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Aims

To compare the prognostic value of negative non-invasive cardiac investigations (coronary computed tomographic
angiography [CCTA], cardiovascular magnetic resonance [CMR], exercise electrocardiographic testing [EET], positron emission tomography [PET], stress-echocardiography [SE], and single-photon emission tomography [SPECT])
in patients with suspected or known coronary artery disease (CAD) and to explore the effect of adjustment for
population event risk and presence of CAD.

...................................................................................................................................................................................................
Methods
MEDLINE/PubMed database, EMBASE and Cochrane Library were searched from January-1990 to April-2015 for studies
and results
reporting annual event rates (AER) of myocardial infarction (MI) and cardiac death. Pooled estimates of AERs were calculated using a DerSimonian and Laird random-effects model. Multivariable linear meta-regression analysis was performed to compare the AER after a negative test result between modalities and to adjust for population event risk and
proportion of patients with CAD. In 165 studies (122,721 patients), pooled AERs after negative test results differed significantly between modalities ranging from 0.32% for CCTA to 1.66% for SE, P < 0.001. However, the AER after a negative test result was positively correlated (r = 0.726, P < 0.001) with population event risk. Adjusting for population event
risk and proportion of patients with CAD resulted in more similar event rates after a negative test result.

...................................................................................................................................................................................................
Conclusion
This meta-analysis is the first study comparing the prognostic value of all available non-invasive cardiac investigations. Outcome differences between modalities after a negative test result are profoundly influenced by large variations in population event risk and a negative test result for all modalities conveys an excellent prognosis for
patients with suspected or known CAD.
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Introduction
Non-invasive cardiac investigations such as coronary computed
tomographic angiography (CCTA), cardiovascular magnetic

..
..
..
..
..
..

resonance imaging (CMR), exercise electrocardiographic testing
(EET), positron emission tomography (PET), stress echocardiography
(SE), and single-photon emission tomography (SPECT) are increasingly being applied for risk stratification of patients with suspected or
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known coronary artery disease (CAD). The prognostic value is one
of the most clinically relevant features of cardiovascular investigations.1–9 Risk stratification is important to identify patients at low risk
for future cardiovascular events as opposed to patients that may
benefit from medical therapy or coronary revascularization.2,9
Therefore, a negative test result should reassure both patient and
physician that further downstream testing can be safely withheld.
Previous systematic reviews were mostly limited to 1 or 2 modalities,
studied a highly selected population or compared dedicated study
protocols (e.g. exercise SPECT and SE).3,4,6,8 To the best of our
knowledge, a comprehensive analysis and comparison of all different
non-invasive cardiac investigations based on the published data has
not been performed in one study before. Additionally, the influence
of the pre-test probability on differences of the prognostic value of a
negative cardiac investigation test result between all non-invasive
modalities has not been explored in a single study.
This meta-analysis was conducted to provide a higher level of evidence on the prognostic value of a negative non-invasive cardiac investigation test result for all commonly used modalities in patients
with suspected or known CAD. The primary purpose of this study
was to compare the prognostic value of negative non-invasive cardiac
investigation test results while accounting for differences in population event risk and the proportion of patients with known CAD.

Methods
Data sources and searches
We searched the MEDLINE/PubMed, EMBASE, and Cochrane Library
databases for English literature from January 1990 to April 2015 on the
prognostic value of different non-invasive cardiac investigations in patients
with suspected or known CAD. We used the following Medical Subject
Headings (MESH) and search terms: ‘exercise test’, ‘bicycle ergometry
test’, ‘electrocardiography’, ‘imaging, magnetic resonance’, ‘single photon
emission computed tomography’, ‘positron emission tomography’, ‘stress
echocardiography’, ‘computed tomography’, ‘x ray’, ‘prognosis’, and ‘coronary artery disease’. The exact search terms used for MEDLINE are
available in Supplementary data online, Appendix A.
Additionally, we screened the bibliographies of all selected articles,
relevant reviews, and meta-analyses for potential suitable references.
Only peer reviewed and published studies were included (e.g. no abstracts). Authors were not contacted for additional information not given
in the main manuscript, tables or appendices. The final study selection
was undertaken in consensus by two reviewers.

