization of resources.

The present system of DRG in hospitals is legislatively unstable. It
cannot last for a period longer than 2-3 years. The price control system
will decay over time due to local circumstances resulting in a highly
individualized system. While we can expect some degree of changes in the
immediate future, we cannot be certain about the nature of changes that
are dictated by budgetary reasons.

Analysis of the mechanism of reimbursement for out-patient services. Part
B of Medi-Care is obsolete and is currently under review. Part A of the
Medi-Care program is rising at a rate of 4% per year while Part B is
growing at a rate of 17-20% a year. Naturally pressure will then be
brought to bear to limit Part B perhaps trying to merge Part A and Part
B. This should occur in a period of 18 to 36 months. The government may
set one price for total care of patients with a "Super-DRG" system for
service. Currently, HMO and private systems will evolve. It is not
certain, however, if this is going to be through capitation or through
some other approach. During the next 2-3 years this process will be
driven primarily by congress with views to cost containment. The overall
policy however will require several years to develop.

We have for these reasons a current vacuum that offers the opportunity to
articulate a coherent health care policy providing an opportunity for the
private sector to come forth with suggestions for this coherent policy.

Health insurance views on availability of resources for clinical decision
making. David Tennenbaum. Blue-Cross. Blue Shield Association.

The Blue Shield/Blue Cross association concerns itself with the evaluation
of technology considering all procedures whether they are diagnostic or
therapeutic. The outcome of the evaluation of these procedures has a
significant bearing on the decision to reimburse. This, in turn, has a
significant impact on the diffusion of the new technology.

In the past most third party payors would offer payment for new
technologies that health care providers considered useful. However,
currently with cost as a dominant issue pressure to contain premiums have
shifted the view toward technology. As a result, a provider cannot be
assured that reimbursement will follow introduction of a new technique.
EXESUM (4)
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The sophistication of third parties to evaluate new technology has passed
well beyond the solicitation of physicians' opinions regarding the utility
of a procedure. Now, proof of efficacy is reguired from analysis of the
medical literature. The analysis concerns data regariing the implication
of this information on patient management. The data has to prove that the
new methodology has a proven efficacy in decision making analysis. Items
that are considered are the following: 1) effects of the new technology on
morbidity, mortality, effect on the use of health care resources, on
clinical decision making strategies, on postponement or delaying surgery,
on causing or eliminating hospital admission, increasing certainty of
diagnosis, etc.. The analysis consider- ako the -.:<•':.' i-.c new
technology will replace traditional approaches.

The Blue-Cross/Blue Shield association has its own technology assessment
program. It consists of two programs: 1) technology program that
evaluates new technologies, 2) medical necessity program that attempts to
address the appropriate use of existing technology. It defines what is
outmoded and what constitutes good and acceptable practices. The
association does not pay for investigative procedures or for medical care
which is not medically necessary. However, the recommendations of the
association are not binding, and it is important to consider that there
are many independent Blue-Cross/Blue-Shield insurance companies that have
their own criteria of reimbursement. While these guidelines began by
looking at outmoded procedures, they are evolving to look at current
procedures.

Criteria for cost effectiveness analysis of noninvasive cardiac imaging
procedures. Jane Sisk. Ph.D.. Office of Technology Assessment. U.S.
Congress. Washington. D.C.

This office performs studies requested by congressional committees
covering other areas in addition to medical care. She reported on

1) cost effectiveness analysis as a technique,
2) evaluation of magnetic resonance imaging (MRI) as an example of
this type of analysis.

Cost/effectiveness analysis is a technique that may guide in decision
making but does not automatically decide, for instance, it may not take in
account political considerations. However, because the resources in the
area of clinical decision making are limited, choices must be made in
order to define which technology is best. This is particularly important
in the case of MRI where diffusion has preceded, before evaluation has
been completed.

Cost effectiveness analysis proceeds along 10 principles:

1) definition of problem,
2) state objectives,
3) identify alternatives,
4) analyse benefit effects,
5) analyse cost,
6) differentiate perspective analysis,
7) perform discounting,
8) analyse uncertainties,
9) address ethical issues,
10) interpret results.

EXESUM (5)
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The evaluation of imaging modalities is particularly difficult because the
output is an image who's quality is difficult to quantify. On the other
hand, all benefits and costs must be expressed for marginal value, looking
at improvement of health, reduction of morbidity and mortality, and need
to consider accuracy, effects on patient management, and on health. The
analysis of cost may be based primarily on expenditures but cost should
include aslo aspects of diagnosis and treatment. There is, therefore,
need to define the role of new imaging procedures in the rapidity of
diagnosis that will influence clinical decision making and eventually the
outcome of the patient.

For physician reimbursement, OTA considers 1) what is usual and customary,
2) payment by single schedule for generalists and specialists paid on
similar basis, 3) packing arrangement equal to physician DRG's and 4)
capitation.

Methodologies of clinical decision making: ait overview and introduction.
Daniel L. Kent. M.D.. Director. Problem Evaluation Center. VA Medical
Center. Seattle. Washignton.

The various methodologies of clinical decision making range from
traditional clinical wisdom to the frontiers of medical artificial
intelligence. Clinical wisdom that could be summarized as pattern
recongition is supplemented by data base comparisons v/ith the development
of algorithms for decision analysis. These clinical diagnostic and
therapeutic algorithms existed prior to the emergence of large clinical
data bases, and rapid interactive use of such information is possible
using medical information systems.

The methodology of clinical decision analysis is a decision making
strategy based on probability theory and has the goal of maximizing the
expected utility of the outcomes of a decision. The applications have
been carried out at several levels, patient oriented, physician oriented
and policy oriented that are most true cost effectiveness studies. In his
presentation Dr. Kent focused on a patient oriented decision analysis for
coronary artery disease and examined the indications for the physician's
approach to patients with chest pain.

Step 1 Construct a model of the problem by defining the choices available
and the consequences of each possible choice.

Typically, a decision tree notation is used. If one constructs such a
model for a patient complaining of chest pain, one confronts immediately a
multitude of possible outcomes. A more efficient analysis strategy is to
work backwards from the ultimate therapy decision. For example, when
bypass is chosen, many outcomes are possible. The patient may die within
1 year either peri-operatively, from CAD-related or non-CAD causes. If
living after a year the chest pain may have resolved or persisted. There
may be minor side effects or severe disability.

EXESUM (6)
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Step 2 Quantify the relative values for outcomes.

The evaluation of decision choice requires that the outcomes under
consideration be put on a common scale. This is usually estimated by the
trade-off values of "utilities" for the different health outcomes. This
is essential to patient-oriented analysis. Considering 2 patients, A and
B who have the same type of CAD. A is not concerned with the short term
invalidity, cost of hospitalization, cost from test, but with recovery
from surgery. Patient B considers that the disruptions and discomforts of
CABG makes healthy post-CABG life worth only 98% of healthy life without
CABG. Given these different utilities and the same decision tree, the
decision may be completely different for A and B.

Step 3 Quantify the uncertainties of events.

The probability of the different outcomes can be derived from the
literature but can be adapted to the patient. For example, if we assume a
risk of peri-operative death in case of CABG of 1%, one patient or his
physician may consider this too low considering the diabetes and the
family history. This justifies the sensitivity analysis of Step 5.

Step 4 Calculate the preferred choice.

The utilities are weighed by their corresponding probabilities to yield
"expected utilities" and these are added up for each choice of decision.
The choice with highest expected utility is the preferred course of
action. But this preferred course depends on the underlying intensity of
coronary artery disease. At this point the analyst can take advantage of
the fact that the expected utility changes linearly as the probability of
disease changes. Then for each patient a graph can be obtained that will
show at what level of probability of coronary artery disease each strategy
becomes more efficient.

Step 5 Analyse how assumptions affect choice. This is known as
"sensitivity analysis". The general purpose of this step is to determine
how changes in the probability affected in Step 3 alter a decision,
afterwards it is necessary to define the limits of each model's
application.

Step 6 Take appropriate action. If the decision analysis is successful
the decision maker has gained insight into his problem and be able to
implement the preferred choice.

2.0 General concepts of test selection: the threshold method and the ROC
curve.

2.1 The threshold method:

This concept arises whenever there are 2 treatments: one
preferred if disease is absent and one if disease is present. At
some probability of disease presence, the physician's treatment
strategy should change. This threshold can be fixed subjectively

EXESUM (7)
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by the physician. It can be calculated according to the
cost/benefit ratio in terms of patient utilities using uie
utility benefits of treating a diseased patient (B) and the
utility cost of treating a healthy patient (C)

threshold P =
C + B

Bayes theorem can be used to calculate the range of prior
probabilities over which one should consider testing.

2.2 ROC curves:

The values of ROC curves is the display of true versus false
positive proportions of varying definitions of positive tests.
The problem is then to choose the proper cut-off point for
calling the test positive.

The choice is made by examining the trade-off's between the cost
of mistreating a false positive (C) versus the benefits of
treating a patient with real disease (B). Since these values of
C and B are the same as those used to calculate the previous
threshold, there is an intimate relationship between these 2
methods.

Despite its numeric and precision characteristics clinical
decision analysis is a value laden subjective experience. The
values are both chosen by the decision maker. There is
subjectiveness in the probabilities and even direct application
with the probability of an event from a large clinical data base
is a subjective statement that the data base applies directly to
the patient at hand. The two major methodologies for evaluation
of the diagnostic test, threshold and ROC curves are two aspects
of the same problem.

Methodology of clinical decision making. Baves analysis. Michael Goris.
M.D.. Stanford University

Bayesian analysis does not work well in clinical practice. Scientific
knowledge exists only categorically, while the problem of a patient is
singular. Bayes theory requires sensitivity, prevalence and specificity
data. The validity of the test lies on confirming or discarding the
diagnosis. The true determination of specificity is not population
independent. If one uses normals and by this, we define a low prevalence
of disease group, one gets one set of data. If one uses an age/matched
population then the data will change, for example, for exercise changes in
ejection fractiun the false positive rate from 0.05 for normal increases
to 35% with age/matched patients sent for evaluation. (This is including
patients with valve disease).

The use of serial Bayes Theorem requires all the symptoms or signs to be
independent, which they are not. For example, electrocardiogram and
angina tena to occur concurrently and therefore are not independent.
EXESUM (8)
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Furthermore, one has to consider that the abnormality is a function of the
scenario, thus, calling for a cluster analysis. In summary, Bayes Theorem
is a useful learning tool. Its limitations are systematic and practical.
The systematic limitations are the difficulty in establishing the
invariance of the test characteristic for different populations. The
practical limitations follow from the complexity of the derivation when
multiple or serial testing is performed. The symptoms are isomorphic with
the disease state and when congruency needs to be taken into account.
Congruency and isomorphism are better suited to cluster analysis in which
the whole pattern of positive and negative findings is compared
quantitatively to the expected patterns of the possible disease state.

Parameters of cost effectiveness. Barbara J. McNeil. M.D., Ph.D.. Harvard
University. Boston.

Analysis of cost effectiveness has to consider any of the four following
definitions:

1. cost effective = to cost saving,
2. cost effective = effective,
3. cost effective = cost saving with better health outcome. This

is the ideal situation.
4. cost effective = additional benefit worth additional cost.

The example chosen to illustrate the fourth definition of cost
effectiveness involved a decision analysis involving a choice between
medical and surgical therapy for patients with coronary artery disease.
Probabilistic data for this analysis arose from a variety of sources,
particularly the CASS study. Quality of life determinations (relief of
pain) were obtained by standard time tradeoff techniques.

A straightforward decision analysis gave the following conclusions: (1)
for patients with non-specific chest pain, the exercise tolerance test
(ETT) is a useful first examination, and subsequent management is dictated
by the number of millimeters of ST segment depression as well as by the
prior probability of coronary disease; (2) for patients with typical
angina, an ETT is not useful; cost-effectiveness considerations indicate
that angiography is appropriate even in the face of a normal ETT; (3)
intermediate conclusions hold for patients with atypical angina.

In general, the additional cost per additional year of quality-adjusted
life expectancy (so called "dollar year tradeoff") for intermediate risk
patients varies from $20,000 to $30,000 and is consistent with money
already spent for other programs (e.g., renal dialysis, screening of
newborns, cancer screening in asymptomatic adults.

EXESUM (9)
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Methodology of clinical decision making: Diagnostic algorithms in CAD. F.
Tim DeDombal. M.A.. M.D.. F.R.C.S.. University of Leeds. Leeds. England.

The implementation of decision support systems for chest pain using
computer algorithms must identify the following variables:

1. What is the information clinicians need?
2. Can the perceived needs be modeled?
3. What would be the outcome?
4. What are the implications of this outcome?

An analysis of the needs for evaluation of chest pain was evaluated in
York, England and York, Pennsylvania, USA. It demonstrated that the
presence of cardiogenic pain leads to hospitalization in 100% of patients
in York, Pennsylvania and only 83% in York, England. The major reasons
for hospitalizations are monitoring purposes and not for diagnostic
testing. The main worry being the appearance of arrhythmias. A model
addressing these questions has to consider if we can put precise
probability to 1) cardiogenic origin of pain, 2) prognosis of pain in
cardiogenic origin.

For this type of modeling it is necessary to collect our own data base, as
the data in the literature correlating symptomatology of acute chest pain
and diagnosis of CAD shows that patients with pain irradiating to the left
arm have 31% of prevalence of CAD while noncoronary pain is present in 32%
o*" patients.

Decision support system. 1. The data base from patients is fed into
computer, algorithms are applied and the outcome information is used by
the clinician in order to make decisions concerning treatment. The
outcome should help in cost containment by eliminating admissions to CCU
of patients without infarction.

It is possible to decide the source of acute chest pain by symptoms and
signs and predict short term prognosis. The sensitivity for
identification of cardiogenic chest pain is 94%, specificity 81% while the
prognostic evaluation of this system demonstrated a 44% of short term
death among patients identified as high risk, 16% as intermediate risk and
1.6% in the low risk patient under 20%. A comparison of the computer
prediction with the cardiologist's prognosis of death called for 66%, 12%
and 4% death rate among the high risk, intermediate risk and no risk
respectively, while the computer equivalent values were 56%, 28%, and 1.6%
for the high risk, intermediate and low risk categories respectively.

Overview of clinical problem. H. William Strauss. M.D.. Massachusetts
General Hospital. Harvard Medical School.

The justification for meetings like this is motivated by the fact that
last year there were 560,000 deaths due to coronary artery disease. An
estimate of the cost of CAD, including medication, surgery,
hospitalization, diagnostic procedure is approximately 56 billion
dollars. The direct and indirect impact of coronary disease as an
economic concern is great since about 25% of the deaths from this disease
occur in people younger than 65 years of age. Therefore a compelling
argument can be made to justify the early identification of this
condition:
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1. to control the economic impact;
2. the real probability of effecting a cure if diagnosis is early

with minimization of progression of disease;
3. provide important data for prognosis.

There are important benefits to society from this aggressive stance if the
individual, as a result of treatment, can be returned to full
productivity. Care should therefore be directed and probably concentrated
in asymptomatic populations, a group where Blue-Cross and Blue-Shield do
not consider reimbursement. For example, there is a question that 25% of
the 200̂ 000 CABG's performed last year were not indicated. It is possible
that this percentage corresponds to asymptomatic individuals where proof
of benefit of this type of surgical intervention is lacking. However, if
symptomatic and asymptomatic patients would have the same anatomic
impairment then the benefit for correction of this anatomic abnormality
should be the same in both groups. As a result it may turn out that these
"asymptomatic" patients had the greatest benefit. The remarks of this
conference will discuss the use of several modalities in the evaluation of
patients with coronary disease.

Thallium planar stress redistribution imagine. Daniel S. Berman. M.D..
Nuclear Cardiology. Cedars Sinai Medical Center. Los Angeles.

Thallium-201 planar stress redistribution scintigraphy is a well
established procedure for assessment of patient's with coronary artery
disease. To date approximately 100,000 tests have been done.

Thallium-201 rnyocardial imaging is used for 1) diagnosis of coronary
artery disease, 2) assessment of extent of disease, and 3) assessment of
prognosis.

A. Diagnosis. The sensitivity and specificity of stress redistribution
thallium-201 scintigraphy for detection of CAD is approximately 85 and 90%
respectively which is higher than that achieved by stress
electrocardiography. Bayes theorem can be applied using sensitivity and
specificity if we know the prevalence of disease. Diamond and Forester
have provided good literature estimates of CAD prevalence. The prevalence
ranges between 0.4% likelihood in a 35 year old asymptomatic female to 94%
likelihood in a 65 year old male with typical angina pectoris. The
optimal prevalence population to study with thallium-201 are people in the
pre-test likelihood group of 50%. The validation of the probabilistic
approach has been done by Uhl, et al, demonstrating that the sensitivity
and specificity of thallium-201 is as high in low prevalence group than in
higher prevalence populations. The application of a sequential testing
approach could reduce the need for diagnostic catheterizatiou in the
population of 50% prevalence without loss of accuracy and with
considerable cost saving.

B. Evaluation of the extent and severity of disease. A severe reversible
thallium defect is indicative of a critical stenosis (90% or larger) in
the arteries supplying the involved territory.

EXESUM (II)
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Extent of disease. The proportion of myocardium perfused by vessels with
significant stenosis is provided by the number of segments which have a
thallium-201 perfusion defect. Quantitative thallium-201 scintigraphy has
proven to be a significant addition to standard planar imaging for this
purpose.

C. Prognostic evaluation in patients with and without prior myocardial
infarction. The CASS study has suggested that coronary angiography may
have limitations in assessment of prognosis. Braunwald concluded that
coronary angiography can be limited to patients who on clinical
examination and noninvasive exercise stress testing (electrocardiographic
or radionuclide or both) are considered to be a high risk. Seventeen
percent of patients with severe thallium defect hid a subsequent coronary
event over the one year follow up period whereas approximately 1% of
patients with normal thallium-201 studies demonstrated subsequent events.
Furthermore, patients with equivocal thallium-201 studies (mild decreases
in thallium-201 uptake) had essentially the same benign prognosis, less
than 1% event rate.

In patient with myocardial infarction, the demonstration of redistribution
at submaximal treadmill testing is similarly predictive of subsequent
untoward myocardial events.

Thallium-201 testing has proven to have a broad application in the
diagnosis and prognosis of patients with suspected coronary artery
disease. Due to the moderate cost of the examination, the test is best
reserved for assessing those patients in whom the clinical questions are
not answered by less expensive screening. For diagnostic purposes the
test is best used in those patients with an intermediate likelihood of
having coronary disease. For prognostic purposes the test is best used in
those patients with an intermediate likelihood of having coronary
disease. For prognostic purposes, the test is best utilized in those
patients with an intermediate likelihood of subsequent cardiac events.
Stress redistribution thallium-201 scintigraphy has a variety of clinical
applications such as assessing the hemodynamic significance of noncoronary
artery lesions, assessing myocardial viability, assessing the efficacy of
therapeutic intervention.

Thallium mvocardial tomography. William Ashburn. M.D.. University of
California. San Diego.

SPECT (single photon emission computed tomography) myocardial perfusion
imaging improves contrast, quantitation and eliminates overlying
structures. The data is acquired in a 180 degree arc from 60 LPO to 30
RAO. Data is reconstructed in 3 views, horizontal long axis, vertical
long axis and short axis slices. This multiview reconstruction is
important since lesions may be much better visualized on one perspective
than done in others. It is our observation that SPECT can identify each
vascular territory separately, and for this reason the normalization of
SPECT makes detection of ischemia much easier. In addition, SPECT offers
a marked enhancement of the ability to differentiate multivessel from
single vessel disease. In one preliminary study, the demonstration of LAD
disease has a sensitivity-specificity of 88 and 89%, circumflex coronary
artery 78 and 100%, right coronary artery 96 and
EXESUM (12)
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The demonstration of periinfarction ischemia has a sensitivity-specificity
for planar imaging of 71-45% and SPECT of 93-82%.

SPECT improves the differentiation between ischemic and scarred myocardium
decreasing significantly the interobserver variability.

Clinical application of cine computed tomography in the care of patients
with coronary artery disease. Melvin L. Marcus. M.D.. University of Iowa-
Iowa City.

The advent of cine computed tomography has made it possible to apply the
considerable diagnostic power of computed tomography to the evaluation of
patients with coronary artery disease. With cine computed tomography,
high resolution tomographic images of the heart at 1 cm intervals can be
obtained at a rate of 17/second. This information can then be utilized to
evaluate important clinical questions that relate to patients with
coronary heart disease. These clinical areas can be grouped under three
general headings:

Cardiac Structure and Function

With cine comrr ted tomography both regional and global right and left
ventricular stive? are and function can be examined with great accuracy.
Left ventricular mass can be measured within SEE 4 gm, left ventricular
stroke volume within SEE 1.5 ml; RV stroke Vol. SEE < 2 ml, regional
endocardial motion of the left ventricle is remarkably homogeneous under
normal conditions, infarct size can be measured with considerable
precision and the volume of valvular regurgitation can be measured to
within + 5%.

