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A B S T RA C T Analysis of multiple noninvasive tests
offers the promise of more accurate diagnosis of coro-
nary artery disease, but discordant test responses can
occur frequently and, when observed, result in diag-
nostic uncertainty. Accordingly, 43 patients undergoing
diagnostic coronary angiography were evaluated by
noninvasive testing and the results subjected to analysis
using Bayes' theorem of conditional probability. The
procedures used included electrocardiographic stress
testing for detection of exercise-induced ST segment
depression, cardiokymographic stress testing for detec-
tion of exercise-induced precordial dyskinesis, myo-
cardial perfusion scintigraphy for detection of exercise-
induced relative regional hypoperfusion, and cardiac
fluoroscopy for detection of coronary artery calcification.

The probability for coronary artery disease was
estimated by Bayes' theorem from each patient's age,
sex, and symptom classification, and from the observed
test responses. This analysis revealed a significant
linear correlation between the predicted probability
for coronary artery disease and the observed prevalence
of angiographic disease over the entire range of proba-
bility from 0 to 100% (P < 0.001 by linear regression).
The 12 patients without angiographic disease had a
mean posttest likelihood of only 7.0+±2.6% despite the
fact that 13 of the 60 historical and test responses were
falsely "positive." In contrast, the mean posttest like-
lihood was 94.1±2.8% in the 31 patients with angio-
graphic coronary artery disease, although 45 of the 155
historical and test responses were falsely "negative."
In 8 of the 12 normal patients, the final posttest likeli-
hood was under 10%and in 26 of the 31 coronary artery
disease patients, it was over 90%. These estimates also
correlated well with the pooled clinical judgment of
five experienced cardiologists (P < 0.001 by linear re-
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gression). The observed change in probability for dis-
ease for each of the 15 different test combinations cor-
related with their information content predicted ac-
cording to Shannon's theorem (P < 0.001 by linear
regression).

These results support the use of probability analysis
in the clinical diagnosis of coronary artery disease and
provide a formal basis for comparing the relative diag-
nostic effectiveness and cost-effectiveness of different
test combinations.

INTRODUCTION

The availability and clinical appeal of noninvasive
techniques has led to their combined use in the diag-
nosis of coronary artery disease. These test combina-
tions include electrocardiographic stress testing (1-3),
cardiac fluoroscopy (4-6), cardiokymography (7-9),
and thallium scintigraphy (10-12). The rationale for
a multiple test approach resides in the fact that the
predictive accuracy of any one of these tests is quite
low when applied to a population with low disease
prevalence, whereas the accuracy of two or more tests
is very high when all results are in agreement (6, 9,
12-15). However, the frequent occurrence of discordant
test responses and the increased cost of multiple testing
limit the ultimate usefulness of these formats.

Some investigators have suggested the use of Bayes'
theorem of conditional probability to assist in the
interpretation of discordant test results (16-21). This
method of analysis provides an explicit statement of
the statistical probability that a given patient has dis-
ease, rather than an inflexible categorical diagnosis
("normal" vs. "abnormal"). The advantage of the proba-
bilistic approach is that it realistically expresses the
degree of diagnostic uncertainty in a manner that is
relevant to the clinical decision-making process and is
readily understood by both the patient and the physician.
In addition, its quantitative nature makes it ideally
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TABLE I
Pretest Likelihood for CAD*

Age Group TA Group AA Group NA Group AS

Males
60-69 0.943+0.004 0.671+0.013 0.281+0.019 0.123+0.005
50-59 0.920±0.006 0.589+0.015 0.215+0.017 0.097+0.004
40-49 0.873+0.010 0.461±0.018 0.141±0.013 0.055±0.003
30-39 0.697±0.032 0.218±0.024 0.052±0.008 0.019±0.003

Females
60-69 0.906+0.010 0.544±0.024 0.186±0.019 0.075±0.006
50-59 0.794±0.024 0.324±0.030 0.084±0.012 0.032±0.004
40-49 0.552±0.065 0.133±0.029 0.028±0.007 0.010±0.002
30-39 0.258±0.066 0.042±0.013 0.008±0.003 0.003±0.001

* Each value represents the a priori probability for coronary artery disease (CAD) ± 1
standard error. TA, typical angina; AA, atypical angina; NA, nonanginal pain; AS, asymp-
tomatic.

suited to analysis of cost-effectiveness, a major con-
sideration of health care planners, providers, and pa-
tients alike (22). A critical limitation of the approach,
however, is that it has not been prospectively validated.

The purpose of this study, therefore, was twofold.
The first goal was to determine the validity of proba-
bility analysis as applied to noninvasive testing for
coronary artery disease by comparing the calculated
probability of disease with subsequent coronary angio-
graphic results. The second was to develop and apply
methods for analyzing both the cost-effectiveness and
the diagnostic effectiveness of different test combina-
tions used in the noninvasive diagnosis of coronary
artery disease.