Study selection
Studies assessing the prognostic value of CCTA, CMR perfusion (CMRperf), CMR wall motion (CMR-wm), EET, PET, SE, or SPECT in patients
with suspected or known CAD with a follow-up of at least 3 months
were eligible for inclusion. We included studies reporting absolute numbers or an annual event rate (AER) of cardiac death and non-fatal myocardial infarction (MI) for patients with a negative test. The primary aim of
this study was to compare the prognostic value after a negative test between all non-invasive cardiac investigations in patients with suspected or
known CAD. Therefore, we excluded studies that only screened asymptomatic subjects or highly specific populations such as patients with a
(non-)ST elevation MI, severe left ventricular dysfunction or immediately
after revascularization.

..
Care was taken to identify and exclude duplicate patient populations.
..
.. Articles published by the same research group were included only if it
.. was unambiguous that different patient populations had been included,
..
.. otherwise the study with the largest sample size was selected. If more
.. than one diagnostic test had been evaluated within a single publication
..
.. (e.g. EET and SPECT), each modality was considered separately when
.. possible. Studies reporting multiparametric imaging protocols were
.. included only if data on the individual imaging parameter or technique
..
.. was derivable. The current meta-analysis was performed according to the
.. MOOSE and PRISMA guidelines (checklists available see Supplementary
.. data online, Appendixes B and C).10
..
..
..
.. Definitions and data extraction
.. The definition of a negative test result differed for each modality. For the
..
.. purpose of the current study, we defined a negative test result as
.. 1) <50% luminal narrowing on CCTA, 2) absence of reversible wall mo.. tion abnormalities on CMR-wm or SE, 3) absence of reversible perfusion
..
.. defects on CMR-perf, PET, or SPECT, or 4) absence of ST-segment de.. pression on EET. It was considered sufficient if a perfusion or wall motion
..
.. study only presented data for patients without any abnormalities (i.e. ‘nei.. ther fixed nor reversible’ wall motion abnormalities or perfusion defects).
..
We extracted general information about the study such as first author,
..
.. journal, and year of publication. Other variables of interest consisted of
.. design (i.e. retrospective or prospective), patient and study characteristics
..
.. (e.g. mean age, proportion of patients with CAD at baseline, and sample
.. size), technical information on the specific non-invasive cardiac investiga.. tion (e.g. tracer, stressor), and follow-up duration. Subsequently, we ex..
.. tracted all derivable absolute numbers and AERs (with 95% confidence
.. intervals [CI]) for cardiac death and MI after a negative test result. If avail..
.. able, total event rates of cardiac death and MI during follow-up, i.e. popu.. lation event risk, were also recorded as indicators of baseline event risk in
.. the entire study population regardless of the test result. Total event rates
..
.. were derived only from studies reporting event rates for the total popula.. tion and regardless of the test result. Two investigators derived the data
..
.. and discrepancies were resolved in consensus by a third investigator.
..
..
.. Quality assessment
.. Study quality assessment was performed for each study using a 6-point
..
.. scoring system adapted from the Newcastle-Ottawa Scale for the assess.. ment of quality of observational studies.11 The following parameters
.. were scored: (1) representative study population (i.e. no selection bias),
..
.. (2) adequate description of patient characteristics (i.e. age, sex, and his.. tory of CAD, MI, or revascularization [1 point was added if all characteris..
.. tics were appropriately described]) (3) outcome of interest not present
.. at start of the study, (4) confirmation of outcome by corroboration by
.. e.g. medical records, (5) follow-up duration of >_1 year, (6) complete
..
.. follow-up of >_90% of the study population. Studies scoring 6 points on
.. this adapted Newcastle-Ottawa Scale were considered as studies with
..
.. high quality.
..
..
.. Data synthesis and analysis
.. A pooled estimate of the annual probability of future cardiac death or MI
..
.. in patients with negative test results was calculated for each non-invasive
.. modality. AERs were derived from individual studies or were calculated
..
.. by dividing the total number of recorded events (cardiac death or MI) by
.. the mean or median follow-up period, assuming a constant event rate
.. during follow-up.12 In concordance with current guidelines, the number
..
.. of cardiac deaths or MI was considered the most appropriate endpoint
.. for prognostic risk assessment.9 To stabilize variance of the proportions
.. from individual studies, Freeman-Tukey arcsine square root transformed
..
. proportions were pooled using a DerSimonian and Laird random-effects
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Figure 1 Flow chart of literature search and study selection.

