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ARTICLE INFO ABSTRACT

Keywords: Aims: The objective of this study is to conduct a meta-analysis to assess the diagnostic performance of Coronary
CCTA Computed Tomography Angiography (CCTA) and a hybrid approach that incorporates Computed Tomography
CTP Perfusion (CTP) in addition to CCTA (CCTA + CTP) for the detection of in-stent restenosis (ISR), as defined by
ECAI[) angiography.

Methods: A comprehensive search of articles identified 18,513 studies. After removing duplicates, title/abstract
screening, and full-text review, 17 CCTA and 3 CCTA + CTP studies were included. Only studies using >64-slices
multidetector computed tomography (CT) were considered eligible.

Results: The per-patient ISR prevalence was 43 %, with 92 % of stents fully interpretable with CCTA. Meta-analysis
exhibited a per-stent CCTA (n = 2674) sensitivity of 90 % (95 % CI; 84-94 %), specificity of 89 % (95 % CI;
86-92 %), positive likelihood ratio of 7.17 (95 % CI; 5.24-9.61), negative likelihood ratio of 0.17 (95 % CI;
0.10-0.25), and diagnostic odds ratio of 45.7 (95 % CI; 22.71-82.43). Additional sensitivity analyses revealed no
influence of stent diameter or strut thickness on the diagnostic yield of CCTA. The per-stent diagnostic perfor-
mance of CCTA + CTP (n = 752) did not show differences compared to CCTA.

Conclusions: With currently utilized scanners, CCTA and CCTA + CTP demonstrated high diagnostic performance
for in-stent restenosis evaluation. Consequently, a history of previous stent implantation should not be an argu-
ment to preclude using these methods in clinically suspected patients.

Stents

1. Introduction procedures performed annually.! One of the most frequent complications
of modern PCI is in-stent restenosis (ISR).Z’3 This complication is tradi-

Percutaneous coronary intervention (PCI) using stents is the most tionally defined by invasive coronary angiography (ICA) as a reduction in
common revascularization strategy worldwide, with over 3 million the luminal diameter >50 %, within or adjacent (5 mm proximal or

Abbreviations: PCI, percutaneous coronary intervention; ISR, in-stent restenosis; ICA, invasive coronary angiography; CCTA, coronary computed tomography
angiography; CAD, coronary artery disease; CTP, computed tomography perfusion; CT, computed tomography; sSROC, summary receiver operating characteristic; AUC,
area under the curve.

* Corresponding author. Department of Cardiology, Radboud University Medical Center, Geert Grooteplein Zuid 10, 6525 GA Nijmegen, the Netherlands.

E-mail addresses: j.e.dahdal@amsterdamumec.nl (J. Dahdal), r.jukema@amsterdamumc.nl (R.A. Jukema), s.remmelzwaal @amsterdamumec.nl (S. Remmelzwaal), p.
raijmakers@amsterdamumc.nl (P.G. Raijmakers), p.vanderharst@umcutrecht.nl (P. van der Harst), m.guglielmo@umcutrecht.nl (M. Guglielmo), m.j.m.cramer@
umcutrecht.nl (M.J. Cramer), s.a.j.chamuleau@amsterdamumc.nl (S.A.J. Chamuleau), p.diemen@amsterdamumc.nl (P.A. van Diemen), p.knaapen@
amsterdamumc.nl (P. Knaapen), Ibrahim.danad@radboudumec.nl (I. Danad).

https://doi.org/10.1016/j.jcct.2024.10.014

Received 26 August 2024; Received in revised form 12 October 2024; Accepted 24 October 2024

