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Abstract

Background: The relative performance of alternative stressors for stress echocardiography for the diagnosis
of coronary artery disease (CAD) is not well established. Methods: All studies published between 1981 to
December 2001 who met inclusion criteria were included in this analysis. We performed a summary receiver
operator characteristic (SROC) analysis and calculated weighted mean of the likelihood ratio and sensi-
tivity/specificity. A covariate analysis using meta-regression methods was also performed. Results: Forty-
four studies presented data on Exercise, 11 on Adenosine, 80 on Dobutamine, 40 on Dipyridamole, 16 on
transatrial pacing transesophageal echocardiography (Tap-TEE), and 7 on transatrial pacing transthorasic
echocardiography (Tap-TTE). SROC analysis showed that the following order of most discriminatory to
least: Tap-TEE, Exercise, Dipyridamole, Dobutamine and Adenosine. Weighted means sensitivity/speci-
ficity were Exercise: 82.6/84.4%, Adenosine: 68.4/80.9%, Dobutamine: 79.6/85.1%, Dipyridamole: 71.0/
92.2%, Tap-TTE: 90.7/86.1%, and Tap-TEE: 86.2/91.3%. Covariate analysis showed that the discrimi-
natory power of Exercise decreased with increasing mean age. Conclusions: Tap-TEE is a very accurate test
for both ruling in and ruling out CAD although its invasiveness may limit its clinical acceptability. Exercise
is a well-balanced satisfactory test for both ruling in and ruling out but performance might be lower for the
elderly. Dobutamine offers a reasonable compromise for Exercise. Dipyridamole might be good for ruling
in but not for ruling out CAD. The incapability in ruling-out CAD was a major problem in clinical
application of the stress. Adenosine was the least useful stressor in diagnosing CAD.

Abbreviations: SROC – summary receiver operator characteristic; TEE – transesophageal echocardiography;

TTE – transthorasic echocardiography

Introduction

Two-dimensional (2D) echocardiography is widely
used as a non-invasive diagnostic test for detecting
coronary artery disease (CAD) and can
be performed with non-pharmacologic stimulation,

such as, exercise or transatrial pacing, or
pharmacologic stimulation including dobutamine,
dipyridamole, or adenosine assessed with either
transthoracic or transesophageal echocardiogra-
phy. The relative performance of these alternative
approaches for the diagnosis of CAD is not well
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established. Therefore, we performed a meta-
analysis and applied current methodological
recommendations to compare the diagnostic per-
formance of alternative echocardiographic stressors
for detectingCADusing summary receiver operator
characteristic (SROC) curve analysis.

Method

Data extraction

We searched MEDLINE from 1966 to December
2001, and of EMBASE from 1989 to 2001 for all
relevant human studies written in English. The
MESH and free text search strategy included
echocardiography and coronary disease and sen-
sitivity and specificity and (adenosine or dobuta-
mine or dipyridamole or cardiac pacing artificial
or exercise or exercise test). Bibliographies of ori-
ginal and review articles were also hand inspected
for additional articles.

Inclusion criteria were prespecified and con-
sisted of the following: (1) Coronary angiography
was the gold standard. (2) CAD at coronary
angiography was specified as percent stenosis. (3)
Criterion for a positive stress echocardiography
was described explicitly. (4) Absolute numbers of
true-positive, false-negative, false-positive, and
true-negative were available or derivable from the
data reported. (5) Healthy controls were not used
as a non-diseased population (i.e., Studies were
not case-controlled).

Studies were excluded if they were performed
exclusively on specific clinical subsets of patients
such as acute myocardial infarction (MI), unstable
angina, post-heart transplantation, left bundle
branch block (LBBB), post-percutaneous translu-
minal coronary angioplasty (PTCA), post-CABG,
pacemaker, Kawasaki disease, aortic stenosis, di-
lated or hypertrophic cardiomyopathy, and single
vessel disease. Two independent investigators
reviewed all articles and any discrepancies were
resolved by consensus with the third investigator.

Data extracted from studies consisted of the
positive test criteria for stress echocardiography,
definition of CAD on coronary angiography, the
number of true-positive, false-negative, false-posi-

tive, and true-negative cases based on these
criteria, demographic data (first author, journal,
city, and institution), publication year, study
population characteristics (age, gender, prevalence
of CAD, prior MI, unstable angina, washout of
beta blocker), and type of stressor used.

