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Objectives. This study compared the accuracy and cost impli- 
cations of using exercise echoeardiography and exercise electro. 
cardiography for detection of coronary artery disease in women. 

Background. The specificity of exercise electrocardiography in 
women is lower than in men° Exercise echocardiography accu- 
rately identifies coronary artery disease in women, but its utility in 
place of exercise electrocardiography is unclear. 

Methods. One hundred sixty.one women without a previous Q 
wave infarction underwent exercise echocardiography and coro- 
nary angiography. Positive findings were a new or worsening wail 
motion abnormality on the exercise echocardiogram and ST 
segment depression >0.1 mV at 0.08 s after the J point on the 
exercise electrocardiogram (ECG). 

Results. Coronary artery stenosis >50% diameter narrowing 
was present in 59 patients; the sensitivity (mean 4- SD) of exercise 
echocardiography was 80 ± 3%. In 48 patients with an interpret- 
able ECG, the sensitivity of exercise echocardiography was 81 ± 
4%, and that of the exercise ECG was 77 ± 3% (p = 0.50). In 102 
patients without coronary artery disease, the overall specificity of 

exercise echocardiography was 81 _ 4%. In 70 patients with an 
interpretable ECG, the specificity of exercise echocardiography 
(80 ± 3%) exceeded that of the exercise ECG (56 ± 4%, p < 
0.0004). The accuracy of exercise echocardiography was also 
greater than exercise electrocardiography (81 ± S% vs. 64 ± 6%, 
p < 0.005). Exercise echocardiography stratilied significantly 
more patients of intermediate (20% to 80%) pretest disease 
probabili~ into the high (>80%) or low (<20%) posttest proba- 
bility group. In women without a previous exercise ECG, the 
specificity of exercise echocardiography continued to exceed that 
of exercise electrocardiography (80 ± 3% vs. 64 ± 3%, p = 0.05). 
Exercise echocardiography had the best balance between accuracy 
and cost for the diagnosis of coronary artery disease in women. 

Conclusions. Exercise echocardiography is more specific than 
exercise electrocardiography for diagnosis of coronary artery 
disease in women and is a cost-effective approach to the diagnosis 
of coronary artery disease because of the avoidance of inappro- 
priate angiography. 

(J Am CoU Cardio11995;26:335-41) 

Cardiovascular disease is the leading cause of death in women 
(1). Recent studies have argued that the number of coronary 
interventions in women is disproportionately low (2-5), and 
this problem may in part reflect the difficulties posed by the 
noninvasive diagnosis of coronary artery disease in women. In 
this respect, all noninvasive modalities may be disadvantaged 
by the lower prevalence of coronary artery disease in women. 
In particular, the specificity of the standard exercise stress test 
is lower in women than in men (6-8). 

Exercise echocardiography has demonstrated favorable 
sensitivity and specificity in studies of mostly male patients 
(9-12). There are conflicting findings in three existing studies 
regarding the value of exercise echocardiography in women, 
possibly reflecting the impact of different referral patterns. 

From the Department of Cardiology, Cleveland Clinic Foundation, Cleve- 
land, Ohio. This study was presented in part at the 67th Scientific Sessions of the 
American Heart Association, Dallas, Texas, November 1994. 

Manuscript received August 18, 1994; revised manuscript received March 3, 
1995, accepted March 9, 1995. 

,dddress for eorresoondenee: Dr. Thomas H. Marwick, Department of 
Cardiology, FI5, Cleveland Clinic Foundation, 9500 EudH Avenue, Cleveland, 
Ohio 44195. 

Sawada et al. (13) reported a sensitivit3' of 86% and a 
specificity of 86% in 57 patients, and Williams et al. (14) 
reported a sensitivity of 88% and a specificity of 84% in 70 
patients. However, Roger et al. (15) reported a sensitivity of 
85% with a specificity of only 46% in 100 patients. Using 
dipyridamole stress testing, Masini et al. (16) reported a 
sensitivity of 79% and a specificity of 93%. Moreover, given the 
inaccuracy of exercise electrocardiography in women, the cost 
constraints of incorporating exercise echocardiography in the 
investigation of cardiac symptoms in women warrant further 
definition. In the present study we sought to determine the 
accuracy and cost implications of exercise echocardiography in 
a large group of women with a range of pretest disease 
probability. 

