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Background. Accurate diagnosis of coronary heart disease has the potential to contribute
substantially to cost-effective delivery of health services. Recent work by Fleischmann et al
(JAMA 1998;280:913-20) represents an effort to summarize the accuracy of exercise echocardiography and exercise single photon emission computed tomography (SPECT).
Methods and Results. A critique of the previous work was constructed, obtaining the 44 articles used. These articles were reviewed and summarized with established techniques for metaanalysis. The studies summarized by Fleischmann et al were found to be significantly heterogeneous (echocardiography and SPECT, both P < .001). In the SPECT cohort, combination of
different radioisotopes and reading techniques, and inclusion of reports using experimental techniques, were sources of heterogeneity. In the echocardiography cohort, experimental techniques
and an individual series were identified. When the sample was stratified for sources of heterogeneity, it was found that there was no significant difference in diagnostic accuracy between the
echocardiography and SPECT techniques used in current clinical practice. Meta-regression with
summary receiver operating characteristic curve techniques, after adjustment of the model for
multicolinearity and outliers, revealed that there were no significant differences between SPECT
as used in current clinical practice and echocardiography.
Conclusion. The report by Fleischmann et al contains serious flaws that limit its validity and
generalizability. (J Nucl Cardiol 2000;7:599-615.)
Key Words: Meta-analysis • summary receiver operating characteristic curve • confidence
intervals • diagnostic tests • coronary artery disease

Heart disease is the leading cause of death among
Americans and of premature disability in the US labor
force, accounting for 19% of the disability allowance
paid annually by the Social Security Administration. It is
estimated that each year more than 1 million persons
have a new or recurrent myocardial infarction, with a 1year mortality rate approaching 33%. The annual cost of
treating coronary heart disease in the United States
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includes more than $53.1 billion in direct costs (facility,
drugs, and professional fees) and $46.7 billion in indirect
costs (lost productivity, morbidity, and mortality). There
are more than 5 million cardiac imaging procedures performed annually in an effort to diagnose and manage
coronary artery disease (CAD) accurately.1 It follows that
establishing the accuracy of diagnostic modalities is an
essential step in improving clinical outcomes and costeffectiveness of care for this population.
In the common clinical algorithm for diagnosis of
CAD, nuclear imaging and exercise echocardiography
are used to confirm the presence or extent of CAD after
presentation by a patient with angina or an abnormal
electrocardiogram screening test. However, the tests differ in the risk markers provided. The most common
nuclear protocol provides an assessment of regional
myocardial perfusion and, more recently, ventricular
function. Echocardiography provides real-time images of
global and regional ventricular function. These differ599
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ences and the value of the information provided are areas
of significant controversy in clinical cardiology.
A recent report by Fleischmann et al2 represents one
effort to compare the diagnostic accuracy of these 2
modalities with the technique of meta-analysis. This statistical technique came into wide use during the 1980s for
medicine as a method to pool the results of a large number of reports, thereby creating a more precise estimate of
effect. In this way it is different from primary data analysis (acquiring original data) or secondary analysis (looking at the primary data in a new way). The foundation of
meta-analysis is the systematic, unbiased evaluation of
published reports.3-5 These methods emphasize the need
to assemble the relevant literature and assess the quality
of reports independent of data analysis6 and have been
demonstrated in national and society guideline projects
with the principles of evidence-based medicine.7
In their review, Fleischmann et al2 selected 44 published reports (publication dates 1990-1997) to compare
the diagnostic accuracy of exercise echocardiography
and nuclear imaging (see Appendix 1 for a list of the
reports selected). They reported significant differences in
test specificity between echocardiography and nuclear
imaging. If this finding were valid, it could be concluded
that, as a result of higher echocardiographic specificity, a
change in health care policy should be recommended and
the allocation of scarce diagnostic resources should be
limited to the use of echocardiographic laboratories.8,9
However, further review of their techniques revealed
methodologic variation that warrants further analysis.10
The purpose of this analysis is to provide a critical
review of the Fleischmann et al report and to clarify the
role of meta-analysis in characterizing noninvasive test
performance. This will include a reconstruction of the
original meta-analysis and additional evaluation of the
data through widely accepted techniques.

METHODS
Review of Literature and Analysis of Report
Quality
For this critique, copies of the reports summarized by
Fleischmann et al11-54 were obtained and reviewed by 2 of the
investigators, 1 from the field of nuclear imaging (S.K.) and
the other from the field of echocardiography (D.B.). The
reviewers were blinded to each other’s findings. Because the
reviewers were reconstructing previous work, blinding to the
study hypothesis or the prior findings was impractical; however, it is unlikely that this had material effect on the findings.
The journal name, year of publication, the study size and
design, and the presence or absence of potential bias were
extracted and recorded. The investigators graded the studies by
adapting the definitions of Kent and Larson55 and Fletcher et
al56 concerning proper diagnostic technology study design (see
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Appendix 2). Disagreements in grade were resolved by consensus. The grades were summed and a histogram was constructed with SPSS 8.0.1 (SPSS Inc, 1998). Cutpoints were
identified visually and by use of frequency analysis. From this,
studies were grouped into quality categories of high, medium,
or low based on their grade (see Appendix 1). Note that this
grading was relevant only for the literature presented and is not
necessarily representative of the quality of studies in the literature at that time.

Homogeneity and Point Estimate Analysis
Midgette et al57 described a quantitative technique for
summarizing meta-analytic data. The analyst must first determine whether the true-positive and false-positive ratios are positively correlated. If this is the case, a summary receiver operating characteristic (SROC) curve can be derived from the data.
The dataset is also tested for homogeneity to determine whether
important differences in study design or clinical characteristics
make pooling of results inappropriate. If the test shows that the
data are homogeneous, point estimates of diagnostic accuracy
can be made with a fixed-effects model.3,57,58 For this critique,
the Spearman nonparametric test for correlation (SPSS 8.0.1)
was used to assess correlation between the true-positive and
false-negative rates among the studies in the dataset. The χ2 statistic was used to test for heterogeneity in the predictive accuracy statistic (FastPro 1.8; Academic Press, 1992).59 The predictive accuracy statistic (true-positive + true-negative, divided
by the total study participants) was used because it eliminates
the contradictory results that might be obtained when sensitivity and specificity are reviewed separately. A statistically significant χ2 statistic (P < .05) is indicative of statistical heterogeneity in the dataset. If the dataset is found to be
heterogeneous, the reasons for heterogeneity were identified
and, where appropriate, evaluation of subsets stratified by the
reason for heterogeneity was made.3,5,60