Assessment of study quality

To evaluate study quality in the assessment of
diagnostic tests, Lijmer’s scoring method was used
[1]. It considers blinded interpretation of test results,
blinded interpretation of gold standard results,
consecutive vs. non-consecutive patient enrollment,
prospective vs. retrospective data collection, verifi-
cation bias, detailed patient population description,
detailed description of tests, detailed description of
the gold standard used, and case-controlled or not
case-controlled. Each item was scored as 1 point if
the corresponding criterion is fulfilled (Appendix
A). The minimum number of points possible is 0,
and maximum is 9. But studies in our analysis ran-
ged in score from 3 to 9, because our inclusion cri-
teria excluded studies with case-control design or
insufficient details of the test and the gold standard.
Studies were divided into two categories low or high
quality based on the quality score cutoff of 6.

Statistical analysis

The studies were divided into subgroups according
to stressors. The validity for SROC analysis was
checked according to the Midgette procedure [2].
Monotonically increasing relationship between the
true positive rate (TPR) and the false positive rate
(FPR) was examined using the non-parametric
Spearman correlation test in each subgroup. If the
Spearman correlation test was positive, we con-
structed SROC curves. If not, we reported only the
weighted mean of the positive and negative likeli-
hood ratio (LR ±), sensitivity, and specificity for
each subgroup.

SROC analysis

To adjust for variation in positive test criteria
among studies, SROC curves were generated for
each stressor subgroup using the methodology of
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Littenberg and Moses [3]. Meta-regression
techniques were used to adjust for clinically rele-
vant covariates and hypothesis testing [3, 4].
Clinical covariates of interest including mean age,
publication year, percentage of female patients,
prevalence of CAD, prevalence of multi-vessel
disease, presence of verification bias, quality score
of primary study, the presence or absence of pa-
tients with previous MI in the study, whether or
not patients underwent beta-blocker washed out,
and CAD definition of 50% stenosis vs. more than
70% stenosis were assessed in univariate models.
The covariates, identified as statistically significant
in univariate analysis were then examined in a
multivariate regression model.

Weighted-pooled analysis

We calculated the likelihood ratios for positive test
results and negative test results (LR±) from the
results of each study (LR+ ¼ TPR/FPR,
LR) ¼ FNR/TNR). Weighted-pooled means of
sensitivity and specificity were also calculated. Tests
for homogeneitywere performed for theLR±using
Q statistic [5] with a cut-off p-value of 0.10 being
considered significant. If heterogeneitywas rejected,
a Mantel–Haenszel fixed-effect model was used for
theweighted-pooled analysis.Otherwise, a random-
effectsmodel (DerSimonian andLaird)was used [6].

Sensitivity analysis

Sensitivity analyses for SROC and weighted-
pooled analysis were performed using high quality
studies excluding low quality studies. b coefficients
for SROC curve and weighted mean of LRs, sen-
sitivity, and specificity were recalculated.

Statistical analysis was performed by using
STATA statistical software [7]. Results are
expressed asmean and 95%confidence interval, and
a p-value less than 0.05 (two-sided) were considered
statistically significant, unless otherwise indicated.

Results

Overview of studies

The literature search yielded 805 citations for
Medline and 672 citations forEmbase.Applying the

inclusion and exclusion criteria, we identified 123
articles involving results for 197 tests because some
studies included data on more than one test. Four
articles were judged to be multiple publications
originating from two identical study populations, so
two were excluded. Uncommon pharmacological
stressors such as isoproterenol and arbutaminewere
also excluded from this analysis. A small number of
test modalities including two studies of Dobuta-
mine-TEE, three studies of oral Dipyridamole
stress, and one study of Dipyridamole-TEE were
also excluded because of paucity of data. Thus our
final data set included 44 studies with exercise stress
[8–51], 11 with adenosine [33, 43, 52–60], 80 with
dobutamine [29, 34, 36, 48, 51, 56, 58, 61–133], 40
with dipyrdamole [34, 35, 39, 48, 62, 69, 75, 79, 93,
99, 100, 118, 119, 122, 134–159], 13withTransatrial-
pacing (6 involving transesophageal [160–165] and 7
involving transthoracic echocardiography (Table 1)
[16, 35, 161–170].

Assessment of study quality

The mean quality score was 7.3 ± 1.2 SD. The
majority of studies (93.6%) were classified as high
quality (quality score >6).