1934-5925/© 2024 The Authors. Published by Elsevier Inc. on behalf of Society of Cardiovascular Computed Tomography. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Dahdal J et al., Diagnostic performance of CCTA and CTP imaging for clinically suspected in-stent restenosis: A meta-
analysis, Journal of Cardiovascular Computed Tomography, https://doi.org/10.1016/j.jcct.2024.10.014



mailto:j.e.dahdal@amsterdamumc.nl
mailto:r.jukema@amsterdamumc.nl
mailto:s.remmelzwaal@amsterdamumc.nl
mailto:p.raijmakers@amsterdamumc.nl
mailto:p.raijmakers@amsterdamumc.nl
mailto:p.vanderharst@umcutrecht.nl
mailto:m.guglielmo@umcutrecht.nl
mailto:m.j.m.cramer@umcutrecht.nl
mailto:m.j.m.cramer@umcutrecht.nl
mailto:s.a.j.chamuleau@amsterdamumc.nl
mailto:p.diemen@amsterdamumc.nl
mailto:p.knaapen@amsterdamumc.nl
mailto:p.knaapen@amsterdamumc.nl
mailto:Ibrahim.danad@radboudumc.nl
www.sciencedirect.com/science/journal/19345925
https://doi.org/10.1016/j.jcct.2024.10.014
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcct.2024.10.014

J. Dahdal et al.

distal) to previous stented segments.* Although improvements in stent
technology has decreased the incidence of ISR compared to the previous
bare-metal stent era, the clinical burden of ISR is still high, accounting for
approximately 5 % of all the PCI procedures performed in Europe.>°

Coronary computed tomography angiography (CCTA) is a validated,
non-invasive modality to evaluate patients with suspected coronary ar-
tery disease (CAD).”° Nevertheless, its role in stent visualization remains
a topic of debate.'® This controversy emerges from the assumption that
stent-related artifacts combined with a high atherosclerotic burden in
segments without stents, hampers the diagnostic accuracy of CCTA. To
overcome these limitations, it has been proposed that hybrid imaging,
which integrates myocardial computed tomography perfusion (CTP)
with the anatomical data provided by CCTA (CCTA + CTP), could
enhance the diagnostic performance of the test. Hitherto, there is a
paucity of large size studies evaluating the diagnostic yield of the hybrid
CCTA + CTP strategy in the detection of ISR. Additionally, while the
performance of CCTA to detect ISR has been the subject of numerous
studies, many of these include routine follow-up CCTA scans in asymp-
tomatic patients who have previously undergone PCL'"!? It is plausible
to hypothesize that patients with clinically suspected ISR may exhibit a
higher prevalence of disease and potentially a more complex spectrum of
CAD than those undergoing routine follow-up CCTA. In this context,
using CCTA or hybrid CCTA + CTP could be challenging, and there is
limited information on how these imaging modalities perform in this
high-risk clinical cohort. To address this knowledge gap, we conducted a
meta-analysis to assess the diagnostic value of CCTA and hybrid CCTA +
CTP in patients with clinically suspected ISR.

2. Methods

A systematic search was conducted in Pubmed, Embase, Web of Sci-
ence, and the Cochrane library for studies from 2005 until June 2024.
Articles published from 2005 onwards were considered eligible for in-
clusion to restrict the search to contemporary computed tomography (CT,
>64-slice multidetector CT) hardware. Furthermore, the search was
limited to studies published in English. The primary search was under-
taken as part of a more extensive meta-analysis evaluating the diagnostic
accuracy of cardiac imaging techniques in patients with a history of CAD
(PROSPERO CRD42022322348). The complete search syntax is detailed
in the Supplementary Material, Table S1. A manual reference check was
performed to identify potential missed studies by our search strategy. If
duplicated or overlapping studies were found, only the study with the
largest cohort was included in the current analysis. Results of this meta-
analysis were reported following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses (PRISMA) statement.'®

2.1. Study eligibility

From the initial search, we screened titles and abstracts of studies that
investigated the diagnostic utility of different non-invasive methods in
patients with previous CAD. Subsequently, we performed a comprehen-
sive full-text review of these studies. The final inclusion criteria encom-
passed the following: 1) Study population with clinically suspected ISR.
2) CCTA, hybrid CCTA + CTP, or both as index test. 3) ICA served as the
reference standard. 4) Per-stent, per-patient or both ISR outcome. 5)
Sufficient information was provided to construct a 2x2 contingency table.
6) > 64-slice multidetector CT. Two independent reviewers (J.D. and
R.J.) conducted the title and abstract screening and the full-text review.
In case of disagreement between the two reviewers, a third experienced
reviewer (I.D.) was consulted to achieve consensus.