model.13 The weighted mean of the transformed proportions was back
transformed for calculation of pooled AERs after negative test results.
Additional subgroup analyses were performed to investigate the influence
of study design (i.e. prospective and retrospective), stressor (i.e. pharmacological and exercise testing), and follow-up duration (stratified by the
median follow-up) on the differences of the prognostic value after a negative test result between all non-invasive cardiac investigations.
Multivariable linear meta regression analysis was used for comparing
modalities with respect to AER after a negative test result. Modalities
were coded by dummy variables and the modality associated with the
lowest unadjusted AER after a negative test result was nominated as the
reference category. The regression coefficient with 95% confidence interval corresponding with a specific modality indicates the difference in
pooled proportions compared to the reference category. To adjust for
potential confounding by population event risk and proportion of patients
with CAD at baseline, these variables were entered as covariates in the
meta-regression model. Adjusted regression coefficients were used to estimate the annual risk of events after a negative test result for each modality at a constant population event risk and proportion of patients with
pre-existing CAD. For this purpose, we estimated pooled AER for each
modality using the pooled estimate of population event risk and/or proportion of patients with pre-existing CAD.
Heterogeneity of the study results was examined using tau squared
statistics and the I2 index. The I2 estimates the percentage of total variation across studies and modalities that can be attributed to differences
between studies rather than chance, an I2 of 0% indicates no heterogeneity.14 Differences in results between studies with small vs. large sample
size were evaluated by the Egger test for funnel plot asymmetry. The
intercept of the regression line provides a measure for asymmetry.
Values <0.1 were considered as indicative of funnel plot asymmetry because of limited power of the test.

..
In all other analyses, P-values <0.05 were considered to indicate statis..
.. tical significance. All analyses were performed using Statsdirect (v. 2.8.0,
.. Cheshire, UK) and Stata (v. 11, College Station, Texas, USA).
..
..
..
.. Results
..
..
.. Literature search
..
.. The initial literature search yielded 5575 potentially relevant refer.. ences, of which 1472 reviews and case reports were excluded. A
..
.. more detailed review of the 4103 remaining articles led to the exclu.. sion of another 3987 articles, resulting in 116 articles eligible for inclu..
.. sion. Citation tracking identified an additional 49 articles. Ultimately,
.. 165 studies met our inclusion criteria: 30 CCTA, 13 CMR-perf,
..
.. 6 CMR-wm, 21 EET, 4 PET, 36 SE, and 55 SPECT studies (Figure 1).
..
..
.. Characteristics of included studies
..
.. A total of 122 721 patients were included in this meta-analysis. The
.. mean follow-up time was 2.7 ± 1.7 years and the median follow-up
..
.. 2.3 years with an interquartile range of 1.5–3.4. Seventy-four percent
.. of studies had a mean follow-up time of <3 years. The mean age was
..
.. 60 ± 5 years and 55% of the population was male. Overall, 19% of pa.. tients had known CAD at baseline and 15% had a history of MI. The
..
.. prevalence of CAD at baseline differed considerably between modal.. ities from 3% for CCTA to 51% for CMR-wm (Table 1). The overall
..
.. study quality score was 5 (SD 1) points and 16% of the studies were
.. scored as having a high quality (i.e. 6 points, see Supplementary
..
.. data online, Appendix D). The characteristics, outcome data and
.. references of all studies included are presented in the appendix
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Table 1

Characteristics of all included studies (n 5 165)
Median follow-up
in years (IQR)

Male
gender

Age in
years (SD)

Known
CAD/MI

Patients with
a negative test (n)

Patients with a
negative test (%)

Total
patients (n)

CCTA

1.9 (1.2–3.3)

57%

51 (4)

3%/1%

13 888

77%

18 020

CMR-perf
CMR-wm

1.8 (1.2–2.5)
2.1 (2.0–3.3)

59%
66%

60 (4)
63 (1)

38%/22%
51%/27%

3394
4736

66%
76%

5112
6199

EET

3.1 (1.8–4.1)

64%

56 (4)

23%/17%

12 021

75%

16 040

PET
SE

2.3 (2.2–2.6)
2.4 (1.2–3.7)

36%
54%

62 (2)
61 (6)

24%/9%
28%/23%

1796
14 506

68%
72%

2627
20 086

SPECT

2.3 (1.9–3.6)

51%

62 (6)

15%/14%

42 521

78%

54 637

....................................................................................................................................................................................................................

CAD, coronary artery disease; CCTA, coronary computed tomographic angiography; CI, confidence interval; CMR-perf, cardiovascular magnetic resonance perfusion; CMRwm, cardiovascular magnetic resonance wall motion; EET, exercise electrocardiographic testing; IQR, interquartile range; MI, myocardial infarction; PET, positron emission tomography; SD, standard deviation; SE, stress echocardiography; SPECT, single-photon emission tomography.

