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Background. The diagnosis of coronary artery disease (CAD) remains challenging. It is
uncertain whether hybrid imaging can improve diagnostic accuracy for CAD.

Methods. This is a systematic review and multivariate meta-analysis. We searched PubMed
and The Cochrane Library for recent (= 2010) systematic reviews of diagnostic test accuracy
studies on non-invasive imaging for CAD. Study-level data were extracted from them, and
pooled with pairwise and multivariate meta-analytic methods, using invasive coronary
angiography (ICA) or invasive fractional flow reserve (FFR) as reference standards, focusing
on sensitivity and specificity.

Results. Details from 661 original studies (71,823 patients) were pooled. Pairwise meta-
analysis using ICA as reference showed that anatomic imaging was associated with the best
diagnostic accuracy (sensitivity = 0.95 [95% confidence interval 0.94-0.96], specificity = 0.83
[0.81-0.85]), whereas using FFR as reference identified hybrid imaging as the best test (sensi-
tivity = 0.87 [0.83-0.90], specificity = 0.82 [0.76-0.87]). Multivariate meta-analysis confirmed
the superiority of anatomic imaging using ICA as reference (sensitivity = 0.96, speci-
ficity = 0.83), and hybrid imaging using FFR as reference (sensitivity = 0.88 [0.86-0.91],
specificity = 0.82 [0.77-0.87]).

Conclusions. Non-invasive hybrid imaging tests appear superior to anatomic or functional
only tests to diagnose ischemia-provoking coronary lesions, whereas anatomic imaging is best to
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diagnose and/or rule out angiographically significant CAD.
Systematic review registration. PROSPERQO Registry Number CRD42018088528. (J Nucl

Cardiol 2018)
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Umbrella review

Abbreviations

+ LR Positive likelihood ratio

— LR Negative likelihood ratio

AUC Area under the curve

CAD Coronary artery disease

CI Confidence interval

CMR Cardiac magnetic resonance

CT Computed tomography

CTFFR Computed tomography-
fractional flow reserve

CZT Cadmium-zinc-telluride

DOR Diagnostic odds ratio

ECG Electrocardiography

FFR Fractional flow reserve

FN False negatives

FP False positives

ICA Invasive coronary angiography

MPI Myocardial perfusion imaging

PET Positron emission tomography

PROSPERO International Prospective

Register of Systematic Reviews

SPECT Single photon emission
computed tomography
SROC Summary receiver-operating curve
TN True negatives
TP True positives

INTRODUCTION

Coronary artery disease (CAD) is the most common
and most important cause of ischemic heart disease, with
exceedingly relevant implications on morbidity and
mortality world-wide'™ On top of key advances in
understanding pathophysiology and newer prevention
and management strategies, the last decades have
witnessed momentous developments in methods for
CAD diagnosis. These approaches could broadly be
divided into those that examine coronary anatomy,
physiology, or both.”™"* From exercise electrocardiog-
raphy (ECG) testing, which has several limitations in
terms of diagnostic and prognostic accuracy,’ there are
now several appealing alternatives for non-invasive
imaging tests for CAD, distinguished in anatomical tests
capable of describing the morphologic features of
coronary vessels, i.e., computed tomography angiogra-
phy (CTA), and functional tests capable of highlighting

ischemia-provoking lesions, such as stress echocardio-
graphy,” myocardial perfusion imaging (MPI) with
single photon emission computed tomography
(SPECT),® MPI with positron emission tomography
(PET),9 cardiac magnetic resonance (CMR),11 computed
tomography myocardial perfusion (CTP),'? and non-
invasive assessment of the functional significance of a
coronary stenosis with computed tomography-fractional
flow reserve (CTFFR)."?

Developments of improved image processing soft-
ware enabled the integration of anatomic and functional
tests of hybrid non-invasive imaging. Several studies in
favor of this integrative strategy have already been
reported and summarized elsewhere,'* but a compre-
hensive comparative analysis of their incremental and
comparative diagnostic accuracy is lacking. We thus
aimed to conduct an umbrella review and multivariate
meta-analysis on diagnostic test accuracy studies of non-
invasive imaging tests for CAD'>'7 defined as ana-
tomic, functional, or hybrid tests.