2.2. Data collection
Data was collected by two reviewers (J.D. and R.J). Information

regarding the study population, index test and reference standard was
extracted. In studies which reported the diagnostic performance of CCTA

Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx

and hybrid CCTA + CTP, both tests were included. If both only-
interpretable and intention-to-diagnose (uninterpretable images
censored as positive) analyses were reported, the intention-to-diagnose
approach was extracted for the main analysis. Two by two contingency
tables including true positive (TP), false positive (FP), true negative (TN)
and false negative (FN) were derived from the published data. Further-
more, detailed information was collected when the studies reported the
diagnostic performance stratified by CT hardware (64-slices vs. >64-
slices multidetector CT), stent diameter, and strut thickness. The risk of
bias and applicability was graded by two independent reviewers (J.D.
and R.J.) according to the Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS—Z).14 Discrepancies were resolved by consensus.

2.3. Statistical analysis

Agreement between reviewers was measured using the Cohen Kappa
(x) statistic. k values are interpreted as: <0.40 (poor to fair), 0.41-0.80
(moderate to substantial), and >0.81 (almost perfect), accounting for
chance agreement. The intention was to conduct per-patient and per-
stent analyses for CCTA and CCTA + CTP. A random-effects model
incorporating a logit transformation was used to meta-analyze the
prevalence of ISR and the rate of interpretable images by CCTA. A
Bayesian bivariate meta-analysis was used to pool the sensitivity and
specificity of the studies. NLR and PRL were meta-analyzed according to
Reitsma's approach for a bivariate model.'>'® Pooled measures for
sensitivity, specificity, positive negative likelihood ratio (PLR), negative
likelihood ratio (NLR), and diagnostic odds ratio (DOR) along with 95 %
confidence interval (CI) were reported. Forest plots were displayed to
illustrate sensitivity and specificity. Summary receiver operating char-
acteristic (SROC) curves for both modalities were constructed, with each
point in the graph corresponding to an individual study. The area under
curve (AUC) was used to compare the discriminative performance of the
both tests. Additionally, a sensitivity analysis was performed for CCTA to
assess the influence of CT hardware (64-slices vs. >64-slices multi-
detector CT), stent diameter and strut thickness on the diagnostic per-
formance. Moreover, we evaluated the diagnostic performance of CCTA
and CCTA + CTP in studies that compared these methods directly. The
confidence intervals of the meta-analyzed diagnostic metrics for CCTA
and CCTA + CTP, were employed to determine the presence of signifi-
cant differences in the diagnostic yield between the two methods. Risk of
publication bias was assessed with funnel plots and asymmetry was
tested with the Eggers test.!” A two-sided P value < 0.05 was considered
indicative of statistical significance. All the statistical evaluations were
conducted using RStudio software version 4.0.3 (R Foundation, Vienna,
Austria) and SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

The systematic search yielded 18,513 studies. After removal of du-
plicates, initial screening based on title and abstract, and manual addi-
tion of relevant articles not included in the initial search, a total of 743
studied were selected for full-text review. Finally, 17 CCTA and 3 CCTA
+ CTP studies met the inclusion criteria (Fig. 1). A detailed overview of
the included studies are depicted in Table 1. Six CCTA studies compro-
mising 440 patients provided sufficient information for a per-patient
analysis.'®?® Only two studies reported the per-patient performance of
CCTA + CTP for detecting ISR, precluding a pooled analysis.>>** A total
of 17 CCTA studies including 2674 stents and 3 hybrid CCTA + CTP
including 752 stents were used for the per-stent level analysis.'®>* All
the studies encompassed the occurrence of ISR as outcome. New lesions
in non-stented areas were not included as an outcome. For the definition
of ISR, all the studies used ICA with a diameter stenosis (DS) of >50 % as
the reference standard (Table 1). The quality assessment of the included
studies was summarized using the QUADAS-2 tool (Supplementary Ma-
terial, Fig. S1). Almost perfect agreement between reviewers was
observed (k = 0.82; p < 0.01) in the quality evaluation. A detailed
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Fig. 1. Identification of studies via databases and registers.

