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A new discriminant function model for estimating
probabilities of angiographic coronary disease was
tested for reliability and clinical utility in 3 patient
test groups. This model, derived from the clinical
and noninvasive test results of 303 patients under-
going angiography at the Cleveland Clinic in Cleve-
land, Ohio, was applied to a group of 425 patients
undergoing angiography at the Hungarian Institute
of Cardiology in Budapest, Hungary (disease preva-
lence 38%); 200 patients undergoing angiography
at the Veterans Administration Medical Center in
Long Beach, California (disease prevalence 75%);
and 143 such patients from the University Hospi-
tals in Zurich and Basel, Switzerland (disease prev-
alence 84%). The probabilities that resulted from
the application of the Cleveland algorithm were
compared with those derived by applying a Bayes-
ian algorithm derived from published medical stud-
ies called CADENZA to the same 3 patient test
groups. Both algorithms overpredicted the proba-
bility of disease at the Hungarian and American
centers. Overprediction was more pronounced with
the use of CADENZA (average overestimation 16
vs 10% and 11 vs 5%, p <0.001). In the Swiss
group, the discriminant function underestimated
(by 7%) and CADENZA slightly overestimated (by
2%) disease probability. Clinical utility, assessed as
the percentage of patients correctly classified, was
modestly superior for the new discriminant function
as compared with CADENZA in the Hungarian
group and similar in the American and Swiss
groups. It was concluded that coronary disease
probabilities derived from discriminant functions
are reliable and clinically useful when applied to
patients with chest pain syndromes and intermedi-
ate disease prevalence.

(Am J Cardiol 1989;64:304-310)

304 THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 64

uncertainty and an art of probability,” ! the ap-

plicability of probability analysis to the diagno-
sis of common diseases is still uncertain. Part of this
uncertainty is due to the difficulty in obtaining clinical
data from very large numbers of patients. Such data are
needed to derive accurate probability models that could
be applied universally. Diamond et al? were the first to
circumvent this paucity of large data collections. By cal-
culating weighted averages of sensitivities and specific-
ities obtained from a review of published studies on di-
agnostic testing, and by using tables of pretest probabil-
ities also from those studies, they pooled knowledge
obtained from several thousand patients to define a
probability algorithm for the diagnosis of coronary ar-
tery disease (CAD). Because published reports rarely
give complete distributions of clinical and test variables,
the investigators had to assume that these variables
were independent of one another. This assumption of
independence created errors in their predictions. Fur-
thermore, the reported sensitivities and specificities are
affected by bias and other methodologic problems3-3
that may actually lead to further errors when probabili-
ties are based on them. We undertook this project to
determine if a probability algorithm derived from the
clinical and test characteristics of a relatively small
group of 303 patients could accurately predict CAD
probabilities in study samples drawn from various eth-
nic populations with different clinical characteristics.
This algorithm was compared with the algorithm of Di-
amond et al.2

D espite Osler’s axiom that “medicine is a science of
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METHODS

Reference group for derivation of the probability
model: The reference group used to derive the model
consisted of 303 consecutive patients referred for coro-
nary angiography at the Cleveland Clinic between May
1981 and September 1984. No patient had a history or
electrocardiographic evidence of prior myocardial in-
farction or known valvular or cardiomyopathic disease.
All 303 patients provided a history and underwent phys-
ical examination, electrocardiogram at rest, serum cho-
lesterol determination and fasting blood sugar determi-
nation as part of their routine evaluation. Historical
data were recorded and coded without knowledge of
noninvasive or angiographic test data. In addition, after
giving informed consent, the patients underwent 3 non-
invasive tests as part of a research protocol. The results
of these tests (exercise electrocardiogram, thallium scin-
tigraphy and cardiac fluoroscopy) were not interpreted
until after the coronary angiograms had been read.
These tests were analyzed and the results recorded with-
out knowledge of the historical or angiographic results.
Work-up bias was therefore not present.> The mean age
of these patients was 54 years; 206 were men. Angio-
grams were interpreted by a cardiologist without knowl-
edge of other test data. Further details of this data col-
lection are described elsewhere.

Clinical and test variables: The 4 clinical variables
were age, sex, chest pain type (typical anginal, atypical
anginal, nonanginal, asymptomatic®) and systolic blood
pressure. Routine test data collected included serum
cholesterol, fasting blood sugar >120 mg/dl and elec-
trocardiographic results at rest (classified as (1) normal;
(2) ST-T-wave abnormality [T-wave inversions or ST
depression >0.05 mV or both}; or (3) probable or defi-
nite left ventricular hypertrophy by Estes’ criteria).

