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Background: To determine diagnostic performance of non-invasive tests using invasive fractional flow reserve
(FFR) as reference standard for coronary artery disease (CAD).
Methods: Medline, Embase, and citations of articles, guidelines, and reviews for studies were used to compare
non-invasive tests with invasive FFR for suspected CAD published through March 2017.
Results: Seventy-seven studies met inclusion criteria. The diagnostic test with the highest sensitivity to detect a
functionally significant coronary lesion was coronary computed tomography (CT) angiography [88%(85%–
90%)], followed by FFR derived from coronary CT angiography (FFRCT) [85%(81%–88%)], positron emission to-
mography (PET) [85%(82%–88%)], stress cardiac magnetic resonance (stress CMR) [81%(79%–84%)], stress myo-
cardial CT perfusion combined with coronary CT angiography [79%(74%–83%)], stress myocardial CT perfusion
[77%(73%–80%)], stress echocardiography (Echo) [72%(64%–78%)] and stress single-photon emission computed
tomography (SPECT) [64%(60%–68%)]. Specificity to rule out CADwas highest for stress myocardial CT perfusion
added to coronary CT angiography [91%(88%–93%)], stress CMR [91%(90%–93%)], and PET [87%(86%–89%)].
Conclusion: A negative coronary CT angiography has a higher test performance than other index tests to exclude
clinically-important CAD. A positive stressmyocardial CT perfusion added to coronary CT angiography, stress car-
diac MR, and PET have a higher test performance to identify patients requiring invasive coronary artery
evaluation.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Coronary artery disease (CAD) is amajor cause ofmortality andmor-
bidity and consumes a sizeable proportion of health care spending [1].
Guidelines recommend diagnostic strategies based on the pre-test like-
lihood of CAD [2,3].

Several non-invasive anatomical techniques such as coronary com-
puted tomography (CT) angiography as well as functional imaging
aly.
).
techniques including stress echocardiography (Echo), stress single-
photon emission computed tomography (SPECT), stress cardiac mag-
netic resonance (CMR) and positron emission tomography (PET) are
used to predict the presence of CAD and guide the use of invasive coro-
nary angiography (ICA) [2,4,5],. More recently, fractional flow reserve
derived from coronary CT angiography (FFRCT) and stress myocardial
CT perfusion have emerged to provide both anatomical and functional
evaluation of CAD simultaneously [6,7].

Previous meta-analyses have evaluated the diagnostic test perfor-
mance of each of these non-invasive anatomical and/or functional imag-
ing modalities compared to ICA and, less commonly, to invasive FFR
[8–14]. However, a systematic comparison of all non-invasive
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Abbreviations

CMR cardiac magnetic resonance
CT computed tomography
Echo echocardiography
FFR fractional flow reserve
FFRCT fractional flow reserve derived from coronary com-

puted tomography angiography
ICA invasive coronary angiography
PCI percutaneous coronary intervention
PET positron emission tomography
SPECT single-photon emission computed tomography
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diagnostic strategies, including FFRCT and stress myocardial CT perfu-
sion has not been performed and is necessary to identify the optimal
non-invasive diagnostic technique that can identify patients who
would benefit from invasive evaluation. Therefore, we undertook a
meta-analysis to identifywhether any non-invasive diagnosticmodality
is sufficiently sensitive and specific to guide use of invasive evaluation
for patients with stable CAD.

2. Methods

We have reported this meta-analysis according to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) statement [15]. The aim of this study
was to evaluate the diagnostic test performance of non-invasive imaging tests (index
tests) as compared to invasive FFR (reference standard) to detect functionally significant
CAD (outcome). IRB approval is not needed being a meta-analysis.

2.1. Search strategy and study selection

MEDLINE (1966 to March 7, 2017), Embase (1988 to March 7, 2017) and reference
lists of primary studies and reviews were systematically searched. The search terms are
summarized in Table S1 and the eligibility criteria in Table S2 in the Supplement. Two re-
searchers (M.V. and G.P. both N10 years of experience in data analysis) reviewed the titles
and abstracts of all retrieved citations. Potentially eligible studies were retrieved and ex-
amined in full text by the same two researchers. Discordances among researchers were
reconciled through consensus.