SROC curve analysis

Spearman rank correlation coefficients were
positive for Exercise, Adenosine, Dobutamine,
Dipyridamole, and Tap-TTE, and negative for
Tap-TEE, so SROC analysis was not performed
for the Tap-TEE. SROC analysis results are pre-
sented in Figure 1. The shape of the SROC curve
for Dobutamine was different from other curves,
with Dobutamine having a sharper increase in
TPR for a given increase in the FPR. We com-
pared the discrimination of each test by examining
multiple SROC curves. The b coefficients of
stressor subgroups were Exercise: b ¼ )0.94,
p ¼ 0.15, Dipyridamole: b ¼ )1.02, p ¼ 0.12, Do-
butamine: b ¼ )1.10, p ¼ 0.09, Adenosine:
b ¼ )1.90, p ¼ 0.01 with Tap-TEE subgroup as
reference. Thus, our results suggest the following
order of most discriminatory to least: Tap-TEE,
Exercise, Dipyridamole, Dobutamine and Adeno-
sine. However, there was no significant difference
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in overall discrimination among Tap-TEE, Exer-
cise, Dipyridamole, and Dobutamine. Although
Tap-TEE appears to be significantly better than
Adenosine, the Bonferoni-adjusted p values in our
analysis were approximately 0.005, so p values
between 0.005 and 0.05 should be interpreted with
caution.

In the analysis of covariates, the multivariate
model showed that age for Exercise, percentage of
female patients and 50% stenosis definition of
CAD for Adenosine were significant predictors for
the discriminatory power of the test. Prevalence of
multi-vessel disease for Dobutamine was a positive
predictor. In the Exercise subgroup, test discrimi-
nation decreased with increasing mean patient age
(b ¼ )0.16, p < 0.01). In the Adenosine sub-
group, test discrimination decreased as the pro-
portion of female patients increased (b ¼ )8.21,
p ¼ 0.03) and in those studies using a 50% stenosis
definition of CAD (b ¼ )1.50, p ¼ 0.02). In
Dobutamine subgroup, test discrimination
improved with prevalence of multiple vessel dis-
ease (b ¼ 1.67, p ¼ 0.05). No other covariates were
statistically significant for any subgroups.

Weighted-pooled mean analyses

None of the subgroups met homogeneity crite-
ria for LR+ and the Adenosine group was
non-homogenous for LR) as well. LR+ was
highest in Dipyridamole followed by Tap-TEE,
Adenosine, Exercise, Dobutamine, and Tap-TTE.
LR) was lowest in Tap-TEE/-TTE, followed by
Exercise or Dobutamine, Dipyridamole, and
Adenosine in ascending order. The homogeneity
was rejected in Exercise, Adenosine, Dobutamine,
and Dipyridamole for both sensitivity and speci-
ficity. Sensitivity was highest in Tap-TTE, followed
by Tap-TEE, Exercise, Dobutamine, Dipyrida-
mole, and Adenosine in descending order. Speci-
ficity was highest in Dipyridamole, followed by
Tap-TEE, Tap-TTE, Dobutamine, Exercise, and
Adenosine in descending order (Table 2).

Sensitivity analyses

Limiting the SROC curve analysis to high quality
studies (quality score >6) revealed that the orderT

a
b
le

1
.
C
o
n
ti
n
u
ed

A
u
th
o
r

R
ef
er
en
ce

n
u
m
b
er

Y
ea
r

S
tr
es
so
r

T
P

F
P

F
N

T
N

M
ea
n

a
g
e

(y
)

W
o
m
en

(%
)

W
it
h

C
A
D

(%
)

W
it
h

M
u
lt
i-

V
D

(%
)

C
A
D

d
efi
n
it
io
n

(%
)

W
it
h

p
ri
o
r

M
I

W
it
h

p
ri
o
r

M
I

w
it
h

p
ri
o
r

M
I

(%
)