M e t h o d s  

Patient selection. The study group included 161 women 
patients (mean [___SD] age 60 _ 8 years, range 33 to 82) from 
The Cleveland Clinic Foundation; St. Luc Hospital in Brussels, 
Belgium; and St. Mary's Hospital in London. These patients 
constituted a consecutive series of patients at each institution, 
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who had been investigated for the diagnosis of cardiac symp- 
toms with both exercise echocardiography and coronary an- 
giography within a 12-month period; patients with previous 
myocardial infarction, dilated cardiomyopathy or previous 
revascu!arization were excluded. In 92 patients, the echocar- 
diographic data were independent of the clinical decision to 
pror ~,'d t, angiography. 

(~|mtcal evaluation. All patients were evaluated dinically 
using standardized observations of symptom status and medi- 
cal therapy. Typical angina (n = 48) was defined as substernal 
chest discomfort precipitated by exertion and relieved by rest 
or nitroglycerin. Atypical pain (n = 65) was defined as chest 
discomfort nonsubsternal in location, not precipitated by ex- 
ertion or unrelieved by rest or nitroglycerin. Pain lacking these 
features was identified as noncardiac pain (n = 18). F_,xertional 
dyspnea was present in 30 patients who proceeded with stress 
testing because of clinical suspicion of an isehemic contribution 
to their presentation or for evaluation of mitral valve disease 
(n = 7). Before testing, 98 patients were taking antianginal 
therapy, including 67 patients who were taking beta- 
adrenoceptor blocking agents. 

Exercise testing. Symptom-limited exercise testing was 
performed in patients using treadmill (n = 86) or bicycle (n = 
75) exercise. Treadmill exercise was performed using exercise 
protocols (Bruce, modified Bruce or modified Naughton) 
selected in accordance with the exercise capacity of the patient. 
Patients who were stressed using the uptight bicycle underwent 
a 20-W/min incremental protocol. A 12-lead electrocardio- 
gram (ECG) was recorded at rest and at the end of each stage 
of exercise; 26 patients had an ECG recorded using the Frank 
lead system. Clinical and blood pressure responses were mon- 
itored and assessed in the conventional manner. Exercise was 
terminated in the presence of severe patient fatigue, severe 
chest pain, >2-ram ST segment elevation or depression, sys- 
tolic or diastolic blood pressure >250 or >130 mm Hg, 
respectively, or a decrease >20 mm Hg on two readings. 
Electrocardiographic findings were considered positive in the 
presence of a horizontal or downsloping ST segment depres- 
sion ->0.1 mV at 0.08 s after the J point in any lead. 
Electrocardiographic findings were considered nondiagnostie 
in the presence of abnormal repolarizadon at rest (e.g., 
secondary to left bundle branch block, left ventricular hyper- 
trophy or digitalis therapy). 

Exercise echocardiography. Echocardiographic images 
were recorded in the parasternal long- and short-axis and 
apical two- and four-chamber views, on videotape and in 
digital quad-screea cine loop format. Patients undergoing 
treadmill stress testing underwent imaging before and within 
1 min after exercise. In patients exercising on the bicycle, 
images were obtained in the same views before, during, at peak 
exemse and after exercise. Postexercise images were obtained 
as rapidly as possible after stress testing (usually within 60 s). 
All exercise echoeardiograms were interpreted (irrespective of 
quality). This diagnosis was based on the consensus of at least 
two experienced interpretors who were blinded to the results 
of coronary angiography. A normal response to exercise was 

defined as augmentation of wall motion and wall thickening. In 
three patients with left bundle branch block, the septum was 
evaluated by wall thickening alone. Ischemia was identified by 
the development of new or worsening wall motion abnormal- 
ities; this included failure of a segment to augment relative to 
other augmenting regions. Infarction was defined as rest aki- 
nesia or dyskinesia. 