2.2. Data extraction

Data extraction was performed by one reviewer (M.V.) and verified by a second re-
viewer (G.P.). The following variables were extracted from each study: imaging modality,
study population characteristics, pre-test likelihood of CAD, per-patient sample size, per-
Table 1
Outcome summary at vessel level.

Index Test No. Of
Vessels

TP TN FP FN Sensitivity

Stress Echo 360 126 147 37 50 72%
(64%–78%)

Stress SPECT 1764 394 943 204 223 64%
(60%–68%)

PET 2045 398 1377 201 69 85%
(82%–88%)

Stress CMR 2868 680 1858 174 156 81%
(79%–84%)

Coronary CT angiography 2641 671 1190 684 96 88%
(85%–90%)

Stress Myocardial CT perfusion 1400 372 808 106 114 77%
(73%–80%)

FFRCT 1247 345 630 209 63 85%
(81%–88%)

Coronary CT angiography+stress
myocardial CT perfusion

1036 287 609 63 77 79%
(74%–83%)

CAD: coronary artery disease; CMR: stress cardiac magnetic resonance; CTCA: computed tomo
FFRCT: fractional flowreserve derived from coronary computed tomography angiographydatase
lihood ratio; PET: positron emission tomography; PLR: positive likelihood ratio; PPV: positive p
vessel sample size, age of study population, gender distribution, type of stressor used,
type of contrast agent, vendor of index test, scanner technology and type of analysis for
index test. For each study, true positive, false positive, true negative and false negative re-
sults to detect functionally significant CAD as detected by invasive FFR were extracted.
When multiple thresholds of index test were used, the best performing threshold param-
eter was chosen. All analyses were performed at both the vessel and/or patient level.

Study risks of bias were adjudicated using the Quality Assessment of Diagnostic Accu-
racy Studies (QUADAS) tool [16] considering 15 different items: spectrum representativ-
ity, selection criteria, reference standard, time period between index and reference test,
differential verification bias, incorporation bias, description of methodology of index and
reference test, index test review bias, diagnostic test review bias, clinical review bias, un-
interpretable results reported, explanation for withdrawals and established cut-off point
for reference test. Discordances among researchers were reconciled through discussion.

2.3. Statistical analysis

For each study, data were extracted to construct 2 × 2 tables, which were used to cal-
culate sensitivity, specificity, positive (PLR) and negative likelihood ratios (NLR), and the
diagnostic odds ratio (DOR) according to following equation [sensitivity/(1-sensitivity)/
(1-specificity)/specificity], together with corresponding 95% confidence interval (CI).
DOR is a single overall indicator of diagnostic performance and the higher is the DOR
value the better is the discriminatory power of the test. The sensitivity and specificity es-
timates were summarized using random-effects meta-analysis [17]. A bivariate meta-
analysis following a random effects model was used to plot a hierarchical summary re-
ceiver operating characteristic (HSROC) curve. Heterogeneity among study results was
quantified by calculating the I [2] statistic. The degree of heterogeneity was considered
low (I [2]b50%), moderate (I [2] = 50%–75%), or high (I [2]N75%) [18]. Evidence of small
study effects were assessed graphically using funnel plots and statistically via the Egger
test for funnel plot asymmetry [19]. All results were considered significant with a p
value b 0.05. Statistical analysis was performed using the “metaphor” and “mada” pack-
ages in R statistical software, version 3.5.3 (R-Foundation for Statistical Computing, Vi-
enna, Austria) and the dedicated meta-analysis software Meta-DiSc version 1.4
(Universidad Complutense, Madrid, Spain) [8].

3. Results

3.1. Study selection

A total of 1919 citations were retrieved by searching and 77 studies (20–96) were in-
cluded (Fig. S1). For all index tests, four or more studies were included.