The process of literature search and selection is described through this study flow chart.
CAD, coronary artery disease; ISR, in-stent restenosis; CCTA, coronary computed tomography angiography; CTP, computed tomography perfusion.

assessment of the items from the QUADAS-2 tool and the specific
per-study grading are reported in Supplementary Materials, Fig. S2 and
Table S2, respectively. The pooled prevalence of ISR at the per-patient
level was 43 % (95 % CI: 23-66 %) as depicted in Fig. 2. In the
per-stent analysis, the prevalence was 23 % (95 % CI: 16-32 %). The rate
of stent interpretability using CCTA was 92 % (95 % CI: 87-95; see
Fig. 3).

3.1. Diagnostic performance

Table 2 shows the performance of CCTA and hybrid CCTA + CTP for
the diagnosis of ISR. At a per-patient level (n = 440) CCTA showed a
pooled sensitivity, specificity, PLR, NLR and DOR of 93 % (95 % CI;
85-98 %), 80 % (95 % CI; 69-89 %), 4.35 (95 % CI; 2.41-7.69), 0.15 (95
% CI; 0.05-0.33) and 38.5 (95 % CI; 9.34-107.84), respectively (Sup-
plementary Material, Fig. S3). The per-stent analysis of CCTA (n = 2674)
showed a sensitivity of 90 % (95 % CI; 84-94 %), a specificity of 89 %
(95 % CI; 86-92 %), a PLR of 7.17 (95 % CI; 5.24-9.61), a NLR of 0.17
(95 % CI; 0.10-0.25) and DOR of 45.7 (95 % CI; 22.71-82.43). Hybrid
CCTA + CTP (n = 752) showed a per-stent sensitivity of 88 % (95 % CI;
80-94 %), specificity of 88 % (95 % CI; 84-93 %), a PLR of 7.23 (95 % CI;
5.34-9.64), a NLR 0.15 (95 % CI; 0.07-0.27) and a DOR of 53.59 (95 %
CI; 24.69-102.08). Forest plots illustrating the sensitivity and specificity
of the two diagnostic methods at a per-stent level are shown in Supple-
mentary Material, Figs. S4-S5. The per-patient SROC AUC of CCTA to

detect ISR was 0.97 (95 % CI; 0.95-0.99). At a per-stent level the sSROC
AUCs of CCTA and the hybrid CCTA + CTP are 0.96 (95 % CI; 0.94-0.97)
and 0.96 (95 % CI; 0.89-1.00) respectively as shown in Fig. 4. In a
sensitivity analysis evaluating the performance of CCTA at a per-stent
level (Table 3), the number of CT slices (64 slices vs. > 64 slices) did
not impact the diagnostic performance of the test. Similarly, stent
diameter (<3 mm vs. > 3 mm), and stent strut thickness (>100 pm vs. <
100 pm) did not influence CCTA diagnostic yield. Furthermore, when
focusing on the three studies (n = 752 stents) that directly compared
CCTA and CCTA + CTP for ISR, we observed that, on a per-stent level, the
performance of CCTA + CTP was numerically superior, but with an
overlap in the confidence intervals (Table 4). Visual analysis of the funnel
plots for per-stent and per-patient prevalence of ISR indicated no evi-
dence of publication bias, as corroborated by the absence of asymmetry
in the Egger's test (p = 0.26 for both analyses; see Supplementary Ma-
terial, Fig. S6).

4. Discussion

The main findings of this meta-analysis can be described as follows: 1)
Among patients clinically suspected of having ISR, the prevalence of ISR
was 43 %. 2) CCTA and hybrid CCTA + CTP demonstrated a similar
diagnostic performance for detecting ISR at a per-stent level (Graphical
Abstract). For CCTA, the pooled sensitivity and specificity were 90 % (95
% CI: 84-94 %) and 89 % (95 % CIL: 86-92 %), respectively. The hybrid
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Table 1

General overview of CCTA and CCTA + CTP studies included.
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CCTA studies