METHODS

Clinical classification. 43 consecutive patients tested in
the Cedars-Sinai Medical Center Diagnostic Stress Laboratory
who subsequently underwent diagnostic coronary angiog-
raphy were studied. The patients were all referred by their
primary care physician for noninvasive diagnostic testing. The
decision for subsequent coronary angiography was made by
this same physician, presumably on the basis of his interpreta-
tion of the test responses and clinical history. The study
population ranged in age from 37 to 69 yr, and 81% of the
group were males. Patients currently taking digitalis prepara-
tions and those with coronary artery disease previously estab-
lished by a documented history of myocardial infarction were
excluded from the study. All studies were performed in the
fasting state and all cardiac medications were discontinued
at least 24 h before study. Before testing, each patient was
assigned to one of four clinical groups on the basis of three
characteristics of their presenting symptoms as determined by
the examining physician, an experienced cardiologist. These
characteristics related to the substernal location, exertional
precipitation, and prompt relief of chest pain. The four groups
were defined as follows: (a) typical angina (TA), patients
with substemal chest discomfort precipitated by exertion, and
relieved by rest or nitroglycerin within 10 min (17 patients);
(b) atypical angina (AA), patients in whomonly two of these

three factors were present (6 patients); (c) nonanginal pain
(NA), patients in whom only one of the characteristics was
present (13 patients); and (d) asymptomatic (AS), patients
without discomfort (7 patients).

The age, sex, and symptom groups were then used to classify
each patient before diagnostic testing into 1 of 32 subsets as-
sociated with a specific likelihood for significant angiographic
coronary artery disease. These "pretest likelihoods," which
are based upon a previously published review of 28,948 pa-
tients in the medical literature (21), are listed in Table I.

Testing protocol. A resting 12-lead electrocardiogram was
obtained in the upright and supine positions and during
voluntary hyperventilation using a computerized Case Mar-
quette ECGrecording system. Cardiokymography (CKG)1 was
performed in the supine position over the V3 precordial line
between the fourth and fifth intercostal space, using a 5-cm
capacitive transducer (9) at voluntary end-expiration. The
recording position was marked on the chest with a felt pen and
the transducer left in place during exercise. An indirect carotid
and phonocardiographic tracing were obtained simultaneously
for timing. The patient then underwent a standardized Bruce
graded exercise test. A 12-lead electrocardiogram was
obtained at the end of each minute of exercise. All patients
achieved at least 85% of their age-predicted maximum heart
rate, at which time 1.5 mCi 201-thallium chloride was injected
through a previously placed intravenous line. The patient
continued to walk for an additional 1 min before termination of
exercise. A repeat 12-lead electrocardiogram was obtained
during each minute of recovery and a repeat V3 CKGwas
obtained in the 2nd, 3rd, and 4th min of recovery. 5 min into
recovery, the patient was placed under a scintigraphic camera
equipped with a low energy, high resolution collimater, and
imaging was performed in the postero anterior, 40° and 700 left
anterior oblique projections (200,000 counts per image). The
patient then underwent cardiac fluoroscopy in the 30° right
anterior oblique and 600 left anterior oblique projections,
using a 6-inch high resolution image intensifier (70-100 kV,
1-3 mA). 4 h after exercise, scintigraphic imaging was repeated
in the same three projections.

'Abbreviations used in this paper: C/I, cost-effectiveness;
CKG, cardiokymography; ROC, receiver-operating character-
istic.
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Data reduction. The exercise-induced magnitude of
horizontal or downsloping ST segment depression was meas-
ured relative to the PR segment, in millimeters (=0.1 mV),
for each lead in both the exercise and recovery tracings. The
maximum magnitude of ST segment displacement at 0.08 s
after the J point was expressed in 0.5 mmincrements and
the result assigned to one of six mutually exclusive ranges:
<0.5, 0.5-0.9, 1.0-1.4, 1.5-1.9, 2.0-2.4,-2.5 mm.

The postexercise CKGtracings were reviewed for the de-
velopment of exercise-induced outward motion referenced to
the period of systolic ejection, defined from the delay-cor-
rected upstroke of the simultaneously recorded indirect
carotid pulse tracing to the first high frequency component
of the phonocardiographic second heart sound. There were
three mutually exclusive CKG interpretations, based upon
movement of the tracing during the systolic ejection period.
Outward systolic motion was termed "holosystolic" if not
preceded by inward motion during ejection, and was termed
"midsystolic" if its magnitude was >50% of the preceding
inward motion. Systolic motion was otherwise termed
"normal" (9).

Cardiac fluoroscopy was analyzed subjectively in real time
for the presence of calcification in the left main/left anterior
descending, left circumflex, and right coronary artery
distributions.

The unenhanced exercise and redistribution scintigraphic
images were analyzed visually by an experienced reader. One
of three interpretations was given. Regional hypoperfusion
was considered "fixed" if it remained visably unchanged over
the 4-h period of redistribution, and was termed "reversible"
if visible improvement in relative perfusion was observed.
Uniform distribution of radioactivity after exercise and re-
distribution was considered normal.

The diagnosis of coronary artery disease was defined as
the presence of at least one major coronary vessel with >50%
Diam narrowing by coronary angiography.

Each test was analyzed by different observers without
reference to the historical data or the results of the other tests.