3.2. Characteristics of included studies

The study populations and reference and index test characteristics are described in
Table S3, Table S4 in the Supplement. All studies recruited participants prospectively.
38/77 (49%) studies evaluated patients with suspected CAD, 15/77 (19%) evaluated pa-
tients with known CAD, and 24/77 (31%) studies evaluated patients with suspected or
known CAD. The pre-test likelihood of CAD was intermediate to high in all studies except
two in which a low-risk cohort was also included. Studies included between 12 and 281
participants. The mean study age was 63±3 years (range 53–73years), while the rate of
male patients ranged between 32% and 89% (55/62). Detection of functionally important
CAD was qualitative in 57 studies, semi-quantitative in 14 studies, and fully quantitative
in 6 studies.
Specificity NPV PPV PLR NLR DOR

80%
(73%–85%)

70%
(61%–78%)

80%
(70%–91%)

3.35
(1.71–6.59)

0.43
(0.25–0.72)

9.62
(3.23–28.70)

82%
(80%–84%)

70%
(67%–74%)

78%
(74%–83%)

3.49
(2.75–4.43)

0.44
(0.33–0.58)

8.92
(5.57–14.29)

87%
(86%–89%)

85%
(83%–88%)

86%
(84%–89%)

7.12
(5.49–9.24)

0.15
(0.09–0.27)

46.76
(24.61–88.86)

91%
(90%–93%)

82%
(80%–85%)

89%
(86%–92%)

8.74
(6.18–12.38)

0.21
(0.16–0.26)

51.05
(32.77–79.53)

64%
(61%–66%)

87%
(78%–95%)

68%
(61%–74%)

2.39
(1.51–3.79)

0.17
(0.11–0.28)

14.81
(8.91–24.61)

88%
(86%–90%)

80%
(75%–85%)

87%
(82%–93%)

6.61
(3.75–11.67)

0.27
(0.19–0.39)

32.05
(14.34–71.63)

75%
(72%–78%)

80%
(73%–88%)

72%
(65%–78%)

2.82
(1.84–4.33)

0.22
(0.16–0.30)

15.25
(7.20–32.32)

91%
(88%–93%)

81%
(78%–84%)

90%
(86%–94%)

9.57
(5.37–17.07)

0.23
(0.17–0.33)

54.10
(22.57–129.57)

graphy coronary angiography; DOR: diagnostic odds ratio; Echo: stress echocardiography;
ts; ICA: invasive coronary angiography; NPV: negative predictive value;NLR: negative like-
redictive value; SPECT: single-photon emission computed tomography.



Table 2
Outcome summary at patient level.

Index Test No. Of
Patients

TP TN FP FN Sensitivity Specificity NPV PPV PLR NLR DOR

Stress Echo 361 106 164 31 60 64%
(56%–71%)

84%
(78%–89%)

70%
(64%–76%)

81%
(74%–88%)

3.51
(2.53–4.87)

0.45
(0.35–0.57)

11.09
(6.31–19.48)

Stress SPECT 682 224 289 78 91 71%
(66%–76%)

79%
(74%–83%)

70%
(65%–75%)

75%
(69%–80%)

2.94
(1.96–4.40)

0.42
(0.28–0.62)

7.99
(3.69–17.30)

PET 609 207 321 52 29 88%
(83%–92%)

86%
(82%–89%)

88%
(84%–92%)

85%
(82%–89%)

6.35
(4.45–9.07)

0.13
(0.06–0.28)

51.79
(18.46–145.33)

Stress CMR 1085 476 474 66 69 87%
(84%–90%)

88%
(85%–90%)

86%
(84%–88%)

86%
(84%–89%)

6.65
(5.30–8.34)

0.15
(0.12–0.19)

49.36
(33.73–72.25)

Coronary CT angiography 1478 587 358 488 45 93%
(91%–95%)

42%
(39%–46%)

93%
(85%–100%)

62%
(57%–66%)

1.72
(1.35–2.18)

0.17
(0.10–0.30)

10.84
(5.85–20.07)

Stress myocardial CT perfusion 410 177 163 23 47 79%
(73%–84%)

88%
(82%–92%)

81%
(74%–88%)

84%
(77%–91%)