Noninvasive tests were exercise electrocardiogram,
exercise thallium scintigraphy and fluoroscopy for coro-
nary calcium. Exercise data collected included maximal
heart rate, exercise-induced angina, slope of the peak
exercise ST segment (upsloping, flat or downsloping),
exercise-induced ST-segment depression (where 1 mm
= 0.1 mV), exercise thallium scintigraphic defects
(fixed, reversible or none). The fluoroscopic data con-
sisted of the number of major vessels that appeared to
contain calcium.” Data for all of these 13 variables were
entered into a computerized database.

Derivation of the algorithm: The algorithm was de-
rived by applying logistic regression to the 13 clinical
and test variables against the angiographic variable of
the presence or absence of a >50% diameter narrowing
(dependent variable). Our object was to make the algo-
rithm relevant to clinical situations in which data might
be present for only certain combinations of the 13 vari-
ables. Derivation of the most complete algorithm would
require applying logistic regression to all 8,191 possible
combinations of these 13 variables. To simplify this cal-
culation, only “clinically relevant” combinations were
allowed. Combinations were considered clinically rele-
vant if they included age, sex and chest pain type, and,

in the case when exercise electrocardiography was per-
formed, maximal heart rate and exercise-induced angi-
na. Because ST-segment depressions induced by exer-
cise are sometimes difficult to interpret, clinically rele-
vant combinations do not necessarily include them.
However, when the slope of the ST segment could be
calculated, the actual depression also was required. In
all, there were 352 such relevant combinations and,
therefore, 352 logistic regression calculations were per-
formed.

Testing the algorithm: The 352 subsets of regression
coefficients were stored and indexed in a computer data
file. A computer program was written to read clinical
and test data of test patients and match the data avail-
able with the appropriate subset of coefficients from this
data file. The program then computes the ith patient’s
disease probability, P;, using the formula: P; = efi/(1 +
ef), where f; is the linear combination of this patient’s
data, using the appropriate subset of coefficients.

Bayesian method: The Bayesian method based on
published medical studies can be applied using a com-
puter program called CADENZA.®2 We obtained this
program from its authors and transformed all test pa-
tient data to fit the input documentation of this comput-
er program. The program uses weighted averages of
sensitivities and specificities from published medical
works. The pretest probabilities in the program also
were derived from published studies.” The sensitivities,
specificities and pretest probabilities are sequentially
substituted in Bayes’ theorem. The resultant equation is
applied first to pretest probabilities based only on clini-
cal and routine test data (age, sex, chest pain type, his-
tory of diabetes and hypertension, serum cholesterol,
electrocardiogram at rest and so on) and then consecu-
tively to resulting posttest probabilities from the previ-
ous calculation.10

Test group data: Three test groups were analyzed
using the 13-variable discriminant function and the
Bayesian algorithm. These groups included subjects
without a prior catheterization or evidence of prior in-
farction or valve disease, whose CAD status was there-
fore unknown but whose angiograms were performed to
determine the presence and severity of disease. These
test groups were (1) 200 patients at the Veterans Ad-
ministration Medical Center in Long Beach, California;
(2) 425 patients at the Hungarian Institute of Cardiolo-
gy; and (3) 143 patients at 2 Swiss university hospitals.

In these test groups, noninvasive test results were not
withheld from the treating physician, and might have
influenced the decision to perform coronary angiogra-
phy; therefore, workup bias or angiographic referral
bias was present.’ Clinical data and noninvasive test re-
sults were recorded before (and therefore without
knowledge of) the coronary angiography results.

All available data that could be used by either algo-
rithm were collected from the patient records for the
test groups. The data included age, sex, chest pain char-
acteristics (as seen earlier), systolic blood pressure at
rest, history of hypertension, smoking history, history of
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TABLE 1 Clinical Characteristics of the Study Groups

Mean Age Men Angina Disease* MvDt

Study Group (yrs) (%) (%) (%) (%) SBP*
Long Beach

(n = 200) 59 97 66 74 62 135
Hungary

(n=425) 48 71 43 38 63 132
Basel

(n =85) 55 86 73 85 69 139
Zurich

(n =58) 54 93 74 74 40 119
Cleveland

(n=303) 54 68 53 46 60 132

* Disease is defined as >50% diameter narrowing; T MVD = multivessel disease defined by >50% diameter narrowing in >1 vessel; # SBP = mean systolic blood pressure.