SROC and Meta-regression Analysis
If the reports were positively correlated, SROC curves
were derived with the technique described by Moses et al.61
The dataset was first transformed into a modified ROC space,
with the log-odds ratio between sensitivity and specificity on
the vertical axis and the sum of the logs on the horizontal. This
transformation allows linear regression to be performed identifying the “best fit” for the SROC curve among the component
studies. Fleischmann et al performed this regression with a
“weighted least squares” technique, with weights being a function of variability in study results and size of the study. Moses
et al61 also suggested “ordinary least squares” and “maximum
likelihood” techniques as methods for deriving the regression
model. The SROC curve is derived by back-transforming the
line into traditional ROC space. When the dataset is in its logistic state, other variables may be tested to assess whether they
modify the relation between the true-positive rate and the falsepositive rate.62 Each variable was introduced individually into
the model and possible interactive effects were evaluated. All
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variables with a P value of ≤.05 are included in the full model.
For this analysis, the variables tested were the same tested by
Fleischmann et al: radionuclide, scoring system, publication
year, mean age of study participants, proportion of participants
with prior myocardial infarction (MI), and proportion of men
among study participants. The test indication given for the
study (ie, whether CAD was known or suspected by the investigators) was considered as a possible variable, acting as a
proxy for the degree of pretest probability of CAD.
Regression models were tested for outlying observations
to identify those studies whose clinical characteristics or design
were significantly different from the overall sample. Although
SROC analysis does not require homogeneous data,57 it is
important that all data be selected from a similar population. If
this is not the case, a single data point may distort the path of
the regression line, and result in a biased estimate of effect.63
Because the weights applied in the original regression model
were strongly influenced by the size of the study and may confound the analysis, unweighted regression was used in performing outlier analysis. In this way, a single large study whose
clinical characteristics are substantially different from the balance of the sample would not escape scrutiny. If outliers were
identified, the reason for clinical heterogeneity was assessed
and the study was deleted from the analysis if it was determined
that it would result in a biased regression estimate.63 Given the
small size of the sample in this report (n = 51), the potential for
multicolinearity in the model to result in a biased estimate
because of outliers or small variations in the sample was very
strong. Therefore the models were tested for multicolinearity
with model diagnostics (SPSS 8.0.1) and by testing the model’s
variables for correlation.63 If weaknesses were identified, corrective action was identified and taken. SROC curves were then
plotted for each modality, with thallium and sestamibi modeled
separately (no SROC curve was modeled for dual isotope imaging because the sample had only 3 studies).

RESULTS
Review of the Literature
The studies included in the meta-analysis originated
from a wide variety of academic institutions or academic
affiliates (ie, Veterans Administration hospitals or hospitalbased physician practices at academic institutions).
Twenty reports came from non-US facilities, 23 from the
United States, and 2 from studies of both US and European
centers. The distribution of non-US studies between the 2
modalities was consistent, with 10 of the echocardiography studies (42%) (as did both of the international studies)
and 12 of single photon emission computed tomography
(SPECT) studies (44%) coming from non-US facilities.
Six studies involved both echocardiography and SPECT
subjects (4 were from non-US facilities).
In both the echocardiographic and nuclear series,
Fleischmann et al selected multiple articles from the
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same author and institutions (Marwick et al,11,47-49 Roger
et al,50,51 and Van Train et al35-37). It is highly probable
in these cases that the same patient may appear more than
once in the series. The conservative approach used in the
development of recent clinical guidelines is to make the
assumption that latter work includes data from prior
patients and select only the most recent report.59 These
series represent a large portion of participants (16% of
SPECT participants, 36% of echocardiography).
Although this could be a significant source of bias, analysis of the series after eliminating the potentially duplicated studies does not show a significant difference in the
sensitivity or specificity estimates (P > .05).
Researchers in 3 of the studies23,40,42 investigated
techniques not commonly used in clinical practice.
Cohen et al40 and Dagianti et al42 used supine ergometry
to exercise echocardiography study participants, whereas
Heiba et al23 used lateral positioning of subjects for
SPECT imaging. These reported sensitivity and specificity estimates significantly different from the overall
series (Cohen et al, 78.4 and 86.7; Dagianti et al, 76.0
and 94.2; Heiba et al, 93.3 and 50.0; all P < .05). Pooling
of results from experimental techniques with those of
commonly used techniques may result in a biased point
summary estimate.3,64
Analysis of Report Quality
The diagnostic accuracy of reports after stratification
by grade is shown in Table 1. There were no statistically
significant differences in the sensitivity estimates from
study quality in the SPECT cohort. Medium-quality
SPECT studies had a significantly lower specificity estimate than the high- or low-quality studies. This series
includes the report by Christian et al,19 whose primary
purpose was to investigate the extent of disease, and a retrospective analysis by Chae et al.18 Exclusion of these
reports results in a new pooled sensitivity estimate that is
homogeneous with the other 2 groupings (85.2%; 95%
confidence interval [CI], 81.9-88.4), but the new specificity estimate is significantly higher than the other 2
groupings. Stratified analysis of specific sources of quality differences (verification bias, selection bias, multiple
readers, diagnostic, and test review bias) revealed no significant differences. The source of these remaining differences may be a result of differential distribution of
quantitatively scored studies and the mixing of types of
radionuclides in the same dataset.
Medium-quality echocardiography reports had a significantly higher sensitivity estimate than high- or lowquality echocardiography reports. This cohort included
the report by Crouse et al41 that was identified in SROC
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Table 1. Analysis of grades of study

No. of subjects (% of total)
SPECT reports (n = 3237)
High-quality (7 reports)
Sensitivity
Specificity
Medium-quality (10 reports)
Sensitivity
Specificity
Low-quality (10 reports)
Sensitivity
Specificity
Echo reports (n = 2637)
High-quality (8 reports)
Sensitivity
Specificity
Medium-quality (8 reports)
Sensitivity
Specificity
Low-quality (8 reports)
Sensitivity
Specificity

Value

95% CI

932 (28.8%)
89.6%
65.7%

87.7%-91.6%
59.5%-72.0%

86.2%
57.0%*

84.4%-88.1%
54.6%-59.3%

87.2%
72.8%

85.0%-89.4%
69.9%-75.7%

84.3%
84.1%†

81.8%-86.9%
81.6%-86.7%

90.4%‡
75.9%

88.7%-92.2%
73.3%-78.4%

79.6%
71.9%

76.8%-82.5%
68.7%-75.1%

1394 (43.1%)

910 (28.1%)

782 (29.7%)

1088 (41.2%)

767 (29.1%)

*Specificity significantly lower than high- or low-quality SPECT reports.
†Specificity significantly higher than medium- or low-quality echocardiography reports.
‡Sensitivity significantly higher than high- or low-quality echocardiography reports.