METHODS

Design

This umbrella review and network meta-analysis was
designed in keeping with established standards,'>™"" the
Cochrane  Collaboration recommendations,'®  registered
prospectively in the International Prospective Register of
Systematic Reviews (PROSPERO, ID#CRD42018088528),"
and reported according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines.® All reviewing activities were conducted by two
reviewers independently, with divergences solved after
consensus.

Search

PubMed was searched for systematic reviews on diag-
nostic test accuracy on studies for CAD published since
January 1, 2010 with the following string: (((ischaemic OR
ischemic) AND heart) OR (coronary AND artery) AND
disease) AND (sensitivity OR specificity OR (predictive AND
value) OR (likelihood AND ratio)) AND (‘‘systematic
review”’ OR ‘‘systematic overview’’ OR meta-analysis[pt])
AND (+2010/01/01°’[pdat]:*3000/12/31°’ [pdat]). The
Cochrane Library was also searched for suitable reviews.
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Searches were last updated on August 22, 2018. No language
restriction was enforced.

Selection, Abstraction, and Appraisal

Citations were first screened at the title or abstract level. If
deemed potentially pertinent (i.e., reporting on systematic
reviews of diagnostic test accuracy studies for the non-invasive
imaging diagnosis of CAD), they were then extracted in full
text. For each diagnostic comparison, the three most compre-
hensive and recent meta-analyses were selected for abstraction
of study-level data. Older or less comprehensive reviews were
instead discarded unless reporting on additional studies, as
were duplicate reports or meta-analyses focusing on preven-
tion, treatment, or prognosis.

From each shortlisted meta-analysis, we obtained key
study-level details on design, sample, patients, reference
standard used, false positives (FP), false negatives (FN), true
positives (TP), and true negatives (TN), limiting ourselves to
per-patient details (thus disregarding per-vessel and per-lesion
details), and avoiding duplicate data entry. In addition, we did
not include studies focusing only on non-SPECT scintigraphy
or calcium scoring. Study-level validity was not appraised
directly but we relied instead on the original methods and
results used in each included meta-analysis.

The main pairwise and multivariate analyses were based
on the anatomic vs. functional vs. hybrid comparison for index
test, using invasive coronary angiography (ICA) and fractional
flow reserve (FFR) as reference tests for, respectively,
anatomical, and functional assessment of CAD. Ancillary
analyses were conducted distinguishing as main alternative
non-invasive imaging tests the following: CMR, CTA, CTP,
PET, SPECT, and stress echocardiography, alone or combina-
tion as hybrid tests. Notably, the following combinations of
anatomical-functional hybrid imaging were appraised: CMR/
CTA, CTP/CTA, computed tomography-fractional flow
reserve (CTFFR), PET/CTA, SPECT/CTA, and stress echocar-
diography/CTA.

Analysis

Continuous variables are reported as median (minimum;
maximum), and categorical variables as count (%). We first
computed sensitivity, specificity, positive likelihood ratio
(+ LR), negative likelihood ratio (— LR), diagnostic odds
ratio (DOR), and area under the curve (AUC) of summary
receiver-operating curve (SROC) in a frequentist pairwise
framework using a random effect model, eventually providing
point estimates of pooled effect (95% confidence intervals)
(Online supplement).'®

We then proceeded to multivariate meta-analysis of
sensitivity, specificity, + LR, and — LR in a frequentist
framework with a random effects model, yielding point
estimates of effects (95% confidence intervals).!” Pairwise
and multivariate statistical inconsistency was appraised with
Cochran Q and y* tests, with corresponding P values for
heterogeneity (Ppe) and Higgins . Small study effects were
appraised with asymmetry plots and tests according to Deeks
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et al."® Statistical significance was set at the 2-tailed 0.10 level

for Pegrece and Ppeeks. Computations were performed with R (R
Foundation for Statistical Computing, Vienna, Austria) and
Stata 13 (StataCorp, College Station, TX, USA).