U
n
st
a
b
le

a
n
g
in
a

in
cl
u
d
ed

C
u
rr
en
t

b
et
a

b
lo
ck
er

u
sa
g
e

V
er
ifi
ca
ti
o
n

b
ia
s

Q
u
a
li
ty

M
o
d
u
la
to
r

M
ic
h
a
el

T
A

1
7
0

1
9
9
5

T
A
P
-T
E
E

2
3

2
2

1
4

6
5

4
1
.8

6
1
.0

4
6
.3

5
0

Y
N
A

N
A

N
A

Y
es

5

Il
ic
et
o
S

1
7
1

1
9
8
5

T
A
P
-T
T
E

5
1

3
5

2
2

5
1

1
3
.6

6
9
.1

4
4
.4

7
5

Y
N
A

N
A

N
L
es
s
li
k
el
y

7

Il
ic
et
o
S

2
1

1
9
8
6

T
A
P
-T
T
E

3
3

3
6

1
6

N
A

N
A

6
7
.2

3
6
.2

7
5

N
A

N
A

N
A

N
N
o

6

M
a
tt
h
ew

s
R
V

1
7
2

1
9
8
9

T
A
P
-T
T
E

1
0

2
4

6
5
4

4
2
.3

6
3
.6

N
A

7
0

Y
N
A

N
N
A

L
ik
el
y

7

L
a
u
ce
v
ic
iu
s
A

1
7
3

1
9
9
1

T
A
P
-T
T
E

8
3

3
6

2
9

4
5

0
.0

7
3
.6

N
A

7
0

Y
N
A

Y
N
A

L
ik
el
y

5

M
a
ra
n
g
el
li
V

4
0

1
9
9
4

T
A
P
-T
T
E

2
9

6
6

1
9

5
8

1
5
.9

5
8
.3

3
1
.7

7
5

N
0
.0

N
A

N
N
o

7

M
ic
h
a
el

T
A

1
7
4

1
9
9
6

T
A
P
-T
T
E

4
4

2
7

1
2

N
A

3
3
.8

7
8
.5

4
7
.7

5
0

Y
N
A

N
A

N
A

L
ik
el
y

6

A
ta
r
S

1
7
5

2
0
0
0

T
A
P
-T
T
E

3
6

2
2

1
3

6
6

3
8
.9

7
1
.7

4
7
.2

7
5

Y
N
A

N
A

N
A

L
es
s
li
k
el
y

9

Y
;
y
es
,
N
;
n
o
,
N
A
;
n
o
t
a
v
a
il
a
b
le

in
th
e
re
p
o
rt
.

Q
u
a
li
ty

sc
o
re
;
se
e
M
et
h
o
d
s.

196



of the discriminatory test performance remained
unchanged. The b coefficients were Exercise:
b¼ �0:75, p ¼ 0.36, Dipyridamole: b ¼ )0.92,
p ¼ 0.26, Dobutamine: b ¼ )0.95, p ¼ 0.24,
Adenosine: b ¼ )1.72, p ¼ 0.07 with Tap-TEE
subgroup as reference.

Recalculating the weighted mean of LR using
only high quality studies only resulted in small
changes in the LR+ and LR). The ratio of LR+
to LR) showed no significant changes. Sensitivity
analysis for sensitivity/specificity also showed no
significant changes (Table 3).

Discussion

The purpose of this study was to evaluate relative
test performance of pharmacologic and non-
pharmacologic echocardiographic stressors. Pre-
vious meta-analyses evaluating the efficacy of these
stressors [171–175] have not rigorously fulfilled the
methodological recommendations for meta-analy-
sis, or have not evaluated all stressors currently
used (Table 4). Therefore, we compared the diag-
nostic performance of all echocardiographic
stressors currently in clinical use for detecting
CAD by following methodological recommenda-
tions for meta-analysis of diagnostic test [176].

In this study, SROC curve analysis showed
that Tap-TEE modality had the best test dis-
crimination performance, followed by Exercise,

Figure 1. The SROC curves are presented for a limited range

not exceeding the observed range of true-positive and false-

positive rates reported in studies for a given diagnostic test.
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Dipyridamole, Dobutamine, and Adenosine,
although there was no statistically significant
difference between them. Because the SROC
analysis can indicate the overall test performance
but cannot distinguish individual features of these
modalities, we calculated the weighted mean of
LR± and sensitivity/specificity. We hope that
this will be most usable for clinicians. The slope
of the tangent line at a given cut-off point of
ROC curve gives the LR+ for the value of the
test. Positive results in tests with high LR+ value
(or specificity) have high post-test likelihoods of
disease: ‘rule-in disease’, and negative results in
tests with low LR) value (or sensitivity) lead to
low post-test likelihoods of disease: ‘rule-out
disease’. Both LR+ and LR) (or both sensitivity
and specificity) were excellent for Tap-TEE. But,
we should take the results for Tap-TEE with a
grain of salt, because it may pertain to a rela-
tively small experience from a few special sites.
The infeasibility also hinders wide use of this
modality. Exercise had satisfactory LR+ and
LR) and was considered as a standard stressor in
stress echocardiography. Dipyridamole had a
very high LR+ (or specificity) but low LR) (or
sensitivity). These findings suggest that Dipyri-
damole might be good for ruling-in but not for
ruling out CAD. The incapability in ruling-out
CAD (i.e., high FPR) is a major problem in
clinical application of Dipyridamole stress.
Adenosine was the least useful stressor in diag-
nosing CAD.