analysis as an outlier because of its extremely high sensitivity (97.2%) and large size (n = 228). It also represents
use of echocardiography as a screening test rather than to
confirm the presence of disease, which may make it a
source of heterogeneity. High-quality echocardiography
reports had a significantly higher specificity estimate
than medium- and low-quality studies. Medium-quality
reports also had a higher specificity estimate than lowquality reports, although this was not statistically significant. Analysis of the echocardiography reports revealed a
substantial difference in specificity where multiple readers were used and where selection bias was present.
Reports for which a single reader was used had a specificity of 70.4% (95% CI, 66.3%-74.5%). Reports that had
more than one reader had a specificity of 85.1% (95% CI,
81.7%-88.5%). Reports in which selection bias was present had specificity of 75.0% (95% CI, 72.9%-77.0%),
and reports without selection bias had a specificity of
83.4% (95% CI, 81.0%-85.8%). All high-quality reports
had more than one reader, whereas only 3 of the mediumquality and 1 of the low-quality reports had more than 1
reader. Selection bias was evenly distributed within the
cohorts with 6 of the low-quality reports, 5 of the
medium-quality reports, and 5 of the high-quality reports
having selection bias. Therefore it is apparent that the difference in specificity estimates between quality groups

may be associated with the number of readers used in
interpreting images.
Homogeneity Analysis
When reports are combined with a meta-analysis, a
nonsignificant heterogeneity statistic is optimal (P > .05)
to ensure that there are no underlying differences in study
design or population that might bias the estimate of
effect.3 Analysis of the echocardiography and SPECT
datasets showed significant heterogeneity for both
datasets (echocardiography χ2 = 94.89; SPECT χ2 =
85.08; both P < .001). Subgroup analysis identified specific studies that contributed to this heterogeneity. Within
the echocardiography series, 2 reports by Roger et al
were identified as possible sources of clinical or statistical differences: one report50 assessed CAD extent, and
another51 was a retrospective analysis. Reports by Cohen
et al40 and Dagianti et al42 used techniques not routinely
used in clinical practice. When these 4 reports were
excluded, a nonsignificant χ2 statistic was noted (23.03,
P = .19, n = 19), indicating homogeneity.
In subgroup analysis of the SPECT series, the report
by Heiba et al23 that used an experimental technique was
excluded. Fleischmann et al also included in their analysis 3 studies of dual-isotope imaging (thallium at rest,
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Table 2. Point estimates

Point estimate
Modality
SPECT fixed-effects model
All cases (n = 27)
Thallium scans only (n = 9)
Quantitative scoring (thallium only, n = 2)
Visual scoring (thallium only, n = 7)
Sestamibi scans only (n = 15)
Quantitative scoring (sestamibi only, n = 5)
Visual scoring (sestamibi only, n = 10)
Dual-isotope imaging (n = 3)
1993 and earlier (inclusive, n = 17)
After 1993 (n = 10)
Single-reader reports (n = 12)
Multiple-reader reports (n = 15)
Homogeneous thallium (n = 5)
Homogeneous sestamibi (n = 8)
Echo fixed-effects model
All cases (n = 24)
1993 and earlier inclusive (n = 10)
After 1993 (n = 14)
Single-reader reports (n = 12)
Multiple-reader reports (n = 12)
Homogeneous echo (n = 19)
Random-effects model
All cases SPECT (n = 27)
Thallium (visual scoring only, n = 7)
Thallium (quantitative scoring, n = 2)
Sestamibi (visual scoring only, n = 10)
Sestamibi (quantitative scoring, n = 5)
Dual-isotope imaging (n = 3)
All cases echo (n = 24)

Sensitivity

95% CI

Specificity

95% CI

87.5%
87.2%
91.3%
85.0%
87.8%
87.0%
88.2%
88.7%
88.2%
85.2%
87.6%
87.3%
80.4%
89.6%

86.3%-88.6%
85.5%-88.9%
88.9%-93.7%
82.9%-87.2%
85.7%-90.0%
83.1%-88.0%
85.6%-90.8%
82.9%-94.5%
86.8%-89.7%
82.4%-88.0%
85.8%-89.5%
85.5%-89.1%
75.8%-85.1%
86.9%-92.3%

63.7%
59.0%
69.8%
53.5%
68.8%
50.8%
74.1%
80.4%
63.1%
66.4%
64.4%
63.4%
77.8%
75.4%

60.4%-67.4%
54.3%-63.8%
62.2%-77.4%
47.6%-59.4%
63.1%-74.4%
38.1%-63.6%
68.0%-80.2%
69.0%-91.9%
59.0%-67.2%
59.4%-73.6%
59.3%-69.6%
58.6%-68.3%
68.7%-86.8%
68.8%-82.1%

85.4%
87.2%
83.8%
85.8%
84.8%
87.2%

83.7%-87.0%
85.3%-89.1%
81.9%-85.7%
83.7%-88.0%
82.2%-87.4%
85.4%-88.9%

77.3%
81.5%
74.8%
70.4%
85.1%
83.1%

74.5%-80.0%
79.3%-83.7%
72.6%-77.0%
66.3%-74.5%
81.7%-88.5%
80.2%-85.9%

86.9%
81.7%
91.1%
88.4%
88.0%
88.2%
85.0%

83.3%-89.8%
72.3%-89.0%
81.9%-96.6%
82.4%-93.0%
78.7%-94.4%
81.4%-93.3%
81.5%-87.9%

69.0%
68.0%
70.4%
73.2%
51.3%
78.0%
80.5%

60.0%-77.0%
47.1%-84.8%
31.5%-94.9%
66.4%-79.1%
36.2%-66.2%
56.9%-92.2%
73.5%-86.4%

sestamibi when exercised). The pooled sensitivity and
specificity estimates of these 3 studies16,17,27 were
higher than the overall pooled estimate. Although this is
a technique commonly used today, these reports represented small developmental studies of the technique and
possibly reflected publication and selection bias.
Quantitative scoring methods were omitted from the
studies Fleischmann et al selected (n = 7: 2 with thallium,26,37 5 with sestamibi12,25,33,35,36) because they represented a technique not commonly used in clinical practice. The study by Christian et al,19 whose primary
purpose was to assess the disease extent, was also
excluded. The series was then stratified by radioisotope
(omitting those studies of dual isotopes). Visual analysis
of confidence intervals of the predictive accuracy statistics

identified the report by Chae et al18 (a retrospective study)
as a potential source of heterogeneity for the thallium series,
as was the report by Marwick et al13 for sestamibi (another
report examining CAD extent, although the companion
echocardiography report was not a source of heterogeneity).
Exclusion of these resulted in homogeneous cohorts for
thallium imaging (n = 5, χ2 = 2.17, P = .705) and sestamibi
imaging (n = 8, χ2 = 11.81, P = .11). To facilitate comparison with the results of Fleischmann et al, the homogeneous
cohorts were analyzed as subgroups (Table 2).
Point Estimate Analysis
The pooled estimate of sensitivity of SPECT in this
series of reports was 87.5% (95% CI, 86.3%-88.6%). The
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Figure 1. SROC analysis of diagnostic accuracy.