First author Year Country of Index test ISR diagnostic ~ Gold standard ~ Mean Sex Mean Mean stent ~ Month Days Scanner
origin criteria (CCTA) ISR diagnostic ~ Age (Men HR diameter between between slices
criteria (ICA) %) (SD) (SD) PCI and scan and
scan ICA
Cademartiri* 2007 Italy DS > 50 % DS > 50 % 58 84 60 (8) 3.1 (0.4) 6 9 64
Das*® 2007  Qatar DS > 50 % DS > 50 % 54 85 NR 2.7 (0.2) 25 28 64
Manghat?’ 2008  England DS > 50 % DS > 50 % 64 90 63 3.2(0.7) 20 NR 64
an
Oncel*® 2008  Turkey DS > 50 % DS > 50 % 65 71 74 3.3 (0.4 37 1 2% 32
12)
Pugliese® 2008  Netherlands DS > 50 % DS > 50 % 62 78 67 3.2(0.6) 35 NR 2 x 32
(12)
Andreini'® 2009  Italy DS > 50 % DS > 50 % 64 88 58 (9) 3.1 (0.6) 7 4 64
Pflederer”’ 2009  Germany DS > 50 % DS > 50 % 65 63 60(9)  3.3(0.3) 16 NR 2 % 64
Wykrzykowska29 2010 USA DS > 50 % DS > 50 % 61 89 59 (7) 3.6 (0.5) 47 30 64
Andreini®* 2011  TItaly DS > 50 % DS > 50 % 63 90 57 (8) 3.1 (0.6) 6 4 64
Magalhaes®' 2011  Brazil DS > 50 % DS > 50 % 57 61 NR NR NR NR 64
Eisentopf*! 2013  Germany DS > 50 % DS > 50 % 63 82 60 (6) 3(0.4) NR NR 2 x 128
Pan? 2013 China DS > 50 % DS > 50 % 68 67 NR 3.2(0.3) NR 4 64
Rief* 2013  Germany DS > 50 % DS > 50 % 64 80 53 (7) 3(0.5) 41 1 320
Yoshimura® 2015  Japan DS > 50 % DS > 50 % 65 82 64 3(0.8) 34 19 64
a4
Li*® 2018  China DS > 50 % DS > 50 % 69 93 66 (5) 2.9 (0.3) NR 10 2 x 192
Andreini** 2019  Italy DS > 50 % DS > 50 % 67 85 67 3.1 (0.6) 12 7 256
a4
Andreini®* 2020 Italy DS > 50 % DS > 50 % 65 88 60 (5) 3.2(0.2) NR NR 256
CCTA + CPT studies
First author Year Country of Index test ISR diagnostic ~ Gold standard Mean Sex Mean Mean stent Month Days Scan
origin criteria (CCTA + CTP) ISR diagnostic =~ Age (Men HR diameter between between slices
criteria (ICA) %) (SD) (SD) PCI and scan and
scan ICA
Magalhdes®’ 2011  Brazil CCTA DS > 50 % or DS > 50 % 57 90 NR NR NR NR 64
reversible perfusion
defects if CCTA was of
limited quality or
uninterpretable.
Rief** 2013  Germany CCTA DS > 50 % or DS > 50 % 64 80 53 (7) 3(0.5) 41 1 320
perfusion defects if
CCTA was
uninterpretable.
Andreini** 2020  Italy CCTADS > 50 % and/or DS > 50 % 65 88 60(5)  3.2(0.2) NR NR 256

reversible perfusion

defects.

CCTA, coronary computed tomography angiography; CTP, computed tomography perfusion; ISR, in-stent restenosis; ICA, invasive coronary angiography; PCI,

percutaneous coronary intervention; HR, heart rate; NR, non-reported; SD, standard deviation.

approach showed a sensitivity and specificity of 88 % for both metrics. 3)
With currently employed CT equipment, the prevalence of uninterpret-
able stents in clinical practice is low, approximately 8 %. 4) Small stent
diameter (<3 mm) and thick stent struts (>100 pm) did not impact the

Study
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Fig. 2. Prevalence of ISR, per-patient level. ISR, in-stent restenosis.

diagnostic accuracy of CCTA significantly.