Data analysis: calculation of coronary artery disease like-
lihood. The true positive rate, p(Tj D+), and the false posi-
tive rate, p(Tj ID-), for each of the 16 possible test observa-
tions (six for ECG, four for fluoroscopy, and three each for
CKGand thallium) were determined by a previous review of
the medical literature emcompassing 6,599 patients who have
undergone one or more of the four tests and have been studied
by coronary angiography (21). These data are summarized in
Table II. The posttest likelihood, p(D+ T), and its associ-
ated standard error (see Appendix) were then calculated for
each individual patient according to Bayes' theorem of con-
ditional probability (16, 21, 23) using the patient's pretest
likelihood, p(D+), obtained from Table I and the true and
false positive rates of his specific test responses, from Table II:

p(D+ ITj) = p(D+)p(Tj D+)/p(Tj),
where p(Ti) = p(D+) p(TjID+) + p(D-) p(TjID-) and p(D-)
= 1 - p(D+). This equation was applied serially to each com-
bination of the four test results. According to this assumption,
the posttest likelihood for one (n) test is equivalent to the
pretest likelihood for the next (n + 1) test (21):

[p(D+ jTJ)In = [p(D+)]n+l
These posttest likelihood values, thus calculated, were then
compared with the results of subsequent coronary angiography.

Correlation of likelihood and clinical judgment. The cor-
relation between the statistical estimates of posttest likelihood
calculated by Bayes' theorem and those by an experienced
clinician's judgmental interpretation of the same test results

TABLE II
True and False Positive Rates for Test Observations

Observation True positive rate False positive rate
j p(T ID+)*p(T'| D-)t

ST Depression (mV)
0.00 -j < 0.05 0.143+0.033 0.625+0.057
0.05 5j < 0.10 0.208+0.034 0.227+0.058
0.10 cj < 0.15 0.233±0.025 0.110±0.014
0.15 -j < 0.20 0.088+0.029 0.021±0.013
0.20 -j < 0.025 0.133+0.023 0.012±0.008
0.25 sj < x 0.195±0.016 0.005±0.005

Coronary calcification (vessels)
0 0.420±0.025 0.961 ±0.017
1 0.235±0.022 0.023±0.013
2 0.201±0.021 0.016±0.011
3 0.145±0.018 0.000±0.000

Systolic outward motion
None 0.257+0.052 0.942+0.034
Midsystolic 0.443±0.059 0.038+0.027
Holosystolic 0.300±0.055 0.019±0.019

Regional hypoperfusion
None 0.147±0.017 0.836±0.031
Fixed 0.146+0.026 0.103±0.034
Reversible 0.707±0.019 0.061±0.013

* p(T I D+) is the conditional probability for the test (T) ob-
servation (j) given coronary artery disease.
t p(Tj D-) is the conditional probability for the same test
observation given no coronary artery disease.

was also determined. 30 cases exhibiting a uniform mix of
both concordant and discordant test responses were selected
and the data (consisting of age, sex, symptom class, and the
results of testing) were presented to five experienced clinical
cardiologists who had no knowledge of the patient and no
formal experience with conditional probability analysis. Each
was asked to state his opinion as to the probability for signifi-
cant angiographic coronary artery disease as a percentage
ranging from 0 to 100%. The 150 clinical estimates obtained
(five physicians times 30 cases) were correlated directly with
the 30 calculated according to Bayes' theorem.

Comparison of the diagnostic and cost-effectiveness of dif-
ferent test combinations. Because four tests were performed
in each patient, there were 15 potentially different testing
formats that could be evaluated: four individual tests, six two-
test combinations, four three-test combinations, and one four-
test combination. Each combination was analyzed as to "diag-
nostic effectiveness" and "cost-effectiveness."

Diagnostic effectiveness. Two independent methods were
applied to assessment of diagnostic effectiveness. For each
test combination, the mean change in calculated likelihood
that occurred as a consequence of testing was determined, for
each n of the N patients, as the arithmetic difference in likeli-
hood before and after testing:

APn = Pn(D+ ITj) - Pn(D+)
This value was then multiplied by a sign constant (Kn) de-
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pending on the results of coronary angiography. The sign con-
stant was + 1 if posttest likelihood was greater than pretest
likelihood in the presence of angiographic disease or if post-
test likelihood was less than pretest likelihood in the absence
of disease. The sign constant was -1 when either of the
opposite results were observed. The average of these 43
individual values of Ap for each of the 15 test combinations
was termed the "mean correct change in likelihood," E0:

1
Eo= - K. Apn.

N n

The mean correct change in likelihood for coronary angiog-
raphy (E,) was expressed similarly where p(D+ ITj) = 1 for
the presence of disease and p(D+ ITj) = 0 in the absence of
disease. The Eo for each testing combination, was then ex-
pressed as a fraction of E,, and termed "observed effec-
tiveness:"

Eo= EoIE,.
The second method for assessing diagnostic test effective-

ness was by determination of the information content (I) for
each test combination from the literature pooled data in Table
II. As defined by Shannon (24), information content provides
a quantitative means of expressing the change in one's uncer-
tainty concerning the probability of an event in respect to its
a priori (pretest) likelihood and its a posteriori (posttest) like-
lihood (25, 26). This relationship may be stated in terms of the
true and false rates of the tests used to assess the probability
of the event. Thereby, this theorem expresses the reduction in
uncertainty (i.e., addition of information) as a consequence of
performing a test:

I = p(Tj) p(Di Tj) log2 p(Di I Tj)

- p(Di) log2 p(Di).

The subscript i represents each of all possible disease states
(in this case, D+ and D-). The derivation of this equation
and its associated variance is outlined in the Appendix. A more
complete discussion of information theory and formal math-
ematical proof of its theorems are available from several
sources (24, 27).