(see Supplementary data online, Appendix E Tables A1a–A7a and
references).

Comparison of annualized event rates
after a negative test result between
modalities
For all 7 modalities, a negative test result was associated with a low
AER for future cardiac death and MI. A first comparison without adjustment for baseline risk and based on all 165 studies indicated that a
negative CCTA test result was associated with the lowest pooled
AER (i.e. 0.32% [95% CI 0.22–0.43]) and differed significantly from
CMR-wm, EET, SE, and SPECT (Figure 2A). The prognostic value of
CMR-perf and PET did not significantly differ from CCTA. The AERs
after a negative test result for each individual study are presented in
Forest plots (see Supplementary data online, Appendix F). Subgroup
analyses showed that differences in the prognostic value after a negative test result between the non-invasive cardiac investigations were
not influenced by the study design or follow-up duration (see
Supplementary data online, Appendix G). For SE and SPECT studies,
the pooled AERs after a negative test were lower for studies using
exercise stress (1.23% [95% CI 0.68–1.94] and 1.04% [95% CI 0.67–
1.49]) than for studies using pharmacological stress (1.94% [95% CI
1.22–2.82] and 1.88% [95% CI 1.01–3.01]), although this difference
was not statistically significant (P = 0.387 and P = 0.132, respectively).
Restriction of the analysis to 45 studies which included only patients
with suspected CAD (thus without known CAD), resulted in lower
AERs after a negative test and a substantial reduction of differences
between modalities (Figure 2B).

Influence of the population event risk on
the prognosis after a negative test result
Data on the population event risk (as indicator of baseline risk in the
entire study population regardless of the test result) could be derived
from 119 studies, including 53 454 patients with a negative test result.
This subset of 119 studies was representative for all 165 studies
included as similar event rates after a negative test result were
observed for all modalities (see Supplementary data online,
Appendix H). In these 119 studies, the AER after a negative test result
was positively correlated with the population event risk, with an

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

overall r = 0.726 and P < 0.001 (Figure 3, Table 2). Furthermore, this
figure illustrates that certain modalities were generally evaluated in
study populations at higher event risk (e.g. for SE total AER 3.82%
[95% CI 2.76–5.03]) than other modalities (e.g. for CCTA total AER
0.74% [95% CI 0.46–1.09], which is five times lower than for SE).
Multivariable linear meta regression analysis with adjustment for
annualized population event risk was performed. The results were
used to estimate the annual risk of events after a negative test result
for each modality at a population event risk of 2.06%, in the 119 studies. Differences between modalities in AER after a negative test result
(Figure 2C) became substantially smaller when adjusting for the between modality differences in population event risk. The I2 index
decreased from 64.7% to 32.0%. However, AER after negative EET,
SE, and SPECT remained higher than the risk of adverse events after
a normal CCTA. An analysis with adjustment for both population
event risk (i.e. 2.06%) and proportion of patients with known CAD at
baseline (i.e. 25%) could be performed in a subset of 71 studies that
provided information on these two potential confounders.
Heterogeneity between study results decreased further to an I2 of
0%. The discrepancies in pooled AERs at a population event risk of
2.06% and proportion with pre-existing CAD of 25% became even
smaller resulting in a rather similar prognosis after a negative test result, although AER after a negative SE test was still slightly higher in
comparison with a normal CCTA test result (P = 0.048, Figure 2D and
see Supplementary data online, Appendix H).