TABLE Nl Sensitivities and Specificities of Exercise Testing in the Study Groups

1-mm ST Depression Exercise Angina Thallium Defect
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
Lohg Beach (%) 54 73 72 63 90 45
(81/149) (37/51) (83/115) (20/32) (27 /30) (5/11)
Hungary (%) 67 86 59 89 94 59
(109/162) (225/263) (95/162) (233/263) (15/16) (10/17)
Basel (%) 29 85 56 69 70 54
21/72) (11/13) (40/71) 9/13) (50/71) (7/13)
2Zurich (%) 53 67 30 80 " 1 patient 1 patient
(23/43) (10/15) (13/43) (12/15)
Cleveland (%) 66 73 55 86 73 79
(92/139) (119/164) (76,/139) (144/164) (101/138) (129/163)

diabetes, family history, electrocardiogram at rest, se-
rum cholesterol and fasting blood sugar. The exercise
variables included medications at the time of the exer-
cise test, duration of the exercise test, peak achieved
heart rate, heart rate at rest, peak exercise systolic
blood pressure, exercise-induced angina or hypotension
or both, exercise-induced ST depression relative to rest,
exercise-induced ST slope, exercise-induced R-wave
change, radionuclide ejection fraction and wall motion
abnormalities at rest and during exercise, and exercise
thallium results (as seen earlier). Coronary angiograms
were considered abnormal if there was >50% luminal
narrowing of any major epicardial vessel. Histories,
physical examinations and all noninvasive tests were
performed within 6 weeks before the date of the coro-
nary angiogram. A description of the individual test
groups follows.

Long Beach Veterans Administration Medical Cen-
ter: This group was drawn from all consecutive subjects
undergoing cardiac catheterization at the Veterans Ad-
ministration Medical Center in Long Beach between
1984 and 1987. After excluding those with prior infarc-
tion, valvular disease and prior catheterization, there
were 200 test group subjects. v

Hungarian Institute of Cardiology: This group was
drawn from all patients undergoing catheterization at
the Hungarian Institute of Cardiology in Budapest be-
tween 1983 and 1987. Patients with prior infarction or
valvular disease were excluded. The remaining 425 sub-
jects made up the Hungarian test group.
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Swiss universities: This group was drawn from all
subjects undergoing cardiac catheterization at the uni-
versity hospitals in Zurich and Basel, Switzerland, in
1985. The aforementioned exclusion criteria were ap-
plied. Of the 143 Swiss patients, 58 underwent catheter-
ization in Zurich and 85 in Basel.

The clinical characteristics of the subjects in the 3
test groups and the rationalization for combining the
groups from the Swiss universities is given in the Re-
sults section. The observed sensitivities and specificities
of the exercise electrocardiogram and exercise thallium
scintigraphy also are given in the Results section.

Evaluation of probabilities: The reliability of a prob-
ability estimate reflects its numerical proximity to the
actual disease prevalence in subjects with similar clini-
cal and test data. If the estimates are reliable, the mean
disease probability in a test group will be the same as
the disease prevalence in the group. Thus, by subtract-
ing the prevalence of disease from the mean or expected
probabilities, and dividing this difference by the stan-
dard deviation, we get an overestimation index that is a
measure of how much a model over- or underpredicts
disease probability. Because this is a mean of an as-
sumedly normally distributed difference divided by its
standard deviation,!! comparison of models is simpli-
fied. This can be done using the Student ¢ test with a
standard deviation of 1.0.

Finer detail can be obtained by sorting the probabili-
ty estimates in ascending order and then dividing them
into quintiles of probability.!? The expected probabili-



TABLE lll Percent* Correctly Classified by Using Three Probability Thresholds

Thresholds
0.4 0.5 0.6
CDF CADENZA CDF CADENZA CDF CADENZA
Hungarian 74+2 71+2 77 £ 2t 7442 82+ 2t 76 £ 2
Only those 58+ 3 56 + 3 64+ 3 61+3 73+ 3t 6413
0.2-0.8
Long Beach, 78+ 3 77+3 7943 77 +3 79+ 3t 7543
California
Only those 6415 61+5 66 4+ 5 60+5 65+ 57 57+5
0.2-08
Swiss 82+3 8243 8143 8143 78+ 3 79+3
Only those 73+6 7715 70+£6 73+6 66+ 6 70+6
0.2-0.8

* Percent + standard error of percent; T p <0.05 vs CADENZA (McNemar's test).
CDF = Cleveland discriminant function.

ties in each quintile are compared with the prevalences
in that quintile and the differences computed. These dif-
ferences are a measure of the overestimation per quin-
tile, and reflect the reliability of low, intermediate and
high estimates.