Coronary angiography. Coronary angiography was per- 
formed using either the Judkins or Sones technique. Coronary 
angiograms were analyzed by experienced angiographers who 
did not know the results of the exercise echocardiogram. 
Stenotie areas were traced manually, and stenoses were com- 
pared with adjacent normal segments. Significant coronary 
artery disease was defined as ->50% lumen diameter nar- 
rowing of a major epicardial artery. Fifty-nine patients (37%) 
had significant coronary artery disease, and 102 (63%) had 
no significant coronary artery disease. Of those patients with 
significant coronary artery disease, 32 (54%) had single-vessel 
disease, and 27 (46%) had multivessel disease. 

Statistical analysis. The pretest likelihood of coronary 
artery disease was determined on the basis of age, gender and 
symptom status using the anaiysis described by Diamond and 
Forrester (17). Sensitivity, specLfieity, accuracy and predictive 
value were calculated according to the usual definitions, and 
the standard deviation of each of these variables was calculated 
by assuming a normal distribution. The posttest probability was 
calculated from these results and pretest disease probability. 
Continuous variables were compared using paired or unpaired 
t tests. Noncontinuous variables were compared using either 
the chi-square test (with Yates correction if necessary) or the 
McNemar test for paired data. 

The cost of testing was calculated for seven diagnostic 
strategies on the basis of current or projected clinical practice 
for utilizing these tests. Strategy I involved the performance e,f 
coronary angiography in all women. Strategy II was based on 
initial performance of exercise electrocardiography and an- 
giography in those patients with positive or nondiagnostic 
stress ECG findings. Strategy III involved exercise echocardi- 
ography in all patients, with angiography limited to patients 
with positive stress echocardiographic findings. Strategy/l/was 
a hybrid of strategies II and III, with the selective use of 
exercise electrocardiography for patients with interpretable 
studies, exercise echocardiography f~_~r pat~::~,'.~ with a nondi- 
agnostic ECG and angiography for patients w~h positive test 
results. Strategy V involved a stepwise progression of exercise 
electrocardiography for all patients, with stress echocardiogra- 
phy limited to patients with positive or nondiagnostic exercise 
ECG findings and angiography reserved for patients with 
positive stress echocardiographic findings. The principles of 
the Bayes theorem were employed in strategies VI and VII, 
wh,Zch were based on clinical stratification into high, interme- 
diate and low probability groups, with angiography in all 
patients at high probability of coronary artery disease and 
testing of all patients at intermediate probability with exercise 
echocardiography (strategy VI) or exercise ECG (strategy 
VII). Patients with positive findings (or nondiagnostic in the 
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Table 1. Clinical Features of Patients With a High, Intermediate or 
Low Pretest Probability of Coronary Artery Disease 

High Intermediate Low 
Probability Probabil i ty  Probability 
(n = 32) (n = 72) (n = 57) 

Age (yr) 67 + 6 61 *_- 8 55 -+ 10 
Typical angina 32 16 0 
Atypical angina 0 55 10 
Coronau artery disease 22 29 8 

Data presented are mean value +_ SD or number of patients. 

case of the ECG) proceeded to undergo angiography. To 
account for variability in the results, a Monte Carlo simulation 
was designed to replicate disease prevalence and the sensitivity 
and specificity of these investigations. The cost of each strategy 
was evaluated using the reimbursement levels currently ap- 
plied by Medicare in the Cleveland area ($1,424 for a coronary 
angiogram, $246 for an exercise echocardiogram and $63 for 
an exercise ECG), and each was expressed on a cost/patient 
basis. 

Results  

Clinical presentation. The prevalence of coronary artery 
disease in 48 patients with typical anginal chest pain was 56% 
compared with 37% in 65 patients with atypical chest pain 
(~0%) and 17% in 48 patients with pain or other symptoms 
believed to be nonanginal. A combination of the nature of the 
chest pain with the age of the patient permitted calculation of 
pretest probability of coronary artery disease, which was 46 -+ 
34% for the group as a whole. Three subgroups were defined: 
32 patients with a high (>80%) probability of coronary artery 
disease, 72 with an intermediate (20% to 80%) probability and 
57 with a low (<20%) probat'i!ity (Table 1). In these groups, 
the prevalence of coronary artery disease was 69%, 40% and 
14%, respectively. 