Bypass Graft Patency and Flow Reserve

Preliminary studies in patients suggest the patency of bypass grafts can
be predicted utilizing cine computed tomography with the sensitivity of
about 90% and a specificity of about 90%. It is likely that with
additional experience with this modality, the sensitivity and specificity
of detecting bypass graft patency will increased still further.
Preliminary studies in animals indicate that flow reserve - the ability to
increase flow in a bypass graft - can also be measured quantitatively with
cine computed tomography. Thus, the functional capacity of individual
grafts can be determined.

Mvocardial Perfusion

Studies in phantoms and preliminary experiments with animals indicate that
regional myocardial perfusion can be measured with cine computed
tomography with reasonable accuracy. Significant improvements in this
area in the near future are likely.

In summary, cine computed tomography is a modality that may be extremely
useful in the three major areas of clinical importance in the evaluation
of patients with coronary artery disease: cardiac structure and function,
patency and flow reserve in bypass grafts, and regional myocardial
perfusion. Other noninvasive techniques cannot address all three areas
and in many instances cannot achieve a similar degree of precision in the
areas in which they provide diagnostic information.
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First Pass Radionuclide Angiocardiography at Rest and Exercise.
Principles and Clinical Applications. Robert H. Jones. M.D.. Duke
University. Durham. North Carolina.

Images and telemetric measurements of individual cardiac chambers can be
obtained by processing data recorded during the initial transit of a
radionuclide bolus through the heart. These noninvasively obtained
measurements are accurate and reproducible. Moreover, the large volume of
clinical studies performed with this technique over the past 15 years
provide evidence of its general clinical utility. The procedure is well
suited for real time measurements and therefore can measure cardiac
function during periods of maximal stress.

Radionuclide measurements of left ventricular function at rest and during
exercise using a bicycle ergometer demonstrate that patients with
myoca iial ischemia decrease left ventricular function during exercise,
whereas normal subjects increase ejection fraction in response to
exercise. Moreover, the decrease in ejection fraction is caused primarily
by an increase in end-diastolic volume which is provoked prior to
eiectrocardiographic changes, reflecting the sensitivity of functional
abnormalities for detecting myocardial ischemia. Four hundred ninety-six
patients who underwent cardiac catheterization at Duke University Medical
Center for chest pp.in demonstrated that an ejection fraction at rest less
than 50% was the abnormality that provided the greatest diagnostic
information. In patients with normal resting left ventricular function,
exercise abnormalities which were optimal for diagnosis of CAD included an
ejection fraction at least 0.06 less than predicted, an increase in
end-systolic volume greater than 20 ml and the appearance of an exercise
induced wall motion abnormality. Sensitivity and specificity of the tests
were decreased in patients taking propranolol at time of study and in
patients who failed to achieve an adequate exercise endpoint. In 387
patients with an optimal study the test the sensitivity of 0.90 and
specificity of 0.53. Radionuclide angiocardiography has approximately the
same sensitivity and specificity as the exercise treadmill test.

The most appropriate use of radionuclide angiocardiograms for diagnosis is
in patients with high prevalence of disease and negative or equivocal
treadmill test. A major clinical challenge today in the management of
patients with stable CAD is identification of those patients in whom
myocardial revascularization would improve or prolong life. The close
link between myocardial ischemia and dysfunction suggests that
measurement of left ventricular function during exercise might provide a
valuable index of ischemia in patients with CAD. Multivariate analysis of
381 patients identified the exercise ejection fraction to be the single
most important variable in predicting both survival and event free
survival in patients treated medically for coronary artery disease. Using
the Duke data base 857 patients were identified who had rest and exercise
radionuclide angiocardiography within 90 days of cardiac catheterization
demonstrating coronary artery disease. No physiologic ischemia could be
identified in 208 of these patients. Over a 4 year interval, no
significant difference in survival or incidence of complete pain relief
was showed between medical and surgical therapy. In contrast, in the 659
ratients with coronary artery disease who demonstrated physiologic
ischemia, survival, and pain relief were enhanced by revascularization
EXESUM (14)
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therapy. Moreover, the greatest benefit was seen in the subset of
patients within this group who had the greatest magnitude of ischemia. In
the patients without ischemia knowledge of the anatomic extent of disease
was of no benefit in predicting survival from rr^aical or surgical therapy,
and certainly did not enhance survival in those patients with 3 vessel and
left main disease. In contrast patients with ischemia had the greatest
rate of survival if treated u- .gically and this difference was significant
in patients with !rft main disease or 3 vessel and 2 vessel disease.

The role of nuclear magnetic resonance. Gerald H. Pohost. M.D..
University of Alabama. Birmingham.

The potential benefits from NMR for the study of coronary artery disease
can be identified in 5 areas:

1. coronary angiography. Because NMR is specially sensitive to
blood flow,

2. regional blood flow distribution assessment for which NMR could
provide high resolution studies, once contrast agents that would
localize in the myocardium are developed,

3. metabolic ischemia detection which may be possible with
measurement of intracellular Ph levels,

4. myocardial infarction detection,
5. definition of infarct complications.

Coronary angiography. There is the possibility of imaging s.snosis of
proximal arteries, this requires, however, better resolution than
currently with improved gating techniques.

Regional blood flow perfusion with contrast material is potentially useful
and requires the development of nontoxic agents, GD-DTPA can be used as
contrast agent. Furthermore GD (BDP) experimentally in infarcted
myocardium localizes infarction but has not been used in man.

Metabolic changes induced by ischemia. Lactate and high energy phosphate
can be demonstrated in myocardial specimens or probably with surface
coils. Monitoring endogenous changes may be useful, however competition
from exogenous agents may make this approach less useful. The detection
of myocardial infarction is based in changes in relationship of T-I to
T-2. T-l vs. flow correlation at R = 0.56 with reperfusion the
correlation of T-2 to flow is R = .88. The change in T-l is related to
changes in tissue water and it takes approximately 24 hrs. to see these
modifications of tissue water content in vivo. Thinning of the myocardial
wall infraction and pericardial effusion can be easily detected with NMR
technique. Therefore many of the complications of infarction can be
demonstrated with NMR. Many of the applications are competing with
existing technologies, particularly ultrasound methods.
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The role of PET in diagnosis and prognosis of mvocardial infarction. Heinz
Schelbert. M.D.. UCLA School of Medicine. Los Angeles.

Dr. Schelbert discussed experimental and clinical findings of high
resolution imaging of myocardial blood flow and myocardial metabolism by
means of positron emission computed tomography of 13NH3 for blood flow and
F-18 deoxiglucose (FDG) for metabolic studies of the myocardium. The
thrust of his work was to differentiate in myocardial infarcted tissue,
scarred myocardium as opposed to ischemic tissues. He was able to
differentiate between areas of matching hypoperfusion and nonmetabolism
consistent with complete infarction and areas of hypoperfusion with normal
or increased glucose metabolism. When the results of both groups were
correlated with wall motion and thallium redistributions studies both
showed akinesis and lack of thallium redistribution. The presence of this
mismatch of hypoperfusion and increased glucose uptake can be due to the
following mechanisms:

1. acute ischemia,
2. recovery of an acute myocardial insult: stunned myocardium,
3. chronic ischemic changes with adaptation to low oxygen supply.

The significance of these findings is primarily related to prognosis;
namely, in 27 patients, 73 segments of left ventricular wall were found to
have abnormalities of wall motion. Twenty-seven had diminished glucose
utilization and 41 had normal glucose utilization. The 27 segments that
were revascularized surgically showed an improvement of wall motion
eventually in only 8%, while the 41 segments that showed mismatches of
hypoperfusion and increased glucose utilization after revascularization
showti improvement of wall motion of 85% denoting that in this area there
was viable myocardium that could be salvaged. In another 12 patients with
subacute MI, there were 29 segments demonstrating diminished blood flow
and 17 of them showing mismatched increased glucose utilization. There
was a spontaneous improvement of wall motion in 9 of the 27 segments
demonstrating the presence of a stunned myocardium. These findings are
critical to the demonstration of reversible vs. irreversible injury in
myocardial infarction and probably for the decision of performing CABG or
PTCA or other therapeutic maneuvers. PET may have a very significant role
in the management of patients with myocardial infarction.

Echocardiographv in coronary artery disease. Harvev Feieenbaum. M.D..
University of Indiana. Indianapolis. Indiana.

Usefulness of echocardiography in CAD has markedly increased since the
advent of two dimensional echocardiography. Two dimensional
echocardiography overcomes almost all the difficulties that M-mode
echocardiography had in examining these patients, by using an apical
window the rate of satisfactory echocardiogram is well over 90%. Two
dimensional echocardiography now examines virtually every segment of the
heart especially the left ventricle and is particularly suited for
analysis of regional wall motion of the 'eft ventricle. Using a
continuous loop digital display similar to those used in nuclear
cardiology, it is possible to quantita'e wall motion in routine studies.
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The advantages of echocardiography over contrast ventriculography are
many, the least of which is that it is less costly than contrast
angiogram. The advantages of echocardiography over nuclear blood pool
imaging is a better resolution of ultrasound, particularly in the area of
the base of the heart and inferior wall, the ultrasonic examination is
roughly half the cost of comparable nuclear study, and there is no risk of
ionizing radiation. Therefore, two dimensional echocardiography is of
value to patients with coronary disease.

Wall motion abnormalities develop early after the onset of ischemia, prior
to electrocardiographic changes and before the patient experiences
symptoms. Thus, the technique can detect ischemia early, especially in
transient situations. In the patient with acute myocardial infarction the
abnormal wall motion will be detected before the cardiac enzymes become
available and even before the electrocardiogram changes. Echocardiography
provides information for the assessment of noninfarcted myocardium which
may be hyperdynamic, hypodynamic, hypertrophied or the site of a
previously unrecognized infarction. The prognosis of the patient with
acute myocardial infarction is frequently determined by the noninfarcted
muscle as much as with the size of current infarction.

Evaluation of subendocardial infarction. In these patients there is the
possibility that there may be insufficient myocardial damage to produce a
detectable wall motion abnormality. The motion of the surrounding normal
myocardium may influence the infarcted area so that any abnormal motion
may be masked. Looking at wall thickening, echocardiographically can
improve the sensitivity for detecting ischemic muscle. Another advantage
of echocardiography is the assessment of complications of myocardial
infarctions, i.e., thrombose, aneurysm formation, papillary muscle
dysfunction, mitral regurgitation, myocardial rupture, ventricular septal
rupture, and right ventricular infarction.

Echocardiography in the assessment of coronary stenosis. The computer
technique used for this purpose is the loops side by side presentation
that makes a comparison very convenient. Stress echocardiography is
performed immediately post treadmill with the patient in the supine
position. Measurements of regional wall motion are performed with results
that are very similar to nuclear medicine specificity and sensitivities.

For these reasons it is quite probable that in the near futire we will see
dedicated echocardiographs in the exercise laboratory, coronary care units
and even the emergency department. This examination should prove to be a
very cost effective way of evaluating patients with chest pain and/or
proven coronary artery disease.

This paper was discussed by Robert Jones, M.D., who insisted on the point
that the only reproducible moment of evaluating coronary patency is at the
time of maximal exercise. He recommended therefore that measurements of
ejection fraction and wall motion be performed at that time as many
patients present a rebound phenomenon immediately after cessation of
exercise. This is the technique used in Nuclear Medicine procedures.
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Panel Discussion. Cost effectiveness of clinical decision making in
coronary artery disease. Moderator: Daniel Berman. M.D.. members: Tim
Dedombal. Harvev Feigenbaum. Enrique Carter. William Ashburn and Heinz
Schelbert.

Tim Dedombal, M.D. initiated discussion analysing parameters of cost
benefit of competing technologies. He stated that it is obvious that
there is not one technique that has universal acceptance in the field of
diagnosis and evaluation of cor,onary disease. In evaluating these
procedures it is necessary to determine a) effects of the systems on the
surrounding environment and b) explanatory evaluation should try to
determine why the system performed the way it does. One, therefore, has
to evaluate the use of the system, who uses the system, why the system is
being used and finally, what to expect from its use. It is necessary to
determine the effect of the test on management. How good is the outcome?
It is important also to determine the undesirable effects namely, effects
on resources when these are utilized. One should avoid excessive
randomization. There is for this purpose no possibility of performing
double blind studies and it is suggested that small trials are probably
better than larger series that take a long time or are completed once the
technlogy that is being assessed has become obsolete.

Dr. Carter analyzed the problem of criteria of HFCA for approval of
techniques that have been evaluated in small series. His conclusion is
that if the target population is small but the test produces information
that is pertinent, it should be certainly approved. The initiation of the
approval process of a new device should be accomplished through HCFA.

Dr. Feigenbaum analyzed the cost effectiveness of ventriculographic
studies comparing echo vs. cath. Exercise echo produces different results
than contrast angjngraphy; namely, in patients with chest pain a negative
stress study may eliminate catheterization. On the other hand, in
patients with known coronary artery disease wall motion studies show
function thus defining the significance of anatomic findings. In patients
with angina the clinical history is a good element for the diagnosis, and
these noninvasive modalities should be performed in patients with
intermediate likelihood of disease.

Finally, a case study is discussed, 40 year old male with atypical angina
and 1.1 mm of ST depression on exercise. The opinion of the panel is
requested concerning the justification for f' "her evaluation. The
prediction of myocardial infarction is impcoible with serial stress
testing as the thrombosis may occur in a different vessel than the one
demonstrated by stress testing.

Dr. DeDombal after careful evaluation of the history and demonstration the
anginal nature of pain would recommend performance of echo or thallium-201
due to the high pretest probability of disease on the order of 35%.

Dr. Feigenbaum commented on the fact that if the patient has known angina
not induced by stress the effect a stress test should be limited. Other
conditions producing this type of pain could be mitral valve prolapse,
hypertrophic myopathy seen in athletes. Assuming a pretest likelihood of
35% how many resources can be justifiably invested in further tests.
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Dr. Carter considered that the patient was at significant risk and
therefore either biplane echo or thallium-201 should be indicated.

Closing remarks. Ismael G.Mena. M.D.. Chairman

During these two days we had the privilege of listening to in-depth
information on availability of resources for clinical decision making in
coronary artery disease coming from goverment, congress and third party
payors. We heard also the analysis on methodology of clinical decision
making and finally today we had the privilege of attending impeccable
presentations by leaders in the field of nuclear cardiology,
echocardiography, fast CT, NMR and positron emission tomography. We were
presented with images of the heart of super high resolution, exquisite
detail and thought-provoking information. Nuclear medicine thallium-201
planar and tomographic studies and radionuclide ventriculography do
compete successfully with echocardiography in the evaluation of patients
with ischemic coronary disease and myocardial infarction. The myocardium
perfusion studies are practically unique to nuclear medicine and we have
heard the analysis of their usefulness by Drs. Berman and Ashburn. The
cost effectiveness of these procedures is certainly reasonable and
currently its performance is moving from the laboratory of nuclear
medicine to the wards and emergency medicine departments. Ventriculography
evaluates global and regional myocardial infarction at rest and during
exercise. Similar results were reported by Dr. Jones and Dr. Feigenbaum.
A basic discrepancy was evident in this area; namely, nuclear medicine
performing these tests at maximal exercise while echocardiographic studies
are done after exercise in a supine position. The cost of this procedure
is relatively low as image processing is becoming automatic these days.

Cost for all noninvasive imaging modalities is a function of cost of
equipment that ranges from 1.2 million to 3.5 million dollars for NMR, CT
and PET and lower range between 60,000 dollars and 150,000 dollars for
nuclear medicine and echocardiography procedure. The cost effectiveness
of nuclear medicine and ultrasound procedures appear evident, and
extensive evaluation of patients with ischemic coronary artery disease and
myocardial infarction appears fully justified.

The data on periinfarction ischemia is particularly important. It is
demonstrating that between 25 and 50% of the patients with myocardial
infarction have myocardium salvageable by invasive procedures. This type
of observation could benefit 200 to 300,000 patients per year.

It appears to me that it is important to make a distinction of the
information that we have heard today by the leaders of the different
fields and the actual performance of the test in the community hospitals.
We have therefore to consider another element in the equation that we have
been analysing throughout these two days: namely, operator intervention
because there are procedures that are more operator dependent than
others. This is particularly true for ultrasound. Nuclear medicine is
less operator dependent and therfore may have better interobserver and
interinstitutional reproducibility of results. Efforts have to continue
in the direction of image processing and acquisition of data.
EXESUM (19)



EXECUTIVE SUMMARY - Joint International Symposium on the Role of
Noninvasive Imagine Modalities in Clinical Decision Making of Coronary
Artery Disease,

A few words concerning developments in nuclear cardiology in the very
immediate future. I would like to refer to simultaneous measurements of
left ventricular myocardial perfusion and ventriculographic findings at
rest and exercise. These have been reported by Dr. Ashburn and by our
group using simultaneously ultra short-lived gold-195m and thallium-201.
We have demonstrated that the simultaneous observation of perfusion and
ventriculographic abnormalities has a specificity of 100%. This type of
study will be performed in the very near future with the advent of
technetium labeled myocardial imaging agents. One is going to be able to
perform at peak exercise a ventriculogram acquiring with first pass
ventriculographic information during 25 seconds and imaging the myocardium
either planar or tomographically immediately thereafter.

On behalf of the organizing committee I wish to thank the speakers for the
brilliant presentations, the discussants for their input, the American
College of Nuclear Physicians and the Society of Nuclear Medicine for
their sponsorship, and the Department of Energy and Food and Drug
Administration for their support. I wish to thank especially Peter Paras,
Ph.D. from the Food and Drug Administration for his active participation
in the organization of this meeting and the staff of the American College
of Nuclear Physicians, Carol Lively, Barbra Hickey, and Barbara Steele for
their efficiency and help.

The Organizing Committee wishes to thank wholeheartedly the generous and
efficient support of Jerome M. Smith, Vice President, DuPont Biomedical
Products Department and Richard E. Armstrong, Business Segment Manager of
DuPont Biomedical Products and through them DuPont Biomedical Products for
the timely publication of the proceedings of this Symposium. This task
has been accomplished in a very brief period of time in order to publish
this material at the peak of scientific interest.
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RECOMMENDATIONS

At the end of the symposium, the Program Committee had the following
recommendations:

1. To Health Planning Agencies

There is need for government agencies to define mechanisms for
notification to professional organizations that the utility of a
procedure is under review, and that professional input is being
sought.

2. To Investigators

Define research protocols for evaluation of new procedures that will
provide information on predictive accuracy and reliability of the
data.

3. High priority areas of research

a. Evaluate methods for early diagnosis of myocardial infarction in
emergency departments.

b. Assessment of methods for diagnosis of peri-infarction ischemia:
including both PET and single photon techniques.

c. Develop quantitative methods for measurement of 'myocardial area
at risk'.

d. Devise methodology to define when new technologies are ready to
make the transition from research to clinical practice.

Respectfully submitted,

Ismael G. Mena, ED. H. William Strauss, M.D.
Chairman Co-Chairman
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I COST-EFFECTIVENESS ANALYSIS OF MEDICAL TECHNOLOGY: THE CASE OF
MAGNETIC RESONANCE IMAGING

INTRODUCTION

Magnetic resonance imaging (MRI) is a recent example of a sophisticated
new technology whose diffusion is proceeding before evaluation of its
efficacy and its appropriate place in medical care relative to alternative
technologies. By the end of 1984, 108 units had been installed in the
United States and manufacturers predicted that about 225 units would be
installed by the end of 1985 (Steinberg et al., 1985). These units
represented a sizeable investment considering that the cost of the
equipment and its installation had ranged from $1.4 to $2.3 million,
depending on the type of magnet (Table 1). This level of adoption had
occurred despite the fact that MRI is considered clearly superior to
alternative technologies for a limited number of medical conditions; for
most applications, research is underway to improve the ability of MRI to
produce images or to compare MRI with other technologies (Iezzoni, 1985,
Stason and Localio, 1985).

TABLE 1

CAPITAL COST* OF MRI

PERMANENT RESISTIVE SUPERCONDUCTIVE
0.5 T 1.5 T

EQUIPMENT $1,525,000 $1,067,000 $1,550,000 $1,766,000
INSTALLATION 3,000 353,000 503,000 621,000

TOTAL $1,708,000 $1,420,000 $2,053,000 $2,387,000

*Means calculated after excluding high and low values in each category.