Discussion
The current study is, to the best of our knowledge, the first metaanalysis comparing the prognostic value of a negative test result
between all commonly used non-invasive cardiac investigations in
patients with suspected or known CAD. Our results strengthen the
general concept that a negative test result yields an excellent prognosis for all modalities. However, we also demonstrate that significant
differences exist between modalities, with pooled AERs for cardiac
death and MI ranging from 0.32% for CCTA to 1.66% for SE after a
negative test result and that this variation was highly associated with
the population event risk, which differed up to five-fold across modalities. Adjusting for the population event risk and the proportion of
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Figure 2 Pooled annualized event rates (AER) for cardiac death and myocardial infarction after a negative test result for all commonly used non-invasive cardiac investigations. Panel A presents the pooled AER for all studies in patients with suspected or known CAD and panel B shows the results
for studies including patients suspected for CAD only. Panel C and panel D represent the fitted AERs per modality after a negative test result adjusted
for ‘population event risk’ and ‘population event risk and prevalence of CAD’, respectively. The weighted mean of the transformed proportions was
back transformed for calculation of the adjusted (fitted) AER after a negative test result. The adjusted AER after a negative test result was fitted for
the annualized population event risk (i.e. 2.06% [95% CI 1.72–2.43], panel C and D) and proportion of patients with CAD (i.e. 25%, panel D) in this
subset of 119 and 71 studies. For clarification and interpretation of panel D, the characteristics of the included SPECT studies were relatively close to
the mean population event risk and proportion of patients with baseline presence of CAD, while CCTA studies differed substantially with a lower
population event risk and near absence of CAD at baseline. Therefore, adjustment to the overall mean did not substantial shift the results for SPECT
(panel A vs. panel D), but fitting the AER of the CCTA studies to the mean population even risk and baseline presence of CAD (thus towards a higher
risk for CCTA) resulted in a much higher adjusted AER.

patients with pre-existing CAD resulted in absence of heterogeneity
between study results and a more similar prognosis after a negative
test result.
Over the last decades, non-invasive cardiac investigations have
emerged as a robust element in the work-up of patients with suspected or known CAD.1–9 Although non-invasive investigations are
initially used as a diagnostic tool, its prognostic value after a negative
test result is important. A negative test result should reassure both
patient and physician, obviating the need for further downstream
testing or therapy. Referral of patients to the appropriate modality
should be based on the pre-test probability.2,9 In addition, according
to Bayes’ theorem, the pre-test probability should also be considered
when evaluating the prognostic value of a negative test result between modalities.15 In the current study, we calculated the actual
pre-test probability (population event risk) by pooling the number of
events in the entire population (i.e. regardless of the test result) for
each modality. This provided insight into the differences in baseline
risk of populations referred to the studied modalities. Considerable
variations in the pooled estimates of population event risk (ranging
from 0.74% in CCTA studies to 3.82% in SE studies) and baseline
prevalence of known CAD (ranging from 3% for CCTA to 51% for

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

CMR-wm) were observed between modalities, indicating that some
tests are applied in patients at lower risk and others in patients at
higher risk. Furthermore, differences in population event risk substantially affected the comparison of the prognostic value of a negative
test result. Thus, the general belief that CCTA has a superior negative
predictive value is not supported by the results from our metaanalysis, since we uniquely show that the apparently superior negative predictive value of CCTA is merely a result of studies including
low risk populations and disappears with adjustment.
Of the seven non-invasive cardiac investigations included in this
study, the majority was based on the detection of myocardial ischaemia (i.e. perfusion defects, wall motion abnormalities, or electrocardiographic changes) while CCTA evaluated the coronary anatomy
and severity of stenosis. CCTA is currently able to gauge the haemodynamic significance of CAD by using non-invasive fractional flow reserve or CT perfusion, but data on their prognostic value is still
limited.16–19 According to the definition of the studies included in the
current meta-analysis, a negative test result was defined as either <50% luminal narrowing on CCTA or the absence of ischaemia
for all other cardiac investigations. Notably, a negative test result
does not rule out the presence of other prognostic indicators such as
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Figure 3 The annualized event rates (AER) for cardiac death and myocardial infarction after a negative test result in relation to population event
risk. For each study (n = 119), the AER after a negative test result is presented in relation to the population event risk regardless of the test. The AER
after a negative test result was positively correlated with the population event risk, with an overall r = 0.726 and P < 0.001. The box in the centre is a
magnification of the smaller box in the lower left corner of the main figure (no data points exist behind the magnification). The larger circles in the
magnified diagram represent the weighted AER for each modality.

Table 2 The annualized event rates (AER) for cardiac death and myocardial infarction after a negative test result in
relation to population event risk
CCTA

CMR-perf

CMR-wm

EET

PET

SE

SPECT

Studies (n)
Patients (n)

23
15 937

9
4 423

5
5 985

17
10 579

2
1 556

29
18 569

34
25 574

Negative test %

74

64

76

65

46

70

53

Follow up median in
years (IQR)

2.00 (1.30-3.30)

2.50 (1.45-2.90)

2.10 (1.55-4.95)

2.60 (1.65-3.90)

2.00 (1.70-2.30)

2.30 (1.05-4.15)

2.30 (1.60-3.60)

Weighted AER neg test

0.33 (0.22-0.46)

0.82 (0.46-1.27)

0.97 (0.32-1.97)

0.90 (0.44-1.52)

0.76 (0.26-1.53)

1.77 (1.26-2.37)

1.40 (1.05-1.81)

Population event risk

0.74 (0.46-1.09)

1.94 (1.18-2.89)

1.90 (1.07-2.95)

1.32 (0.71-2.10)

3.36 (2.52-4.31)

3.82 (2.76-5.03)

2.72 (2.11-3.42)

....................................................................................................................................................................................................................