Exercise testing. The treadmill group exercised to an esti- 
mated work load of 6.4 + 1.6 metabolic equivalents and the 
bicycle exercise group to lC8 + 31 W. The peak rate-pressure 
product was 25,800 + 6,100, and the peak heart rate was 89 -+ 
12% of age-predicted maximum. Of the 45 patients achieving 
<85% of age-predicted maximal heart rate, 8 were stopped for 
cardiac end points (5 with angina, 3 with hypotension), but in 
the remaining 37 patients (17 with coronary artery disease, 22 
taking beta-blockers) exercise was terminated because of fa- 
tigue or dyspnea. 

Forty-three patients (26%) had an uninterpretable exercise 
ECG owing to rest ST segment changes. In 48 patients with 
coronary artery disease and an interpretable exercise ECG, ST 
segment rt:sponse was abnormal in 37 patients, giving a 
sensitivity of 77 +- 3%. The ST segment response was abnormal 
in 21 of 28 patients (sensitivity 75 _+ 2%) with single-vessel 
disease and in 16 of 20 patients (sensitivity 80 -+ 4%, p = NS) 
with multivessel disease. In the 70 patients with an interpret- 
able ST segment response and no coronary artery disease, the 

exercis, ~ . ECG findings were normal in 39, giving a specificity of 
56 -+ 4%. The exercise ECG correctly determined the presence 
or absence of coronary artery disease in 76 of 118 patients 
(accuracy 64 -+ 6%). The predictive value of a positive test was 
54 +_ 4%, and for a negative test, 78 _+ 3%. 

Exercise echocardiography. All exercise echocardiograms 
were interpreted. Exercise echocardiographic findings were 
abnormal in 47 of 59 patients (80 +_ 3%) with coronary artery 
disease, including 24 of 32 patients (sensitivity 75 -+ 2%) with 
single-vessel disease and 23 of 27 patients (sensitivity 85 -+ 2%) 
with multivessel disease. 

Of the 12 patients with false negative results, 4 exercised 
submaximally (<85% age-predicted maximal heart rate), com- 
pared with 18 of the remaining 46 patients with true positive 
results. After exclusion of patients with negative results after 
submaximal exercise, the sensitivity of exercise echocardiogra- 
phy was 85 -+ 3%. Antianginal therapy was administered to 10 
patients (83%) with false negative results compared with 35 
(74%) with true positive findings. Single-vessel disease was 
present in only 7 of the 12 patients with false negative tests 
(58%) and in 25 of the remaining patients (53%). Similarly, no 
patient with a false negative result had only a single stenosis of 
50% to 70%. The sensitivity of the exercise echocardiogram 
was not significantly different from that of the exercise stress 
ECG (80 +- 3% vs. 77 _+ 3%, p = 1.0)..~ong the 17 patients 
with coronary artery disease who exercised submaximally with- 
out a cardiac end point, the greater sensitivity of exercise 
echocardiography (76 + 3%) over the exercise ECG (53 -+ 
4%) did not achieve statistical significance. 

In 102 patients without coronary artery disease, the exercise 
echocardiogram showed a specificity of 81 _+ 4%. The overall 
positive predictive value was 71 +_ 4%, and the negative 
predictive value was 87 -4- 3%. The presence or absence of 
coronary artery disease was confirmed in 130 of 161 patients 
(accuracy 81 +_ 5%) by exercise echocardiography. 