Since information content is dependent upon prevalence, its
integrated average (I) relative to coronary angiography was
used for comparisons between test combinations (see Ap-
dendix). Because I was determined from the literature, and
not the study data, it was termed "predicted effectiveness."

Cost-effectiveness. The cost (C) of each test combination
used in this study was determined as the prevailing monetary
cost for the test divided by the prevailing monetary cost of
coronary angiography (laboratory fee plus physician fee plus
2 d semi-private hospitalization). The ratio of cost to predicted
effectiveness, C/I, was termed "cost-effectiveness." This
definition of cost is distinguished from that used for "utility"
analysis which considers additional nonmonetary factors such
as the psychological "cost" of a therapeutic complication.

Statistical analysis. Statistical variances were calculated
by methods described in the Appendix and differences in
variance among the test combinations were assessed using
Bartlett's test for homogeneity. Pooled variances were calcu-
lated by weighting the individual variances for differences in
degrees of freedom. Two-sided 95% confidence intervals
were determined from the t distribution (a = 0.025).

RESULTS

There were 12 patients without significant angiographic
coronary artery disease, 4 of whomhad angina (group
TA or AA), and 31 patients with angiographic coronary
artery disease, 12 of whomdid not have angina (group
NA or AS). In only 10 of the 43 patients (23%) were
the pretest symptom class and all four subsequent test
results concordant.

Fig. 1 illustrates the average pretest likelihood (based
on age, sex, and symptom class) compared with the
average posttest likelihood (based on all four test
procedures) for each of four groups defined by the
number of vessels with >50% Diam narrowing at angi-
ography. There was a significant relationship between
the extent of angiographic disease, so defined, and the
calculated likelihood of disease based on historical and
noninvasive test data. In the 12 patients without dis-
ease, the average likelihood fell from a pretest level of
24.7±8.2% to 7.0±2.6% (P < 0.01, paired t test), even
though 13 of the 60 (22%) historical and test results
were falsely "positive." In contrast, likelihood increased
from 56.1±6.5% to 94.1±2.8% (P < 0.01, paired t test)
in the 31 coronary artery disease patients, even though
45 of the 155 (29%) historical and test results were
falsely "negative."

Relationship between likelihood and angiographic
prevalence. The 15 different combinations of the four
tests provided a total of 645 estimates of posttest
likelihood, 180 in the 12 patients without disease and
465 in the 31 patients with disease. The frequency
distribution for these 645 estimates, grouped into
deciles of likelihood, is illustrated in Fig. 2. These
posttest likelihood estimates demonstrated a bimodal
distribution (P < 0.00001, chi-square test). Of the 180
likelihood estimates in the nondiseased population,
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FIGURE 1 NMeanpre- (O) and post- (E3) test likelihood for coro-
nary artery disease (± 1 SE) according to the number of coro-
nary vessels with 50%Diam narrowing. A significant change in
likelihood after noninvasive testing was observed in each
group. N is the number of patients in each group. See text for
further discussion. CAD, coronary artery disease.
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FIGURE 2 Frequency distribution of 645 estimates of post-
test likelihood grouped into deciles. The majority of the 180
estimates in normal patients (U) were in the lowest decile and
of the 465 estimates in coronary artery disease patients (O), in
the highest decile. N is the number of estimates in each decile.

113 (63%) were in the first decile, from 0 to 9.9%,
and only 2 (1%) in the tenth decile, from 90 to 100%.
In contrast, of the 465 estimates in the diseased popu-
lation, 293 (63%) were in the tenth decile, and only
20 (4%) were in the first decile. Thus, 99% (293 of
295) of the tenth decile values were associated with
disease, whereas 85% (113 of 133) of the first decile
values were associated with absence of disease.

The relationship between each decile of likelihood
determined by noninvasive analysis and the subsequent
prevalence of disease at coronary angiography, nor-
malized for differences in size between the two groups,
is illustrated in Fig. 3. A highly significant (P < 0.001,
chi-square minimization and linear regression) relation-
ship between calculated posttest likelihood and angi-
ographic disease frequency was observed, ranging from
a frequency of angiographic disease of 6.4±1.4% for
patients in the first decile of likelihood to 98.9±0.9%
for those in the tenth decile.
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FIGURE 3 Normalized frequency of coronary artery disease
(CAD) derived from the data in Fig. 2. A significant linear re-

lationship between decile of posttest likelihood and coronary

artery disease frequency (+1 SE) was observed. The number
in each bar represents the number of likelihood estimates in
each decile. See text for further discussion.

Information content of diagnostic testing. Although
a probability statement has certain advantages as a method
for expressing test results, clinical decisions based
upon the test results are often binary rather than proba-
bilistic (e.g., Should angiography now be performed?
Yes or no-not 65% yes vs. 35% no.). The receiver-
operating characteristic (ROC) curve (25, 28, 29) allows
analysis of the magnitude of error associated with a
binary judgment about the presence of disease as a
function of the level of posttest likelihood. The ROC
curve for this data base is illustrated in Fig. 4. The
curve was constructed by considering that a given level
of posttest likelihood indicates the presence of disease,
and then determining the true positive and false posi-
tive rates at each likelihood level. This was done for
13 different levels of likelihood from > 1 to >99%. As
the likelihood value used for a positive diagnosis of
coronary artery disease increased, both the true and
false positive rates fell in a curvilinear fashion typical
of all such curves.