CCTA, coronary computed tomographic angiography; CMR-perf, cardiovascular magnetic resonance perfusion; CMR-wm, cardiovascular magnetic resonance wall motion; EET,
exercise electrocardiographic testing; IQR, interquartile range; PET, positron emission tomography; SE, stress echocardiography; SPECT, single-photon emission tomography.

non-obstructive CAD, coronary calcifications, myocardial fibrosis, or
wall motion abnormalities at rest.3,20,21 Although CCTA is able to
evaluate the presence of non-obstructive CAD, the appropriate
treatment and associated prognostic implications of these findings
are presently still unclear.3 The recent PROMISE trial showed that a
strategy using anatomical testing (i.e. CCTA) or functional testing (i.e.
EET, SPECT, or SE) in patients suspected for CAD resulted in similar
outcomes.22 Although the outcome data per test result are still
awaited, the primary findings of the PROMISE trial are corroborated
by the results of our meta-analysis, as we demonstrated similar event
rates between modalities for studies investigating patients suspected
for CAD only.

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

In addition to the pre-test probability, the clinical question (e.g. detection of a significant stenosis or myocardial ischaemia) and the
prognostic value, other test-specific advantages and disadvantages
should also be weighted before ordering a diagnostic test. For instance, EET or SE may be valuable choices since they offer important
prognostic information and have many benefits such as widespread
availability, low costs, and easy applicability. However, the EET studies often report non-diagnostic tests due to a limited exercise capacity or baseline ECG changes, and SE is known to be highly
dependent on operator skills and the constitution of a patient.
Exposure to ionizing radiation should always be taken into account
when choosing a modality such as CCTA, PET, or SPECT, although
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substantial advances have been made to reduce the amount of radiation by technical and protocol adjustments.23–25 CMR is a comprehensive imaging modality that offers diagnostic versatility, but
drawbacks include the confined space within the bore of the magnet
and the restricted applicability in patients with ferromagnetic implants. Selecting the appropriate cardiac investigation therefore depends greatly on the clinical setting, the patient’s ability to exercise, as
well as local availability and expertise.
As with any meta-analysis, our results are subject to heterogeneity
between study results and the presence of publication bias. In the
current meta-analysis, the results of patients with suspected or
known CAD were pooled. Presenting the data for all patients reflects
the body of literature most accurately on this topic as the majority of
studies investigating non-invasive cardiac investigations consists of a
mixed study population and it also represents a typical outpatient
clinic population. Possible heterogeneity in patient management during follow-up cannot be excluded, since information regarding possible differences in (medical) therapy was not available on a perpatient basis. A direct comparison between different modalities
within the same study population could overcome some of these
drawbacks. However, data on the comparison between modalities
was sparse and included only 12 studies selected for the current
meta-analysis. Furthermore, these 12 studies showed much variation
with respect to patient outcome and therefore did not allow a reliable analysis. Another limitation of this meta-analysis is its relatively
short follow-up period (with a median follow-up of 2.3 [1.5–3.4]
years).

Conclusions
Over the last decades, non-invasive cardiac investigations have expanded rapidly and play an important role in the daily management
of patients with suspected or known CAD. This meta-analysis
gives an overview of the literature on the prognostic value of all
non-invasive cardiac investigations. The current study provides a
strong level of evidence that a negative non-invasive cardiac investigation test result conveys an excellent prognosis. Differences in
outcome after a negative test result between modalities can
mainly be explained by significant variations in pre-test probability
and proportion of pre-existing CAD. Adjustment for population
event risk and proportion of patients with pre-existing CAD resulted in absence of the heterogeneity between study results and
an excellent prognosis after a negative test result for all modalities.
Even though referral of patients to a specific modality depends on
the pre-test probability and clinical scenario, a negative test result
should provide reassurance and arguably challenges the need for
further downstream testing.