Comparison between exercise echocardiography and exer- 
cise electrocardiography. The paired results of exercise echo- 
cardiography and exercise electrocardiography in the 118 
patients (73%) with an interpretable ECG are shown in Figure 
1. As in the overall series, the sensitivities were comparable 
(81 _+ 4% vs. 77 + 3%, p = 0.50), but exercise echocardiog- 
raphy showed significantly greater specificity (80 -+ 3% vs. 56 -+ 
4%, p <- 0.0004) and accuracy (81 +_ 5% vs. 64 +- 6%, p < 
0.005). The predictive values of positive tests were greater at 
exercise echocardiography (74 + 4% vs. 54 +- 4%, p < 0.05), 
but the predictive values of negative results were comparable 
(86 _+ 3% vs. 78 +_ 3%, p = 0.19). 

There were 43 nondiagnostic exercise ECGs (27%). In 11 
patients with coronary artery disease, 8 were identified by 
exercise echocardiography. Of the 32 patients without disease, 
27 had negative findings on exercise echocardiography, parallel 
to previous reports of patients with nondiagnostic exercise 
ECG results. 

Impact of referral bias. Patients may be referred for stress 
echocardiography to elucidate previous abnormal exercise 
ECG results, and referral bias may adversely affect the results 
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Figure l. Comparison of the sensitivity, specificity and accuracy of 
exercise electrocardiography (hatched bars) and exercise echocardi- 
ography (dotted bars) in women with interpretable electrocardio- 
graphic results. 

of exercise electrocardiography in this comparison. This hy- 
pothesis was investigated in subgroups of patien:s who under- 
went previous exercise electrocardiography before exercise 
echocardiography (referral bias group, n = 52) and those who 
did not (nonbias group, n = 109). In patients with an inter- 
pretable ECG in both groups, the sensitivities of both tests 
were comparable (Fig. 2). As expected, the specificity of the 
exercise ECG was worse in patients with a p r e v i ~  exercise 
test than in those without referral bias (42 _ 3% vs. 64 -+ 3%, 
p = 0.08). However, even among the "nonbias" patients 
without coronary artery disease, the specificity of exercise 
echocardiography exceeded that of exercise electrocardio- 
graphy (80 + 3% vs. 64 +_ 3%, p = 0.05). 

Pretest and posttest probability of coronary artery, disease. 
The sensitivity and specificity of each modality in the high, 
intermediate and low probability groups are shown in Table 2. 
The impact of the relative accuracy of each test on the posttest 
probability of coronary artery disease among patients with an 
interpretable exercise ECG is illustrated in Figure 3. This 

Figure 2. Comparison of the sensitivity (Sens) and specificity (Spec) of 
exercise electrocardiography (ExECG) and exercise echocardiography 
(ExEcho) in women with and without referral bias due to previous 
abnormal findings on the exercise electrocardiogram. 
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Table 2. Results of Exercise Electrocardiography and Exercise 
Echocardiography in Patients With a High, Intermediate or Low 
Pretest Probabili D' of Coronary Artery Disease 

High Intermediate Low 
Probability Probability Probability 

Exercise ECG 
Sensitivity 14/16 (88%) 19/28 (68%) 4/4 (100%) 
Specificity 4/9 (44%) 14/31 (45%) 21/30 (70%) 

Exercise echocardiogram 
Sensitivity 18/22 (82%) 22/29 (76%) 7/8 (88%) 
Specificity 8/10 (80%) 37/43 (86%) 38/49 (78%) 

Data are number (%) of patients. ECG = electrocardiogram. 

effect is proportionate to the degree of deviation of each curve 
from the line of identity. Positive tests results are shown above 
the line of identity; the reduction of false positive results with 
exercise echocardiography means that in the context of a 
positive test result, the posttest probability of coronary artery 
disease is greater than that after positive exercise ECG results. 