This relationship is useful in defining the error levels
associated with categorical interpretation of the cumu-
lated test results, but cannot be used to assess the rela-
tive effectiveness of the 15 different test combinations
nor to establish the operating criterion containing the
maximum diagnostic information. Informational analy-
sis was employed for this purpose. Fig. 5 illustrates
the correlation between predicted information content
of the 15 test combinations and the observed effective-
ness relative to coronary angiography. The correlation
between these variables was highly linear abouit the
line of identity, indicating that information content is a
valid quantitative index of test effectiveness, semanti-
cally equivalent to the average correct change in the
probability of disease. Informational analysis of the
ROCcurve for our data revealed that if a single value
for posttest likelihood were to be used to separate
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FIGURE 4 The ROCcurve (--- -) derived from the data in
Fig. 2 for the following threshold levels of posttest likelihood
(in percent): 1, 5, 10, 20, . . ., 80, 90, 95, and 99. The
strippled area represents the 95%confidence region calculated
from the unpooled variances. See text for further discussion.
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FIGURE 5 Correlation between observed effectiveness of the
15 different test combinations (y axis) and information content
(x axis), both expressed as a percentage relative to coronary an-
giography. 0 represent the single tests; A, the two-test com-
binations; *, the three-test combinations; and *, the sole four-
test combination. Open symbols represent the mean of each
group of solid symbols (±+1 SE). The diagonal represents the
line of identity. See text for discussion.

patients into the two diagnostic categories of disease
(D+) and no disease (D-), the 60% likelihood value
would produce optimal separation. At the 60% level,
where categorical information content was maximal, the
true positive rate was 0.816+0.018 and the false posi-
tive rate was 0.094+0.022.

The ROCcurve thereby defined the error levels
associated with use of the single best likelihood value
as the criterion for categorical diagnosis but such use
does not discriminate between widely different values
that both satisfy the threshold, 61 vs. 99% for example.
Such a single threshold, therefore, is of little help in
determining a rational endpoint to multiple testing. In

this regard, Fig. 6 illustrates the distribution of informa-
tion content for all 15 test combinations as a function
of the achieved decile of posttest likelihood. Fully 95%
of the total information content of testing was contained
in the first and last deciles of likelihood. Thus, 441
(68%) of the 645 likelihood estimates were located in
the region of maximal information content. Of these 441
likelihood estimates, 421 correctly predicted the pres-
ence or absence of angiographic coronary artery dis-
ease (predictive accuracy, 95.5+1.0%). These results
indicate that, from an informational standpoint, when
the level of posttest likelihood is <10% or >90%, an
accurate endpoint criterion for diagnostic testing has
been attained.

Cost vs. effectiveness of diagnostic testing. Al-
though the cost and effectiveness of testing increased
substantially as a function of the number of tests per-
formed, the ratio of cost to information content (an
index of cost-effectiveness) did not (Table III). Two
distinctly different correlations between cost and infor-
mation content were identified. As shown in Fig. 7,
there was a group of eight test combinations with an
average cost-effectiveness that was twice that of the
other seven combinations (0.47+0.02 vs. 0.24+±0.02,
P > 0.001 unpaired t test). The single characteristic
common to all of the less cost-effective test combina-
tions was the inclusion of thallium scintigraphy, the
most effective and the most costly of the individual
test procedures.

Fig. 8 illustrates the relative effectiveness and cost-
effectiveness of each of the 15 different test combina-
tions compared with diagnostic coronary angiography.
The figure shows that all 15 test combinations were
cost-effective compared with diagnostic coronary angi-
ography (C/I ratios <1). As a generalization, although
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FIGURE 6 The distribution of information content for each
decile of posttest likelihood obtained from the ROCdata in
Fig. 4. The majority of information was obtained when the
posttest likelihood was under 10% (1st decile) or over 90%
(10 decile). See text for discussion.
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FIGURE 7 Relationship between cost and information con-
tent for the 15 test combinations relative to coronary angiog-
raphy. The symbols are identical to those in Fig. 5. The diag-
onal represents maximum possible values relative to coronary
angiography (relative cost = 100%, relative information con-
tent = 100%). See text for discussion.
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TABLE III
Indices of Cost and Effectiveness of Testing

Test Observed Predicted Relative Relative
combination effectiveness effectiveness cost cost-effectiveness

E 0.335±0.072 0.263+0.117 0.087 0.331±0.147
F 0.252±0.066 0.279±0.054 0.033 0.118±0.023
C 0.299+0.070 0.383±0.115 0.090 0.235±0.071
T 0.379+0.074 0.404±0.060 0.227 0.561±0.084
E:F 0.436+0.076 0.465±0.107 0.120 0.258±0.059
E:C 0.491±0.076 0.538±0.129 0.137 0.255±0.061
E:T 0.491±0.076 0.552±0.090 0.273 0.495±0.081
F:C 0.470±0.076 0.552±0.107 0.123 0.223+0.043
F:T 0.634+0.073 0.564±0.065 0.260 0.461±0.053
C:T 0.574+0.075 0.619±0.090 0.277 0.447±0.065
E:F:C 0.629+0.074 0.661+0.107 0.170 0.257±0.042
E:F:T 0.745±0.066 0.670±0.078 0.307 0.458±0.053
E:C:T 0.722±0.068 0.711+0.089 0.323 0.454±0.057
F:C:T 0.701±0.070 0.719±0.077 0.310 0.431±0.046
E:F:C:T 0.834+0.057 0.784+0.072 0.357 0.456+0.042

Each value represents the decimal equivalent of percent relative to coronary angi-
ography± 1 standard error. Relative costs are based on absolut.e figures and have no
associated variance. E, electrocardiography; F, fluoroscopy; C, cardiokymography;
T, thallium scintigraphy.

effectiveness increased as the number of tests employed
increased, test combinations including fluoroscopy
tended to be more cost-effective, whereas those includ-
ing thallium scintigraphy were less cost-effective.