This paper explores the application of cost-effectiveness analysis to MRI
as an example of an emerging diagnostic technology. Cost-effectiveness
analysis is intended to evaluate the efficiency with which resources are
being used to achieve desired effects (Weinstein, 1979). The analysis
compares the difference in health effects and medical expenditures from
using one approach versus another, and the cost-effectiveness ratio
presents the net cost per unit of net effectiveness. The analytical
method thus conforms to a view that is growing in health policy that
resources are limited, that choices must be made among alternative
applications, and that costs and benefits should be considered in making
decisions. It is important to stress, however, that cost-effectiveness
analysis may guide but will not determine a decision. The technique has
the advantage of structuring analyses so that important factories are
systematically considered. But some important, even critical, factors are
not amenable to being quantified and included in a cost-effectiveness
analysis. An example is the relative importance of caring for people of
different ages. Nor can cost-effectiveness analysis easily incorporate
political realities, such as the importance that developing a pertussis
vaccine with fewer adverse reactions has to public attitudes regarding all
vaccines.
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MAGNETIC RESONANCE IMAGING

In the examination of cost-effectiveness analysis, this paper follows ten methodological
principle^ developed by the Congressional Office of Technology Assessment in the course of r
assessment that evaluated the application of cost-effectiveness analysis to medical technologic
(U.S. Congress, OTA, 1980).

Principles of Cost-Effectiveness Analysis

Define Problem and State Objectives

At the outset it is necessary to state the problem that is to be addressed
by the application of alternative technologies or programs. The problem
might be excess deaths from cardiovascular disease or from myocardial
infarcts. Next the analysis should state the objectives of applying the
technologies. The objective may be framed as achieving either the most
benefit for a given cost or a given level of benefit for the least cost.

Particular problems arise with diagnostic technologies such as MRI
(Weinstein, 1979). First, a diagnostic procedure is several steps removed
from the intended health effect. A test produces technical output, such
as a scan, that contains qualitative information to be measured. The
measuring process may be difficult for procedures such as imaging for
which no natural scale exists to quantify the information. The diagnostic
and prognostic information is then used in therapeutic decisions. The
treatment chosen in turn is intended to have some effect on health. What
is the appropriate level at which to evaluate the cost and effectiveness
of the technology?

In addition, many technologies including MRI may be used for different
medical conditions. Comparison of MRI with another technology such as
x-ray computed tomography (CT) scanning requires that the application be
specified. MRI may be substitutable for, complementary to, or unrelated
to x-ray CT, depending on the medical condition. Their costs and effects
would vary enormously for applications in the brain compared to the heart,
and even among different cardiac indications. An accurate assessment
requires obtaining sensitivity and specificity rates for homogeneous
patient groups with respect to factors which may affect them, such as
anatomical location, disease, and stage of disease (Gillespie it al.,
1985). The appropriate methodology would entail aggregating the
effectiveness and costs across all uses of the alternative technologies
(Weinstein, 1979). Using homogenous groups to address the heterogeneity
problem, however, may result in the need for so many different groupings
that the study becomes unwieldly and extremely expensive (Gillespie et
al., 1985).

Identify Alternatives

The alternatives technologies or programs that are being examined to
achieve the objectives should be identified as the subject of the
analysis. In the case of cardiac imaging, alternatives to MRI include
x-ray CT, echocardiography, radionuclide scans, and angiography (Iezzoni
et al., 1985).
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Analyze Benefits or Effects

The effects of each alternative should be specified. The relevant effects
usually follow directly from the problem, the objectives, and the
framework (U.S. Congress, OTA, 1980). Both positive and negative effects
should be included. These effects are entered into the analysis as the
probability that a person will experience such an effect. It is important
that all benefits (and costs) be expressed as additional or marginal
benefits. The use of marginal rather than average benefits reflects the
fact that decisions are made in the context of technologies that already
exist.

Positive effects generally relate to improvements in health, such as
reductions in deaths or in days of illness. For preventive and
therapeutic technologies or programs, such as influenza vaccination to
prevent the disease vs. treatment if the disease occurs, the positive
effects consist of reductions in morbidity and mortality from infi-'inza.
The efficacy of the intervention is brought into the analysis at this
point. The calculations require estimating first the detrimental effects
of influenza and then, based on vaccine efficacy, the expected reduction
in morbidity and mortality. The vaccine entails a risk, albeit small, of
local reactions, such as fever, that have a short duration as well as rare
long-term systemic effects, such as Guillain-Barre syndrome.

Analysing the benefits of a diagnostic technology is much more difficult.
The first issue is which level of effect should be evaluated: the
accuracy of test results, which may have several dimensions; the effect
on the diagnosis rendered; the effect on patient management; or the
ultimate effect on the patients's health. Investigations conducting a
clinical trial of MRI and x-ray CT have suggested that with regard to
benefits a diagnostic technology be evaluated relative to an alternative
for which one enables a diagnosis to be reached more quickly or more
accurately or improves the patient's outcome. Although evaluating the
ultimate effect on patient health conforms to the purpose of all medical
care, it becomes more difficult to ascertain the effect of a diagnostic
result the farther one goes from the technical output because so many
other factors may intervene. For example, the skill of the physician in
performing surgery or in carrying out chemotherapy may vary. The sequence
of testing, i.e., the diagnostic pathway, may also vary. However,
standardizing the order of testing may be inconsistent with the manner in
which physicians prpctice (Gillespie et al., 1985).

The difficulty of specifying the benefits is exacerbated for a new
technology such as MRI, especially compared with alternatives, because
knowledge about efficacy is only developing and continues to evolve.
Almost all information is from uncontrolled studies, most with small
numbers of patients, in which investigators had other diagnostic results
and perhaps a confirmed diagnosis before interpreting the MRI scan Stason
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and Localio, 1985). More studies have been performed on the brain than on
any other region (An ECRI, 1985). There appears to be a consensus that
MRI is clearly superior to x-ray CT for imaging the posterior fossa region
of the brain, discriminating white from gray matter in the brain (and
hence diagnosing multiple sclerosis) and for imaging the cervical spine
(An ECRI, 1985; Ieozzoni et al., 1985; Stason a;.J Localio, 1985). These
uses stem from MRI's ability to differentiate soft tissue and to produce
images free of bone artifact.

Although MRI has great potential in other areas, neither its efficacy nor
its relative efficacy compared to alternatives is clear. In the heart,
for example, Stason and Localio concluded that MRI requires better
evaluation and further technological developments (Stason and Localio,
1985). The heart rhythm continues to pose gating problems, visualization
of coronary arteries requires spatial resolution limits that exceed the
capabilities of even MRI systems with high field strengths. MRI is
competing in this area with x-ray CT, echocardiography (ultrasound),
angiography, and radionuclide scanning. MRI is said to have advantages
over x-ray CT in imaging the heart muscle, chambers, and valves and in its
amenability to gating (Iezzoni et al, 1985). MRI also appears preferable
to ultrasound in spatial resolution and in visualizing the great vessels
(Stason and Localio, 1985). MRI demonstrates wall thinning caused by old
infarcts, changes in the pericardium, and abnormal blood flow patterns,
but the identification of fresh infarcts is still in the research stage
(Iezzoni et al., 1985; Stasson and Localio, 1985).

Clinical trials comparing MRI with alternative diagnostic modalities are
underway. The National Cancer Institute is funding several centers to
compare MRI with conventional x-ray imaging, x-ray CT, ultrasonic imaging,
and radioisotope imaging, including single photon emission computed
tomography (SPECT) and positron emission tomography (PET) (Steinberg and
Cohen, 1984). In addition, the St. Louis Veterans Administration Medical
Center is comparing MRI and x-ray CT for conditions in ihe head, chest,
and abdomen (Gillespie et al., 1985).

An advantage of MRI over x-ray CT is that MRI does not employ ionizing
radiation. In the area of adverse effects, the main hazard that has been
associated with MRI has stemmed from the magnets's transforming metallic
objects into moving missiles. To prevent such problems, many facilities
have metal detectors. The magnet also precludes imaging patients with
implantable metal objects, such as vascular clips and prostheses and
providers have been cautioned not to image such patients. Since patients
may not be aware of certain implants such as metallic clips, they may need
to be screened by conventional x-ray. MRI is also contraindicated in
patients with cardiac pacemakers, because electromagnetic signals may
produce currents in the pacemakers that in turn cause arrhythmias (lezzoni
et al., 1985).
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Although there have been no harmful effects from the exposure of the body
to magnetic fields that have been used, the effects of higher fieMs and
raising body temperature from the absorption of radiofrequency energy
warrant continued monitoring and evaluation. As with positive effects,
specifying negative effects - or their absence - is not possible because
of the brief experience with the MRI technique (Iezzoni et al., 1985).

A particular problem characteristic of cost-effectiveness analysis is that
some effects, both positive and negative, are not quantifiable. One is
the effect of the increased knowledge and hence the reduction in
uncertainty for physicians and patients. For example, the ability of MRI
to diagnose certain conditions may well outrun therapies to deal with the
condition. In the case of multiple sclerosis, MRI imaging may speed the
diagnosis of the condition and obviate further tests. The emotional
effects on patients may vary, however, and in any case are difficult to
quantify. Some may be glad to have the uncertainty removed and relieved
that another condition was not the cause. Others may be devastated to
learn of the diagnosis and its implications. Some physicians may respond
by curtailing testing. Others may wish to use MRI to monitor the course
of the disease. Similarly, patients reactions to the imaging process are
also not amenable to quantification. Some experience claustrophobia when
positioned within the magnet, and others find it uncomfortable to lie on
the imaging surface for the length of the procedure.

One way of dealing with effects that are difficult to quantify is to
present a list as an array that supplements the numerical results of the
analysis (U.S. Congress, OTA, 1980). The problem remains , however, that
numerical results attract more attention, and the exclusion of certain
factors is a major shortcoming of the cost-effectiveness technique.

Analyze Costs

As with benefits, the costs to be measured are the additional or marginal
costs of using one technology or program instead of another. Also like
the appropriate treatment of benefits, the appropriate calculation of
costs takes as given existing investments or "sunk" costs. Ideally, costs
would measure the additional health care resources being used for one
purpose rather than another. In fact, in most cost-effectiveness
analyses, expenditures for medical services are used to indicate costs.
However, charges are misleading if there is cross-subsidization of
services within an institution, such as a hospital's gaining net revenue
from imaging services to make up for losses in the outpatient department.

Both positive and negative (savings) costs should be included, such as the
cost of the intervention, the cost of treating any side effects of the
intervention, and the costs or savings in reduced diagnostic and treatment
costs that result from the intervention. The costs to be included should
be consistent with the structure of the analysis.
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Equipment-embodied technologies, such as MRI and CT, entail both technical
and professional costs. Technical costs stem from the purchase,
operation, and maintenance of the equipment. For MRI initial capital
costs, including purchase price and installation costs, have ranged from
$1.4 million for a unit with a resistive magnet to $2.4 million for a one
with a 1.5 tesla superconductive magnet (Table 1) (Stason and Localio,
1985). In addition, a Finnish company has developed an MRI unit with a
resistive magnet that is said to cost only $500,000, including both the
purchase price and installation. The Food and Drug Administration has not
approved this unit for marketing in the United States, but investigational
studies are underway. To calculate the cost of a scan, these capital
costs must be converted to an annual basis, with assumptions about
interest rate and length of equipment life (Table 2).

TABLE 2

ANNUAL COST OF MRI: SINGLE SHIFT

PERMANENT RESISTIVE SUPERCONDUCTIVE
0.5 T 1.5 T

CAPITAL
COSTS*

OPERATING
COSTS**

S 380,000

321.000

S 289.000

362.000

$ 419.000

450.000

S 482.000

483.000

TOTAL 701.000 651.000 S 861.000 $ 966.000

* Assumes interest rate of 7 percent.
**Excludes $20/scan for costs that vary directly with the number of scans,

chiefly magnetic computer media and film.

Operating costs depend on the extent of the machine's use. For MRI
calculations have typically assumed one eight-hour shift. Personnel is the
largest component of operating costs. On average, projected staffing
requirements call for a full-time or part-time physicist, two or more
technicians or nurses, and a secretary (Stason and Localio, 1985). Other
components are electricity, cryogens, and supplies such as film.
Maintenance contracts are usually used for service, especially for such
new electronic equipment.
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As can be seen from Table 3, the technical cost of a scan is sensitive to
the number of patients scanned per day and the type of magnet system.
These rclationaships in turn reflect the magnitude of capital costs and
the reduction in price per scan from spreading those capital costs over a
larger volume of output.

TABLE 3

TECHNICAL COST PER MR I SCAN

SINGLE SHIFT
6 PER DAY S

12 PER DAY

DOUBLE SHIFT
16 PER DAY
24 PER DAY

PERMANENT

490 S
255

245
170

RESISTIVE

455 S
235

245
170

SUPERCONDUCTIVE
0.5 T

600 $
310

290
200

1.5 T

760
340

315
215

* Assumes interest rate of 7 percent.

Source for Tables I, 2, and 3: Stason. W.B.. and Localio. A.R.. 1985.

The professional charge is for the physician's supervising and
interpreting the scan. A wide range of charges have been reported;
charges range from $186 to $294 depending on the time of scan and the
extent of professional time required as compared to a CT scan (Stason and
Localio, 1985). The level of charges is in a state of flux as experience
is only now being gained with the time and skill requirements for MRI,
both absolutely and comparatively with other procedures.

Additional categories of costs may apply to the evaluation of a diagnostic
technology such as MRI. The initial results may induce further testing or
treatment. Subsequent test may be performed to confirm the diagnosis,
particularly if the initial results came from the application of a new
technology. Or additional tests might be used to rule out false
positives. Diagnostic results might lead to surgery if, for example, a
scan suggested prostate cancer. Or test results might avoid further
testing and therapy, as with a definitive diagnosis of multiple
sclerosis. In addition, false negatives may lead to higher treatment
costs when the condition is detected at a more advanced stage.
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Differential Perspective of Analysis

Costs and benefits usually differ depending on the perspective of the
analysis. The overarching perspective is that of society, which includes
the full range of costs and benefits, net of transfers between individual
parties. Costs and benefits to the Medicare program, by contrast, differ
because the program does not pay all costs of care and consequently does
not reap all savings or pay all costs that result from changes in
diagnosis or treatment. An organization, such as a health maintenance
organization (HMO), that insures and arranges for medical care; an
institution, such as a hospital, that delivers care; and a physicial bear
different and respectively smaller shares of total costs and benefits. An
individual's perspective differs from the societal one if society as a
whole realizes benefits from a certain technology or program, such as
prevention of measles, that are greater than the benefits that pertain to
an individual vaccine. Such situations are limited primarily to
infectious diseases.

The kind of costs and benefits that are pertinent may well vary according
to the perspective taken. Individuals may benefit from reduced anxiety,
and physicians from greater certainty in their diagnoses, for example.

Perform Discounting

All costs and benefits that are expected to occur in future years should
be discounted to their present value. Discounting is performed for two
reasons. One is that people generally prefer to have benefits now instead
of delaying them to a future time. Discounting also recognizes that,
instead of spending funds on the technology or program being analyzed, one
could invest them and receive a rate of return. The discount rate is
separate from inflation, which occurs when the prices of given services
rise over time.

Analyze Uncertainties

It is inevitable that the value of certain key variables in an analysis
are uncertain. The incidence of disease, the efficacy of an intervention,
the complication rate of a therapy may all be uncertain. The most
reasonable value is chosen for the base case of the analysis. It is then
appropriate to perform a sensitivity analysis, which varies over a
reasonable range the value of uncertain variables. Such a sensitivity
analysis indicates the importance to the results of different key
variables. The sensitivity in turn suggests which assumptions are more
important and for which areas it is most important to gain further
information.

Address Ethical Issues

Ethical issues should be identified and discussed as part of the
analysis. Such effects as the distribution of health care resources among
people of different ages might be amenable to quantification and inclusion
in the numerical analysis. In any case, ethical issues should be stated
clearly and their implications discussed in the text of the analysis since
such effects may be crucial to the technology or program being considered.
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Interpret Results

The results should be interpreted so that potential decision makers of the
analysis are likely to understand the implications. Interpretation
involves not only presentation of the numerical results but also
discussion of their relevance, perhaps with reference to policy issues
that may be affected.

CONCLUSION

Cost-effectiveness analysis is a useful tool for systematically analyzing
the implications of changes contemplated in medical practice, health care
programs, or public policies. Especially since it is not possible to
quantify and include in the numerical results all of the important issues,
especially ethical ones, the results of the analysis may be useful to
guide, but not to make, decisions.

The discussion of MRI makes it clear that neither the benefits nor the
costs of the technology are sufficiently known to permit a
cost-effectiveness analysis for most applications, including cardiac
conditions. Research is underway that is likely to provide needed
information during the next few years.

The question next arises of the appropriate use of cost-effectiveness
results. At what point in the hierarchy of decision making about medical
resources should this information be incorporated into decisions?

The results from the perspective of society could be used for planning
purposes, on the grounds that market incentives have not required
prospective purchasers to weigh adequately the costs and benefits of
acquiring new technology such as MRI. The financial incentives of payment
methods are changing, especially in the hospital sector. But payment
methods still provide rewards for additional testing, and hospital
outpatient facilities and physicians' offices for the most part do not
face constraints that encourage consideration of both the costs and
benefits of technology acquisition and use.

A comprehensive health care plan such as an HMO does have incentives to
deliver care efficiently. One internal constraint that such organizations
have used is to limit the availability of equipment and facilities to
their physicians and to their enrollees. Some large HMO's, such as the
Kaiser-Permanente Medical Care Program in Northern California, use
cost-effectiveness analyses in the course of deciding whether to contract
for specialized services outside the organization or to acquire the
technology and "make" the service internally.

The use of cost-effectiveness results by individual physicians is more
problematic because of ethical responsibilities to individual patients.
However, an analysis could indicate conditions for which the gain (loss)
from using one technology rather than another is vory large or small. For
all levels of decision making, the cost-effectiveness technique structures
a problem in such a way that forces consideration of relevant factors.
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ABSTRACT

The taxonomy of clinical decision making encompasses the frontiers of
medical artificial intelligence and the traditions of clinical wisdom.
This paper focuses on an introduction to Decision Analysis in the clinical
setting, using a case example.

Analysis of the therapeutic decision (observation, trial of medications,
or coronary artery bypass) for a patient with atypical chest pain shows
that the appropriate choice depends on the relative values such a patient
places on the outcomes of death, continued pain, treatment side effects,
and temporary disabilities due to hospitalizations or surgery. The
patient who values survival a great deal, and who is not concerned about
the short-term adversities of hospitalization and surgery, should have
early arteriography and surgery if indicated. The patient who desires to
avoid hospitalization should have an early trial of medical therapy
without arteriography.

Decision Analysis of non-invasive test selection may proceed by threshold
methods or receiver-operator-characteristic probability of disease and on
the "cost/benefit" ratio. The latter is a measure of the decision maker's
preferences, and one must try to reconcile physician preferences with a
patient's decision. The analysis of therapeutic and test choices suggests
that patients's thresholds for arteriography may be lower than the
thresholds of their physicians.

INTRODUCTION

Methodologies of clinical decision making range from traditions of
clinical wisdom to the frontiers of medical artificial intelligence. In
addition to clinical wisdom, clinical diagnostic and therapeutic
algorithms have been developed. These existed prior to the emergence of
large clinical data-bases, but the latter permit testing of the
appropriateness of algorithms and comparison to the performance of the
unaided general or expert physician (1,2). Clinical data-bases also
support decision making via statistical comparisons of a patient with the
experience of many others with similar characteristics. Rapid,
interactive use of such information is possible using medical informations
systems (3). Another set of clinical decision making methodologies are
known collectively as medical artificial intelligence (4). The decision
making strategies used in the programming of an expert medical system arc
derived from rationales provided by expert clinicians blended with'
symbc.' - logic and heuristic search strategies.

Finally, there is the methodology of clinical Decision Analysis. Decision
Analysis is a decision-making strategy based on probability theory and on
the goal of maximizing the "expected utility" of the outcomes of a
decision (5,6,7). Applications have been carried out at several levels:
patient-oriented (8,9), physician-oriented (10,11), and policy-oriented
(most true cost-effectiveness studies), (12,13). This paper will focus on
a patient-oriented decision analysis for coronary artery disease and
examine its implications for the physicians' approach to the patient with
chest pain.
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OVERVIEW OF DECISION ANALYSIS

The Decision Analysis (DA) approach to a problem requires a formal
structure. This has several advantages: (1) the point of view and
assumptions are made explicit, (2) definitions are precise, (3) sources of
disagreements can be localized, and (4) the impact of uncertainties can be
determined. These advantages become apparent in reviewing the steps in a
typical analysis.

STEP 1: Construct a model of the problem. Every real decision has at
least two alternatives. A decision model begins with defining the choices
available and the consequences of each possible choice. Often, there is
uncertainty about what might happen, and one must consider these "chance"
alternatives. Typically, a decision tree notation is used (7). The model
should have clearly defined outcomes at the end of each final branch. One
can use any of several tree-building and analysis computer programs
(14,15) or use a financial spreadsheet program.