Eighty-nine patients were classified clinically into high or 
low probability groups. Thirty of these patients had significant 
coronary artery disease, in whom the classification of high 
probability was associated with a 73% sensitivity for coronary 
artery disease. No significant disease was present in the 
remaining 59 patients, in whom the clinical assessment of low 
probability was associated with a specificity of 83%. In the high 
(>80%) pretest probability group, negative exercise echocar- 
diographic results were used to reclassify 12 (48%) of 25 
patients into an intermediate posttest probability range, but 
negative exercise ECG results did not lead to any patient being 
redassified. In the low (<20%) pretest probability group, 
positive exercise eehocardiographic results were used to reclas- 
sify 14 (41%) patients of 34 into an intermediate range 
probability group, but positive exercise ECG findings were 
used to reclassify only two patients into the intermediate 
probability group. The benefits of testing were greatest among 
the 72 patients with an intermediate pretest probability of 

Figure 3. Impact of positive (+) and negative ( - )  results of the 
exercise electrocardiogram (ExECG) and exercise echocardiogram 
(ExEcho) on the posttest probability of coronary artery disease 
(CAD). 
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Table 3. Accuracy, Rate of Angiography and Cost of Seven Diagnostic Strategies for Diagnosis of 
Coronary Disease 

inappropriate 
Cost/Pt Angiography Angiography False Negative 

Strategy ($) (%) (%) Results (%) 

l/Angiography 1,434 100 63 0 
ll/Exercise ECG 1,023 +- 43 69 ± 3 5b ± 4 11 +, 3 
Ill/Exercise echo 828 +, 44 41 +, 3 29 ± 5 13 +, 4 
IV/Selective ECG/eeho 836 +- 45 51 +, 3 44 ± 5 14 ± 4 
V/Stepwise ECG/echo 663 _+ 36 31 ± 2 26 ± 4 22 ± 6 
Vl/Bayesian ECG 740 +, 29 50 +, 2 32 ± 2 29 ± 1 
VII/Bayesian echo 641 +- 24 37 ± 2 25 +- 1 25 + 1 

Data presented are mean value -+ SD. echo = echocardiography; ECG = electrocardiography; Pt = patient. 

coronary artery disease. In the present study, 59 of the patients 
(50%) with interpretable ECG results were in the intermediate 
(20% to 80%) range of pretest probability; 14 patients (20%) 
were reclassified (into a high or low posttest probability group) 
after exercise electrocardiography compared with 34 patients 
(58%) after exercise echocardiography (p < 0.0001). 

Cost implications. To address t~ot only the efficacy, but 
also the cost implications of various diagnostic strategies in 
patients without referral bias, we calculated the cost of testing 
using the reimbursement levels currently applied by Medicare 
in the Cleveland area. Table 3 expresses the accuracy, angiog- 
raphy rate and cost of various diagnostic strategies, using a 
Monte Carlo simulation to address variability in the results 
based on a normal distribution of sensitivity and specificity. 

The performance of coronary angiography in all women 
with cardiac symptoms suggestive of coronary artery disease 
(strategy I) would result in a high rate of inappropriate use of 
angiography (63%) and a cost of $1,434/patient. Exercise 
electrocardiography for all patients and angiography for those 
with positive or nondiagnostic exercise ECG results (strategy 
II) would cost $1,023 +__ 43/patient, with inappropriate use of 
angiography in 56 +__ 4% of patients. Use of exercise echocar- 
diography in all patients, with angiography being limited to 
patients with positive exercise echocardiographic results (strat- 
egy III), involved angiography in 41 +_. 3% of patients, at a cost 
of $828 +- 44/patient, with a similar level of accuracy to strategy 
II. A combined approach--exercise electrocaidiography for 
patients with interpretable studies, exercise echocardiography 
for patients with nondiagnostic ECG studies and angiography 
for patients with positive test results (strategy IV)--costs 
$836 - 45/patient, with a similar accuracy to strategies II and 
III and results in inappropriate use of angiography in 44 +_ 5% 
of patients. The stepwise approach of initial exercise electro- 
cardiography--exercise echocardiography limited to those pa- 
tients with positive or nondiagnostic exercise test results and 
angiography reserved for patients with positive exercise echo- 
cardiographic results (strategy V)--would lead to angiography 
in only 31 __. 2% of patients, at a cost of $663 +- 36/patient, but 
with a high rate of false negative results. Similarly, the Bayes- 
ian approaches with exercise electrocardiography and echocar- 
diography (strategies VI and VI) involve angiography rates of 

50 --- 2% and 37 _ 2%, with false negative rates of 29 +__ 1% 
and 25 +_ 1%. 