Supplementary data
Supplementary data are available at European Heart Journal—
Cardiovascular Imaging online.

Acknowledgments
CJ and MS had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data

M.W. Smulders et al.

..
.. analysis, any discrepancies were resolved in consensus by a third in.. vestigator (SS). CJ, MS, and PN conducted the statistical analysis.
..
.. Conflict of interest: All authors have completed a ICMJE uniform
..
.. disclosure form. Dr. Smulders reports a grant from the Netherlands
.. Heart Foundation (2014T051). Dr. Wildberger reports institutional
..
.. grants from Siemens, Philips, GE, Bracco, Bayer, AGFA, personal fees
.. (speakers’ bureau) from Siemens, Bayer, outside the submitted work.
..
.. Dr. Bekkers, Dr. Bucerius, Dr. Wildberger and Dr. Schalla report
.. funding from The Weijerhorst foundation. The other authors do not
..
.. declare any relevant conflicts of interest.
..
..
.. Funding
.. This work was supported in part by the Netherlands Heart Foundation
..
.. [grant 2014T051] to [MWS]. Dr. Smulders reports a grant from the
.. Netherlands Heart Foundation (2014T051). Dr. Wildberger reports insti..
.. tutional grants from Siemens, Philips, GE, Bracco, Bayer, AGFA, personal
.. fees (speakers’ bureau) from Siemens, Bayer, outside the submitted work.
.. Dr. Bekkers, Dr. Bucerius, Dr. Wildberger and Dr. Schalla report funding
..
.. from The Weijerhorst foundation. The other authors do not declare any
.. relevant conflicts of interest.
..
..
.. References
..
.. 1. Dorbala S, Hachamovitch R, Curillova Z, Thomas D, Vangala D, Kwong RY et al.
Incremental prognostic value of gated Rb-82 positron emission tomography
..
..
myocardial perfusion imaging over clinical variables and rest LVEF. JACC
..
Cardiovasc Imag 2009;2:846–54.
.. 2. Fihn SD, Gardin JM, Abrams J, Berra K, Blankenship JC, Dallas AP et al. 2012
..
ACCF/AHA/ACP/AATS/PCNA/SCAI/STS Guideline for the diagnosis and man..
agement of patients with stable ischemic heart disease: a report of the American
..
College of Cardiology Foundation/American Heart Association Task Force on
..
Practice Guidelines, and the American College of Physicians, American
..
..
Association for Thoracic Surgery, Preventive Cardiovascular Nurses Association,
..
Society for Cardiovascular Angiography and Interventions, and Society of
..
Surgeons. J Am Coll Cardiol 2012;60:e44–164.
.. 3. Thoracic
Hulten EA, Carbonaro S, Petrillo SP, Mitchell JD, Villines TC. Prognostic value of
..
cardiac computed tomography angiography: a systematic review and meta-ana..
lysis. J Am Coll Cardiol 2011;57:1237–47.
..
.. 4. Lipinski MJ, McVey CM, Berger JS, Kramer CM, Salerno M. Prognostic value of
stress cardiac magnetic resonance imaging in patients with known or suspected
..
..
coronary artery disease: a systematic review and meta-analysis. J Am Coll Cardiol
..
.. 5. 2013;62:826–38.
Mark DB, Shaw L, Harrell FE, Jr., Hlatky MA, Lee KL, Bengtson JR et al.
..
Prognostic value of a treadmill exercise score in outpatients with suspected cor..
onary artery disease. N Engl J Med 1991;325:849–53.
..
.. 6. Metz LD, Beattie M, Hom R, Redberg RF, Grady D, Fleischmann KE. The prognostic value of normal exercise myocardial perfusion imaging and exercise echo..
..
cardiography: a meta-analysis. J Am Coll Cardiol 2007;49:227–37.
.. 7. Olmos LI, Dakik H, Gordon R, Dunn JK, Verani MS, Quinones MA et al. Long..
term prognostic value of exercise echocardiography compared with exercise
..
201Tl, ECG, and clinical variables in patients evaluated for coronary artery dis..
ease. Circulation 1998;98:2679–86.
..
.. 8. Rafique AM, Biner S, Ray I, Forrester JS, Tolstrup K, Siegel RJ. Meta-analysis of
prognostic value of stress testing in patients with asymptomatic severe aortic
..
..
stenosis. Am J Cardiol 2009;104:972–7.
.. 9. Task Force M, Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden C
..
et al. 2013 ESC guidelines on the management of stable coronary artery disease:
..
the Task Force on the management of stable coronary artery disease of the
..
Society of Cardiology. Eur Heart J 2013;34:2949–3003.
.. 10. European
Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D et al. Meta..
analysis of observational studies in epidemiology: a proposal for reporting. Meta..
..
analysis Of Observational Studies in Epidemiology (MOOSE) group. JAMA
..
2000;283:2008–12.
.. 11. Wells G, Shea B, O’Connel D. The Newcastle-Ottawa Scale (NOS) for assessing
..
the quality of nonrandomised studies in meta-analyses. http://www.ohri.ca/pro
..
(25 January 2017, date last accessed ).
.. 12. grams/clinical_epidemiology/oxford.asp
Bamberg F, Sommer WH, Hoffmann V, Achenbach S, Nikolaou K, Conen D
..
et al. Meta-analysis and systematic review of the long-term predictive value of as..
sessment of coronary atherosclerosis by contrast-enhanced coronary computed
..
.
tomography angiography. J Am Coll Cardiol 2011;57:2426–36.