A probability estimate will be clinically useful if it
accurately classifies patients as diseased or not diseased.
A probability algorithm will be useful if its probability
estimates are clinically useful over an appropriate range
of probability thresholds.

We agreed that the most relevant probability thresh-
olds for making decisions concerning angiography or
therapy lie between 0.20 and 0.80 for subjects with
chest pain syndromes. Therefore, the percentage of cor-
rect classifications was calculated over this range (0.2 <
p < 0.8) for both algorithms in the 3 test groups.

Subjects whose clinical and test data are concordant
will generally have very high or very low probability es-
timates from any algorithm. We agreed that a clinician
would probably not need a probability estimate for clin-
ical decision making in these cases. Such estimates
would instead be most useful for cases where patient
data are discordant. These patients would have interme-
diate probability estimates by most algorithms; there-
fore, the percent correct classification rate was recalcu-
lated ignoring all subjects for whom probability esti-
mates from both the discriminant function and
CADENZA were out of the range (0.2 < p < 0.8).

To compare the correct classification rates for the 2
algorithms, we used the McNemar’s test.

RESULTS

Table I lists the demographic and clinical character-
istics of the various patient study groups. Table II lists
the sensitivities and specificities of 1 mm = 0.1 mV ex-
ercise-induced ST depression, exercise-induced angina
pectoris and an abnormal thallium scintigram (fixed or
reversible defect or both).

The 2 Swiss groups are very similar with respect to
age, sex and symptoms. Because of their small size and
their similarity, they were combined into a single group.

Reliability: Overestimation indexes for the probabili-
ty estimates were significantly higher for CADENZA
than for the discriminant function in the American test
group (6.1 vs 2.0, p <0.001) and in the Hungarian
group (10.4 vs 5.6, p <0.001). In the Swiss group,
CADENZA slightly overestimated disease probability,
whereas the discriminant function underestimated it.
Figure 1A, B and C shows that both models tend to
overestimate intermediate disease probabilities (second,
third and fourth quintiles), with CADENZA causing
the most overestimation. At the Swiss universities,
where disease prevalence was highest, both models un-
derestimated low probabilities. In all but the second
quintile of this group, the probability estimates derived
by CADENZA had a larger absolute error than those
obtained using the discriminant function.

Clinical utility: The percentage of patients who are
correctly classified will depend on the accuracy of the
model and on the overall disease prevalence in the test
group. Models that overestimate disease will cause more
erroneous diagnoses at low prevalence, but will classify
patients correctly at high prevalence. Figure 2A, B and
C bears this out. The Cleveland discriminant function
more accurately classified patients at the Hungarian In-
stitute, where there was a low disease prevalence. These
differences were statistically significant between proba-
bility thresholds of 0.4 and 0.7 (p <0.05). In the Ameri-
can group, where disease prevalence was higher, the dis-
criminant function also classified patients more correct-
ly than did CADENZA, but the difference was not
significant except at thresholds around 0.6. In the Swiss
group, which had the highest disease prevalence, CA-
DENZA resulted in a significantly higher rate of cor-
rect classification at thresholds of at least 0.70 (p
<0.05).

It is interesting to compare the percentage of correct
classifications for the 2 algorithms in the 3 groups at
specific thresholds. Table III is such a comparison.
Thresholds of 0.4, 0.5 and 0.6 were used because we
thought them to be appropriate for many clinical deci-
sions. The table gives the percentage of correct classifi-
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cations by the 2 algorithms (1) when all patients are
included; and (2) when those for whom both algorithms
produced very low (<0.2) or very high (=0.8) probabil-
ities are excluded. Excluding these latter subjects may
be appropriate because this exclusion leaves primarily
those patients with discordant results for whom clinical

decisions are more difficult and the use of a probability
algorithm is more relevant. Both algorithms performed
less well when these exclusions were made. The dis-
criminant function performed moderately better than
CADENZA, both with and without the exclusion of
subjects with extreme probabilities.