D i s c u s s i o n  

Results of exercise electrocardiography in women. Exer- 
cise electrocardiography has been found to have a similar level 
of sensitivity in both women and men, but its specificity and 
positive predictive value have been lower in women (6-8). The 
reason for this finding is not well understood. Although the 
lower prevalence of coronary artery disease in women has been 
shown to account for some of the poor results for specificity 
(18), a study in which disease prevalence rates were similar 
between women and mea has also shown the lower specificity 
and positive predictive value of exercise electrocardiography in 
women (19). The selective referral of patients with positive 
exercise ECG results for angiography (posttest referral bias) is 
a potential explanation for suboptimal specificity (20,21), but 
the results of our study suggest that although posttest referral 
bias accounts for some of the poor specificity of exercise 
electrocardiography in women, the phenomenon of poor spec- 
ificity of the exercise ECG exists even in women selected to 
minimize this bias. 

"Non-Bayesian" factors (e.g., autonomic and hormonal 
influences) may also account for the higher false positive rates 
of exercise electrocardiography in women. Women have been 
shown to demonstrate inappropriate catecholamine release 
during exercise (22). However, it is unlikely that ECG changes 
are due to ischemia secondary to coronary vasoconstriction, 
because these changes are not matched by wall motion abnor- 
malities in patients with normal coronary arteries (13-15). 
Estrogen, which has molecular similarities to digitalis, may 
cause a digitalis-like false positive ECG response that has been 
shown to vary during the menstrual cycle (23) and in response 
to estrogen therapy (24). Finally, women may have a high 
prevalence of mitral valve prolapse, which is well recognized as 
a source of false positive ECG responses (22). Thus, disease 
prevalence and referral bias are not the only explanations for 
the occurrence of false positive exercise ECG results in 
women, which may reflect an intrinsic shortcoming of this test 
in women. 
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Exercise echocardiography in women. Numerous studies 
involving predominantly male patients have confirmed the 
diagnostic accuracy of exercise echocardiography, which is now 
an accepted test for the diagnosis of coronary artery disease 
(9-12). Among the 127 patients reported to date in the 
published studies of exercise echocardiography in women 
(13,14), the results have been analogous to those reported in 
mixed populations. These findings are concordaqt with those 
of our study in a larger group of women. Although discordant 
data (showing a suboptimal specificity for exercise echocardi- 
ography in women) have recently been presented (15), these 
findings most likely reflect the relatively selective performance 
of coronary angiography in patients with positive test results 
(posttest referral bias). 

The selection of patients for catheterization on the basis of 
results of the exercise echoeardiogram (posttest referral bias) 
was limited in our study because the majority of patients were 
studied as part of a prospective study, and the remainder were 
investigated in the developmental phase of exercise echocar- 
diography at each institution, at which time decision making 
regarding angiography was relatively independent of a positive 
or negative exercise echocardlographic result. The same refer- 
ral bias phenomenon may occur in relation to the selection of 
patients for exercise echocardiography l~ased on positive (in- 
cluding false positive) exercise ECG results. However, the 
restdts of the present study suggest that the greater specificity 
of exercise echocardiography in women persists even if pa- 
tients influenced by this bias are excluded. 

The overall sensitivity of exercise echocardiography in the 
present study was at the lower limit of the reported range and 
was not significantly different from that of exercise electrocar- 
diography. We previously reported (11) that submaximal exer- 
cise (attainment of <85% of age-predicted maximal heart 
rate), single-vessel corenary disease and moderate (50% to 
70% lumen diameter narrowing) coronary, artery stenosis 
correlated with false negative exercise echocaldlographic re- 
sults. In the present study, single-vessel disease and moderate 
stenoses were not disproportionately represented in patients 
with false negative studies. Five of the 13 patients with false 
negative results (3g%) exercised subm~imally, after classifi- 
cation of these patients as "nondiagnostic," the sensitivity 
increased to 85 + 3%. Finally, echocardiography at peak 
exercise has been shown to be more sensitive than that after 
exercise (25); the performance of imaging after treadmill 
exercise in >50% of patients may also be responsible for some 
reduction in the sensitivity of this test. 