RESULTS

Included Reviews and Studies

From an initial set of 701 potentially relevant
citations, we finally included 22 pertinent meta-analyses
(Figure 1S)."**'™*" Specifically, 19 were systematic
reviews published in peer-reviewed journals, whereas
3 were health technology assessments produced in the
UK or Canada (Table 1). The focus of these reviews was
on the comparative diagnostic accuracy of diagnostic
tests for CAD, using either ICA or FFR as reference
tests. Reviews varied in comprehensiveness, as they
included from 7 to 166 studies, and from 389 to 17,901
patients (Table 2). In view of their different scope,
findings of reviews were different, with some supporting
functional tests, others favoring anatomic tests, and
others still concluding for the superiority of hybrid
imaging (Table 2).

From these systematic reviews, we then extracted
details on 661 original studies (71,823 patients)
(Table 3). Included studies were published between
1982 and 2018, with a median of 2005, and ranged in
sample size from 5 to 1853, with a median of 73. Most
studies focused on the comparison of functional tests vs.
ICA, or on the comparison between anatomic or
functional tests vs. FFR (Figure 1).

Pairwise Meta-analysis

Pairwise meta-analyses using ICA as reference

standard were characterized by significant statistical
heterogeneity and inconsistency for all available com-
parisons (Table 1S) (Figures 2S to 7S). Moreover, small
study effects were evident for the analysis focusing on
functional imaging vs ICA. Notwithstanding these
limitations, we computed effect estimates, finding that
anatomic imaging yielded the highest sensitivity (0.95
[95% confidence interval 0.94-0.96]), with speci-
ficity = 0.83 (0.81-0.85), + LR =5.7 (5.0-6.5),
LR = 0.06 (0.05-0.07), DOR = 94.7 (73.1-122.8), and
AUC = 0.99 (0.99-0.99), whereas hybrid imaging was
associated with the best specificity (0.89 [0.83-0.92],
with sensitivity = 0.90 (0.85-0.93), + LR =7.8 (5.3-
11.9), — LR =0.11 (0.08-0.17), DOR = 68.8 (37.9-
124.8), and AUC = 0.98 (0.97-0.99) (Table 4).

Pairwise meta-analyses using FFR as reference
standard were also fraught with significant heterogeneity
and inconsistency, despite the non-significant results of
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Table 2. Main findings of included systematic reviews

First
author,
year Quality Validity Main findings
Chen, 2014 High High CMR is more sensitive than SPECT to detect anatomically significant CAD
Dai, 2016 Moderate High CMR, CTFFR, CTP and PET have similar sensitivity and specificity to detect
functionally significant CAD
Danad, 2017 High High CMR has the highest sensitivity and specificity to detect functionally
significant CAD
De Jong, High High CMR has higher diagnostic accuracy than stress echocardiography and
2012 SPECT
Ding, 2016 Moderate High CTFFR has good diagnostic accuracy to detect functionally significant CAD
Dolor, 2012 High High CMR, CTA, stress echocardiography and SPECT have similar diagnostic
accuracy to detect anatomically significant CAD
Gonzalez, Moderate High Both CTFFR and CTP improve the diagnostic accuracy of CTA to detect
2015 functionally significant CAD
Huang, 2016 Moderate Moderate Attenuation correction improves the sensitivity of SPECT to detect
anatomically significant CAD
Jaarsma, High High PET, CMR, and SPECT have decreasing diagnostic accuracy to detect
2012 anatomically significant CAD
Kiaos, 2018 High High CMR has higher diagnostic accuracy to detect functionally significant
rather than anatomically significant CAD
Li, 2014 High High The diagnostic accuracy of CTA to detect anatomically significant CAD
does not improve with more than 64 detectors
Ontario HTA, High High CMR and CTA have higher diagnostic accuracy than stress
2010 echocardiography and SPECT to detect anatomically significant CAD
Nielsen, 2014 Moderate High CTA has higher diagnostic accuracy than SPECT to detect anatomically
significant CAD
Nudi, 2017 High High SPECT with cadmiu-zinc-telluride cameras has good sensitivity but
suboptimal specificity to detect anatomically significant CAD
Parker, 2012  High High PET has higher sensitivity but similar specificity to SPECT to detect
anatomically significant CAD
Rizvi, 2017 Moderate High Hybrid anatomo-functional imaging improves the specificity of CTA to
detect anatomically or functionally significant CAD
Sethi, 2017 Moderate Moderate CTP improves the specificity of CTA to detect functionally significant CAD
Sergaard, Moderate High CTP has good diagnostic accuracy to detect functionally significant CAD,
2016 which further improves with CTP/CTA
Tan, 2017 Moderate Moderate CTFFR improves the specificity of CTA to detect functionally significant
CAD
UK HTA, High High CTA has good diagnostic accuracy to detect anatomically significant CAD
2013
UK HTA, High High CTA has higher sensitivity than other non-invasive diagnostic modalities
2016 to detect anatomically significant CAD
Zhou, 2014 High High SPECT has moderate diagnostic accuracy to detect functionally significant