Our analysis results differ from previous studies.
Kim and colleagues reported that test performance
of Dobutamine echocardiography was superior to
that of Dipyridamole [175]. Our analysis showed
that the SROC curves for Dipyridamole and
Dobutamine crossed each other, so neither was
clearly better. Because the shape of Kim’s SROC
curves resembles those of ours, the discrepancy
might be accounted for by comparing the different
parts of an identical curve.

Age appears to affect test characteristics.
Fleischmann reported that increasing mean age of
the study population decreased test performance
of Exercise echocardiography and SPECT [172].
Our analysis confirmed this finding for Exercise
but not for the other stressors. One potential T
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explanatory hypothesis is that limited exercise
performance, such as with leg problems commonly
seen in the elderly, results in sub-optimal stress
and poorer test performance. Further investiga-
tion focusing on relationship of exercise capacity
and diagnostic test performance is necessary to
answer this question.

Previous meta-analyses reported that gender
was not a significant predictor of test performance
for Exercise and Dobutamine [172, 173, 175].
However, we observed that studies with a high
proportion of female patients had a worse per-
formance in Adenosine. Further analysis was
hampered by the paucity of presented gender-
specific data.

In general, the performance diagnostic tests de-
crease with time [177, 178]. Fleischmann similarly
found that the discriminatory power of Exercise
echocardiography diminished slightly with later
publication year [172], but our analysis did not
discern any effect of publication year on test per-
formance.

Low quality studies that contained more biases
tended to overestimate test performance [1]. These
drawbacks to the validity of a diagnostic study
include case-control study design, non-consecutive
entry of patients, verification bias, non-blinded
interpretation of test results, non-blinded inter-
pretation of gold standard results, retrospective
data collection, insufficient test details, insufficient
gold standard details, and insufficient patient
population details. We excluded studies with case-
control design, which was the most influential
factor in Lijmer’s report. We examined the influ-
ence of other factors by performing regression
analyses and sensitivity analysis according to the
modified Lijmer’s quality score. Our analyses
showed no clear effect related to the quality of the
primary study or verification bias. This observa-
tion agrees with a previous report [175].

There are many limitations to meta-analytic
overviews of diagnostic tests. First, all studies were
non-randomized and biases could distort the re-
sults of the meta-analysis in spite of our efforts to
remove or control for them. Second, there is no
control for the pre-test likelihood of disease. Be-
cause the performance of a diagnostic test is
strongly influenced by the population that isT
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studied, the diversity in pre-test likelihood is a
potential source of heterogeneity. We must admit
that we could not control the heterogeneity com-
pletely. Third, large variation in reporting of
methods and results prevented us from being able
to determine key study characteristics, such as
study cohort, technique used, and derivations of
gold standard information (e.g., details in angio-
graphic severity that is considered positive for
CAD). As a result, it is possible that we could have
underestimated or overestimated the effect of
clinical covariates in their evaluation. Finally,
publication bias may be present, although there
are no studies which address methods to evaluate
publication bias for diagnostic test. Despite these
limitations, meta-analytic overview provides the
current best information in making clinical deci-
sion and is a practical aid in choosing a cardiac
imaging test for patients with suspected CAD.

In summary, Tap-TEE had the best overall test
performance, followed by Exercise, Dipyridamole,
Dobutamine, and Adenosine. Tap-TEE is a very
accurate test for both ruling-in and ruling-out
CAD although its invasiveness may limit its clini-
cal acceptability. Exercise is a well-balanced sat-
isfactory test for both ruling-in and ruling-out
CAD but the performance might be lower for el-
derly patients. Dobutamine offers a reasonable
compromise for Exercise. Dipyridamole might be
good for ruling-in but not for ruling out CAD.
The incapability in ruling-out CAD was a major
problem in clinical application of the stress.
Adenosine was the least useful stressor in diag-
nosing CAD.
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Appendix

Criteria for evaluation of study quality
Each item was scored as 1 point if the corre-

sponding criterion was fulfilled.

Blind interpretation of tests was required that
blinded by clearly stated in the text. Similarly,
consecutive and prospective data collection had to
be mentioned explicitly. Verification bias was as-
sessed according to the clinical context and by
determining if patients did not undergo the gold
standard test. Study population description re-
quired two of the following characteristics: age,
gender, or distribution of symptoms. Test
description required clear definitions of positivity
criteria. Case-controlled design was inferred if the
test was evaluated in a group of patients already
known to have the disease and in a separate group
of healthy volunteers rather than in a relevant
clinical population.
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