reports were stratified by the identified sources of heterogeneity: radioisotope (thallium, sestamibi, dual isotope), analysis method (visual or quantitative), year of
publication (< or >1993), and multiple- versus singlereader studies. The point estimate of the homogeneous
groups is also included for comparison. The pooled estimate of specificity was 63.7% (95% CI, 60.4%-67.4%).
Stratifying sestamibi imaging by scoring technique
results in a significantly different estimate of specificity
(50.8% for sestamibi with quantitative scoring vs 74.1%
for visual; P < .05). Stratification by scoring technique
for the thallium series yields the opposite result (quantitative thallium specificity, 69.8%; visually scored studies,
53.5%; P < .05). Given the small size of the quantitatively scored thallium sample (n = 2) and the heterogeneity of the visual sample (χ2 = 17.15, P = .009), the reliability of the thallium comparison is questionable. Date of
publication and the number of readers included in the
study design were not significant covariates for SPECT.
The SPECT homogeneous datasets had significantly
improved specificity versus the original dataset (P < .05);
it is likely that this is from the exclusion of the quantitatively scored series.
The pooled estimate of sensitivity for exercise
echocardiography was 85.4% (95% CI, 83.7%-87.0%).
These reports were stratified by year of publication,
number of readers in the study design, and homogeneity.
Stratification by these variables did not result in a significant modification of the estimate of sensitivity. The estimate of specificity was 77.3% (95% CI, 74.5%-80.0%).
Publication year was found to be statistically significant
in modifying the estimate of specificity (81.5% for those
1993 or earlier vs 74.8% for later reports; P < .05).
Having more than one reader in the study significantly

increased the specificity of the study (70.4% for singlereader reports and 85.1% for those with P < .05). The
specificity of the homogeneous series was also significantly different than the overall sample (83.1% vs 77.3%,
P < .05).
SROC and Meta-regression Analysis
Spearman analysis demonstrated a positive correlation
within the echocardiography and SPECT cohorts. Metaregression modeling of the combined series (combining the
echocardiography and SPECT studies) identified the same
confounding variables as were identified by Fleischmann et
al: mean age of the study population, year of publication,
and test indication (the latter within the SPECT series
only). However, when thallium and sestamibi were modeled separately (without echocardiography), test indication
was not found to be a significant covariate. The mean age
of study participants and the year of publication were found
to be potential sources of multicolinearity within the model.
However, this was likely the result of the low variation in
these variables rather than correlation between these variables and others in the model. This was confirmed by the
correlation studies, which found no correlation between
these 2 variables and others in the model. However, strong
correlation was identified between the SPECT setting variable and the variable identifying echocardiography studies
(P < .001). Given that 74% of the SPECT studies were
coded as having “CAD known or suspected” in the setting
variable, this is not surprising.
Omitting test indication from the combined model
resulted in a substantial change in the coefficient comparing echocardiography accuracy to SPECT (35%) and
for mean age (33%). This demonstrates that the prior
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Table 3. Comparison of SROC models to Fleischmann et al2 SROC results

Model without
test indication

Original model*
Variable

Coefficient

Echo vs SPECT
Mean age
Publication year
SPECT mixed setting (test indication)
Adjusted R2

1.20
–0.12
–0.20
0.76
0.64

95% CI
0.71
–0.18
–0.30
0.23

to
to
to
to

Coefficient

95% CI

0.78
–0.16
–0.19
NA
0.58

0.36 to 1.19
–0.22 to –0.10
–0.29 to –0.09
NA

1.68
–0.07
–0.11
1.27

All coefficients are significant (P < .05).
*Fleischmann KE, Hunink MG, Kuntz K, Douglas P. Exercise echocardiography or exercise SPECT imaging? A meta-analysis of diagnostic test
performance. JAMA 1998;280:913-20.

Table 4. Meta-regression by radioisotope with adjustment for outliers

Variable
Publication
year

Mean age
Model
Echo vs sestamibi
All studies
Without Crouse et al41
Without Sylven et al33
and Crouse et al41
Echo vs thallium
All studies
Without Crouse et al41
Without Nguyen et al28
and Crouse et al41

Adjusted CoeffiR2
cient

Comparison of
echocardiography
to SPECT†

95%
CI

Coefficient

95%
CI

Coefficient

95%
CI

.521
.527
.560

–.13*
–.14*
–.13*

–.19 to –.06
–.21 to –.07
–.20 to –.07

–.24*
–.19*
–.20*

–.57 to –.11
–.04 to –.34
–.06 to –.34

.57*
.49
.35

.002 to 1.15
–.08 to 1.06
–.21 to 1.06

.797
.821
.824

–.17*
–.18*
–.18*

–.10 to –.23
–.12 to –.24
–.12 to –.24

–.26*
–.20*
–.20*

–.14 to –.37
–.09 to –.32
–.09 to –.31

1.11*
.89*
.90*

.67 to 1.54
.45 to 1.34
.45 to 1.34

*P < .05.
†A positive coefficient indicates superior diagnostic accuracy of echocardiography when compared with SPECT.

conclusion that the accuracy of SPECT is sensitive to test
indication may be a result of statistical artifact and represents a weakness in the SROC model developed for the
Fleischmann et al report.
The echocardiography report by Crouse et al41 was
identified as an outlier, as was the SPECT report by
Nguyen et al.28 The report by Nguyen et al28 (with thallium) had moderate sensitivity (76%) but an extremely
high specificity (100%), with an extremely small number
of negative results (n = 5). The report by Sylven et al33
was found to be an outlying observation for the sestamibi
series. This report had extremely low diagnostic accuracy
(sensitivity of 61% and specificity of 50%) as well as a
postivity criterion different from any other SPECT report
(persistent or transient perfusion defect).