Assessment of posttest disease probability. Using a proba- 
blistic approach to the diagnosis of coronary artery disease to 
reflect the performance of studies according to clinical judg- 
ment, patients may be classified into those definitely needing 
(>80% probability of disease) or those not needing angiogra- 
phy (<20% probability of disease). The purpose of noninva- 
sire testing in this sense is to reclassify patients with an 
intermediate probability of disease into the high and low 
probability subgroups. In fact, the benefits of noninvasive 
testing are greatest when the pretest probability of disease is in 

the intermediate range (20% to 80%) (26,27). Results of 
exercise echocardiography more frequently led to reclassifica- 
tion of patients into high or low probability groups than did 
results of the exercise ECG. 

Cost analysis. Although the superiority of stress imaging 
approaches over the exercise ECG has been demonstrated in 
several studies, the cost implications of replacing the latter test 
by exercise echocardiography are an important consideration 
in the current medical economy and, to our knowledge have 
not yet been studied. Simplistically, this evaluation involves 
consideration of the additional cost of incorporating the 
exercise echocardiogram instead of the exercise ECG, bal- 
anced by the savings gained by avoiding unnecessary angiog- 
raphy. We therefore constructed a Monte Carlo simulation of 
the accuracy, angiography rate and cost of seven clinically 
feasible diagnostic strategies that encompass current diagnos- 
tic alternatives, including the use of clinical features, exercise 
electrocardiography, exercise echocardiography and angiogra- 
play in various combinations. Although the present analysis 
neglects the true cost of a false negative test result, the 
prognosis for patients with negative stress echocardiographic 
findings is favorable (28). The present analysis also neglects 
issues related to ongoing diagnostic uncertainty, but the per- 
formance of coronary angiography is often ineffective in alle- 
viating a patient's symptoms (29). 

The widespread performance of diagnostic angiography 
cannet be justified on the basis of cost, negative test results and 
procedure-related complications. The standard diagnostic ap- 
proach, centered on the exercise ECG (with angiography in 
those patients with positive or nondiagnostic test results [strat- 
egy II] or with substitution of the exercise echocardiogram for 
nondiagnostic test results [strategy IV]), leads to excessive use 
angiography and therefore high cost. In contrast, the proposed 
approach of exercise echocard;ography in all patients, with 
angiography limited to patients with positive stress echocar- 
diographic results (strategy III), is less expensive (less angiog- 
raphy) but offers a level of accuracy similar to the standard 
approach. The stepwise combination of exercise electrocardio- 
graphy with exercise echocardiography in patients with positive 
or nondiagnostic exercise test results (strategs' V) leads to the 
least number of angiograms and is least expensive but results in 
an unacceptable number of false negative results. The utility, of 
the Bayesian approaches was compromised by the limitations 
of clinical stratification of women inte groups with high and 
low probabilities of coronary artery disease. 

Study limitations. Our patients had been referred to car- 
diologists for further diagnostic evaluation of their cardiac 
syraptoms, which may confer a degree of selection bias. 
Therefore, our results may not be directly applicable to the 
primary care setting. However, because the prevalence of 
coronary artery disease in a primary care setting is probably 
lower than that in our study, the greater specificity of exercise 
echocardiography compared with exercise electrocardiography 
may continue to confer an important advantage. 

Conclusions. The results of this study cot, firm the accuracy 
of exercise echocardiography for the diagnosis of coronary 
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artery disease in women and its superiority over the exercise 
ECG in this group, with respect to specificity and accuracy. 
Moreover, these findings were confirmed even after exclusion 
of patients with referral bias. The greater specificity of exercise 
echocardiography has the benefit of avoiding unnecessary 
coronary angiography, so that the use of exercise echocardiog- 
raphy as an initial test for coronary artery disease in women is 
justifiable on cost analysis. 
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