03 Overestimation of Probability

-0.2
Hl Cloveland 0. F. N cADENZA ]
-03 . L L ) L
1 2 3 4 §
A Quintile of Probabllity

04 Overestimation of Probability
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0.2 o WMI Il Cleveland D. F. o
-8 1 2 3 4 P
B Quintile of Probability

03 Overestimation of Probability
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. [ Hll Cloveland O. F.
-0.3 | 1 1 1 1
1 2 3 4 5
] Quintite of Probability
FIGURE 1. Overestimation by quintiles for the American (A),

Hungarian (B) and Swiss (C) test groups. Bar heights are
calculated by subtracting disease prevalence from the average
estimated probabilities in each quintile.
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FIGURE 2. Percentage of patients correctly classified versus
probability thresholds in the American (A), Hungarian (B) and
Swiss (C) test groups. Vertical distances between the curves
are significant only for thresholds near 0.6 (American), 0.5 to
0.7 (Hungarian) and near 0.7 (Swiss).



DISCUSSION

The results reported herein illustrate the compara-
tive accuracies of probabilities derived by applying a
discriminant function based on clinical and test data
from a relatively small group of patients and those de-
rived from a Bayesian algorithm based on published
medical studies. The superiority of the discriminant
function is most clear at an institution (Hungarian In-
stitute of Cardiology) in which the disease prevalence in
an angiographic cohort was relatively low (38%). Its su-
periority is less clear in the American group, in which
the more accurate probabilities of the discriminant
function did not produce a significantly higher number
of correct diagnoses. In the Swiss group, in which the
disease prevalence was highest, the CADENZA algo-
rithm produced a higher percentage of correctly classi-
fied patients than did the discriminant function, though
its overall reliability was similar.

Cornfield et al'3 noted that the interdependency of
symptoms generates overconfidence when algorithms
based on published medical studies are used, such as the
Bayesian algorithm we used here for comparison pur-
poses. This overconfidence is reflected in the over- and
underestimation of disease probability that is evident in
Figure 1A, B and C.

There is another potential source of overconfidence
in the algorithm based on published studies, namely the
bias implicit in the conduction, reporting, review and
publication of the results of research studies on diagnos-
tic testing.!4 Sensitivities and specificities that are high
are more likely to be published than those that are low.
When these are applied in Bayes’ theorem to subjects in
laboratories in which falsely positive and negative re-
sults are more common, the resulting after-test proba-
bilities will be too high or too low, as reflected in our
results.

Limitations of the method: Because the Cleveland
discriminant function was derived from a population re-
ferred for angiography, its best performance is expected
in such a population. Clinicians select patients for angi-
ography because their symptoms and test results merit
this procedure. This bias is present in the great majority
of reports on diagnostic testing>!>1¢ and is, in our opin-
ion, impossible to avoid. Aside from the angiographic
result, the only other referent standard that has been
proposed is the use of epidemiologic endpoints.!” These
have been justly criticized as being inadequate!”-18 due
to brief periods of follow-up. For these reasons, we con-
sider angiographic populations suitable for evaluating
testing and algorithms such as the one presented here.

When the discriminant function derived in this re-
search is compared with the algorithm derived from
medical studies, its improved accuracy is most evident
in the Hungarian test group, which had the lowest dis-
ease prevalence (38%). In the Swiss test group with
high disease prevalence (81%), the accuracy of the dis-
criminant function is similar to the accuracy of the stan-
dard algorithm. The results of this investigation would
support the use of our discriminant function for predict-

ing the disease probability of subjects in whom the pre-
test probability is between 0.2 and 0.7. The algorithms
based on published studies can be accurately applied
when the pretest probability is between 0.7 and 1.0.
Such tactics would reduce the number of unnecessary
normal coronary angiograms with fewer “missed” pa-
tients with severe disease. However, we caution against
the application of such algorithms in subjects with very
low probability of disease, such as those seen in screen-
ing clinics.

As in all previous reports on this topic, angiograms
were read by visual assessment of the percent diameter
narrowing. Although this was done without knowledge
of test results, it is likely that the clinical angiographers
making these assessments were aware of clinical symp-
toms, and it is even more probable that they knew the
ages and sexes of their patients. Although visual assess-
ments have well-known drawbacks,!® they are standard
practice in most institutions and were used in the groups
from which both models were derived. It was therefore
decided that they presented a more appropriate referent
standard than more refined endpoints, such as quantita-
tive coronary angiography.

The algorithm derived from medical studies had the
apparent advantage of having more data available to it.
Despite this, it did not outperform the discriminant
function in any of the 3 test groups. We2® and others?!
have noted that Bayesian algorithms tend toward great-
er overestimation when more data become available to
them. This paradoxic increase in error may account for
some of the differences between the 2 algorithms.
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