The results of the meta-regression are shown in
Tables 3 and 4. Table 3 shows the results originally
reported by Fleischmann et al as well as the impact of
the removal of the test indication from the model.
Table 4 shows the results of the meta-regression
analysis comparing echocardiography to thallium and
sestamibi SPECT (separately), excluding the variable
for test indication. In this analysis, the impact of the
exclusion of the identified outliers was also assessed.
Before exclusion of outliers, the variables for mean
age of study participants, year of publication, and
comparison of echocardiography to SPECT are significant. When the reports by Crouse et al and Nguyen
et al are excluded from the model comparing thallium
SPECT with echocardiography, all coefficients con-
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Figure 2. Effect of combining sestamibi and thallium SPECT studies.

tinue to be significant, indicating that echocardiography’s advantage over thallium SPECT is not sensitive
to studies selected for the meta-analysis. When the
reports by Crouse et al and Sylven et al are excluded
from the model comparing sestamibi SPECT to
echocardiography, the coefficient comparing the 2
modalities is no longer significant, indicating that the
reported advantage of echocardiography over SPECT
is highly dependent on the studies selected for combination. Such a finding limits the generalizability of
results.
Figure 1 shows the results of SROC analysis comparing echocardiography to sestamibi SPECT and thallium SPECT. In constructing these curves, the studies
identified as outliers were omitted. Respecting the cautions of previous authors, these curves are not adjusted
for covariates.61 The curves as drawn show that at higher
levels of specificity echocardiography has superior diagnostic accuracy when compared with both thallium and
sestamibi SPECT. As specificity is reduced, the curves
merge with sestamibi SPECT having higher sensitivity at
specificity lower than 70% and thallium at specificity
lower than 60%. This suggests that where higher levels of
specificity are valued (ie, settings where screening for
CAD is being performed), echocardiography may be the
preferred diagnostic modality. In settings where higher
sensitivity is valued (ie, where diagnosis of CAD is being
confirmed) SPECT may be preferred. However, as noted
later, without an understanding of the relative cost and
morbidity of misdiagnosis this is difficult to evaluate
based on the results of point estimate or SROC analysis
alone.