CAD

CAD, coronary artery disease; CMR, cardiac magnetic resonance; CTA, computed tomography angiography; CTFFR, computed
tomography-fractional flow reserve; CTP, computed tomography perfusion; Echo, stress echocardiography; PET, positron
emission tomography; SPECT, single photon emission computed tomography
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Figure 1. Evidence geometry distinguishing anatomic, functional, and hybrid imaging tests. CMR, cardiac magnetic
resonance; CTA, computed tomography angiography; CTFFR, computed tomography-fractional flow reserve; CTP,
computed tomography perfusion; Echo, stress echocardiography; FFR, fractional flow reserve; ICA, invasive
coronary angiography; PET, positron emission tomography; SPECT, single photon emission computed tomography.

tests for small study effects/publication bias (Table 1S)
(Figures 8S to 13S). Specifically, anatomic imaging
proved best for sensitivity (0.94 [0.90-0.96]) but per-
formed poorly for specificity (0.46 [0.38-0.55]), with
similar ancillary findings, such as + LR = 1.7 (1.5-2.1),
— LR =0.14 (0.09-0.22), DOR = 12.2 (7.0-21.4), and
AUC = 0.93 (0.88-0.98). Hybrid imaging provided the
best overall performance, with sensitivity = 0.87 (0.83-
0.90), specificity = 0.82 (0.76-0.87), + LR = 4.9 (3.6-
6.9), — LR =31.0 (19.6-49.3), DOR = 31.0 (19.6-49.3),
and AUC = 0.94 (0.92-0.96).

Multivariate Meta-analysis

Multivariate meta-analysis was also characterized
by significant statistical heterogeneity and inconsistency
when focusing on sensitivity, specificity and 4+ LR (all
P < 0.001, P > 90%), whereas when focusing on — LR
no significant heterogeneity or inconsistency was found
(P=1, P =1%) (Tables 5, 2S). Inferential analysis
showed that anatomic imaging was most accurate in
comparison to ICA (sensitivity = 0.96 [0.95-0.97],

specificity = 0.83 [0.81-0.85], + LR = 12.3 [8.7-15.9],
and — LR =0.16 [0.05-0.27]), with hybrid imaging
markedly improving results of functional imaging in
terms of sensitivity (from 0.84 [0.83-0.85] to 0.91[0.89-
0.93]), specificity (from 0.77 [0.76-0.78] to 0.87 [0.84-
0.90]), + LR (from 6.1 [5.4-6.7] to 13.6 [8.3-19.0]), and
— LR (from 0.32 [0.29-0.35] to 0.17 [0-0.39]). Con-
versely, hybrid imaging was associated with the best
overall diagnostic performance (sensitivity = 0.88
[0.86-0.91], specificity = 0.82 [0.77-0.87], + LR = 7.2
[0-15.4], — LR =0.27 [0.12-0.42]), with anatomic
imaging displaying the best sensitivity (0.95 [0.93-
0.97]) yet at the price of very poor specificity (0.46
[0.38-0.55]), with consistent results for + LR (2.0 [1.6-
2.5]) and — LR (0.38 [0.16-0.61]).