Correlation with clinicaljudgment. The 150 clinical
estimates of post-test likelihood ranged from 1 to 100%
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FIGURE 8 Relative effectiveness and cost-effectiveness for
the 15 test combinations used. Each symbol represents the
mean +95% confidence interval. The variances were not
distributed homogeneously (P < 0.0005), the difference be-
tween pooled and unpooled estimates averaging 63%. This dif-
ference produced <1%of artefactual narrowing of the confi-
dence intervals calculated from the pooled data, and resulted
in no change in the ranking of the tests relative to the lower
confidence limit. These confidence intervals provide a very
conservative decision threshold (in the range of P < 0.005) for
comparison of test combinations, when the intervals do not
overlap. This conservatism offsets, in part, the potential de-
pendence between combinations that share a commontest pro-
cedure, but simultaneously produces a larger f8 error that
might mask existing significant differences. E, electrocardiog-
raphy; F, fluoroscopy; C, cardiokymography; T, thallium
scintigraphy.

(mean, 56.0+34.1% SD), whereas the 30 calculated
estimates ranged from 0.1 to 99.9% (mean, 55.4+±36.5%).
The linear regression correlation coefficient between
clinical and calculated posttest likelihood varied from
r = 0.820 to r = 0.949 for the five cardiologists. Al-
though a highly significant correlation between clinical
judgment and calculated posttest likelihood was ob-
served, an extraordinarily large amount of interobserver
variability was noted in the range of 30-70% of calcu-
lated likelihood (Fig. 9). Accordingly, the average
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FIGURE 9 Relationship of the clinical estimate of likelihood
for coronary heart disease, made by five cardiologists and the
calculated posttest likelihood. There is wide variability
especially in the 30-70% range of calculated likelihood. The
overall correlation, however, is highly significant. Standard
error of the estimate, 17.1.
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estimate of the five cardiologists was substantially
superior to that of any one individual (Fig. 10). In only
3 of the 30 average estimates was there wide disparity
between clinical judgment and calculated likelihood.
Each of these cases represented abnormal test responses

in patients with low pretest likelihoods.

DISCUSSION

The goal of earlier and more accurate detection of
coronary artery disease has stimulated the development
of numerouis noninvasive diagnostic techniques. Each
of these techniques, however, is substantially limited
in (liagnostic accuracy: numerous studies have now

demonstrated, both in theory and in practice, that a

single positive test in a low prevalence population is
of limited diagnostic value (13-21). Chaitman et al. (30),
for example, recently demonstrated significant dif-
ferences in the predictive accuracy of ECGstress test-
ing in patients subgrouped according to symptoms
before testing. Because the predictive accuracy of the
ECG test alone was poor in those with minimal or

equivocal symptoms, these authors advocated the use

of additional test procedures such as cardiac fluoroscopy,
CKG, and thallium scintigraphy in certain subgroups
of patients. Others have made similar observations and
recommendations (2, 6, 9, 31-33).

The relevance of probability analysis. In attempting
to implement such recommendations, two problems
immediately emerge. First, the accuracy of multiple
testing is limited, especially when test responses are

discordant, by the current custom of reporting the results
categorically as "positive" or "negative" (21, 24). In
our study, 46 (27%) of the 172 test responses were

discordant in reference to coronary angiography and
30 of the 43 patients (70%) had at least one such dis-
cordant response. Our results indicate that in such
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FIGURE 10 Comparison of the consensus of five clinical esti-
mates to calculated likelihood. Each symbol represents the
average (+1 SE). Although there was wide variation in indi-
vidual predictions, the mean judgment was close to the cal-
culated likelihood, and more precise than any one group of in-
dividual estimates. Standard error of the estimate, 4.7.

circumstances, even cardiologists specializing in the
field of stress testing, and with considerable knowledge
of the relevant literature, experience difficulty in esti-
mating the diagnostic probability of disease. When
such estimates are inaccurate, subsequent clinical
decisions may be inappropriately founded.

The second problem created by the emergence of
multiple testing relates to cost-effectiveness. This
point has been emphasized by Adelstein and McNeil
(34) in reference to the diagnosis of pulmonary embolus,
wherein they state that such an approach ". . will
surely increase the costs . . . regardless of how much
it may improve accuracy." Although the goal of improv-
ing diagnostic effectiveness and simultaneously reduc-
ing cost has emerged as a major issue in medical
practice, the lack of objective methods for cost-effective-
ness comparisons has become increasingly apparent (22).

One method by which such a large amount of poten-
tially conflicting information may be processed is
through probability analysis. A number of investigators
have advocated this approach as an aid to analysis of di-
agnostic test results on theoretical grounds, and its
practicality relative to electrocardiographic stress
testing has recently been demonstrated by Cohn et al.
(35). Our study extends the probabilistic approach to the
analysis of multiple procedures in diagnostic stress
testing.