Downloaded from https://academic.oup.com/ehjcimaging/article-abstract/18/9/980/3056958
by guest
on 08 February 2018

987

The prognostic value of negative non-invasive cardiac investigations

13. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials
1986;7:177–88.
14. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in
meta-analyses. BMJ 2003;327:557–60.
15. Fletcher R, Fletcher SW. Clinical epidemiology: the essentials. Lippincott Williams
and Wilkins Philadelphia, Pennsylvania, United States of America. 2013.
16. Min JK, Leipsic J, Pencina MJ, Berman DS, Koo BK, van Mieghem C et al.
Diagnostic accuracy of fractional flow reserve from anatomic CT angiography.
JAMA 2012;308:1237–45.
17. Rochitte CE, George RT, Chen MY, Arbab-Zadeh A, Dewey M, Miller JM et al.
Computed tomography angiography and perfusion to assess coronary artery
stenosis causing perfusion defects by single photon emission computed tomography: the CORE320 study. Eur Heart J 2014;35:1120–30.
18. Douglas PS, Pontone G, Hlatky MA, Patel MR, Norgaard BL, Byrne RA et al.
Clinical outcomes of fractional flow reserve by computed tomographic
angiography-guided diagnostic strategies vs. usual care in patients with suspected
coronary artery disease: the prospective longitudinal trial of FFR(CT): outcome
and resource impacts study. Eur Heart J 2015;36:3359–67.
19. Norgaard BL, Leipsic J, Gaur S, Seneviratne S, Ko BS, Ito H et al. Diagnostic performance of noninvasive fractional flow reserve derived from coronary computed tomography angiography in suspected coronary artery disease: the NXT

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

20.

21.

22.

23.

24.

25.

Downloaded from https://academic.oup.com/ehjcimaging/article-abstract/18/9/980/3056958
by guest
on 08 February 2018

trial (Analysis of Coronary Blood Flow Using CT Angiography: Next Steps). J Am
Coll Cardiol 2014;63:1145–55.
Kim HW, Klem I, Shah DJ, Wu E, Meyers SN, Parker MA et al. Unrecognized
non-Q-wave myocardial infarction: prevalence and prognostic significance in patients with suspected coronary disease. PLoS Med 2009;6:e1000057.
Polonsky TS, McClelland RL, Jorgensen NW, Bild DE, Burke GL, Guerci AD
et al. Coronary artery calcium score and risk classification for coronary heart disease prediction. JAMA 2010;303:1610–6.
Douglas PS, Hoffmann U, Patel MR, Mark DB, Al-Khalidi HR, Cavanaugh B et al.
Outcomes of anatomical versus functional testing for coronary artery disease.
N Engl J Med 2015;372:1291–300.
Chang SM, Nabi F, Xu J, Raza U, Mahmarian JJ. Normal stress-only
versus standard stress/rest myocardial perfusion imaging: similar patient
mortality with reduced radiation exposure. J Am Coll Cardiol 2010;55:
221–30.
Fazel R, Krumholz HM, Wang Y, Ross JS, Chen J, Ting HH et al. Exposure to
low-dose ionizing radiation from medical imaging procedures. N Engl J Med
2009;361:849–57.
Lell MM, Wildberger JE, Alkadhi H, Damilakis J, Kachelriess M. Evolution in
computed tomography: the battle for speed and dose. Invest Radiol 2015;50:
629–44.