Additional Analyses

Subgroup pairwise analyses using ICA as reference
test showed largely similar results to the main analyses.
Anatomic imaging proved as the most accurate test
(sensitivity = 0.95 [0.94-0.96], specificity = 0.83 [0.81-
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Table 5. Results of multivariate meta-analysis

Reference test Index test Sensitivity Specificity + LR — LR

Invasive coronary Anatomic imaging 0.96 (0.95-0.97) 0.83(0.81-0.85) 12.3(8.7-15.9) 0.16(0.05-0.27)

angiography Functional imaging 0.84 (0.83-0.85) 0.77 (0.76-0.78) 6.1 (5.4-6.7) 0.32 (0.29-0.35)
Hybrid imaging 0.91 (0.89-0.93) 0.87 (0.84-0.90) 13.6(8.3-19.0) 0.17 (0-0.39)

Invasive fractional Anatomic imaging 0.95 (0.93-0.97) 0.46 (0.38-0.55) 2.0 (1.6-2.5) 0.38 (0.16-0.61)

flow reserve Functional imaging 0.79 (0.75-0.83) 0.81 (0.77-0.85) 6.3 (4.5-8.2) 0.42 (0.33-0.50)

Hybrid imaging 0.88 (0.86-0.91) 0.82(0.77-0.87) 7.2 (0-15.4) 0.27 (0.12-0.42)

+ LR, positive likelihood ratio; — LR, negative likelihood ratio

diagnostic test accuracy studies for coronary artery
disease focusing on the same index and reference
tests.'*?'*! Their results already provide support for
the use of hybrid imaging as the best strategy to
maximize sensitivity while maintaining adequate speci-
ficity. However, all published reviews (and even more so
individual diagnostic test accuracy studies) were limited
by a narrow scope and focus on few competing tests.

Umbrella reviews represent a novel and compre-
hensive means to summarize extensive evidence on a
clinical issue by collecting different systematic reviews
published at large on a given topic, and when combined
with potent statistical methods such as pairwise and
multivariate meta-analysis, may provide a poignant and
inferential synthesis of salient effect estimates.'”™"’
Indeed, we performed the most comprehensive overview
of reviews of diagnostic test accuracy on non-invasive
imaging for CAD to date. We identified several high-
quality systematic reviews, which highlighted the excel-
lent sensitivity and favorable specificity of CTA for
angiographically significant CAD. Most recent reviews
also highlighted the beneficial diagnostic accuracy
profile of functional tests for functionally significant
CAD. Most importantly, adding CTA to functional
imaging tests in a logic of hybrid imaging further
improved the overall diagnostic accuracy for function-
ally significant CAD, mainly by increasing the
specificity of CTA, which was quite unsatisfactory
(averaging 50%).

These were the main findings, which were largely
confirmed at exploratory subgroup analysis focusing on
individual tests. CTA proved as the best test for
anatomically significant CAD, whereas functional and
anatomical-functional (i.e., hybrid) tests proved best for
functionally significant CAD. Further studies are how-
ever required to better compare the individual diagnostic
accuracy of different functional and hybrid tests. Thus,
in the meanwhile individualized decision-making should
consider, on top of scholarly evidence, expertise, avail-
ability, cost, radiation exposure and prognostic detail,
among the many important factors.

Indeed, on top of diagnostic accuracy features
focusing on per-patient diagnosis of CAD, other impor-
tant aspects of non-invasive imaging tests should be
considered, such as ancillary findings (e.g., calcium
score at computed tomography, valve assessment at
echocardiography, viability assessment at SPECT,
among the many others). In addition, the validated
prognostic role of a given test, especially considering the
possible decision to proceed with coronary revascular-
ization or medical management only, should not be
disregarded. In such sense, the largest body of evidence
supports the role of CMR and SPECT. Nonetheless, the
logic of current technological advancements and evi-
dence synthesis exercises such as the present one is to
proceed smoothly toward the integration of different
tests in a holistic logic which builds upon each test
strengths and overcomes the corresponding limitations
in an integrative fashion.