STEP 2: Quantify the relative values for outcomes. The evaluation of a
decision choice requires that the outcomes under consideration be put on a
common scale. This may be done by reducing the analysis to one dimension
such as mortality or dollar costs, or one can estimate trace-off values or
"utilities" dollar costs, or one can estimate trade-off values or
"utilities" for fundamentally different health outcomes. Use of utilities
to compare mortality to symptomatic survival and to good health is
essential to patient-oriented clinical DA (6,7,9,16).

STEP 3: Quantify the uncertainties of events. Once outcomes are valued,
probabilities are assigned to the chances of achieving a good or bad
outcome. For an individual, these probabilities must be subjective. As
such, they are a numerical representation of one's best guess at the
likelihood of an event, rather than the observed frequency of such events
in a large population of patients. Defined and used properly (17),
subjective probabilities allow application of statistical experience in
large studies to individual patients. A good decision model uses the best
information available from clinical research, modified as necessary to fit
the individual patient.

STEP 4 Calculate the preferred choice. Once valuer and probabilities arc
assigned, one multiplies the probabilities along each path through the
tree, yielding a path probability for each health outcome. The utilities
are weighted by their corresponding probabilities to yield "expected
utilities", and these are added up for each choice in a decision. The
choice with highest expected utility is the preferred course of action.

STEP 5: Analyze how assumptions affect choice. Evaluating the
assumptions in a decision model is known as "sensitivity analysis". There
arc three phases, the first being "deterministic". Here, one allows the
estimation of a chance event to change, and learns how such change alters
a decision. If changing the probability of an event over a wide range of
reasonable estimations does not influence the final decision, then further
exploration or information gathering about that event is necessary
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However, certain events will be critical because small variations in their
probabilities will change the preferred alternative. These critical
events should be studied using "probabilistic" sensitivity analysis. Th;s
requires constructing probability distributions for their outcomes. One
can then do simulations and calculate confidence statistics for the
preferred choice (18). The final phase of sensitivity analysis is review
of the structure of the model. There is no systematic way to assure
enough complexity to represent a problem without being too complex to
manage. Usual practice is to define the limits of each model's
application. Most of the understanding of a problem comes from the
simplest mode.

STEP 6: Take appropriate action. If the decision analysis is successful,
the decision maker will have gained insight into his or her problem and be
able to implement the preferred choice.

SUSPECTED CORONARY ARTERY DISEASE:
A Patient's Point of View

Consider a hypothetical patient, Mr. Jones, who may have coronary artery
disease (CAD). He is a 58 year old personnel manager with two months of
substernal chest pains. A sharp steady ache comes on with exertion and
subsides after 10-15 minutes of rest and quiet breathing, this occurs
once a week, and there are no other symptoms. Mr. Jones has
insulin-dependent diabetes, does not smoke and has a fasting cholesterol
of 210. The physical exam is unremarkable with normal blood pressure,
pulse and cardiovascular exam. What insights can help Mr. Jones deal with
his pain?

In common with most medical decisions involving uncertainties about
diagnosis, Mr. Jones must consider starting a therapy empirically or
undergoing tests to further define his illness. If one approaches the
analysis with a four-branch decision mode, as in Figure 1, one immediately
confronts a multitude of subsequent possible outcomes. A more efficient
analysis strategy is to work backwards from the ultimate therapy decision,
using insights there to analyze decisions such as test selection.

Defining therapeutic outcomes is based on possible treatments and Mr.
Jones' coronary anatomy. Assume that he has one of three broad classes of
CAD, either insignificant (maximal stenosis 50%), mild CAD (one or two
vessels diseased and normal ventricular function), or serious CAD (e.g.,
left main equivalent or 3 vessel disease with ventricular dysfunction).
Define the three therapeutic options as bypass surgery (CABG), a trial of
medical therapy (MEDS), or a trial of observation (OBSN).

Further defining the model, there are four possible events which might
occur in the first year after initiating therapy (see Figure 2). A
patient may die, either peri-operatively, from CAD-related or non-CAD
causes. If living after a year, the chest pain may have resolved or
persisted. They
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may have minor side effects such as pain in a scar or impotence from
drugs. Finally, there may be severe disability, such as from a
peri-operative stroke. Combinations of these events require one path to
death and eight paths to cover all combinations of symptoms. Only one of
the eight corresponds to being healthy after one year. Figure 2 shows
only the post-CABG outcome tree, but MEDS and OBSN have the same tree with
different probabilities.

Having defined the range of health outcomes, Mr. Jones must put them on a
common scale for use in the analysis. Utility scaling is a process little
practiced in medicine, but there are several techniques which can be used
(5,7,16). Suppose that Mr. Jones valued health the most considered early
death the worst possible outcome. Suppose further that life with severe
disability was only half as good as healthy life: life healthy except for
intermittent chest pains was 95% as good, and minor side effects only was
98% as good as health. In considering combinations, pain and side effects
are worth 94% of health, while pain and disability are worth less than 50%
of health. Finally, Mr. Jones is not concerned with the short term
invalidism or costs of hospitalization and recovery from surgery or from
test. A different patient might consider that the disruptions and
discomforts of CABG make healthy post-CABG life worth only 98% of healthy
life without CABG, and might think having an angiogram worth only 99% of
being healthy without testing. These are summarized in Table 1.

Having formalized the choices and quantified values for outcomes,
probabilities are assigned to each chance event. These are summarized in
Table 2. Notice that the risk of severe disability post-CABG is 1%. Mr.
Jones or his physician may consider this too low if they believe that this
longstanding diabetes and family history are factors raising his surgical
risk. Such a modification of probability assignments is consistent with
the subjective nature of probabilities. The prudent decision analyst will
perform sensivity analyses on probabilities which are adjusted away from
usual values.

With all the values and uncertainties quantified, the calculation of Mr.
Jones' preferred course of action depends on the underlying state of his
coronaries. An efficient analysis strategy is to look at the extremes,
postulating that Mr. Jones has one of the three conditions (insignificant,
mild or serious CAD) for sure. For each type of CAD, the expected utility
of each management strategy is shown in Table 3. Notice that the
preferred strategy changes according to type of disease, but that many
differences are marginal. For Mr. Jones, "mismanagement" of insignificant
CAD by doing a CABG is less of a penalty than having serious CAD, even
when the latter is properly managed by CABG. Also notice that if Mr.
Jones were concerned about short term adversities of surgery, the expected
utilities of CABG are consistently lower.

At this point, the analyst can take advantage of two properties of
expected utilities. As the probability of disease changes, expected
utility changes linearly (5). Also, any linear rescaling of the original
utilities is a valid representation of those utilities. Using these
properties, Mr. Jones' utilities can be graphed as shown in Figures 3
SYM2 (5)
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through 5, for any probability of underlying coronary state. Note that
the utility scale has been recalculated so that the best outcome,
observation of insignificant CAD, is valued at one, while the worst
outcome observation of serious CAD, is valued at zero.

For Mr. Jones' utilities (Table 1, Patient A), a patient prefers a trial
of anti-anginal medications when the probability of CAD (sum of
probabilities of mild and serious CAD) rises above about 6%. Below 6%,
observation is preferred, as labelled in Figure 3. The choice between
medical and surgical therapy also has a threshold, but it must be
expressed in terms of both the prior probability of CAD and the
conditional probability of 1 or 2 vessel CAD, given the probability of
CAD. It is important to remember that this phase of the analysis is a
study of Mr. Jones' values for outcomes of therapeutic choices only. One
should not use this analysis to recommend empiric CABG to patients with
atypical angina.

Figure 4 shows the expected utilities and preferred choices for the
patient who dislikes hospitalization and surgical recovery (Table 1,
Patient B). The small triangle where observation is preferred has not
changed much, but medical therapy is preferred unless the probability of
serious CAD is quite high. This change is the result of relatively subtle
changes in the underlying values for short term outcomes set up between
Patient A and Patient B in Table 1.

How do preferences for therapy compare to doing angiography? Assuming
that the angiogram yields perfect information, a patient who survives an
angiogram will get the optimal treatment for their underlying CAD
anatomy. The only utility penalties for an angiogram, are attenuated by
small probabilities of death or severe disability (Table 2). When the
angiogram strategy is analyzed for Patient A, angiography is the strategby
of choice virtually everywhere (Fig. 5). However, for patient B,
angiography is never a preferred strategy. This is because the additional
penalty for discomforts of angiography (1% of expected utilities) and for
CABG (2%) offset the utility gained by treating serious CAD surgically.
If the penalty for angiography is reduced to 0.2%, then the angiogram
strategy emerges as preferred for probabilities of 3 vessel or left main
CAD of 0.5 to 0.98 (not shown). If there is no penalty for angiography,
even with the 2% penalty for CABG, then angiography is preferred virtually
everywhere, similar to Figure 5.

The differences between angiography and therapy strategies for Patient A
and B illustrate the importance of the patient's values in the analysis.
The patient who is averse to short term discomforts and costs will desire
to avoid angiography and CABG. As the aversion to angiography falls, the
patients's preferences look more like the patient who is insensitive to
short term discomforts and out-of-pocket costs. An aggressive approach
with early angiography is what he desires. If attitudes like thos of
Patient A are prevalent, the demand for angiography will be very high.
Such considerations may come into conflict with recommendations concerning
angiography and CABG which are derived from constrainted resources points
of view.
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GENERAL CONCEPTS OF TEST SELECTION:
The Threshold Method and the ROC Curve.

Angiography is almost a part of treatment rather than testing for coronary
disease. No surgeon would proceed to bypass without the angiographic
information. However, there are many less invasive tests for the
diagnosis of CAD. Decision analysis of test selection can proceed by
either the threshold method or by analysis of receiver operator
characteristic (ROC) curves. The threshold method for test selection was
first proposed for test with binary (positive or negative) results by
Pauker and Kassirer (19) and later put in a form for tests with
categorical or continuous results by Doubilet (20). ROC curves have been
a useful way to characterize and compare diagnostic test (21,22,23).
Mathematically, the two methods are intimately related, and both are
influenced by subjective prior probabilities of disease and patient values
when used in clinical decision analysis.

The concept of a treatment threshold arises whenever there are two
treatments, one preferred if disease is absent and one if disease is
present. At some probability of disease presence, the physician's
treatment strategy should change. For Patient A analyzed above, when the
probability of CAD is above 6%, treatment should switch from observation
to a trial of medical therapy. The analysis also demonstrated how this 6%
is a function of the patient's preferences for the health outcomes implied
by treatment or mistreatment of each disease state. From the patient's
point of view, the emphasis of non-invasive testing would be to "rule out"
CAD by moving the probability of CAD (mild + serious) lower than 6%.

If we take a cardiologist's point of view, a reasonable algorithm would be
to begin definitive therapy by doing an angiogram in patients whose
probability of CAD exceeds his or her threshold. However, he or she might
not want to initiate therapy (guided by the angiogram results) whenever
the probability of CAD exceeded only 6%. A quick assessment of the
cardiologist's treatment threshold can be obtained by asking for the
acceptable fraction of total angiograms done which show only insignificant
CAD. The cardiologist might consider that between 25% and 35% of
angiograms showing minimal or no CAD is acceptable. Thus, his or her
threshold probability for definitive evaluation and treatment would be
70%. Note that this is a physician-specific treatment threshold, and may
be quite divergent from a patient's threshold.

Mathematically, the treatment threshold is related to the cost/benefit
ratio in terms of patient utilities. Given two disease states and two
treatments, there are four combinations, each with a utility assigned by
the patient, as follows:

U(D-,T-); utility of not treating healthy patient
U(D-,T+); utility of treating when disease is absent.
U(D+,T-); utility of not treating when disease present.
U(D+,T-); utility of treating when disease present.
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The utility benefit of treating a diseased patient is then
U(D+,T-) - U(D+,T-) = B.

and the utility cost of treating a healthy patient is
U(D-,T-) - U(D-,T+) = C.

The equation for the treatment threshold is as follows:

P = C + B

As shown by previous authors (19,20), Bayes Theorem can be used to
calculate the range of prior probabilities over which one should consider
testing. Given a test with a sensitivity (true positive rate TPR), and a
specificity (one minus false positive rate 1-FPR), one can derive the
threshold between witholding treatment and doing the test (PI) and the
threshold between testing and initiating treatment directly (P2). In a
situation where the definitive test is part of initiating treatment, as
with coronary angiography, the definitive test is considered part of
treatment, and the threshold analysis applies to less invasive, less
accurate tests, when there is no significant utility cost to going through
the less invasive test (as with patient A, Mr. Jones), the algebra starts
with Bayes Theorem and leads to the following two equations:

p i _ P* x FPR .
P* x FPR + (1-P*) x TPR '

P 2 = P* x (1-FPR\ .
P* x (1-FPR) + (1-P*) x (1-TPR)

Graphically, this looks like Figure 6. Here we have taken P* equal to the
cardiologist's 0.7, and we have used the sensitivity and specificity (.61
and .90 respectively) of one millimeter of ST segment depression on the
exercise EKG as indicative of CAD. When there are two tests, or two
definitions of positivity for the same test, there are several comparisons
betwen them. The second test: or definition may have a higher sensitivity
and specificity than the first. Thus, the second test will always be
preferred to the first. Tests may have overlapping performance
characteristics such that each test is the preferred option in different
ranges of prior probabilities (See Figure 6). Use of a multivariate
scoring rule to call an exercise EKG positive leads to higher sensitivity
but low specificity (shown on ROC curve, Figure 7). In this case, the
scoring rule is preferred over use of ST segment depression alone when the
prior probability of CAD ranges from 0.62-0.94 (Figure 6).

How does the threshold method relate to ROC curves? The value of ROC
curves is the display of true versus false positive proportions for
varying definitions of a positive test (as in Figure 7 for exercise
EKG's). The problem with this type of display is choosing the proper
cut-off point for calling the test a positive, indicative of disease. The
choice is essentially a decision analysis which examines the trade-off's
between the cost of mistreating a false-positive (C) versus the benefits
of treating a patient with real disease (B). It can be shown
mathematically that maximal expected utility is achieved when the slope of
the ROC curve is positive and equal to the inverse of the likelihood ratio
for disease and the cost/benefit ratio for treatments (7, pg. 123, MC
Higgins, Personal Communication, 23, pg. 21). The equation is as follows-
SYM2 (8)



II METHODOLOGIES OF CLINICAL DECISION MAKING:
An Overview and Introduction

TPR = FPR x ( 1 ' P r . i o r ) x- 0 - + R
Prior B

One can use the equation for a treatment threshold and rewrite the ROC
curve optimum as:

TPR = FPR x

The last two equations define a series of "isopreference" lines on the ROC
curve. The portion of the ROC curve tangent to an isopreference line is
the optimal cut-off for calling a test positive. When a test result is
categorical rather than continuous, the optimal cut-off is the first
feasible category on the upper or left frontier.

When considering Mr. Jones, the cardiologist might set the prior
probability at 0.65 and the physician-specific treatment threshold at 0.7,
leading to isopreference lines with a slope of 1.256. Looking at Figure
7, the dashed line indicates the cardiologist's isopreferences, and
suggests that either the scoring rule or simply more than lmm ST
depression are satisfactory positivity criteria. In contrast, recall that
Mr. Jones' personal treatment threshold was about 6%. Using his
cardiologist's expert (subjective) estimate of CAD probability of 0.65,
Mr. Jones' isopreference lines have a slope of 0.03, and the optimum point
on the ROC curve is the upper right corner. Here, all patients are
considered to have disease, and one should proceed with the work-up. This
is consistent with our earlier analysis of Mr. Jones' personal
preferences, as expected since all these analytic tools derive from the
same algebra of probability and expected utility.

CONCLUSIONS

Despite its numeric and precise veneer, clinical decision analysis is a
value-laden, subjective experience. The values are those chosen by the
decision maker. When undertaking an analysis, one must be specific and
consistent about whose point of view is important to the decision.
Patients acting selfishly to preserve their health will often have
conflicting values from policy makers pursuing a measure of good health
for all parties. The subjectiveness is in the probabilities. Even direct
application of the probability of an event from a large clinical database
is a subjective statement that the database applies directly to the
patient at hand. The two major methodologies for evaluation of diagnostic
tests, thresholds and ROC curves, are two faces of the same coin, a
decision theory for a probabilistic world in which one maximizes expected
utility.
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FIGURE ONE: Complexities of Forward-looting Approach.
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FIGURE SIX: Threshold Analysis for the Exercise EKG
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INTRODUCTION

Scientific knowledge is by definition general or categorical knowledge.
Even though we may be medically interested in the fate of the individual,
what we know is derived from categories to which we can assign the
individual. The application of scientific knowledge to the individual
gains in certainty to the extent that the category to which the individual
is assigned is an homogeneous category. Diagnosis, so understood,
consists in assigning individuals to homogeneous groups and transcends
simple taxonomy.

It should be noted in passing that totally homogeneous groups can exist
nosologically, but homogeneity is obtained either by a posteriori
classification or at the cost of predictive significance.

Indeed, if coronary artery disease is defined from arteriographic
criteria, homogeneous groups with (or without) CAD can be defined, but the
inclusion in the group does not uniformly predict response to therapy or
long term survival.

Homogeneous groups can equally be defined in respect to angina, but
inclusion (or exclusion) does not uniformly predict CAD (or absence of
CAD).

Diagnosis, in what follows, means the prediction of an unmeasured
characteristic from a measured characteristic: CAD from angina, survival
from CAD...

The paradox lies in the discrepancy between seemingly stochastic
characteristics of the class and binary or deterministic outcomes for the
individual. This discrepancy is only superficially homologous in the
paradox of the Eisenberg principle of uncertainty, which can be
approximated as follows an unmeasured electron has a certain probability
of being at some point at some time, until its presence is measured, at
which time the electron is or is not there. In the case of the patient,
individual characteristics differentiate the individual from the other
members of the class. The stochastic characteristics come in part from
the mix of those individual characteristics in the class.

Since the classes about which we have scientific knowledge have never been
homogeneous in terms of all individual patient characteristics, our
knowledge about individual patients is bound to retain some of the
stochastic characteristics of the class.

We are therefore not only entitled, but forced to approach diagnosis in an
impersonal and probabilistic way.

An obvious approach is the use of Bayes' theorem. In what follows, we
will try to clarify how this theorem can be applied, and should not be
applied.
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PART I: BAYES' THEOREM

Consider a universe of U individuals. In this universe, D individuals
have a particular disease, S individuals have a particular symptom. Some
individuals have both the disease and the symptoms; their number is DS.

DS = (DS/S).S by definition, and also DS = (DS/D).D; therefore we
have:

(DS/S).(S/U) = (DS/D).(D/U).

The ratios in the parentheses can be understood as probabilities, and
redefined as follows:

(D/U) is the general probability of having the disease, or the
PREVALENCE, usually represented as P(D).

(D/S) is the general probability of having the symptom, and is
represented by the symbolic notation P(S).

(DS/D) is the probability of having the symptom if one has the
disease, or the SENSITIVITY of the symptom, usually represented by
P(S/D).

(DS/S) is the probability of having the disease if one has the
symptom, or the POSITIVE PREDICTIVE VALUE, usually represented by the

notation P(D/S).

The original identity relation can now be rewritten as:

P(D/S).P(S) = P(S/D).P(D) (1)

and can be rewritten as:

P(D/S) =
Furthermore, the term P(S) can be disassociated into two components:

P(S) = P(S/D).P(D)

or the sum of the sensitivity x the prevalence plus the non-specificity x
the reciprocal of the prevalence, which is the probability of not having
the disease in the population U.

If a diagnostic procedure detects the presence of S (the symptom), then
the positive predictive value of the test P(D/S) is defined by the
characteristics of the population, in this case the prevalence P(D) and
two characteristics of the test: the sensitivity P(S/D) and the
non-specificity P(S/D-).

The significance of a test outcome, however, depends on the population on
which the test is applied, as much as on the test characteristics. The
following table illustrates the point for four cases.
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Case 1 Case 2 Case 3 Case 4

P(S/D) .90 .90 .90 .90
P(S/D-) .10 .10 .30 .30
P(D) .90 .10 .90 .10

P(D/S) .99 .50 .96 .25

High prevalence and low non-specificities result in high positive
predictive values for a given sensitivity. The reverse is true for low
prevalences and high sensitivities, which result in high negative
predictive values (P(D/S-)).

Incidentally, one measure of the test efficacy, apart from the ability to
lead to a more homogeneous classification, as in cases 1 and 2 where
homogeneity rose from .90 to .99 and .96 respectively, is the degree to
which the a priori, or pre-test classification is altered. This measure
can be expressed as the ratio P(D/S)/P(D), and by simple rearrangement
yields (P(S/D)/P(S) or the ratio of the sensitivity to the general
frequency of the symptom. In other words, rare symptoms with high
sensitivities yield more powerful tests. However, this value, and the
analogous likelihood ratio, are population sensitive, as we will see
below.