Advantages of probability analysis. The primary
conclusion of this study is that the use of probability
analysis contributes significantly toward solution of
both problems associated with diagnostic testing, as al-
luded to above. First, these probability estimates corre-

lated well with both angiographic prevalence and with
experienced clinical judgment, despite frequently dis-
cordant test responses.

Second, probability analysis allows meaningful
quantitation of the effectiveness of a given test or test
combination relative to a defined standard such as cor-

onary angiography by use of well established concepts
embodied in the discipline of information theory.

The usefulness of this application may be best appre-

ciated by an example. The effectiveness of a test is cus-

tomarily expressed in relation to its "sensitivity" (true
positive rate), its "specificity" (1 - false positive rate),
and the "likelihood ratio" (true positive rate/false posi-
tive rate) (20, 28). When two tests differ only in one of
the primary variables, then the test with the higher as-

sociated value is considered the more effective. Often,
however, tests differ in ways more complex than this. If
one test has a sensitivity of 51 and a specificity of 99%,
for example, it is not apparent whether or not it is diag-
nostically superior to a second test with a sensitivity of
70 and a specificity of 90%. With multiple criteria for
interpretation, such comparisons become even more

difficult. Information theory greatly simplifies this
analysis, and allows such comparative determinations

Conditional Probability Analysis and Coronary Artery Disease
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of diagnostic effectiveness. In the example above, al-
though the likelihood ratio is 51 for the first test and
only 7 for the second, their average information content
is identical.

Limitations of probability analysis. Probability
analysis has several potential and real limitations. The
first relates to the assessment of likelihood before
testing, and the use of specific true and false positive
rates. In this study, factors of known importance (age,
sex, and symptoms) were weighted according to pub-
lished experience in the medical literature. Each of
these estimates must be presumed to contain an ele-
ment of unknown bias. Webelieve, however, that this
limitation was minimized in the study design by use of
estimates derived from the pooled experience of many
investigators (36).

A second potential limitation to use of probability
analysis is that there may be conditions other than coro-
nary artery disease that cause more than one test result
to be positive. This phenomenon of "dependence"
should not materially influence serial application of
Bayes' theorem, however, as long as the number of pro-
cedures employed is not large (37). Moreover, an ear-
lier study from our laboratory supports the hypothesis
that the procedures employed in this study are statisti-
cally independent.2 Such a finding is not unexpected
because the ST segment response is fundamentally
electrophysiologic; coronary artery calcification, meta-
bolic; cardiokymographic abnormalities, mechanical;
and scintigraphic hypoperfusion, hydrodynamic.

A third limitation to the use of probability analysis
involves the potential unawareness on the part of the
physician that the calculated likelihood does not in-
clude consideration of other factors that may be of major
significance in some cases. Awareness of what the anal-
ysis does and does not provide is, therefore, essential
to the user. In this regard, probability estimates could
be furtlier improved by application of clinical judge-
ment to those areas not encompassed by the formal anal-
ysis such as family history, exercise-induced hypoten-
sion, and depth of regional hypoperfusion.

Probability analysis and cost-effective decision
making. The data in this study provide clinically rel-
evant observations relative to effective and cost-effec-
tive decision making. For example, the widely used test
combination of stress electrocardiography and thallium
scintigraphy provided 27 concordant results in the 43
patients studied, all of which were correct relative to
coronary angiography. Had the 43 patients instead
been tested by stress electrocardiography and fluoros-
copy, 26 would have attained a posttest likelihood of

2 Charuzi, Y., G. A. Diamond, M. Pichler, A. Waxman, R. Vas,
R. Silverberg, D. Berman, and J. S. Forrester. Analysis of mul-
tiple noninvasive procedures for the diagnosis of coronary ar-
tery disease. Manuscript submitted for publication.

either < 10 or >90%. Using these levels of likelihood as
"establishing" the presence or absence of disease, all 26
patients would have been correctly identified relative
to coronary angiography. If the remaining 17 patients
with indeterminate posttest likelihoods had undergone
CKGand thallium testing, 8 additional patients would
have reached either the 10 or 90% likelihood level, all of
whomwould also have been correctly classified. This
latter format, therefore, would have provided a 16% in-
crease in total number of correcit diagnoses at a simulta-
neous 16% reduction in the tdtiil cost of testing, com-
pared with the electrocardiograni (ECG) scintigraphy
combination.

Clearly, this approach represents a simplification of a
more complex decision matrix because the physician of-
ten desires information beyond that related solely to
the presence or absence of disease. The determination
of functional exercise capacity, or the localization of
disease to a specific anatomic region by fluoroscopy or
perfusion scintigraphy, might be the primary reason for
obtaining the test in certain individuals. Nevertheless,
we believe it is reasonable to initiate such an analysis
on the assumption that at least one goal of diagnostic
testing is diagnosis itself. Although it is evident that the
data base in this study is too limited to support the rec-
ommendation of any particular test combination at pres-
ent, we believe that the concepts and analytic methods
employed herein provide a basis for the future develop-
ment of cost-effective formats for noninvasive testing, a
growing concern of all involved in the health care sys-
tem (22, 38, 39).