5.15
(2.22–11.92)

0.26
(0.16–0.42)

28.56
(15.50–52.62)

FFRct 664 263 257 116 28 90%
(86%–94%)

69%
(64%–74%)

86%
(76%–96%)

70%
(62%–79%)

2.68
(1.66–4.34)

0.16
(0.11–0.23)

20.22
(10.70–38.22)

Coronary CT angiography+stress
myocardial CT perfusion

248 132 84 17 15 89%
(84%–94%)

83%
(74%–90%)

88%
(82%–93%)

83%
(78%–88%)

4.72
(2.60–8.57)

0.13
(0.08–0.21)

45.50
(19.62–105.54)

For abbreviations see Table 1.
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3.3. Quality of included studies

Fig. S2 displays the study risks of bias according to the QUADAS-2 score. The patient
selection was appropriate in 70 out of 77 studies (91%) and all patients received the refer-
ence standard with an established cut-off point between index and reference test.
3.4. Diagnostic test accuracy

The forest plots for each test presenting pooled sensitivity and specificity are shown
in vessel-based (Figs. S3a and b) and patient-based analysis (Fig. S4) in the Supplement
and in the manuscript, respectively. The overall diagnostic test performance of each
non-invasive test is shown in Table 1 (vessel analysis) and Table 2 (participant-level
analysis).

The sensitivity of non-invasive evaluations to detect functionally significant cor-
onary lesion in descending order was: coronary CT angiography [88%(85%–90%)],
FFRCT [85%(81%–88%)], PET [85%(82%–88%)], stress CMR [81%(79%–84%)], the combi-
nation of stress myocardial CT perfusion combined with coronary CT angiography
[79%(74%–83%)], stress myocardial CT perfusion alone [77%(73%–80%)], stress Echo
[72%(64%–78%)], and stress SPECT [64%(60%–68%)] (Table 1). Specificity was highest
for stress myocardial CT perfusion added to coronary CT angiography [91%(88%–
93%)], or stress CMR alone [91%(90%–93%)], and PET [87%(86%–89%)]with lower
specificity for FFRCT [75%(72%–78%)] and coronary CT angiography alone [64%(61%–
66%)] (Table 1).

The participant-based sensitivity in descending order was: coronary CT angiography
[93%(91%–95%)], FFRCT [90%(86%–94%)], coronary CT angiography combined with stress
myocardial CT perfusion [89%(84%–94%)], PET [88%(83%–92%)], stress CMR [87%(84%–
90%)], stress myocardial CT perfusion alone [79%(73%–84%)], stress SPECT [71%(66%–
76%)], and stress Echo [64%(56%–71%)] (Table 2). Specificity to rule out CAD was highest
for stress myocardial CT perfusion alone [88%(82%–92%)], followed by (in descending
order) stress CMR [88%(85%–90%)], PET [86%(82%–89%)], stress Echo [84%(78%–89%)],
stress SPECT [79%(74%–83%)], FFRCT [69%(64%–74%)], and coronary CT angiography
alone [42%(39%–46%)] (Table 2).

HSROC curve analyses for vessel-based and participant-based models are shown
in Fig. S5 in the Supplement and in Fig. 1. Positron emission tomography, stress CMR,
stress myocardial CT perfusion, and coronary CT angiography combined with stress
myocardial CT perfusion demonstrated the highest area under the curve in both
models together with the highest DOR, while stress Echo, coronary CT angiography
and stress SPECT demonstrated lower but similar performance in both per-vessel
and per-patient models with an area under the curve ranging between 80-85% and
80–82%, respectively.

The Funnel plot showing thepublication bias evaluated by Egger test for plot asymme-
try in a vessel-basedmodel andpatient-basedmodel are shown in Fig. S6 and Fig. S7 in the
Supplement, respectively. In a patient-based model, the largest change in post-test prob-
ability was observed for a negative coronary CT angiography and for positive stress CMR,
PET, and stress myocardial CT perfusion (Fig. 2).