DISCUSSION
This report presents a detailed meta-analysis of the
diagnostic accuracy of exercise echocardiography and
SPECT imaging examining a series reported by
Fleischmann et al.2 The findings of this analysis show
significant variation from those previously reported.
Contrary to those findings, exercise SPECT reports relevant to current standard of practice (ie, sestamibi
SPECT) were found to have similar diagnostic accuracy
when compared with echocardiography.
The purpose of a meta-analysis is to create a precise
and definitive answer when the results of individual
studies disagree or are inconclusive.5 When possible, the
data for the meta-analysis are taken from randomized
controlled trials (RCT). Because RCTs are considered to
provide unbiased estimates of effect, it follows that a
meta-analysis consisting of RCTs would provide an
unbiased estimate of effect. However, this report summarizes the results of a series of observational studies.
Such studies may yield estimates of effect that substantially differ from the true effect within the population of
interest because of uncontrolled confounding effects,
bias in study design, or residual confounding (ie, confounding that remains after statistical adjustment).5
Some have gone so far as to suggest that reporting summary estimates of a meta-analysis based on observational studies is inappropriate.6,65 However, most
authors support the position of recognizing and interpreting important clinical differences and heterogeneity
between studies while cautioning against extensive statistical adjustment.3,5,60
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One example of the problem posed by statistical
adjustment is the use of the random effects model. A random effects model considers unaccounted variability in
the comparison, thus yielding wider confidence estimates
in the results (a more conservative estimate).58,59 By comparison, a fixed-effects model (used in this and the previous report2) begins with the assumption that all of the outcome results for the general population may be explained
by the population selected without confounding.3 This is
not the case in analyzing most clinical questions, particularly where clinical covariates are not considered. The
use of the random-effects model, however, only resolves
statistical heterogeneity, not clinical heterogeneity. In the
report by Fleischmann et al, the use of the fixed-effects
model provides a misleading result (ie, a point estimate
summary showing echocardiography specificity superior to
SPECT). The use of the random-effects model provides a
result consistent with the findings presented here (Table
2).10 However, such an estimate remains misleading
because the clinical heterogeneity unaccounted for in
pooling different isotopes and scoring systems results in
an estimate that does not represent results obtained by any
of the technologies being summarized.
Sources of Clinical Variation
Heterogeneity has been defined as a factor that
causes a change in the effect size from one patient series
to another so that the resulting meta-estimate (when the
series are combined) is meaningless.6 The results of the
homogeneity analysis in this series revealed important
differences that influence diagnostic accuracy. Most
meta-analysts would discourage synthesizing the results
when such variability exists. Thompson60 has distinguished 2 types of heterogeneity: statistical and clinical.
Clinical heterogeneity is defined as those clinically
important differences that exist between the trials that
constitute the meta-analysis. Sources of clinical heterogeneity would include the process of patient selection,
baseline disease severity, differences in study design, or
clinical procedures. Statistical heterogeneity exists when
quantitative results in a meta-analysis are incompatible.
This is often the result of clinical heterogeneity or
methodologic differences in study design (as in the case
of combining an RCT with a retrospective study).
The significant modifying factors Fleischmann et al
identified were average age of participants in the component study, publication year of the study, and the clinical
indication for the test (ie, known or suspected CAD, used
by Fleischmann et al as a proxy for pretest probability of
disease). However, this analysis found that other sources
of clinical heterogeneity existed (ie, SPECT radionuclide
and scoring system) that result in a biased report of diagnostic accuracy.
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Point estimate analysis clearly shows that the
radionuclide used in imaging is a source of clinical heterogeneity, and thus the results of sestamibi, thallium,
and dual-isotope imaging should be separately reported.
However, a more important question is whether it is
appropriate to pool the results of thallium, sestamibi, and
dual-isotope imaging regardless of statistical results. The
purpose of performing a meta-analysis is to provide clinicians and policy makers with information that is useful
in evaluating the effectiveness of the technology. A
pooled estimate of sestamibi, thallium, and dual-isotope
imaging does not provide useful information for these
decision makers (one might just as well pool the results
of echocardiography and SPECT). Decision makers are
concerned with the performance of a technology as it is
used. As such, in this analysis the results of sestamibi,
thallium, and dual-isotope imaging should be separately
reported, regardless of the statistical significance of the
difference in estimate.
Figure 2 demonstrates this with SROC analysis. The
curve representing sestamibi is clearly the dominant one in
this set, with the curve representing thallium having considerably lower diagnostic accuracy (except at the highest
levels of specificity). A third curve lies between the two,
representing the combined diagnostic accuracy of the
modalities. This curve clearly represents a weighted average of the diagnostic accuracy of sestamibi and thallium,
yet its results are misleading. No point on this curve
(except the intersection point at the far left) represents a
level of diagnostic accuracy obtained by either technology.
Every point on this curve (in the relevant range) is higher
than that obtained by thallium imaging, and lower than that
obtained by sestamibi. Thus the information provided by
the curve is not useful to clinicians and policy makers.
It is not clear whether the differences seen in the
diagnostic accuracy of quantitatively versus visually
scored SPECT are the result of a change in the disease
classification threshold or technology. If the former is the
case, it is appropriate to model quantitative SPECT on
the same SROC curve as visual SPECT. If it is the latter,
a separate SROC curve would be needed (as seen in comparing sestamibi and thallium SPECT). It can be argued
that clinicians have the option to choose quantitative versus visual scoring (as they have the option to choose thallium versus sestamibi) and as such a second curve would
be justified. However, in SROC and outlier analysis
quantitatively scored studies were not identified as being
significantly different than visual studies. This would
indicate that quantitative studies fall on the same curve,
with the difference being that quantitative scoring techniques sacrifice specificity to gain sensitivity. In any
case, the most conservative approach to SROC modeling
would be to pool quantitative and visual studies for comparison to echocardiography, as has been done here.
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The importance of the difference in point estimates
of specificity in the echocardiography series between
studies with single readers and those with multiple
readers is also not clear. The presence of multiple readers was a significant factor when modeling point estimates, but not in SROC analysis. Therefore the differences may represent a shift in the threshold used to
classify patients as diseased, with specificity being sacrificed to gain sensitivity (as was done with quantitative
SPECT studies). Why this would be seen in the
echocardiography series and not SPECT is not clear, but
it might be an indication of lower interreader reliability
with echocardiography.
SROC Analysis and Cost-effectiveness
The weakness of a point estimate of accuracy is that
it fails to recognize the interrelation between sensitivity
and specificity. Every test incorrectly classifies some
patients who are nondiseased as diseased (specificity) or
diseased as nondiseased (sensitivity). Additional sensitivity or specificity is gained by altering the threshold point
at which the diagnostician determines the patient to be
diseased. Without a change in technology (eg, changing
the radionuclide used or use of a contrast agent) as a
given test is made more specific (it correctly classifies
more nondiseased patients), it will become less sensitive
(there will be more diseased patients missed). The opposite of course is true when making a test more sensitive.
When this disease threshold point is varied a number
of times across a continuum of confidence, sensitivity
and specificity can be calculated for each threshold. The
resulting pairs can be plotted in a graph with sensitivity
(or true-positive rate) on the y-axis and “1 – specificity”
(or false-positive rate) on the x-axis, with the result being
an ROC curve. When these are constructed for a number
of readers, or in summarizing a meta-analysis, the result
is an SROC curve. The greater the space under the curve,
the greater the diagnostic accuracy of the modality.66 If
the 2 ROC curves do not intersect, the one with the greatest space underneath it will always have superior costeffectiveness (if the change for both tests is the same).
However, if the 2 curves intersect anywhere but their
most extreme points (Figure 1), further analysis is necessary to establish the most cost-effective modality. In such
a case, the comparative effectiveness of the diagnostic
tests will be determined in part by the pretest probability
of disease in the setting in which it is used. For example,
in Figure 1, the marginally better sensitivity of echocardiography at higher levels of specificity might be an indication that echocardiography is a superior choice for
screening for CAD (an environment with low pretest
probability of disease). However, the higher sensitivity of
sestamibi SPECT at lower levels of specificity might
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indicate that SPECT is preferred where there is a higher
pretest probability of disease (ie, confirming a diagnosis
of CAD).
Taking this analysis a step further, it must be determined whether all inaccurate results for the competing
tests should be evenly weighed. Failure to diagnose CAD
on echocardiography or SPECT may result in an MI, an
event that consumes substantial resources in the health
system and, more importantly, results in substantial risks
of morbidity or death for the patient. Low specificity
results in unnecessary testing or treatment (in this case,
the patient undergoing an unnecessary catheterization).
Although substantial, it is not as high as the cost of low
sensitivity (on a per-case basis). This might be considered as a reason more sensitive tests are more highly valued at this stage in the clinical algorithm. This is not
always the case. Routine screening tests such as electrocardiography are often read with a low sensitivity in favor
of high specificity. In such cases the total cost of falsenegatives (even with such low sensitivity) in the screened
population is viewed as being less than the total cost of
false-positives.
The economic cost of a test is a function of several
factors: size of the population of interest, the prevalence
of the disease in the setting the test is given, the expense
associated with diagnosis or treatment of an inaccurate
result, and the morbidity or mortality rate associated with
the inaccurate result. The cost of treatment or follow-up
testing of accurately classified patients is not a relevant
cost when comparing diagnostic tests. These costs will be
the same for both modalities and are therefore not considered to be marginal costs. The charge for the individual tests is also not a relevant cost. However, the marginal
charge of the more expensive test (ie, the difference in the
charges between the tests being performed) should be
treated as a cost assigned to all patients being tested.
Therefore what should be considered is not the charge for
an individual test, but what charge is necessary to offset
the advantage gained by the test with the lowest cost of
misdiagnosis and morbidity. This is an important consideration given the wide variation in charges for tests
nationwide or even in a single metropolitan area (Note
that the above is relevant only when comparing 2 tests
and does not apply when considering the social or economic justification of the test itself. In such a case, all
marginal economic and social costs, including follow-up
treatment and testing, should be considered.)
An example for a single episode of care can be
developed from the data presented here. Assume diagnostic testing for a population of 6000 persons with a disease prevalence of 73% (the size and prevalence of disease in the data reported by Fleischmann et al). The
sensitivity and specificity of the competing tests,
echocardiography and sestamibi SPECT, are also taken
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from the data (Table 2). The cost of follow-up of a falsepositive is the cost of further diagnosis (coronary angiography); for a false-negative, the relevant cost is that of
treating an ensuing acute MI. For the purpose of this
analysis, these costs would be $10,880 for cardiac
catheterization1 and $92,600 for 5 years of care for a
patient with an acute MI.67
The resulting cost of misdiagnosis for the modalities
was $63,267,840 for echocardiography and $52,443,800
for SPECT (see Appendix 3 for the details of the analysis). These estimates represent the incremental costs
incurred as a result of the inaccuracy of each modality.
The maximum allowable difference in charge that can
exist between the 2 modalities (and still allow the dominant modality a cost advantage) is calculated by taking
the cost advantage of the dominant modality (SPECT in
this case), and dividing it by the number of persons
tested. The result for this dataset is $1804, indicating that
SPECT would still have a cost advantage if the difference
in charge for the test is up to $1804 greater than the
charge for echocardiography.
Note that this finding is highly dependent on the
original assumptions made. In a population with a lower
prevalence of disease than that described by Fleischmann
et al, there would be a larger proportion of nondiseased
individuals, reducing the cost advantage of SPECT
because of its relatively superior sensitivity. Similarly, if
the relative costs of the false-positive and false-negative
were different, a different result would have been
obtained. For example, simple algebra shows us that in
this case if the cost of a false-negative had been $4600,
the incremental costs of the 2 modalities would be equal.
Given that the literature reflects a great deal of variability in the cost of an acute MI, this is possible.67
There has been no attempt made to quantify the costs
of the morbidity and mortality associated with the falsenegative and false-positive finding. However, it is generally assumed that in the case of this disease the probability of substantial morbidity associated with a false-negative
(death or disability from an MI) is greater than that of a
false-positive (death or disability resulting from complications of coronary angiography). This being the case,
the findings would not change if this were included in the
analysis. However, if the differential cost of the modality
caused the less sensitive modality to be considered dominant, morbidity or mortality would become a factor in
the analysis.
This has been a necessarily simplistic analysis of
the economic impact of these 2 modalities. Proper economic analysis would factor in patient preferences and
take a societal point of view.3 However, this approach
has been taken to illustrate the danger of simplistically
relying on diagnostic accuracy statistics in making policy decisions.
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This analysis also illustrates a weakness in current
economic analysis techniques in assessing cost-effectiveness of diagnostic technology. Most cost-effectiveness
analyses of diagnostic technologies rely on a single point
of the SROC curve to estimate cost-effectiveness.8,68,69
These point estimates represent the essential contribution
of the diagnostic technology to the clinical algorithm.
However, they fail to consider that individual users of the
diagnostic technology might operate at an infinite number of points on the ROC curve. The point at which the
clinician (or technology) will operate depends on the
nature of the patient being diagnosed, the characteristics
of the reader interpreting the study, and the nature of the
equipment and facility. When one technique is clearly
dominant to the other, with every point on its ROC (or
SROC) curve lying above that of the second modality’s
curve, this difference is inconsequential (assuming similar changes for the technology). However, when the 2
curves intersect, as seen in this analysis, the use of a single point to estimate cost-effectiveness for an entire population of patients and clinicians will result in a misleading result. Some investigators who have recognized this
have suggested that it might be addressed by use of multiple points to estimate cost-effectiveness of a technology
(in essence performing a sensitivity analysis).64 Such a
technique would be superior to the current practice of
basing cost-effectiveness on a single, idealized point, but
it is still limited by its lack of scope because it fails to
take into consideration the frequency at which clinicians
would operate at different points on the curve.
Limitations
This analysis has 3 major limitations. First, the
method used in obtaining the literature for the meta-analysis was not critiqued. The proper methods to select studies for a systematic review of the literature are described
by others.58 Second, if an accurate estimate of diagnostic
accuracy is to be developed, state of the art imaging
should be considered, including gated SPECT,70 dual-isotope imaging,17 and intravenous contrast agents to
improve echocardiography.71 The inclusion of reports in
1997 or before limits this analysis. Third, others have criticized Fleischmann et al’s work based on the high prevalence of disease among the studies reported.72 Prevalence
higher (or lower) than that seen in traditional settings
would limit the applicability of results and would have
significant impact on our cost-effectiveness analysis.