PART II: CLINICAL LIMITATIONS

The test characteristics are not invariant under various populations.

It should be noted that the simple expression of Bayes' theorem given
above has helped us to define the characteristics of any diagnostic test,
independently of the population characteristics, and herein lies the final
limitation: If P(S/D) and P(S/D-) are defined for one population, are
they invariant from one population to another? Unfortunately, the answer
is no.

If a decrease of the ejection fraction during stress is used to detect
coronary artery disease, we should note that the overall sensitivity is
0.81, the overall non-specificity 0.32 in patients, but 0.05 in "normal"
volunteers (2). Furthermore, in males the values are respectively 0.83
and 0.33, but 0.79 and 0.56 in females.

The mix of the unaffected population influences the non-specificity
which in heterogeneous populations is an heterogeneous value.

The non-specificity varies with the composition of the patient group which
does not have the disease for which one tests but which can have other
conditions. A decrease in EF is indeed found in 0.78 of the patients
without CAD but with valvular disease (2).
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This second limitation forces us to reformulate the theorem as follows:

P(Dj/S) = PfS/Dn.PfDi)
n

/ P(S/Di).P(Di)
i=0

In this expression, the general frequency of the symptom is expressed as
the sum of the sensitivity of the symptoms for all the conditions in the
population, including the disease for which one tests, (and the "normal"
condition), each multiplied by the prevalence of that condition. It is
interesting to note at this time that the "specificity" was not used, and
that non-specificity is now reduced to sensitivity for something else!

In general the diagnostic process is not limited to the evaluation of
a single symptom.

In multiple symptoms are present, the serial application of Bayes' theorem
would lead to the following formulation:

i=n
P(Dk). P(Si/Dk)

P(Dk/Si,i) = l,n) = ^

iif. n
P(Dj) P(Si/Dj)

j = l i = 1

This serial application, however, assumes that the symptoms are
independent. This is easy to understand, if one considers that expreme
case, where the presence of one symptom makes the presence of all others
certain. In that case, the others do not contribute and their serial
application would be equivalent to applying the same symptom n times.

PART III: MULTIPLE OUTCOMES

When a diagnostic procedure is applied, the outcome is not necessarily
positive or negative. Multiple different outcomes are possible, either
exclusively or simultaneously.

Consider thallium myocardial perfusion scintigraphy, in which defects can
be observed either immediately after an injection during stress or in the
"redistribution" image, recorded four hours later. If the presence of a
"perfusion defect" in the stress image is scored as "+", and a significant
distribution change in the redistribution image is also recorded as "+",
there are at least four different outcomes, each with its own sensitivity
and specifity.
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STRESS REDISTRIBUTION P(S/D) P(S/D-)

.11
.31
.11
.47

.75
.19
.03
.03

The interpretation of such a test can be performed by the simple
application of Bayes1 theorem, but only if each outcome is considered as a
single symptom. Consider first that the sensitivity for ANY abnormality
is 0.89, but this must be weighed against a non-specificity of 0.25.
Redistribution abnormalities are fairly rare (P(S/D) = 0.58) but very
specific (P(S/D-) = 0.06).(3).

The positive predictive value of each outcome is, of course, a function of
the pre-test probability or prevalence and, if we consider that the value
of the test depends on the homogeneity of the final classification, it
follows that each outcome will have a different value according to
circumstances:

STRESS REDISTRIBUTION P(D) P(D/S) P(D) P(D/S)

.10
.10
.10
.10

.01
.15
.28
.63

.90
.90
.90
.90

.56
.93
.97
.99

PART IV: QUANTITATIVE SYMPTOMS AND CONGRUENCY

Up to now we have considered binary outcomes, or tests which are
essentially non-quantitative. If we consider a situation where there is
an isomorphic relationship between disease and symptom, the situation
changes. An isomorphic relationship is present either when more advanced
disease increases the sensitivity or when more pronounced symptoms are
more specific.

Consider the first situation. The literature reports a sensitivity for
increased ventricular volumes as stress which varies from 0.27 in single
vessel disease to 0.67 for triple vessel disease. A decrease in ejection
fraction similarly is present in 0.71 of single vessel disease, 1.00 of
triple vessel disease.

In such situation, "false negative" outcomes become less likely as the
disease progresses.

Alternatively, we found (3) that larger perfusion defects in myocardial
perfusion scintigraphies tend to be more likely true positive.

Jn the first case, the sensitivity is modified by the nature of the
iisease, and P(D) requires a new definition. In the second case P(S\D)
and P(S\D-) are modified by the "value" of S.
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-EiaaUy, particular constellations of signs caji have more or less
significance: a high T4 value and a high 24-hour I-uptake mean more than
either one, if Graves' disease is suspected, even if either one in
isolation is more extreme. High T4 with low I-uptake is more suggestive
of acute thyroiditis, the reverse of factitious hyperthyroidism. The
significance of a sign depends therefore on the context.

Context and isomorphism can be taken into account by cluster analysis
where the probability of the constellation of symptoms is computed for all
possible disease states. In this approach, it is not the degree of
abnormality, nor the number of abnormalities which are diagnostic, but the
similarity of the individual case with a class or subclass, which is more
homogeneous.

CONCLUSION

If Bayes' theorem provides a useful learning tool, its application in
clinical decision making must be weighed against the limitations inherent
in the derivation of the theorem.

The limitations do not lie in the stochastic nature of the analysis but in
systematic and practical limitations.

The systematic limitations are the difficulty in establishing the
invariance of the test characteristics for different populations. The
practical limitations follow from the complexity of the derivation when
multiple or serial testing is performed, the symptoms are isomorphic with
the disease state, and when congruency needs to be taken into account.

Congruency and isomorphism are better suited to cluster analysis, in which
the whole pattern of positive and negative findings is compared
(quantitatively) to the expected patterns of the possible disease states.
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INTRODUCTION

The concept of automated disease prediction is ancient, but only recently
have attempts been made to provide doctors with computer-aided decision
support systems. In part, this has resulted from the recent emphasis upon
cost constraint and in part from the recent explosion of information
technology. Unfortunately however, the rapidity of these developments has
led to a situation where a number of apparently promising systems have
been developed but the system development has out-stripped methodology of
evaluation.

Several crucial questions to be answered in assessing the value of
diagnostic algorithms or computers in any given area of medicine can be
listed as follows:

1. What are physicians' perceived (and actual) needs in this area of
medicine?

2. Can these needs be modelled by a computer or other systems?

3. Can models produce an effective prediction (equivalent to a
clinical expert)?

4. What would be the implications for implementation of such
systems?

This presentation will attempt to address these four questions, using as a
basis for discussion a system developed in Leeds, England, in order to
assist and support clinicians dealing with patients suffering from acute
undiagnosed chest pain.

1. Clinicians Needs

It should be axiomatic that before attempting to devise or evaluate
decision support systems, it is wise to explore clinicians perceived and
actual needs. Unfortunately, this vital step is often omitted. In the
present instance, a total of over 100 physicians dealing with acute chest
pain were polled, (mostly in the U.K. but 25 physicians in the U.S. also
took part). The results, elicited via detailed questionnaire, were
analysed and compared with an independent survey of the same physicians'
practices.

Questionnaire

The questionnaire forwarded to physicians concerned their diagnosis and
management of patients with acute chest pain. The questionnaire attempted
to elicit what diagnostic aids (and drugs) were used in primary health
care; why patients were admitted to hospital; what hospital facilities
were most valued - and thereby establish what attributes a decision
support system should have.
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The results of this questionnaire were in some respects surprising. In
both the U.K. and U.S., where cardiogenic pain was suspected, there was
frequent recourse to diagnostic aids much as EKG and enzyme analysis. The
primary health care physicians' problem thus seemed (both in terms of
questionnaire responses and in analysis of practice) to be that of picking
"suspected cardiogenic pain" from the vast mass of patients with less
urgent or serious chest pain presenting on a daily basis.

As regards admission to hospital, again there was little difference
between U.K. and U.S. physicians. Most physicians rated moniotoring as
the highest valued hospital facility, particularly in relation to the
development of possible arrhythmia. This concurred with the physicians'
responses concerning management of patients in primary care. There was
good agreement concerning management of pain or pump failure, but poor
agreement concerning the management of arrhythmia.

We concluded from these studies that a decision support aid for primary
health care (and emergency hospital care) should fulfill two functions.

a) Discrimination between cardiogenic chest pain and less severe or
serious causes.

b) Immediate short-term prognosis, particularly in relation to the
development of death and complications such as arrhythmia. In
each instance, the target accuracy level for prediction should be
that of expert opinion backed by relevant investigations.

2. Can Diagnosis/Prognosis be Modelled?

The mathematics by which this problem was evaluated have been detailed
elsewhere in relation to acute abdominal pain ^ \

In conceptual terms such a system should:

a) guide the physician through a thorough, well-defined, relevant
interview and examination,

b) provide a means of comparing an individual patient's clinical
data (without special tests) with a sample of other patient data
to arrive at a diagnostic prediction, and

c) educate the physician whilst this is going on.

In engineering terms, the solution is also rather simple. Such a system
can be accomplished by virtually any current micro-computer system - most
of the Leeds programs being written for the APPLE HE in BASIC. In these
studies:

a) Patients presenting to the physician were interviewed via a
structured data collection form affixed to the case record.
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b) This new case history was compared with data from a prior survey
of 1,000 cases with acute chest pain, carried out between 1979
and 1983 using the data matrix via Bayes Theorem as a set of
conditional probabilities.

c) On receipt of information about the users diagnostic prediction
and managment strategy, the computer printed out a series of
probabilistic predictions, which were then compared with the
physicans's prediction, and the "final" diagnosis established
some months later after detailed follow-up.

On this basis the studies to be described have been performed. Data
collection forms have been agreed with physicians widely, and observer
variation studies carried out. The collection of information to form a
matrix of conditional probability took place between 1978 and 1983;
followed by a prospective study using real-time, real-life cases on
Intensive Care Units, A/E Departments, and Health Care Centers. The
results will not be described.

3. Can Computer Modelling Produce and Effective Prediction?

Currently there is experience available with this system amounting to
around 1,000 cases from the U.K. Such matters as evaluation of
international conditional probability are unresolved at this time, but
current data already indicate that such a system; may be both valuable and
cost-effective.

Diagnosis

As regards diagnosis (Table 1), for a total of 973 patients presenting
with acute chest pain a computer prediction (made at admission on the
basis of clinical symptoms and signs alone) was compared with a hospital
clinicians diagnosis and also with the "final" assessment made one year
later, was well over 90% in those cases with cardiogenic pain.

Prognosis

In a further series of over 400 cases, a computer prognostic prediction
was made in cases presenting to all three sites, (see above) concerning a)
death versus survival during the next two weeks and b) the development of
"I.C.U." complications (such as arrhythmia or pump failure).

The computers prediction was made in both instances on the basis of
symptoms and signs at first presentation with acute chest pain, and
compared by follow-up with subsequent patient outcome one year later.
Tables 2 and 3 indicate the results. Clearly there is a high correlation
between computer predicted risk of death or complications and actual
outcome.

It would seem from the above data therefore, that computer prediction can
be made equivalent to that of expert opinion backed by in-hospital
investigations. These data are confirmed (Table 4) when the computer
prediction regarding death is compared with that of expert opinion. As
regards the high risk cases, the prognostic ability is similar - but as
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regards the low risk group, the computer has significantly fewer "false
negative" predictions (i.e. good prognosis, patient died) than clinicians.

4. What are the Implications?

From the above data it seems reasonable to deduce certain implication*
which may be listed as follows:

1. For remote locations, in a variety of situations, it seems reasonable
to suggest that if medical care is not readily available, there is
reason to believe that the provision of some kind of simple
decision-making system of the type outlined would be beneficial.

2. In terms of hospital care, the implications are clear: it would seem
possible to reduce the number of admissions to Intensive Care Units or
Coronary Care Units without detriment to the patient. This should
imply considerable resource saving.

3. There is a clear implication that the risk to the patient can be
standardized; at least in terms of patient groups, with clear benefit
in terms of patient selection for clinical trials.

4. There are also clear implications as regards the development of a
common medical terminology. It is almost unbelievable that in this
day and age such terminology does not already exist. These data
reinforce the need for one.

5. One major surprise in the collation of data for this series was the
extent to which "textbook" medicine differs from that observed in over
1,000 patients. (For example, pain "going down the left arm" appears
to be present in 31% of patients who have cardiogenic pain and 33% of
those who do not).

6. Finally, the study re-emphasizes the values of traditional medicine -
taking a careful history from each patient and making a thorough
physical examination before selective, effective resource to high
technology.
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TABLE 1

Diaanosis

Cardiac versus Non-Cardiac Patients

Computer Probability of
cardiac event. Cardiac

607

71

11

Non-Cardiac

34

56

194

94.7

55.9

5.0

High Risk y B0%

Intenndiate Risk

Low Risk <£ 20%

TOTAL 689 284

50/50 Cut off.

Computer

t
U

1

Cardiac

ilon-Cardiac

Total

Cardiac

652

52

7O4

Non-Cardiac

37

232

269

689

284

973

Sensitivity = 652/689

Specificity = 232/284

Positive predictiye
value = 652/7O4

Negative predictive
value = 232/269

Overall 684/973

94.6%

81.6%

92.6%

86.2%

9O.9V



TABLE 2

Comparison of Computer Predicted Risk of Dying with

Actual Outcome in 466 Patients

Outcome

Computer Prediction Died Survived % Died

High Risk (over 8O%) 44 54 44.9%

Intermediate 20 1OO 16.7%

Low Risk (under 20%) 4 244 1.6%



TABLE 3

Computer Predicted Risk of Problems Warranting Intensive Care

vs Actual Outcome in a Total of 42B Patients

Outcome

Computer Prediction oblems

122

37

6

No
Problems

52

61

148

% with
Problems

70.1%

37.8%

5.1%

High Risk (over 80%)

Intermediate Risk

Low Risk (under 20%)



TABLE 4

Is Computer Prediction Equivalent to "Expert" Opinion

High Risk

Intermediate Risk

Low Risk

% in each category
who died

Clinician*

66%

12.8%

4.2%

Computer

56%

28%

1.6%

(* cf Kitchin & Pocock, 1977).
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Since its introduction in the mid-1970's, planar stress-redistribution
thallium scintigraphy study has become a widely avaitcble, validated,
useful tool for detection and asessment of patients with chronic CAD. The
more recent addition of generally available quantitative analysis methods
(1-4) has further contributed to standardization of technique,
objectifying interpretation, as well as increasing the ability to assess
the extent of hypoperfused myocardium. For purposes of discussion, the
clinical applications of this technique in chronic CAD will be divided
into the following categories: (A) diagnosis, (B) assessment of disease
extent, and (C) assessment of prognosis. The other clear applications,
including assessment of hemodynamic significance of known coronary artery
lesions, assessment of myocardial viability, and assessment of the
efficacy of therapeutic interventions, will not be presented.

A. Diagnosis. For therapeutic reasons, it is frequently important to
merely make the diagnosis of disease. To understand the diagnostic
efficacy of the Tl-201 study, we must know its sensitivity and specifity
for CAD and understand how these relate to disease probability. These arc
explained below.

1. Bayes' theorem expresses the post-test likelihood of disease as a
function of the sensitivity and specificity of the test, and the
prevalence of disease in the population being studied. Stated
differently, if the sensitivity and specificity of the test and the
prevalence of disease is known, one can calculate the likelihood of
coronary artery disease being present on the basis of a normal or
abnormal test result. This knowledge helps to define the
appropriateness of a test for a given patient.

2. The sensitivity and specificity of stress-redistribution thallium-201
scintigraphy for detection of CAD is approximately 85% and 90%
respectively. Although imperfect, this sensitivity and specifity is
higher than that achieved by stress electrocardiography. Since it is
a measurement of perfusion, the Tl-201 study is a more specific marker
for CAD, a disease of the coronary vessels, than the exercise
radionuclide ventriculogram, which assesses ventricular function.

3. The third variable ..jcessary for calculation of post-test likelihood
of disease is prevalence of disease. Diamond and Forrester (5) have
provided pooled literature estimates of CAD prevalence, which remain
probably the most accurate data available for clinical use. The
prevalence of disease (pretest likelihood) varies widely in a
diagnostic population from 0.4% likelihood in a 35 year-old
asymptomatic female to a 94% likelihood in a 65 year-old male with
typical angina pectoris. Since the post-test likelihood of disease is
linearly related to pretest likelihood or disease prevalence, it is
clear that knowledge of this variable is highly important in
determining the appropriateness of a test in a given patient as well
as in determining the meaning of the test result.
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4. Applications in the diagnosis of coronary artery disease. Figure 1
illustrates the population in which thallium-201 scintigraphy is most
appropriately used for diagnostic purposes. In the very low
prevalence population, this test is not helpful since a normal or an
abnormal test result has a small effect on the post-test likelihood of
disease. Similarly, for simple detection of disease the test is not
helpful at the very high pretest likelihood end of the spectrum, since
there is also very little difference between normal and abnormal test
results in terms of post-test likelihood of disease. Of note, in a
population with an intermediate pretest likelihood of disease
(illustrated by line B of Figure 1), there is a marked difference in
post-test likelihood of disease as a result of an abnormal vs. a
normal test finding. It is in this group with intermediate pretest
likelihood of disease that the study is particularly helpful. For
example, given a test with 90% sensitivity and 90% specificity, and a
pretest likelihood of disease of 50%, a normal test response will
lower the likelihood of disease to 10% and an abnormal test response
will increase the likelihood of disease to 90%, levels adequate to
appropriately guide subsequent management.

The manner in which these concepts can be utilized in clinical practice is
illustrated in Figure 2. Prior to the performance of any diagnostic test,
the pre-test likelihood of disease is determined. If the likelihood of
disease is low, exercise electrocardiography may be performed,
particularly if the patient is in an older age group and involved in
vigorous activity. If the ECG is negative, the patient may be followed up
medically and no further testing is required. On the othe<- hand, if the
ECT is positive, the resultant intermediate likelihood of Disease will
make the patient an excellent candidate for a radionuclide study with
exercise. At the other end of the spectrum, if pretest likelihood of
disease is high, again an exercise electrocardiographic test may be
performed without a nuclear study. If positive, the post-test likelihood
of disease will be high enough that cardiac catherization may be
indicated. If negative, the patient would have an intermediate likelihood
of disease, and would appropriately qualify for undergoing radionuclide
study. Other patients might have an intermediate likelihood of disease
wtihout prior exercise electrocardiography, and would be sent directly for
radionuclide testing.

On the basis of the radionuclide study, most patients can be categorized
into those highly likely to have disease, in who catheterization would be
performed, and those unlikely to have disease, in whom medical followup is
appropriate. In a small porportion of individuals, the likelihood of
disease would still be intermediate after performance of the single
radionuclide study, and the second radionuclide stress test may be
performed to determine subsequent management. Whether the thallium-201
study or the exercise radionuclide ventriculogram is performed as the
first radionuclide study (the study to be used in most individuals) would
depend on the local experience of a given physician or his laboratory
rather than any intrinsic difference in the test themselves, since the
sensitivities and specificities of the tests are very similar. As noted
in the diagram, fluoroscopy for cardiac calcification may at times provide
inexpensively additional information regarding likelihoocf of disease
SYM5 - 3 -
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Several studies have attempted to validate the Bayesian approach by the
use of Tl-201 for assessment of CAD. Uhl et al. (6) demonstrated that the
sensitivity and specificity of Tl-201 studies is as high in a low
prevalence group (21%) as in the higher prevalence populations more widely
reported. In a study of 135 women without myocardial infarction, Melin ct
al. (7) showed that the use of Tl-201 in patients with an intermediate
pretest likelihood of CAD (10-90%) resulted in a marked increase in the
proportion of patients in the high and low likelihood groups, and that
this was an appropriate shift based on coronary angiographic findings.
They concluded that application of a sequential testing approach could
have reduced the need for diagnostic cat':erization in this population by
50% without loss of accuracy. The patients with the conditions most
commonly associated with the intermediate likelihood of disease are
illustrated in Table I.

B. Evaluation of the Extent and Severity of Disease. The ability of the
Tl-201 study to provide prognostic information is related to its providing
information regarding the extent and severity of CAD. With respect to
disease severity, i.e., the degree of stenosis of the underlying coronary
artery, Reisman et al. (8) demonstrated that 90% of the time a severe
thallium defect (a defect causing marked reduction in stress distribution
of thallium-201) was associated with an underlying coronary stenosis of
>90% luminal diameter narrowing. This was true whether the perfusion
defect was reversible or nonreversible. Therefore, we interpret a severe
reversible thallium defect in our laboratory as indicative of a critical
stenosis in the artery supplying the involved territory.