Despite our careful efforts, this work has several
limitations. First, being a very comprehensive umbrella
review with subsequent meta-analysis we did not pro-
ceed with actual data extraction from individual
diagnostic test accuracy studies but relied instead on
data already abstracted in the shortlisted reviews.
Second, we focused only on per-patient diagnosis of
CAD, appraised in a dichotomous fashion, and thus
disregarding the continuum of coronary disease in terms
of severity, extent, and involvement of proximal/dom-
inant vessels. In addition, we did not focus on
therapeutic choice or prognosis, and thus the present
review cannot provide formal guidance on these two
very important aspects. Moreover, we did not collect
data on radiation exposure or adverse events following
inaccurate diagnosis, which are both very important
features for decision-making.44 In addition, most anal-
yses were fraught with significant heterogeneity and
inconsistency, thus casting a light of approximation and
limited internal validity on pooled effect estimates.
Indeed, clinical heterogeneity and statistical inconsis-
tency may affect the precision and applicability of
summary effect estimates from our umbrella review.
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However, the purpose of any umbrella review (i.e.,
overview of systematic reviews) is precisely to explic-
itly appraise the totality of evidence on a given clinical
topic.> Accordingly, by purposefully pooling data
from so many studies on so many different comparative
imaging tests, we could highlight substantial variability
in effect among different imaging modalities, but still a
substantial benefit of combining anatomic and func-
tional tests, irrespective of their core components, to
increase simultaneously sensitivity and specificity. In
addition, subgroup and meta-regression analyses high-
light important differences between components of
functional imaging tests, and also the importance of
year of publication, sample size, and prevalence of
CAD in driving diagnostic accuracy measures. Finally,
as for any umbrella review focusing on a well
researched topic, overall findings cannot be overly
surprising or unexpected. Accordingly, the fact that
anatomic imaging compares well with ICA and func-
tional imaging with FFR could be inferred by many
prior works. However, none had the sample or com-
prehensiveness of our work. In addition, the fact that
several different functional imaging tests can similarly
benefit and complement the results of anatomic tests to
boost the overall diagnostic accuracy of non-invasive
diagnostic testing for CAD can only be validly inferred
by a comprehensive summary of the evidence base
such as our present work.

In conclusion, non-invasive hybrid imaging tests
appear superior to anatomic or functional only tests to
diagnose ischemia-provoking coronary lesions, whereas
anatomic imaging is best to diagnose and/or rule out
angiographically significant CAD. Eventually, the ulti-
mate value of any cardiovascular test rests on its ability
to predict events, change management, and improve
events. Thus, dedicated prospective studies are needed
to more formally test the potential benefits of non-
invasive hybrid imaging tests in patients with or
suspected CAD.

NEW KNOWLEDGE GAINED

Coronary artery disease is the most common and
most relevant cause of ischemic heart disease, with
exceedingly important implications on morbidity and
mortality world-wide. Three types of non-invasive
imaging diagnostic tests for CAD are available: ana-
tomic imaging, functional imaging, and hybrid imaging,
which combines the former two tests. A number of
systematic reviews have been published synthesizing
diagnostic test accuracy studies for CAD focusing on the
same index and reference tests. Yet, there is still
uncertainty on their comparative diagnostic accuracy.

Journal of Nuclear Cardiology®

Umbrella reviews represent a novel and compre-
hensive means to summarize extensive evidence on a
clinical issue by collecting different systematic reviews
published at large on a given topic, and when combined
with potent statistical methods such as pairwise and
multivariate meta-analysis, may provide a poignant and
inferential synthesis of salient effect estimates.

Stemming from a total of 22 meta-analyses and 661
clinical studies, pairwise meta-analysis using ICA as
reference test suggested the superior accuracy of
anatomic imaging, whereas using FFR highlighted the
superiority of hybrid imaging. These results were
confirmed in direction and magnitude of effect at
multivariate meta-analysis. Accordingly, hybrid imaging
appears as the first-choice test for the diagnosis of
ischemia-provoking coronary lesions, whereas anatomic
imaging is best to diagnose or rule out angiographically
significant lesions.
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