The heterogeneity between studies was low or absent for stress Echo (I [2] = 14.1%),
stress CMR (0.0%), FFRCT (0.0%), coronary CT angiography + stress myocardial CT perfu-
sion (0.0%),moderate for PET (73.5%), coronary CT angiography (53.4%), stressmyocardial
CT perfusion (66.0%), and high for stress SPECT (78.6%) (Table S5).
Fig. 1. Hierarchical summary receiver operating characteristic curves for prediction of lesi
under the curve. CMR: cardiac magnetic resonance; CT: computed tomography; Echo: echoca
angiography; PET: positron emission tomography; SE: standard error; SPECT: single-photon emissio
4. Discussion

In this systematic review of diagnostic test performance for non-
invasive coronary artery evaluation being invasive FFR [97] the refer-
ence standard, a coronary CT angiography showed the highest sensitiv-
ity while stress CMR and the combination of coronary CT angiography
plus stress myocardial CT perfusion showed the highest specificity in a
vessel based-model. Similarly, in a patient-based model, coronary CT
angiography still showed the highest sensitivity,while the highest spec-
ificity was reached by PET, stress CMR and stress myocardial CT
perfusion.

The largest incremental change in pre-to post-test probability of dis-
ease occurred with a negative coronary CT angiography to rule out dis-
ease and with positive stress CMR, stress myocardial CT perfusion, or
PET indicating patients who would most likely benefit from invasive
coronary evaluation.

Despite the partial overlap of the confidence intervals of sensitivity
and specificity relatively to each technique, the results of our analysis
allow to inform a putative sequential diagnostic approach for patients
who are at moderate risk of functionally significant coronary lesion.
Thefirst step is to identify patientswhohave low risk of functionally sig-
nificant coronary lesion and whomay not benefit from invasive assess-
ment. In this setting, negative coronary CT angiography could safely
rule-out the disease at patient-level identifying the subject who does
not need further evaluation [98]. If a coronary CT angiography is posi-
tive, the need for additional testing could be desiderable [99]. Therefore,
in the setting of a positive coronary CT angiography, the second step
could be FFRCT that raises the post-test probability of disease without
the need of other procedures, radiation exposure, and contrast adminis-
tration and provided a better selection of patients with functionally sig-
nificant CAD. However, it is important to underline that at moment
clinically approved FFRCT is provided by a single company and it is ex-
pensive. Despite this, the recent multicenter trial PLATFORM showed
that a diagnostic strategy based on FFRCT was associated with a 61% re-
duction of invasive coronary angiography and a 32% reduction of overall
cost [100] as compared to a standard diagnostic strategy also including
in the economic model the individual cost of FFRCT analysis. A negative
FFRCT could rule out hemodynamically significant CAD with a single CT
acquisition. However, in case of a positive FFRCT, the post-test probabil-
ity is lower as compared to stress CMR, stress myocardial CT perfusion
or PET that could be considered a useful test on top of FFRCT thanks to
on specific ischemia in a patient based model as compared to invasive FFR. AUC: area
rdiography; FFRCT: fractional flow reserve derived from coronary computed tomography
n computed tomography.
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their excellent specificity at vessel-level that allows to identify the le-
sions that should be investigated and eventually revascualrized.

In summary, with this approach, the majority of patients should be
evaluated with coronary CT angiography alone with a minority of
them with the addition of FFRCT on top and with a small number of pa-
tients further evaluated with stress perfusion tests.

The findings of this analysis may provide additional information as
compared with previous research, by including a broader range of
non-invasive diagnostic test [8–14]. In particular, Danad et al. [15] per-
formed a similar meta-analysis reporting that stress CMR had the
highest performance for diagnosis of ischemia-causing CAD, with
lower performance for stress Echo and stress SPECT. However, some ad-
ditional information are present in our study. First, they did not included
PET, stressmyocardial CT perfusion, and the combination of coronary CT
angiography plus stress myocardial CT perfusion that in our study
showed very highAUC andDOR, reflecting testswith higher discrimina-
tory power. This evidence is of note considering the lower cost of stress
myocardial CT perfusion as compared for example to FFRCT or PET and
the shorter time delay for image analysis as compared to FFRCT. Finally,
while themeta-analysis of Danad et al. included also retrospective stud-
ies with the risk of referral bias to invasive evaluation, in our study the
majority of reports were all prospective. Moreover, Danad et al. in-
cluded only studies in which the invasive FFR was performed in all ves-
sels with a minimal requirement of at least 75% of the coronary vessels.
This reinforce the robustness of this study butwith the risk tomiss some
robust papers in which invasive FFR was just applied in the intermedi-
ate lesions according to clinical practice as performed in our
metanalysis.