Information regarding disease extent (the proportion of the myocardium
subtended by vessels with significant stenoses) is provided by the number
of segments which have a Tl-201 effect. In this regard, quantitative
thallium-201 scintigraphy has proven to be a significant addition to
standard planar imaging (9-11), through the addition of detection of
abnormal zones manifesting washout abnormality without initial perfusion
defect. Weiss et al. (12) showed that changes in the size of the LV
between stress and redistribution times as assessed from Tl-201 images is
a marker of both severe and extensive CAD. The phenomenon termed
transient ischemic dilatation (TID) of the LV was found to be strongly
associated with multivessel critical coronary stenosis (>90% luminal
diameter narrowing) which when TIC was marked was present in 98% of
individuals.

Further contribution to the ability to evaluate the extent of coronary
artery disease is likely to result from rotational thallium-201
tomography, which circumvents the problem of overlap of normal and
abnormal structures inherent in the planar imaging approach. This
technique may allow for significant improvement in quantifying the extent
of infarcted and hypoperfused-but-viable myocardium.
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C. Prognostic Evaluation in Patients With and Without Prior Mvocardial
Infarction. Recent studies such as the coronary artery suigery study
(CASS) (13) have suggested that coronary angiography may have limitations
in assessment of prognosis. This study reported the results of a
randomized trial of medical and surgical therapy of patients with
mild-to-moderate coronary artery disease, excluding those with left-main
coronary artery disease and severly reduced left ventricular ejection
fraction ( ^ S ) There was no significant difference in survival after
medical or surgical therapy in any of the patient subsets, including those
with triple-vessel coronary artery disease. Thus the study clearly
demonstrated that three-vessel coronary artery disease per se did not
carry the ominous prognostic significance suggested by the previous
retrospective studies of the 1960's. On the basis of the CASS study, in a
nearly concomitant editorial, Braunwald concluded that "coronary
angiography can be limited to patients who, on clinical examination and
noninvasive exercise stress testing (electrocardiographic or radionuclide
or both) are considered to be at high risk" (14).

The study of the prognostic implications of exercise radionuclide
scintigraphy is probably the most exciting area of clinical research
regarding these modalities at the present time. Several studies
concerning prognostic content have already reached publication. Brown et
al. (15) demonstrated that the number of reversible thallium-201 defects
was the only predictor of cardiac events among multiple factors in
medically treated patients without prior MI followed for a mean of 3.7
years. The thallium-201 study was more predictive of adverse event than
the number of abnormal vessels at the time of coronary angiography.

Staniloff and associates (16) studied a large group (819 patients) without
prior myocardial infarction referred for diagnostic thallium-201 testing
with respect to the development of subsequent cardiac events over a
one-year followup period. Events were defined as myocardial infarction,
sudden death, or severe worsening of angina resulting in late bypass
surgery at a greater than two-month interval from the time of initial
testing. In this study, a variety of parameters were predictive of
subsequent events; however, the single most potent predictor was the
thallium-201 study. Patients with at least one definite thallium defect
had approximately 12 times the event rate of patients with normal or
equivocal thallium-201 studies. Importantly, and related to the
above-noted relationship between severe thallium-201 defects and the
severity of the underlying coronary stenosis, 17% of patients with a
severe thallium defect had a subsequent coronary thallium-201 studies
demonstrated subsequent events. Of further note in this regard, in the
same study, patients with equivocal thallium-201 studies (mild decreases
in thallium-201 uptake) had essentially the same benign prognosis (less
than 1% event rate) as those patients with normal thallium-201 studies.
Importantly, 69% of the patient population could be categorized as having
a very low risk (0.88%) for one-year cardiac event based simply on the
presence of a normal or equivocal Tl-201 study. Several additional
manuscripts have improved the benign prognosis of a normal stress TI-201
study (17-19) If only MI or death are considered events, the 1461
patients reported in four studies (16-19) had a one-year hard event rate
(MI or death) of .75%. Thus, on the basis of these studies, it would
appear that an approach to CAD prognosis might be established as shown in
Figure 3 that is analogous to the approach illustrated in Figure 2
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regarding detection of coronary artery disease. For prognosis, the
difference is that the pretest likelihood of subsequent myocardial event
is assessed before a given test is to be performed (as opposed to pretest
likelihood of disease), and Bayesian analysis would then be used to
express the post-test likelihood of event.

With respect to patients with no previous myocardial infarction, Gibson
and associates (20) studied a group of 140 patients with documented
myocardial infarction with respect to the results of submaximal treadmill
testing, submaximal exercise thallium-201 scintigraphy, and coronary
arteriography performed on all patients. These authors illustrated that
the finding of angina on the treadmill or ST segment depression,
multivessel disease, or multiple thallium defects, lung uptake, or
redistribution into the zone with prior myocardial infarction were all
similarly predictive of subsequent untoward myocardial event. However,
the thallium-201 study was more highly predictive of the absence of future
cardiac events in the patients with the low-risk test results than the
absence of future cardiac events in the patients with the low-risk test
results than the stress test or the coronary arteriogram. Of 50 patients
with subsequent events, thallium scintigraphy identified 94%, in contrast
to the exercise ECT or angina detection of 71%. The difference between
the thallium-201 and coronary arteriographic findings was found in
patients with single-vessel disease. Thirteen patients with single-vessel
disease developed subsequent myocardial event, and 12 of these 13 patients
exhibited redistribution on thallium-201 scintigraphy. Thus,
complementing the study of Brown et al. 9.15), this study suggests that the
thallium-201 stress-redistribution study is more highly prognostic than
the coronary arteriogram.

Further information regarding the orediction of future cardiac events by
thallium-201 scintigraphy in patients with acute myocardial infarction has
been provided by Leppo and associates (21). These investigators reported
the use of dipyridamole thallium-201 scintigraphy in patients with MI
prior to discharge to predict how many subsequent cardiac patients died or
had recurrent infarction in a mean followup of 19 months. Eleven of the
12 had transient defects on predischarge dipyridamole thallium-201
studies, as did 22 of 24 patients requiring readmission for management of
angina. Among all other variables tested, only the presence of
redistribution in the dipyridamole thallium-201 scan was a significant
predictor of subsequent cardiac event. In a subgroup of 26 patients who
were also tested with submaximal exercise prior to discharge, the
dipyridamole thallium-201 study was demonstrated to be significantly more
predictive (p<.001) of subsequent myocardial events than the exercise
electrocardiogram. The total number of patients studied to date in these
prognostic studies with thallium-201 is not large; nonetheless, the data
provide strong support to the concept that the thallium-201 study contains
a great deal of prognostic information and thereby can be of use in
stratifying patients with known coronary artery disease with or without
prior myocardial infarction into low and high risk subsets.
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Most recently, Boucher and associates (22) have utilized thallium-201
studies to identify another category of risk; i.e., the development of
cardiac complications at the time of non-cardiac surgery. These
investigators studied 48 patients with suspected coronary artery disease
who were to undergo peripheral vascular surgery. Sixteen of the 48
patients manifested transient defects, and 32 patients had either
persistent defects only, or normal thallium scans. The
intra/perioperative cardiac event rate was 50% for the 16 patients with
transient defects and was 0 for the patients who had either normal scans
or persistent defects only. Based on these observations, the performance
of dipyridamole thallium-201 scintigrams has become a routine in those
centers where it is available for assessing the cardiac surgical risk in
patients undergoing non-cardiac surgical procedures who art unable to
exercise.

In conclusion, thallium-201 testing has proven to have broad application
in the assessment of diagnosis and prognosis of patients with suspected
coronary artery disease. Due to the moderate cost of the examination, the
test is best reserved for assessing those patients in whom the clinical
questions are not answered by less expensive screening. For diagnostic
purposes, the test is best used in those patients with an intermediate
likelihood of having coronary disease. For prognostic purposes, the test
is best utilized in those patients with an intermediate likelihood of
subsequent cardiac event. Stress-redistribution thallium-201 scintigraphy
has a variety of other clinical applications, such as assessing the
hemodynamic significance of known coronary lesions, assessing myocardial
viability, and assessing the efficacy of therapeutic interventions. In
the interests of time and space, these other applications are not
discussed in this presentation.
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FIGURE LEGENDS

1. The relationship between pretest likelihood (x axis) and post-test
likelihood (y axis) for a test with 90% sensitivity and 90%
specificity (value suggested appropriate for Tl-201 by recent
studies). The upper curve (broken line) depics this relationship for
the abnormal test results and the lower curve (solid line) for the
normal test results. The center line is a line of identity. Vertical
lines A, B, and C delineate three different pretest likelihoods of
0.01, 0.5, and 0.99 respectively. The length of these lines can be
considered a measure of the diagnostic value of the test. Note that
the longest line (greatest separation between pretest and post-test
likelihoods) is associated with the midrange of pretest likelihood.

2. Diagrammatic illustration of the approach to detection of coronary
artery disease using sequential Bayesian analysis of noninvasive
tests. Prior to testing, the pretest likelihood of disease is
determined. The thallium-201 study (radionuclide study #1 in our
laboratory) is utilized in those patients with an intermediate
likelihood of coronary aretery disease, usually following exercise ECG
testing. A small percentage of patients will remain in the
intermediate likelihood group following the thallium study. In these
patients, the exercise wall motion study (radionuclide study #2 in our
laboratory) is usually able to define the lower high-likelihood state
for the presence of angiographically significant coronary artery
disease.

3. Diagrammatic illustration of the proposed approach to the assessment
of prognosis in patients with known or suspected coronary artery
disease using sequential Bayesian analysis of noninvasive tests.
Prior to testing, the likelihood of future cardiac event is assessed.
Radionuclide testing is utilized in those patients with an
intermediate likelihood of future cardiac events.

TABLE I. Intermediate (20-80%) Likelihood of CAD

1. Asymptomatic patients with positive stress ECG.
2. Nonanginal chest pain patients with positive or nondiagnostic

stress ECG.
3. Atypical chest pain patients regardless of stress ECG.
4. Typical angina pectoris patients with negative stress ECG.
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Evidence is presented in the preceding paper which establishes radioactive
thallium-201 cardiac imaging as the non-invasive procedure choice for the
identification of specific regions of the myocardium which are at possible
increased risk for permanent injury from coronary artery disease. In
order to improve further upon these results, a new imaging technique will
be described in this section. The technique is called Single Photon
Emission Computed Tomography, (Greek: tome-cutting + graphein-to write)
more commonly known as "SPECT". This method shares many features with
"PET" (Positron Emission Tomography), i.e., :.-» terms of image
reconstruction from data recorded at various angles around the patient,
following the administration of a radioactive substance. SPECT and PET
involve the computer generation of pictures ("slices") through the heart
after a radioactive tracer, which has an affir?ty for the heart muscle
(myocardium), is injected intravenously. SPECT differs from PET, however,
in that commonly available radioactive drugs such as tha!lium-201 are
used, i.e., SPECT does not require an on-site cyclotron facility for the
production of the radioactive tracers as required with PET. An additional
feature of SPECT is that the nuclear detector (scintillation camera) used
to record the distribution of radiopharmaceutical in the heart is
essentially the same device used for "planar imaging", i.e., single views
obtained from only 2 or 3 angles.

What prompted the switch from planar imaging of the heart to SPECT?
Single (planar) vievs of the heart, even when recorded in several
projections, cont^n data from overlyi' , anatomical structures. Thus, the
opposing walls of the heart tend to be superimposed in the final image.
This causes a reduction in image contrast, which is the feature necessary
to detect small abnormalities related to an inappropriate myocardial blood
flow response to exercise (perfusion normally increases during exercise up
to about three times above resting levels). The initial distribution of
thallium-201 in the heart is both a reflection of blood flow and the
amount of myocardial tissue present (it is reduced when scar tissue
replaces healthy tissue following a myocardial infarction). Ii is
imperative that small abnormalities (i.e., reduced thallium-201 uptake)
are not masked by nearby normal tissue accumulations. SPECT substantially
reduces the superimposition of anatomical structures. This facilitates
not only better detection of abnormalities, but improved characterization
of the abnormalities in terms of thallium-201 "redistribution".

As mentioned in the preceding chapter, thallium-201 in the period of 3-5
hours following its administration tends to slowly accumulate in zones of
the myocardium supplied by diseased coronary vessels in which transient
ischemia occur id during exercise stress, (or in which myocardial blood
flow failed to increase in response to a coronary artery dilatating drug
(e.g., dipyridamote). Accordingly, an abnormality (zone of initially
reduced thallium-201 uptake) identified on the post-exercise SPECT images
which is no longer seen when imaging is repeated 4 hours later, is more
likely to be associated with ischemic, but still living (viable)
myocardium - therefore, at possible increased risk for permanent damage
from a myocardial infarction in the future. This reversible pattern of
abnormality is frequently called a "redistribution" or "reversible"
defect. On the other hand, when scar tissue has replaced normal
SYM6 - 2 -
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myocardium following a previous myocardial infarction, it produces a
pattern in which the abnormal reduction in thallium-201 remains
essentially unchanged over 4 hours (a "fixed" defect).

In rare cases of 3 vessel coronary artery disease, no defects may be
observed on the initial SPECT images, nor on the 4 hour delayed images.
The abnormalities can only be detected by computer analysis of the
clearance ("washout") of thallium-201 over 4 hours. Normal clearance
rates from the heart range from approximately 30 50% of the original
uptake over a period of 3-5 hours and has been shown to relate to adequacy
of myocardial blood flow during that period, although, other factors
appear to contribute to "washout" as well. These include the initial
amount of thallium-201 distribution in and release from the skeletal
muscles (particularly increased in the legs during treadmill exercise) and
kidney function (Tl-201 is cleared in the kidneys). All of these appear
to affect the blood flow of tracer over time, thereby, altering the
gradient of thallium-201 concentration between the myocardium and the
blood. Thus, a third pattern can be described (sometimes by computer
processing alone when it cannot be recognized visually) namely - abnormal
"washout". Thalli>;m-201 clearance less than approximately 30% in 4 hours,
or even a slight net increase, in one or more zones fulfills the criteria
of an "abnormal washout" pattern. Although this pattern is usually
associated with the initial stress-induced defect, the entire heart may
occasionally show a "slow-washout" pattern when the ishemia becomes
"balanced", (as in multiple vessel disease producing a uniform reduction
perfusion).

Some patients may exhibit all three abnormal patterns in different regions
of the heart. Were it not for the superior ability of SPECT imaging to
facilitate the individual characterization of these zones as to iheir
extent, location and washout pattern, these lesions might be interpreted
on the planar images as being a single large region of abnormality with
less certainty as to whether the lesion(s) is "fixed" (presumable
non-viable scar tissue), ischemic myocardium ("at risk") or a combination
of the two. Mixed patterns are frequently observed in patients following
a previous myocardial infarction (see fingures 2 and 3). As discussed in
the preceding paper, the categorization of patients as being at "low"
versus "high" risk depends on the characterization of the observed
thallium-201 kinetics in specific zones of the heart.

Reports comparing the sensitivities and specificities of SPECT versus
planar thallium-201 imaging generally agree that the major advantage of
SPECT is not a significant improvement in overall sensitivity, but that
markedly enhanced differentiation between single vessel and multiple
vessel involvement and improved intro and ini r observer agreement in
interpretation are afforded. Nohara, et al, reported only a modest
improvement in sensitivity with SPECT over planar imaging (68% vs. 77%)
with no difference in specificity (93%). However, they did not a
statistically significant improvement in being able to correctly judge
that a defect was supplied specifically by an abnormal circumflex branch
of the left coronary artery (75% vs. 31% p <0.05). Moreover, they
reported that multi-vessel (3 vessel) disease was more easily
differentiated from single vessel involvement by SPECT than by planar
imaging, (p < 0.05). Garcia, et al., adding quantitative analysis of
thallium-201 and uptake and clearance to SPECT imaging, reported an
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overall sensitivity of 92% and a specificity of 89%. This is
approximately the same as they have previously reported using quantitati' ••
planar imaging. These authors suggest that SPECT's primary value appears
to be an improved ability to identify specific territories of the
myocardium as being abnormal, yet potentially salvageable, in a way not
possible with planar imaging alone. This is due to the physical
differences between SPECT and conventional multiview (planar) imaging.

The cases presented in this chapter (Figures 1-4) illustrate the dramatic
ability of SPECT to assess regions of the left ventricular myocardium in
cross sectional planes appropriate to the orientation of the heart in the
chest. These (oblique) planes are chosen during the computerized
reconstruction process by an experienced operator, familiar with cardiac
anatomy, after determining the orientiation of the left ventricular long
axis with respect to the long axis of the body. Special care must be
taken to assure that identical tomographic sections (slices) are available
for comparison, i.e., "stress" images with those recorded 4 hours later.
Typically, three or more planes thorugh the heart are chosen for
comparison; these are: (a) "horizontal long axis" - sections oriented
parallel to the left ventricular long axis (analagous to the apical or
"four chamber) view used in echocadiography, (b) "vertical long axis" -
consisting of sections which are also parallel to the long axis, but
oriented in "saggital" plane of the heart (similar to the
echocardiographic long axis view, and the (c) "short axis" - slices which
are perpendicular to the LV long axis (similar to the echocardiographic
short axis view), the short axis plane is occasionally referred to as the
"cucumber slice". Sections varying in thickness depending on the
reconstruction tedchnique used, but are usually approximately 1.5 cm
thick.

SPECT acquisition time, i.e., the total time needed to record the
distribution of thallium-201 in the patient's heart, is usualiy 20-25
minutes per study (for comparison, planar imaging typicaly requires 10
minutes) for each of three views plus additional time allowed for detector
positioning). During this time, the patient lies on his/her back with the
arms placed above the head while the scintillation detector rotates
through 180° around the patient's left chest. Although a few reports
suggest that a full 360° rotation may have theoretical advantages, most
laboratories prefer a rotation extending from the right anterior oblique
position to the left posterior oblique location, so the detector does not
pass beneath the bed. This avoids unnecessary attenuation caused by the
tabletop material. Other sources of potential attenuation of the low
energy photons emitted during the decay of Tl-201 are enlarged breast
tissue and an elevated left hemidiaphragm. While neither of these
represent a frequent or significant problem, these sources of attenuation
can be minimized, when necessary, by having the patient lie on his/her
right side.
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Naturally, patient motion must be avoided. Thus, it is critical that the
patient be informed of the length of the procedure prior to beginning data
recording. The patient is encouraged to assume a comfortable position and
avoid all unnecessary conversation in order to minimize exaggerated
movements of the diaphragm during an inadvertent deep breath.
Reconstruction time adds approximately 30-45 minutes to the procedure.
This time somewhat depends on the skill of the operator, who must be
familiar with the filterd back projection reconstruction technique in
addition to cardiac anatomy.

As mentioned earlier, the scintillation camera detectors used for planar
and SPECT imaging are similar except that a gantry for rotating the
detector around the patient's chest is required with SPECT. This plus the
necessary computer components and reconstruction programs may add
approximately $50,000 - $75,000 to the basic cost of a scintillation
• amera ($100,000). Although this paper has concentrated on the
application of SPECT for cardiac imaging, ft should be noted that SPECT
has been shown to have advantages over planar imaging of other organ
systems such as liver, brain and bone. Similarly, recent reports have
shown that gated cardiac blood pool imaging (radionuclide
ventriculography) to evaluate global and regional ventricular function and
estimate ventricular volume can be accomplished using SPECT, indeed may
offer superior separation of the individual cardiac chambers that afforded
by conventional planar imaging. In addition, SPECT imaging has been
reported to improve the detection of non-Q-wave (e.g., subendocardial)
infarction by noting the accumulation of an "infarct-avid" agent such as
technetium-99m pyrophosphate (PYP) in the injured tissue.