CONCLUSION
In this critique, the work of previous meta-analysts
in summarizing the diagnostic accuracy of exercise
SPECT and exercise echocardiography was recon-
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structed and examined. Although Fleischmann et al
maintained that exercise echocardiography was a superior diagnostic modality to SPECT, our findings, using
the same dataset, found no significant difference in the
diagnostic accuracy of the 2 methods when comparing
those techniques in common clinical practice. The major
reason for this difference in findings was a failure to
stratify the SPECT dataset for sources of clinical heterogeneity. In constructing SROC curves, statistical weaknesses were identified that limited the generalizability of
the statistical model. Finally, given recent changes in the
technology available to clinicians using these diagnostic
tests, the applicability of the findings to today’s practice
settings is questionable.
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Appendix 1. Studies included in analysis

Reference
No.

Institution

SPECT Reports
17
Cedars-Sinai
18
PHI
19
Mayo Clinic
20
U Texas
21
Creighton
22
Middelheim
23
Kuwait U
24
Taiwan U
25
Cedars-Sinai
26
Baylor
27
CETIR de Baelan
28
PHI
29
Ankara U
30
Cedars-Sinai
31
Castelfrako
32
Jolomot
33
Karolinska Inst
34
Montreal
37
Cedars-Sinai
36
Cedars-Sinai
35
Cedars-Sinai
Echo reports
38
Serbia U
39
Trondheim U
40
NJMS
41
MAHI
42
La Sapienza U
43
U Florence
44
Beijing
45
Turku U
46
U Barcelona
47
Cleveland Clinic
48
Cleveland Clinic
49
Cleveland Clinic
50
Mayo Clinic
51
Mayo Clinic
51
Mayo Clinic
52
U Indiana
53
Baylor
54
Cleveland Clinic
Echo/SPECT comparison studies
11*
SFHI
SFHI
11†
12*
Cliniken der RWTH
12†
Cliniken der RWTH
13*
U Louvain
13†
U Louvain
14*
Erasmus
14†
Erasmus
15*
Baylor
15†
Baylor
16*
Erasmus
16†
Erasmus

Year

Radionuclide

1993
1993
1992
1991
1992
1996
1997
1997
1990
1990
1993
1990
1997
1995
1995
1993
1994
1997
1990
1993
1994

Dual-isotope
Thallium
Thallium
Sestamibi
Thallium
Sestamibi
Sestamibi
Thallium
Sestamibi
Thallium
Dual-isotope
Thallium
Sestamibi
Sestamibi
Sestamibi
Sestamibi
Sestamibi
Sestamibi
Thallium
Sestamibi
Sestamibi

1994
1995
1993
1991
1995
1991
1996
1996
1994
1992
1995
1995
1994
1997
1997
1993
1996
1994
1993
1993
1993
1993
1994
1994
1991
1991
1991
1991
1992
1992

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
Thallium
–
Sestamibi
–
Sestamibi
–
Sestamibi
–
Thallium
–
Dual-isotope
–

Single/
multisite

Study
type

Size

Selec- Multion
tiple
bias readers

Single
Single
Single
Single
Multi
Single
Single
Single
Multi
Single
Single
Single
Single
Single
Single
Single
Single
Single
Multi
Single
Multi

Prospective
Retrospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective

63
243
688
30
93
128
34
51
53
360
54
30
70
70
120
128
67
48
371
38
124

Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes

Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
No
Yes
No
No
No

Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Multi
Single
Single
Single
Single
Single
Single
Single

Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Retrospective
Retrospective
Prospective
Prospective
Prospective

136
37
52
228
60
53
47
118
80
150
161
147
150
244
96
309
45
70

Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
No
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes

Yes
No
Yes
No
Yes
No
No
Yes
No
Yes
Yes
Yes
No
No
No
No
No
Yes

Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single
Single

Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective
Prospective

71
71
66
55
86
86
75
75
112
112
44
44

No
No
No
No
Yes
Yes
No
No
No
No
Yes
Yes

No
Yes
No
Yes
Yes
Yes
Yes
No
Yes
No
No
Yes

TP, True-positive; FN, false-negative; TN, true-negative; FP, false-positive; PHI, Philadelphia Heart Institute; CETIR, Centro Tecnico de Isotopes
Radiactivos; U, University; MAHI, Mid-America Heart Institute; SFHI, San Francisco Heart Institute; RWTH, Rheinisch-Westfalische Technische
Hochschule; NJMS, New Jersey Medical School.
*SPECT; †echo.
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Miscellaneous
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TP

FN

TN

FP

Sensitivity

Specificity

50
116
527
15
62
75
28
29
45
192
27
19
47
60
100
87
41
23
290
28
91

5
47
51
1
14
16
2
9
3
29
3
6
2
6
7
3
16
9
17
1
11

6
52
30
6
14
28
2
10
4
65
22
5
15
3
8
27
5
13
32
4
8

2
28
80
2
3
9
2
3
1
10
2
0
6
1
5
11
5
3
32
5
14

90.91%
71.17%
91.18%
93.75%
81.58%
82.42%
93.33%
76.32%
93.75%
86.88%
90.00%
76.00%
95.92%
90.91%
93.46%
96.67%
71.93%
71.88%
94.46%
96.55%
89.22%

75.00%
65.00%
27.27%
75.00%
82.35%
75.68%
50.00%
76.92%
80.00%
86.67%
91.67%
100.00%
71.43%
75.00%
61.54%
71.05%
50.00%
81.25%
50.00%
44.44%
36.36%

No
No
Yes
Yes
No
No
Yes
Yes
No
Yes
No
No
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes

Yes
Yes
No
Yes
No
No
Yes
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
No
Yes
Yes

No
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes
No

No
Yes
No
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
No
No
No
No
No
No
Yes
No
No
Yes
Yes
Yes
No
No
No
Yes
No

105
26
29
170
19
25
28
101
42
96
47
44
50
151
46
193
31
29

14
5
8
5
6
2
4
7
5
18
12
18
10
43
12
18
2
4

14
4
13
34
33
25
14
7
30
31
83
77
56
22
14
76
10
31

3
2
2
19
2
1
1
3
3
5
19
8
34
28
24
22
2
6

88.24%
83.87%
78.38%
97.14%
76.00%
92.59%
87.50%
93.52%
89.36%
84.21%
79.66%
70.97%
83.33%
77.84%
79.31%
91.47%
93.94%
87.88%

82.35%
66.67%
86.67%
64.15%
94.29%
96.15%
93.33%
70.00%
90.91%
86.11%
81.37%
90.59%
62.22%
44.00%
36.84%
77.55%
83.33%
83.78%

No
No
No
No
No
No
Yes
Yes
Yes
Yes
No
No

No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes

No
No
No
No
No
No
No
No
No
No
No
No

447
46
37
40
41
49
41
35
65
64
25
26

4
5
5
10
15
7
8
14
21
22
5
4

13
16
9
14
21
24
23
25
21
23
9
12

7
4
4
2
9
6
3
1
5
3
5
2

92.16%
90.20%
88.10%
80.00%
73.21%
87.50%
83.67%
71.43%
75.58%
74.42%
83.33%
86.67%

65.00%
80.00%
69.23%
87.50%
70.00%
80.00%
88.46%
96.15%
80.77%
88.46%
64.29%
85.71%

Quantitative
Quantitative

Quantitative
Quantitative
Quantitative
Quantitative

Quantitative
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Appendix 2. Grading criteria

Grading
criteria
Single or
multisite
Study type

Study size

Selection bias

Multiple readers

Diagnostic
review bias

Test review bias

Verification bias

Description

Possible grades

Multisite studies are considered to have greater generalizability than
single sites.
RCTs are considered to provide the best scientific evidence, prospective
studies have more potential uncontrolled variables, and retrospective
studies are considered inferior to both.
Larger study sizes are considered to be superior to smaller ones because
the larger size increases statistical power and may also increase
generalizability of results. The grading criteria for this is based on that
suggested by Kent.55

Inclusion/exclusion criteria could result in a tested cohort that is different
in important respects from those patients normally referred for testing
at that facility (ie, inclusion criteria that exclude patients with prior MI).
Test designs that result in more than 1 reader making the determination
of diseased/nondiseased status on index test; it is considered to have
better generalizability than one in which a single reader makes the
determination.
Present when results of the gold standard test affect the review of the test
in question. For this report, diagnostic review bias is considered to be
present unless the authors specifically stated that those interpreting
the index test were blinded to catheter results or if the catheterization
occurred after the index test in all cases.
Present when the results of the index test affect the results of the gold
standard test. For this report this test review bias was considered to
be present unless the authors specifically stated that the readers of
the catheterization results were blinded to results of the index test.
Present when inclusion of the patient in the testing cohort depends on
the patient undergoing the gold standard test (ie, the inclusion criterion
for the study requires that the patient undergo coronary catheterization).
When the gold standard is highly invasive, expensive, or relatively
risky, those referred for the test are only those with a relatively high
likelihood of disease.

Multisite = 5;
single site = 1
RCT = 5;
prospective = 3;
retrospective = 1
>35 diseased and
nondiseased subjects = 5;
35 diseased but
<35 nondiseased = 3;
<35 diseased and
nondiseased = 1
Absent = 5; present = 1

Multiple = 5; single = 1

Absent = 5; present = 1

Absent = 5; present = 1

Absent = 5; present = 1

Appendix 3. Calculation of economic costs

Test result
Echocardiography results*
Positive
Negative
Column total
Sestamibi SPECT results†
Positive
Negative
Column total
*Sensitivity = 85.4%; specificity = 77.3%.
†Sensitivity = 88.2%; specificity = 74.1%.

Have disease

No disease

Row total

3740
640
4380

368
1252
1620

4992
1008
6000

3863
517
4380

420
1200
1620

4992
1008
6000
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Cost Calculations
Echo false-positives
Echo false-negatives
Total

368 × $10,880 = $4,003,840
640 × $92,600 = $59,264,000
$63,267,840

SPECT false-positives
SPECT false-negatives
Total

420 × $10,880 = $4,569,600
517 × $92,600 = $47,874,200
$52,443,800

615

Marginal Cost of Test Required to Offset SPECT
Advantage
Cost of Echo inaccuracy
Cost of SPECT inaccuracy
Total
Total number of tests
Marginal cost calculation

$63,267,840
–$52,443,800
$10,824,040
6000
$10,824,040/6000 = $1804