In summary, this study suggests that analysis of con-
ditional probability provides an accurate, explicit
means for the interpretation of mutltiple, even discord-
ant, test responses relative to the diagnosis of angio-
graphic coronary artery disease. The format is appli-
cable to a wide spectrum of patients ranging from the
asymptomatic to those with typical angina pectoris. The
results of such analysis, which can be obtained in
seconds using any of many available "personal comput-
ers" by technicians in the test facility, can be used by
the physician as an aid to diagnosis and medical deci-
sion making. Because of the (quantitative nature of the
format, it may also aid in developing more cost-effec-
tive means for the diagnosis of coronary artery disease
and may be of use to investigators conducting clinical
trials in subsetting populations in whom coronary an-
giography cannot be used to establish a diagnosis with
certainty.

APPENDIX
Calculation of information content. Information theory

defines the average uincertainty for a set, i of mutually exclul-
sive probabilistic events (suich as the presence [D+] and ab-
senee [D-] of coronary disease) in terms of the probabil-
itv associated with each evenit. If the events are represented
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as Di and the prior probability or frequency of occurrence by
p(DA), then a priori uncertainty, expressed in binary digits or
bits, is given by:

U pre = - I p(Di) log2 p(Di).

Calculation of variances. The variances of the three prob-
abilities p(D+), p(Tj1D+), and p(Tj1D-) were determined
from the equation:

(1)

Similarly, the a posteriori uncertainty (resulting from perform-
ance of a test) is defined in relation to the set of posterior
probabilities, p(Di/Tj), as the average uncertainty associated
with all mutually exclusive test responses (Tj), weighted by
their respective frequencies of occurrence, p(Tj):

U post = - p(T1) p(DiITj) log21 p(DiITj). (2)
I i

The information content of the test is defined as the average
reduction in uncertainty, obtained by subtracting Eq. 2 from
Eq. 1:

I = 2 p(Tj) p(Di Tj) log2 p(Di I Tj)

- 2 p(Di) log2 p(Di). (3)

The conditional probabilities in Eq. 3 are interrelated through
Bayes' theorem:

p(Di Tj) = p(Di)p(T1 Di)/p(Tj); (4)

p(Tj) = p(D +)p(Tj ID+) +p(D -)p(Tj D-). (5)
The term p(Tj I D+) is the conditional probability for the test
observation j in a population of diseased patients (true posi-
tive rate), and p(Tj ID-) is the conditional probability for j
in the complementary population, D-, of nondiseased pa-
tients (false positive rate). By substitution of Eq. 4 and 5 into
Eq. 3, therefore, one obtains the information content, I, ex-
pressed as a function of the three variables p(D+), p(Tj D+),
and p(TjID-).

The average information content of the test is represented
by the area under the information curve, given by integra-
tion of Eq. 3 with respect to p(D+) over the inverval 0 to 1
(for simplicity of notation we will substitute P for p[D+]):

= IdP. (6)

If a test were perfect, then Up,, = 0 and I = U,. "Maximum
average information content" is thereby defined, according to
Eq. 1 and Eq. 6:

(1 2
Imax =-| Ep(Di) 1092p(DjP = l = 0.721. (7)

"Relative information content" is then expressed as the ratio
of Eq. 6 to Eq. 7:

I1~~~~~~~~~~~I/Imax= 2 In 2 IdP.
.0

(8)

Multiplying Eq. 8 by 1/in 2 converts all terms of this equa-
tion into natural logarithms:

VImax = 2 (E p(T1) E p(Di Tj) ln p(Di I Tj)

- I p(D1) ln p(Di))dP. (9)

(10)2 =pq - n(N-n)
N N3

where p = n/N; q = 1 - p = (N - n)/N; N = total population;
n = number of individuals in N with the characteristic, j.
When these independent and uncorrelated errors are intro-
duced into Bayes' equation for calculation of p(D+ ITj), the
variance (UL2) is given by the partial differential equation:

2 9L 2 lL \2 (OL 2
(TL\2= AI+A2+ -- 2 + - p;(112 )

where L = p(D+ITj); A = p(TjID+); B = p(TjID-); and
P = p(D+). The partials may be evaluated by substitution of
Eq. 5 into Eq. 4 and expanding relative to p(Dj):

Hl p(D1 ITj) H p(D1 Tj)
(OL ) = i * (L

clA p(Tj D+) OA p(Tj D-)

Hn p(Di Tj)

Hpflp(D1)
i

'L 2 = (H p(DiITj))()
(i ) [p(Tj ID +))

I cB 2 { \ 21

(p(TjD )) + l p(D)) J. (12)

The variance associated with the calculated information con-
tent (a,2) is given by the similar partial differential equation:

(I 2 lI 2 ( 1 2
-T2 = rA2 + -j UB2 + 0p P2.

\ 0A /cl0B / P,
(13)

Wemay evaluate these partials by substituting Eq. 4 into Eq.
3 and expanding relative to p(D1):

( -I = > p(D+) log2 p(D+ |Tj);
OA/

( dl ) = > p(D-) log2 p(D- |Tj);
ai

( - ) = log2 [p(D-)/p(D+)]

+ > p(Tj | D+) log2 p(D+ Tj)

- p(Tj D-) log2 p(D- Tj).

Similarly, the variance of I is given as the integrated average
variance of I over the entire range of P:

cn2= ',2dP. (14)
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