5. Limitations

Limitations in our meta-analysis should be considered when
interpreting the findings. First, we included studies that used different
diagnostic thresholds to define anatomical stenosis and pathologic inva-
sive FFR [101]. Second, results may be biased by the fact that they were
obtained in centers with sound experience in advanced imagingmodal-
ities and may not be generalizable to many real-world practices. How-
ever, our analysis included only prospective studies. Third, we should
take in consideration that when invasive FFR is used as the reference
standard for ischemia, the technique is able to assess myocardial ische-
mia due to epicardial coronary lesions only. On the other side, a metic-
ulous process to verify the correct co-registration of defined perfusion
Fig. 2. Change in post-test probability of hemodynamically significan
defects at stress test with culprit vessels as defined by invasive FFR is
not always performed in the study and this could be responsible for a re-
duced location-specific accuracy of stress tests. Fourth, the patients en-
rolled in the studies could have had different pre-test likelihoods of CAD
that may potentially affect the diagnostic performance of each imaging
modality. Fifth, to date there is no standard stress CT perfusion protocol
available for use. Moreover, stress CT perfusion techniques are affected
by beam-hardening artifacts that are partially attenuated by dual-
energy sources. Unfortunately, no studies included in our meta-
analysis used this technology. In this regard, the results of the ongoing
DECIDE Gold prospective multicenter trial [102] comparing dual-
energy stress CT perfusion vs. invasive FFR are awaited. Sixth, this anal-
ysis does not take in accountmanyof themost pressing issueswe face in
clinical practice such as obese patients, arrhythmic patients, high cal-
ciumburden, kidney dysfunction, and implanted cardiac devices. Unfor-
tunately, the analysis of these factors, including radiant exposure and
costs, requires a cooperativemeta-analysis inwhich individual variables
are shared and this is not part of our methodology. Therefore, further
specific meta-analysis focused on these specific topics would be
desirable.

Sixth, in contrast to combining summary estimates aggregated from
different publications such as in our study, investigators have begun to
collaborate to combine individual patient-level data and perform a
pooled analysis. This approach has several distinct advantages,most no-
tably in greatly increasing the power to examine variations in treatment
outcomes according to patient characteristics. However, despite this ap-
proach has several advantegs, is still not widespread due to some key
barriers. Indeed, a recent statement of American Heart Association
showed how only 11% of metaanalysis published in the field of cardio-
vascular diseases are designed as individual patient-level data studies
[103]. Therefore, our metanalysis can be still considered acceptable
from methodological point of view.

6. Conclusions

In conclusion, a negative coronary CT angiography should be the
best ruler-out to exclude clinically-important CAD, while a positive
stress myocardial CT perfusion added to coronary CT angiography,
stress cardiac MR alone or PET seem to be associated with a better test
performance to identify patients requiring invasive coronary artery
evaluation. These suggest a coronary CT angiography might be a first-
line diagnostic test to assess for CAD in a patient with moderate pre-
t CAD by various pretest probabilities. For abbreviations see Fig. 1.

Image of Fig. 2
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test probability. In patients with a positive coronary CT angiography,
FFRCT increases the specificity of detecting patients who may benefit
from invasive evaluation. Further metaanalysis based on individual pa-
tient data collectioin and/or prospective studies are needed to validate
the accuracy, safety, and cost-effectiveness of this diagnostic algorithm
in patientswith suspected CAD.Moreover, further studies should be ad-
dressed to test the performance of non-invasive imaging modalitis in
the specific setting of patients with previous history of
revascularization.
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