SUMMARY

Single Photon Emission Computed Tomography (SPECT) of the heart using
thallium-201 to map the distribution of myocardial blood flow appears to
be cleany superior to conventional planar imaging. Its chief advantages
are derived from the improved separation of normal from abnormal zones of
myocardium afforded by this 3-dimensional imaging technique. This results
in a much improved level of certainly as to which vascuiar territories are
most like diseased, whether one or more regions are involved and to what
extent, and if they represent predominently ischemic (i.e., "at risk")
myocardium, thus potentially salvageable, or permanently damaged tissue
(e.g., scar from a prior myocardial infarction). The literature supports
the contention that SPECT cardiac imaging will become standard practice
and replace planar cardiac imaging as soon as more tomographic systems arc
available in community hospitals. Furthermore, SPECT will continue to be
preferred as new myocardial imaging agents are approved by the Food and
Drug Administration.
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Figure | A, Ttiallium-ZOl SPECT images in a patient with normal coronary arteries.
Adjacent, two pixel thick, tomographic slices are enlarged ("zoomed") by a factor of 7-
The long axis of the ventricle is oriented vertically (apex upward) during
reconstruction of the horizontal long axis sl ices. "Mid" refers to operator selected
sl ice through the middle of the left ventricle in the planes indicated. "Lower" and
"Upper" designate contiguous slices above and below the midline ("Mid") horizontal long
axis slice; "Septal* and 'Lateral* designate contiguous slices medial (i.e., towards the
septum) and lateral to the midline ("Mid") vertical long axisslice; "Apical" and "Basal"
designate contiguous s l ices towards the apex or base relative to the selected middle
("Mid") short axis s l i c e . R » right, L » l e f t , A » anterior, P » posterior. All
subsequent thall ium-201 images are displayed using this format.
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Figure JJJ Four hour delayed study in the same patient (Figure 5A). Mote that the
distribution of 11-201 remains essentially jnchanged, i.e., uniform "washout"
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Figure a A 63 ysar old male pilot studied two months following an anterior wall acute
rayocardial infarction, Angiography showed 95* obstruction of the 2nd diagonal aranch
with no other lesions. The patient now has atypical angina (i.e., right arm pain), 2mm
ST-depression on stress BCG at a heart rate of 160. Note the extent of the perfusion
"defect" (between arrow heads), surprising in view of the angiographic evidence of only
si.-.gle vessel disease.
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Figure J j | Four hour delayed images in the same patient (Figure 6A) show only partial
"redistribution" (between arrows), suggesting a zoire of viable but ischemic (with
exercise) myocardium, possibly "at risf-." for subsequent infarction or continued anqina.
Scar formation secondary to previous infarction is suggested in an adjacent zone by the
iacK of "reiistribixion" (between arrow heads). If SPECT imaging -/ere delayad e-ven
longer, it is possible that more of the original defect might "redistribute" indicating
more viable myocardium and less scar formation.
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Figure 3 A 72 year old aan with no angina either before or following an anterior wall
nyocircflal infacction seven months prior to the SPECT study. His current complaint is
shortness of breath with exercise. Catheterization revealed significant stenoses in the
left anterior descending and oblique marginal branches and an anterior wall aneurysm.
Note the three distinct Tl-201 "defects"; one in the anterior wall (between arrow
heads), one in the septum (between arrows), and one in the posterior wall (between
double arrow heads).
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Fioure 3 f t 4 hour delayed images in the same patient (Figure 9A) show essentially no
"redistribution" in the anterior wall defect suggesting non-viable (scarred) myocardium
in the location of the aneurysra; but, "redistribution" occurred in the septal and
posterolateral defects suggesting separate regions of exercise induced iscnemia
(myocardium "at risk*?). The reason to consider bypass surgery in this =ase would not
be to eliminate angina, but hopefully to reduce the risk of" a second infarction or
sudden death, and the possibility of improved ventricular function after surgical
resection of the aneurysm.
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Figure Ij-A 30 year old man with angina and extensive atherosclerosis secondary to type
IIA hyperiipidemia was not considered to be a candidate for bypass surgery because of
the high liklihood of early graft closuie. Percutaneous angioplasty of the most
significantly narrowed coronary vessel, (70% right coronary, 70% left anterior
descending, 90% circumflex) was decided upon. This 11-201 SPECT study was performed to
confirm the clinical suspicion that the stenosis in the circumflex artery was the most
"significant", thus a candidate for balloon dilitation. Indeed, a Tl-201 "defect" is
noted (between arrow heads) in the posterolateral wall, in the distribution of the
circumflex artery.
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Figure *^B 4 hour delayed images in this patient (Figure 10A) show "redistribution" in
the posterolateral region, suggesting that this zone is viable, but ischemic during
exercise. However, two additional findings suggest ischemic involvement of ,ne entire
myocardium: (1) enlargement of the left ventricular cavity during exercise (the hole
in the "doughnut") which return to normal at rest (4 hour delay) and (2) aonormal 71-201
clearance ("washout") from the remainder of" the myocardium, i.e., without corresponding
"defects* during stress.
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FOR PATIENTS WITH CORONARY ARTERY DISEASE

INTRODUCTION

Until recently the diagnostic power of computed x-ray tomography was
largely unavailable to physicians caring for patients with heart disease
because conventional CT scanners were too slow to effectively stop cardiac
motion. During the past 5-10 years, several prototype tomcgraphic
scanners have been produced which could effectively obtain unblurred
images of the contracting heart. The first commercial rapid computed
toiuographic instrument became available about one year ago. This Cine CT
instrument, produced by Imatron, can obtain 17 images per second with an
effective slice thickness of 1 cm and resolution in the x-y plane of about
1.5 millimeters. The density resolution of the system is excellent.

In evaluating patients with coronary heart disease four major areas should
be considered: cardiac structure and function, vein bypass graft patency
and flow reserve, total and regional myocardial perfusion and flow reserve
and total and regional myocardial metabolism (See Table 1). No diagnostic
approach currently available can produce clinically useful information in
all four of these areas and most modalities can only provide high quality
data in one or at best two of these areas. Although Cine CT cannot
provide diagnostic information about cardiac metabolism it can
theoretically provide clinically useful information in the other three
major areas listed in Table 1. In this brief review the current status of
progress in these areas with Cine CT will be addressed.

Animal studies (1) suggest that with Cine CT left ventr^ular mass can toe
measured with remarkable precision (+4 grams). Because myocardial
infarction is a common cause of left ventricular enlargement, measurements
of left ventricular mass should be of value in patients with coronary
artery disease.

Measurements of left and right ventricular stroke volume can also be
obtained with considerable accuracy (±5%) when Cine CT is utilized. (2)
This observation has several implications. First, since left ventricular
mass and stroke volume can be accurately measured with Cine Ct, it follows
that measurements of left ventricular end-diastolic and systolic volumes
must also be precise, even though such measurements are much more
difficult to validate directly. This conclusion is further strengthened
by data indicating a close relationship between measurements of left
ventricular ejection fraction with Cine CT and other established
techniques. Second, by comparing nearly simultaneous precise measurements
of left ventricular and right ventricular stroke volume it should be
possible to define the magnitude of valvular regurgitation. Preliminary
studies in animals (3) suggest that valvular regurgitation can be
accurately quantified with Cine CT by comparing differences in right and
left ventricular stroke volume. This data should be valuable because one
of the important complications of coronary he&rt disease is mitral
regurgitation.
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Because of the excellent spatial resolution of Cine CT, this modality
provides valuable information about regional left ventricular function.
With Cine CT, measurements of both endocardial wall motion and wall
thickening can be measured. Preliminary studies suggest that measurements
of endocardial wall motion are more homogeneous and easier to quantify
with Cine CT than measurements of regional wall thickening. (4) Thus, it
is likely that detailed measurements of endocardial wall motion throughout
the left ventricle will provide a valuable index of regional left
ventricular function in patients with coronary heart disease. Such
information should be of value because regional wall motion abnormalities
are one of the hallmarks of myocardial ischemia and infarction.

Cine CT is also valuable in providing measurements of the size of
myocardial infarction (5) and the precise location and size of left
ventricular aneurysms. In particular, with Cine CT it is possible to
differentiate thick-walled dyskinetic or s^-csUed aneurysmal zones in the
left ventricle. Such information has clinical value because only
thin-walled ventricular aneurysms are likely to be amenable to surgical
resection.

Although many more validation studies are necessary it is very iikely that
Cine CT will provide a vast array of critically important diagnostic data
about cardiac structure and function in patients with coronary heart
disease.

Bypass Graft Patency and Flow Reserve

Bypass graft patency san be ascertained with Cine CT because following
injection of intravenous "ontrast, the density of a bypass graft is
enhanced in a specific mariner. By utilizing both spatial information and
time activity curves of the grafts, they can be differentiated from other
potentially confounding structures in the chest including pulmonary
arteries, pulmonary veins and native coronary vessels. Although
conventional slow computed tomographic scanners can be employed to
determine bypass graft patency, it is likely that the sensitivity, and
specificity of such information will be increased with Cine CT.

By analyzing simultaneous time density curves in the aorta and the bypass
graft it may be possible to determine changes in graft flow following
coronary dilation with the coronary dilator, intravenous dipyridamole.
Preliminary animal studies suggest that this can be accomplished with
considerable accuracy. (6)

If additional studies demonstrate that bypass graft patency and flow
reserve can be precisely measured non-invasively with Cine CT, this will
be of major clinical use in the care of the large population of patients
who have implanted bypass grafts. With Cine CT, it will be possible to
define both anatomic evidence of patency and functional flow reserve.

Mvocardial Perfusion

When a bolus of intravenous contrast is administered, the density of the
left ventricular myocardium increases and the characteristics of the time
density curve in the left ventricular myocardium are theoretically related
to the level of myocardial perfusion. Preliminary studies in animals
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suggest that changes in myocardial perfusion can be assessed with Cine CT
with modest accuracy (7). It is unlikely that improved algorithms and
improvements in the Cine CT instrument will lead to more precise
measurements of myocardial perfusion with this modality in the near
future. If this occurs, Cine CT willbe of value in defining the presence
or absence of hemodynamically significant coronary obstructions in
patients suspected of having coronary heart disease.

Implications

Cine CT is a rapidly developing diagnostic modality that promises to
provide a great deal of valuable information related to the care of
patients with coronary heart disease. Because this modality can provide
diagnostic information in three of rhe four major diagnostic areas -
cardiac structure and function, graft patency and flow reserve and
regional myocardial perfusion and reserve - this technology should be of
considerable value in the care of patients with coronary disease.
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Images and volumetric measurements of individual cardiac chambers can be
obtained by processing data recorded during the initial transit of a
radionuclidc bolus through the heart (I). These noninvasively obtained
measurements are accurate and reproducible (2). Moreover, the large
volume of clinical studies performed with this technique over the past 15
years provide evidence of its general clinical utility. The procedure is
well suited for real-time measurements and, therefore, can measure cardinc
function during periods of maximal stress.

Radionuclide measurement of left ventricular function before and after
dynamic exercise using a bicycle ergomcter was begun in 1976 and has
rapidly achieved widespread use (3). Results from a number of centers in
this country and abroad have documented that patients with myocardial
ischemia decrease left ventricular ejection fraction during exercise,
whereas normal subjects increase ejection fraction in response to
exercise. Moreover, the decrease in ejection fraction is caused primarily
by an increase in end-diastolic volume and with a constant or slightly
increased stroke volume, a fact which suggests that the ischemic
myocardium uses the Starling mechanism in response to increased cardiac
work demands. Exercise commonly evokes a functional change prior to the
electrocardiographic change which reflects the sensitivity of functional
abnormalities for detecting myocardial ischemia.

Rest and exercise radionuclide angiocardiographic measurements of left
ventricular function were obtained in 496 patients who underwent cardiac
catheterization at Duke University Medical Center for chest pain (4). In
addition, 248 of these patients had an exercise treadmill test. An
ejection fraction less than .50 was the abnormality of rest left
ventricular function which provided the greatest diagnostic information.
In patients with normal resting left ventricular function, exercise
abnormalities which were optimal for diagnosis of coronary artery disease
included an ejection fraction at least .06 less than predicted, an
increase in end-systolic volume greater than 20 ml and the appearance of
an exercise-induced wall motion abnormality. The sensitivity and
specificity of the test were decreased in patients taking propranolol at
the time of study and in patients who failed to achieve an adequate
exercise endpoint. In the 387 patients with an optimal study, the test
had a sensitivity and specificity as the exercise treadmill test (5). The
most appropriate use of the radionuclide angiocardiogram for diagnosis is
in patient groups with a high prevalence of disease and a negative or
equivocal treadmill test.

The major clinical challenge today in the management of patients with
stable coronary artery disease is identification of those patients in whom
myocardial revascularization would improve or prolong life. Despite
widespread use over the past decade, indications for coronary artery
bypass grafting remain controversial. A definite need exists for
objective measurements of the magnitude of myocardial ischemia before
operation or angioplasty and for simple assessment of the hemodynamic
effects of interventions. The close link between myocardial ischemia and
dysfunction suggests that measurement of left ventricular function during
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exercise might provide a valuable index of ischemia in patients with
coronary artery disease. Measurement of left ventricular function during
exercise in large patient populations with coronary artery disease has
documented a relationship between the anatomic extent of disease and the
magnitude of functional alteration. However, individual variation occurs
with some patients with single-vessel stenosis demonstrating greater
functional impairment than other patients with involvement of three
vessels (6). This observation suggests that physiologic measurement of
ischemia by quantitation of dysfunction during exercise might provide
prognostic information equal to or superior to the anatomic information
available from coronary angiography. Multivariable analysis of 381
patients indentified the exercise ejection fraction to be the single most
important variable in predicting both survival and event-free survival in
patients treated medically for coronary artery disease (7).

Use of exercise-induced left ventricular dysfunction to identify patients
with the greatest amount of myocardium at jeopardy for ischemia appears to
aid selection of patients who will profit most from revascularization
therapy (8). Using the Duke database, 857 patients were identified who
had rest and exercise radionuclide angiocardiography within 90 days of a
cardiac catheterization demonstrating coronary artery disease. Any
patient with a left ventricular aneurysm, significant valvular heart
disease or a resting ejection fraction below .20 was excluded from study.
No physiologic ischemia could be identified in 208 of the 857 patients
with coronary artery disease. No significant difference was seen in
survival or incidence of complete pain relief in comparison to medical and
surgical therapy in these patients.
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In contrast, 649 patients with coronary artery disease demonstrated
physiologic ischemia. These patients were benefited both by enhancement
of survival and complete pain relief by revascularization therapy.
Moreover, the greatest benefit was seen in the subset of patients within
this group who had the greatest magnitude of ischemia.
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In the patients without ischemia, knowledge of the anatomic extent of
disease was of no benefit in predicting survival from medical or surgical
therapy, and surgery did not enhance survival in those patients with
three-vessel and left main disease.
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in contrast, patiems with isonemu: hau a greater rate of survival
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The importance of echocardiography in patients with coronary artery
disease is probably the least understood and most underused application of
echocardiography. Most clinicians are well acquainted with the importance
cf echocardiography in patients with valvular and congenital heart disease
for the diagnosis of pericardial effusion and for intracardiac masses.
However, the increasing role of echocardiography, especially
two-dimensional echocardiography, in managing patients with coronary
artery disease, is essentially unknown to a large percentage of physicians
caring for patients with coronary artery disease.

Misconceptions about echocardiography and coronary artery disease is
partially based on the fact that M-mode echocardiography had a very
limited role to play in patients with coronary artery disease (1). Many
clinicans forget that two-dimensional echocardiography is the principle
echocardiographic examination being performed these days. M-mode and
Doppler represent important supplemental procedures. Two-dimensional
echocardiography overcomes almost all of the difficulties that M-mode
echocardiography had in examining patients with coronary artery
disease(l). The technical difficulties are overcome principally by the
availability of the apical window for two-dimensional studies (2). This
window was of no value in M-mode studies. By having an apical window one
now is able to get satisfactory echocardiograms in well over 90% of all
patients, including those with coronary artery disease and even emphysema
(3). In most active echocardiographic laboratories there should be very
few patients in whom one cannot obtain a diagnostically satisfactory
echocardiogram. The other major limitation was the fact that M-mode
echocardiography only examined a few areas of the heart for wall motion
abnormalities. Two-dimensional echocardiography now examines virtually
every segment of the heart, especially the left ventricle. In fact, the
two dimensional technique, because of the multiple tomographic views, is
probably the procedure of choice for looking at regional wall motion of
the left ventricle. There are many areas seen with two-dimensional
echocardiography which are difficult to analyze with non-tomographic
techniques which look primarily at the shadow of the blood pool.

Two-dimensional echocardiography records on videotape a tremendous amount
of data resulting from multiple tomographic views of multiple cardiac
cycles. Because of the information overload problem, it has been "
difficult to display the recordings in a meaningful way to referring
physicians. This problem has now been resolved with the increasing use of
computer analysis. Using continuous loop, side-by-side, quad screen
presentations, similar to those used in nuclear cardiology, we are now
overcoming many of the display difficulties. The computer techniques also
make quantitation far easier to perform so that it is now being done on a
routine fashion and not just for research purposes.

With these recent technical advances two-dimensional echocardiography is
an excellent way of assessing regional wall motion. This examination
overcomes many of the inherent problems with contrast angiography (4-6).
There are no catheter induced premature systoles. One can obtain multiple
tomographic views so that many areas of the ventricle are seen that may be
difficult to analyze with contrast angiography. There is no effect of the
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contrast itself so that the recordings are more physiologic. The patient
is truly at rest during echocardiographic studies, whereas with contrast
angiography the patient may be sedated or in an anxious state because of
the catheterization procedure. And lastly the echocardiogram is
considerable less costly than is the contrast angiogram.

There are also many advantages of two-dimensional echocardiography
compared with nuclear blood pool imaging (5). The inherent resolution of
the ultrasonic examination is considerably better. In addition, many-
areas of the ventricle, especially near the base of the heart and inferior
walls, are more easily examined ultrasonically than using nuclear
techniques. A clear differentiation between the left atrium and left
ventricle is not a problem with echocardiography. The influence of
distance to the gamma earners 3n< -rs eff.-ii nn radi.^ron coi!"*:: >••• rr.y
present using the ultrasonic technique. The ultrasonic examination is
roughly half the cost of a comparable nuclear study. Even the minor
inconvenience of an intravenous injection is eliminated using
two-dimensional echocardiography. The small risk of ionizing radiation is
also not present with ultrasonic examinations.

With a very convenient, relatively low cost, non-invasive, quantitative
assessment of left ventricular function and regional wall motion, it is
not surprising that this examination should be oi* great value in patients
with coronary artery disease. There are numerous studies indicating the
importance of two-dimensional echocardiographic examination in patients
with acute myocardial infarction (7-9). Wall motion abnormalities are the
first myocardial malfunction with ischemia. Wall motion stops before the
electrocardiogram changes and even before the patient experiences
symptoms. Thus the technique can be a very early detector of ischemia,
especially in transient situations. In the patient with acute myocardial
infarction the abnormal wall motion will be detected before the cardiac
enzymes come back and even before the electrocardiogram changes. The
tchocardiogram helps to identify the location and size of the functional
infarct (10-12) and frequently can even assess which vessel is probably
producing the infarction (13). Another important bit of information
provided by the echocardiographic study is an assessment of the
non-infarcted myocardium (14,15). The location of the infarction is
frequently determined by other techniques, such as the electrocardiogram,
however the echocardiogram is helpful in assessing the non-infarcted
muscle which may be hyperdynamic, hypodynamic, hypertrophied or the site
of a previously unrecognized infarction. The prognosis of a patient with
acute myocardial infarction is frequently determined by the noninfarcted
muscle as much as with the size of the current infarction.

It is a common practice in many echocardiographic laboratories for
two-dimensional echocardiograms to be performed on every patient with
acute myocardial infarction as soon as it is convenient (8,16,17). This
initial echocardiogram helps establish the diagnosis, provides an
assessment of global and regional cardiac function, and also serves as a
useful baseline for any future cardiac events.
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It should be emphasized however that relying totally on wall motion
abnormalities has its limitations. In a patient with a subendocardial
myocardial infarction there may be insufficient myocardial damage to
produce a detectable wall motion abnormality. The motion of the
surrounding normal myocardium may influence the infarcted area so that any
abnormal motion may be masked. Looking at wall thickening
echocardiographically can improve the sensitivity for detecting ischemic
muscle. Thus one cannot totally exclude the possibility on acute
myocardial infarction, especially a non Q wave or subendocardial
infarction by assessing wall motion alone. There are data however that is
a setting of norms1 wall motion and an acute myocardial infarction the
prognosis is extremely good unless a new ischemic event occurs (18).

Another of the advantages of echocardiography is in the assessment of the
complications of myocardial infarction (19). The common complications
such as mural thrombus (20,21), aneurysm formation (22,23), papillary
muscle dysfunction (24), mitral regurgitation, myocardial rupture (25),
ventricular septal rupture (26,27), pseudoaneurysm (28,29) and right
ventricular infarction (30,31) are all detectable with two-dimensional
echocardiography. Mitral regurgitation and ventricular septal rupture are
also easily detected by Doppler echocardiography. Thus echocardiography
can be the procedure of choice for the initial diagnosis of the
complications following myocardial infarction.

There are many techniques for quantitating left ventricular function in
patients with coronary artery disease. One can use the apical four
chamber and two chamber views to calculate left ventricular volumes and
ejection fractions (32,33). The numbers generated by this technique
correlate quite well with contrast or nuclear angiographic ejection
fractions (34). Other quantitation includes minor axis dimensions using
the parasternal long-axis and short-axis views (1,35). These dimensions
give an assessment of regional systolic function of the heart. These
evaluate the non-ischemic muscle, especially with apical disease. For
example, in patients with apical aneurysms the basal measurements have
greater prognostic valve that does global ejection fraction. Another
quantitative technique is to asses the wall motion of individual segments
of the left ventricle (36,37). Several schemes have been utilized by
different laboratories. A point score can be tabulated giving an overall
assessment of both regional and global wall motion.

There is increasing interest in looking at diastolic function in patients
with coronary artery disease. Digitized M-mode recordings have been
utilized in the past to assess the rate of filling of the left ventricle.
This technique is somewhat simpler that using the digital M-mode
procedure.

Echocardiography can be used to assess the myocardium from a histologic
point of view. There are abundant investigational data noting acoustical
changes with ischemia and infarction (38-40). Most of these techniques
have not been used clinically. However, two-dimensional echocardiography
offers an excellent opportunity to evaluate transmural scar (41). Under
these circumstances the thickness of the myocardium becomes quite thin and
the echogenecity is increased. Thus in a large number of patients with
transmural scar the echocardiogram can provide a definitive examination.
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Myocardial segments which are identified as sea- echocardiographically arc
clearly not viable and would not be expected to function even if
reperfused. Acutely ischemic muscle, on the other hand, retains its full
thickness even though it may not thicken nor move properly.

To date the major use of echocardiography in patients with coronary artery
disease has been in the setting of acute myocardial infarction. However,
there is increasing use of this technique for assessing serial changes in
left ventricular function with stress (42-49) and following therapeutic
procedures such as transluminal coronary angioplasty or bypass surgery.
The computer technique of using continuous loop side-by-side presentation
makes the serial studies very convenient (49). In addition these same
techniques have eliminated much of the respiratory artifact that has
interferred with obtaining exercise echocardiograms. in fact, stress
echocardiography, especially the immediate post treadmill examination is
proving to be extremely popular and informative in assessing patients with
known or suspected coronary artery disease (45-47).

There havt been studies comparing exercise echocardiography with nuclear
cardiologic techniques (44,45,47). The data indicate very similar
specificities and sensitivities. Echocardiography obviously has many
advantages with regard to convenience and cost.

It is not difficult to see that in some laboratories, such as the one at
Indiana University, the evaluation of patients with coronary artery
disease is by far the most common use of echocardiography. It is quite
probable that in the near future we will see dedicated echocardiographs in
the exercise laboratories, coronary care units, and even the emergency
rooms. This examination should prove to be a very cost effective way of
evaluating patients with chest pain and/or proven coronary artery disease.
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The value of Positron-Emission Tomography (PET) as a powerful research
tool for probing the heart's biochemistry is undisputed. If afords
noninvasive measurements of regional myocardial blood flow, biochemical
reaction rates and substrate fluxes. Yet, as new techniques with PET are
developed and applied in normal and diseased myocardium of humans,
observations are forthcoming that are unique and indicate a future role of
PET in the diagnosis, characterization and prognosis of cardiovascular
disorders. The majority of clinical investigations have focused on
coronary artery disease and on ischemic heart disease.

Coronary Artery Disease

PET offers a unique opportunity for the evaluation and measurement of
regional myocardial blood flow. Distribution of tracers of blood flow as
for example N-13 ammonia, rubidium-86 ot 0-15 water in myocardium closely
follows the distribution of blood flow. Comparison of cross-sectional
images of blood flow obtained at rest and, again, during pharmacologically
induced hyperemia allowed detection of mild (e.g., less than 50% diameter)
coronary stenosis in experimental animals. The approach detects coronary
artery disease in patients with a high degree of sensitivity and
specificity. PET defines the extent of coronary artery disease and
surpasses other techniques in evaluating the functional rather than the
anatomic significance of coronary lesions. Imaging of blood flow is
similarly possible with PET and N-13 ammonia at rest and exercise for
detection of coronary artery disease. Animal experiments indicate the
possibility of external quantification of regional myocardial blood flow.
Combining this capability with already developed concepts that relate the
anatomical to the functional significance of coronary stenosis offer an
opportunity for quantifying the severity of coronary stenosis in
functional terms. The same conceptual framework may also be useful for
detection of mild coronary stenosis, perhaps at a stage before coronary
artery disease leads to myocardial ischemia or becomes clinically
manifest.

Ischemic Heart Disease

Regional myocardial ischemia is conventionally described by the extent and
degree of reductions in segmental blood flow and wall motion. Evaluation
of ischemic heart disease based only on these parameters omits myocardial
substrate metabolism as the link between blood flow and function.

Oxidation of substrate yields high energy phosphates which are expended
for development of contractile force, for relaxation, for maintenance of
electrical stability and for "wear and tear". If in ischemia the cell's
first order of business is to repair itself or to survive, the cell will
minimize expenditure of high energy phosphates into development of
contractile force and use all available energy for maintaining or
restoring cellular integrity. Accordingly, mechanical function ceases.
Measurement of regional wall motion or of blood flow alone may therefore
yield little if any information on the extent and severity of the ischemic
insult. Tissue viability or reversibility of ischemic injury is then
assessed better by determining the amount of residual metabolic activity
that may be critical for survival.
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Demonstration of jeopardized but viable and potentially salvageable
myocardium based on metabolic criteria is now possible with PET.
Biochemical consequences of ischemia are an impairment in fatty acid
oxidation associated with augmented glycolytic flux, either aerobically,
or as TCA cycle activity declines, anaerobically until cytosolic lactic
acid and hydrogen levels rise and inhibit residual glycolysis. Assessment
of impaired fatty acid oxidation as a sensitive index of inadequate oxygen
supply is possible with C-ll palmitate, yet may be technically difficult
because tracer uptake is segmentally reduced. Therefore, count densities
derived from regions of interest may be statistically inadequate for
deriving meaningful time activity curves. Complexities of tracer tissue
kinetics impose additional limitations, mainly because C-ll activity
clears from tissue in form of both non-metabolized tracers as well as in
form of C-ll CO2.

Segmentally enhanced glycolytic flux on the other hand can be demonstrated
by PET as a strong positive signal with increased uptake of F-18 2-fluoro
2-dioxyglucose (FDG) as a tracer of exogenous glucose utilization. This
tracer is therefore used in conjunction with N-13 ammonia as a marker of
regional myocardial blood flow. Use of the latter delineates segments
with reduced blood flow and FDG as a marker of enhanced glycolytic flux
discriminates between absence or persistence of metabolic activity.

In normal myocardium, distribution of myocardial blood flow is homogeneous
and is paralleled by homogeneous distribution of exogenous glucose
utilization. Myocardial utilization of exogenous glucose is affected by
substrate availability, for example, by the concentrations of substrates
like free fatty acids (FFA) and glucose in blood. Hence, myocardial FDG
uptake can be manipulated. For example, during moderate fasting when
plasma FFA levels are high, FFA serves as the major energy substrate so
that FDG uptake is often negligible. Conversely, glucose administration
lowers FFA but raises glucose levels in plasma resulting in a concomitant
shift in myocardial substrate usage. Hence, after glucose administration,
myocardium accumulated FDG as a sign of greater glucose utilization.
Myocardial extraction of C-ll palmitate however persists, yet,
importantly, subsequent turnover of this tracer of fatty acid metabolism
in tissue is markedly altered. Different from the fasted state, where FFA
is the major contributor to substrate oxidation and a large fraction of
C-ll palmitate is oxidized immediately, a larger fraction of tracer is
deposited in the endogenous lipid pool rather than oxidized after
carbohydrate administration indicating that less FFA is oxidized in favor
of glucose. Thus, the heart's preference for a given substrate or changes
in response to substrate availability can be demonstrated noninvasively
with PET.

Such changes in substrate utilization and their noninvasive demonstration
are of fundamental importance because they necessitate standardization of
the patient's dietary state for metabolic studies with PET. They also
provide an opportunity for challenging the heart's normal ability to
oxidize various substrates. Indeed, this ability may be unique to normal
myocardium but be impaired in cardiac disease which then could be
demonstrated noninvasivcly with PET. In fact, myocardial ischemia may
represent such a situation where this ability is impaired.
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Animal studies performed in our laboratory appear consistent with this
hypothesis. FDG and C-ll palmitate kinetics in normal myocardium changed
as expected in response to altered substrate availability, yet acutely
ischemic myocardium continued to prefer glucose over FFA regardless of
plasma substrate levels. These initial animal observations formed the
basis for subsequent clinical investigations in human ischemic heart
disease using N-13 ammonia as a tracer of blood flow and FDG as a tracer
of exogenous glucose utilization.

The existence of a pattern of discordance between blood flow and exogenous
glucose utilization in humans was noted first in patients with recent
myocardial infarction. Setmental reductions in blood flow were associated
with either proportionate reductions in FDG uptake ("match") or with FDG
uptake that was either increased relative to blood flow or exceeded that
in normal myocardium ("mismatch"). Patterns of "mismatches" were more
prevalent in patients with recurrent angina or electrocardiographic
changes consistent with transient ischemia, suggesting that the "mismatch
pattern" reflected ongoing ischemia. To the cardiologist, the central
question was therefore whether this pattern identified ischemic, yet
viable tissue that might be functionally impaired but also might gain from
restoration of blood flow.

This question was examined in patients with regional wall motion
abnormalities. All patients were scheduled for coronary artery bypass
surgery. Regional function was assessed prior to and 8 to 10 weeks after
surgical rev jularization. Regional myocardial blood flow was evaluated
with N-13 ammonia and exogenous glucose utilization with FDG. Segments
with "matches" were considered irreversibly injured, whereas segments with
"mismatches" were considered viable and predicted to benefit from bypass
surgery because of the persistence of glucose utilization as an index of
rraintained metabolic activity. Evaluation of regional myocardial function
after coronary artery bypass surgery confirmed that prediction of tissue
viability by PET prior to revascularization was highly accurate. Indeed,
surgical revascularization resulted in a significant improvement of
regional function in 85% of segments with "mismatches" but failed to
improve function in 92% of segments with "matches". These observations
confirmed that the "mismatch pattern" did in fact identify ischemic yet
viable myocardium.

Did PET then separate between reversible and irreversible ischemic injury
more accurately than conventional techniques? This question was pursued
along several lines. For example, chronic Q-wave infarctions, studies
with N-13 ammonia, FDG and PET revealed complete "PET" infarction" (i.e.,
"matches") in only about 35%, whereas the other exhibited "PET ischemia",
(i.e., "mismatches") or even were "normal" by previously established PET
criteria. The latter does not preclude an ischemic injury, yet segmental
reductions in blood flow or FDG uptake were small and did not meet PET
criteria for either ischemia or infarction. These findings indicate a
limited value of Q-waves as an index of true transmural irreversible
injury and point to the presence of viable together with necrotic cells in
previously infarcted segments as well as considerable variations in the
transmural extent of tissue necrosis in regions v,•!-*• Q-waves.
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Wall motion in Q-wave regions was significantly better in "PET normal"
segments, possibly because of a lesser degree of transmural involvement of
ischemic injury. Importantly however, wall motion impairment was similar
in PET ischemia" and "PET infarction" Q-wave regions, which might be
consistent with the earlier mentioned loss of function even though
metabolic activity may persist at various levels or may have ceased. From
a clinical standpoint however, these observations emphasize a limitation
of wall motion studies for separating reversible from irreversible
ischemic injury.

Similar limitations apply to the evaluation of regional myocardial blood
flow. In all instances of "PET infarction", the cross-sectional PET
images of N-13 ammonia failed to demonstrate appreciable residual tissue
perfusion. The reverse however was not true. For example, regions where
residual tissue perfusion could be appreciated on the cross-sectional
images, enhanced FDG :uptake was observed. However, in a considerable
number of Q-wave regions with enhanced FDG uptake, no tissue perfusion was
appreciated on the PET images. Further evidence for a limited value of
blood flow studies for assessing tissue viability came from comparative
studies with conventional Tl-201 scintigraphy. Partial or complete
resolution of exercise induced perfusion abnormalities is widely
considered as an index of tissue viability. Myocardial segments with
stress induced perfusion defects that resolved over a 4 hour period
consistently exhibited regional "PET ischemia". Hence, both techniques
indicated tissue viability. However, in about one third of segments that
failed to redistribute on Tl-201 scintigrams, PET disclosed the presence
of viable tissue. Thus, conventional approaches like Tl'->201 scintigraphy
can indicate the presence of viable or reversibly injured tissue; although
Tl-201 imaging is highly specific, PET appears more sensitive in
identifying viable tissue segments.

More recent investigations addressed the question of residual viable
tissue in patients with acute myocardial infarction. In about half of the
Q-wave regions studied, PET revealed the presence of ischemically injured
yet viable myocardium as identified oy "PET ischemia". The other segments
exhibited "PET infarction". Over a 6 to 8 week period, function remained
unchanged or even deteriorated in all "PET infarction" regions, whereas
function improved spontaneously in half of the "PET ischemia" segments
over the same time period. Function failed to improve or even
deteriorated in the other half of "PET ischemia" segments. These
observations could have important clinical implications. For example,
would aggressive treatment strategies have improved function in the "PET
ischemia" segments that failed to improve spontaneously? Or, in which
segments will it improve function spontaneously? How much viable tissue
is left in a given myocardial segment and how much is necrotic? While
residual tissue perfusion may in fact be one of the major factors,
analysis of residual blood flow in the cross-sectional images failed to
disclose any differences between segments that recovered spontaneously and
those that did not. The latter also poses questions in regards to the
underlying causes of the "PET ischemia" pattern in acute myocardial
infarction. "Stunned" myocardium in territories with recanalization or
collateral blood flow as compared to persistent by low level perfusion
with continued ischemia are possibilities but await documentation.
Clinically important will be the development of criteria that reliably
predict spontaneous recovery vs. failure to improve and possibly the need
for acute interventions.
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Current and Future Clinical Applications of PET

The above described observations then raise the question as to whether PET
can and will become a diagnostic tool that contributes significantly to
the diagnosis and characterization of cardiac disease. Initial and
operational costs, complexities of instrumentation and patient camera time
were limiting factors in applying PET for purely clinical purposes. Most
of the initial experience with PET was gained with first generation
tomographs that required long imaging times and were of low spatial and
temporal resolution. Production of positron-emitting tracers of blood
flow and metabolism relied upon a large physics cyclotron and labor
intense synthesis of radiotracers. However, as high performance,
multi-slice tomographs with markedly improved spatial and temporal
resolution, dedicated medical mini-cyclotrons and computer controlled and
largely automated synthesis of positron-emitting tracers has now become
available, the operational cost will markedly decline, shorten patient
camera time and thus afford higher patient throughput.

With these recent developments in mind, will PET then become a useful and
practical tool in the diagnosis and management of cardiac disease? Table
I lists a number of procedures that are unique to PET and already add or
will add in the future a new dimension to clinical cardiology.

Table I: Current and future clinical applications of PET

CORONARY ARTERY DISEASE

a) DETECTION, number of vessels, severity
control/dipyridamole
rest/exercise

b) CORONARY FLOW RESERVE
control/dipyridamole
(also hypert. ophy, cardiomyopathy)

c) QUANTIFICATION OF FUNCTIONAL SIGNIFICANCE OF
CORONARY STENOSIS

d) CLINICAL SIGNIFICANCE OF CORONARY STENOSIS

ISCHEMIC HEART DISEASE

e) TISSUE VIABILITY VS. IRREVERSIBLE INJURY
chronic ischemic heart disease
acute myocardial infarction

Coronary artery disease is and remains a major health problem. Earlier
studies documented PET's capability and sensitivity for detecting coronary
artery disease. This is accomplished by either the conventional approach,
where myocardial perfusion is initially evaluated at rest and then again
after exercise. An alternate approach is pharmacologic coronary
vasodilation where coronary stenoses are then detected by an attenuation
of the regional coronary flow reserve. Findings with the above approach
to date have indicated sensitivities and specificities that at least equal
or even surpass those of conventional scintigraphy. PET however offers an
important advantage over conventional approaches. Studies can be
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completed within less than 1 hour. This affords a great number of
patients to be studied. In addition, PET appears to surpass conventional
techniques with its ability to more accurately detect the extent of
coronary artery disease or the number of vessels involved.

Even more important in this context is the quantitative capability of
PET. Regional myocardial blood flow can be measured in ml per min per
gram myocardium. Thus, it now will be possible to determine the
functional rather than the anatomical significance of coronary stenosis.
Numerous studies have pointed out limitations of coronary arteriography in
defining the functional significance of coronary artery lesions or
disease. The theoretical framework for quantifying the hemodynamic
significance of coronary stenosis has already been established and initial
results are encouraging.

If accomplished, thê  hemodynamic significance of coronary stenosis can be
expressed in quantitative terms. This not only will contribute to
clinical decision making as for example which stenosis should be bypassed
or aggressively treated, but also would allow monitoring of progression of
coronary artery disease, of effects of drug interventions or the efficacy
of newly designed modalities to halt progression or even reverse coronary
artery disease.

External quantification of myocardial blood flow offers additional
advantages. For example, residual perfusion in chronic ischemic heart
disease or in acute myocardial infarction would be measured and allow
assessment of myocardium at risk or, possibly, on residual antegrade flow
through a diseased coronary artery or collateral blood flow. It would
also allow evaluation of the effectiveness of interventions aimed at
improving blood flow to ischemic myocardium.

Other applications include the measurements of the coronary flow reserve.
This may be important in cardiomyopathies of the dilated type, or in
hypertrophy, where coronary flow reserve as the ratio of maximum to
resting blood flow may be impaired because of augmented blood flow at
rest. In this condition, higher oxygen demands cannot be met adequately
and which then might account for anginal syndromes.

Evaluation and quantification of rates of metabolism add another and
entirely new dimension to clinical cardiology. The issue of tissue
viability as assessed with a flow marker and FDG has been extensively
discussed. This may impact clinical management in several ways.
Documentation of viable tissue may decisively affect patient selection for
example for coronary artery bypass surgery or balloon catheter dilation of
coronary stenosis. Also, in acute myocardial infarction, it may predict
future functional outcome of injured myocardium and provide compelling
reasons for aggressive interventions designed to salvage myocardium at
risk, myocardium that otherwise would progress to necrosis. If in fact
the percent of left ventricular myocardium that becomes necrotic
determines future mobility and mortality, then salvage of myocardium based
on detection by PET would be paramount to improve life expectancy and
quality of patients with chronic or acute ischemic heart disease.
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There are additional potential applications of blood flow and metabolic
measurements. Preliminary studies have indicated that "mismatches" can
also be induced by physical exercise. It should be remembered that for
example thallium scintigraphy demonstrates only stress-induced perfusion
abnormalities. Whether such perfusion abnormalities do in fact produce
ischemia can only be assumed but often remains without definitive proof.
For example, blood flow may increase only inadequately during exercise,
yet this inadequate increase in flow may be compensated for by enhanced
regional extraction of oxygen, thereby preventing occurrence of ischemia.
Thus, stress-induced perfusion abnormalities together with evaluation of
metabolic consequences could indeed separate critical from non-critical
stenosis.

Initial evidence suggests that cardiomyopathies might also benefit from
PET. Initial work has demonstrated heterogeneity in myocardial metabolism
attributed to temporally and spatially disparate processes that ultimately
lead to tissue necrosis and scarring. Thus, the severity and progression
of cardiomyopathies could be evaluated. Other studies demonstrated
abnormal responses of myocardial substrate metabolism to changes in
substrate availability. Glucose administration for example after fasting
may thus represent a provocative test that examines the "metabolic
reserve" of diseased myocardium and could define more clearly the extent
of disease. Although the mechanism of such abnormal responses await
further elucidation, they ultimately may contribute to the management of
patients.

Lastly, studies in adolescents with regional myocardiopathies demonstrated
the presence of biochemical abnormalities even in the absence of other
clinical events of cardiac disease. Whether such metabolic abnormalities
antedate development of clinical disease still awaits demonstration. If
this can be documented, it indicates a possibility for detecting disease
at a preclinical state. Without question, diagnosis of cardiac disease is
most frequently confined to its end stage, that is when long standing
biochemical derangements have caused structural or anatomical derangements
that are largely irreversible. Early detection of such biochemical
derangements would clearly be of merit. It might allow institution of
measures that halt or even reverse such biochemical derangements before
structural changes can occur.

Conclusions

It is important to note that clinical studies with PET or evaluation of
its utility in the clinical setting are still in their infancy. Although
a number of studies provide a clear indication for PET's future role in
the clinical setting, other indications although likely, must necessarily
remain speculative. Nevertheless, the rapidly growing availability of
high performance tomographs, of dedicated mini-cyclotrons and computer
controlled tracer sysnthesis will considerably facilitate clinical access
to PET and further move this new an powerful study technique into the
clinical arena.
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