4.1. Coronary computed tomography angiography

CCTA has gained recognition as a valuable imaging modality in low-
to-intermediate risk patients for the exclusion of obstructive CAD. This
method has proven to be the workhorse of non-invasive diagnostic work-
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Study Events Total Proportion 95%-Cl Weight
Cademartiri 2007 178 192 — 093 [0.88;096] 6.8%
Das 2007 107 110 —i 097 [092;099] 53%
Manghat 2008 89 99 — = 090 [0.82;095] 66%
Oncel 2008 48 48 —3 1.00 [093;1.00] 22%
Pugliese 2008 169 178 TEE 095 [091,098] 66%
Andreini 2009 162 170 T 095 [091;098] 65%
Pflederer 2009 122 135 — 090 [0.84,095] 6.8%
Wykrzykowska 2010 31 48 —_— 065 [0.49;0.78] 6.7%
Andreini 2011 317 337 T 094 [0.91,096] 7.0%
Magalhdes 2011 49 62 — 0.79 [067,088] 6.7%
Eisentopf 2013 61 87 — : 0.70 [0.59;0.79) 7.0%
Pan 2013 101 101 —3 1.00 [0.96;1.00] 22%
Rief 2013 179 224 — 0.80 [0.74,085] 7.2%
Yoshimura 2015 79 79 . 1.00 [0.95;1.00] 22%
Li, Y2018 134 140 T 096 [0.91;098] 6.2%
Andreini 2019 184 192 . 096 [0.92;0.98] 6.5%
Andreini 2020 415 472 = 0.88 [0.85;091] 7.3%
Random effects model 2425 2674 - 0.92 [0.87; 0.95] 100.0%

05 06 07 08 09 1

Fig. 3. Prevalence of interpretable stents by CCTA.
ISR, in-stent restenosis.

Table 2
Performance of CCTA and CCTA + CTP for ISR diagnosis.
Number Sensitivity Specificity PLR NLR DOR
PER-PATIENT
CCTA 440 0.93 (0.85-0.98) 0.80 (0.69-0.89) 4.35 (2.41-7.69) 0.15 (0.05-0.33) 38.5 (9.34-107.84)
PER-STENT
CCTA 2674 0.90 (0.84-0.94) 0.89 (0.86-0.92) 7.17 (5.24-9.61) 0.17 (0.10-0.25) 45.70 (22.71-82.43)
CCTA + CTP 752 0.88 (0.80-0.94) 0.88 (0.84-0.93) 7.23 (5.34-9.64) 0.15 (0.07-0.27) 53.59 (24.69-102.08)

CCTA, coronary computed tomography angiography; CTP, computed tomography perfusion; ISR, in-stent restenosis; PLR, positive likelihood ratio; NLR, negative
likelihood ratio; DOR, diagnostic odds ratio.

o |
@© ]
o
©
> ° 7
2
2
L
® < |
o
[
o
—&— CCTA; ROCAUC=0.96(0.94-0.97)
—&— CCTA+CTP ; ROCAUC =0.96 (0.89-1.00)
S -
1 I I I 1 I
0.0 0.2 04 06 0.8 1.0
False Positive Rate

Fig. 4. CCTA and CCTA + CTP Summary Receiver Operating Characteristic Curve for the diagnosis of ISR, per-stent level.
ROGC, receiver operating characteristic curve; AUC, area under the curve; CCTA, coronary computed tomography angiography; CTP, computed tomography perfusion.
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Table 3
Performance of CCTA for ISR diagnosis, per-stent level sensitivity analysis.
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Number Sensitivity Specificity

PLR NLR DOR

64-SLICE CT vs. >64-SLICE CT

64 slice CT 1424 0.91 (0.85-0.96) 0.91 (0.87-0.93)
>64 slice CT 1250 0.86 (0.76-0.93) 0.86 (0.80-0.91)
STENT DIAMETER

<3 mm 396 0.90 (0.83-0.95) 0.90 (0.79-0.97)
>3 mm 880 0.96 (0.92-0.98) 0.96 (0.93-0.99)
STENT STRUT THICKNESS

>100 pm 351 0.83 (0.72-0.91) 0.95 (0.91-0.98)
<100 pm 320 0.95 (0.89-0.98) 0.98 (0.95-1.00)

8.44 (5.93-11.76)
5.88 (3.26-9.76)

0.14 (0.07-0.24)
0.22 (0.10-0.39)

66.05 (28.84-130.51)
31.66 (8.65-83.01)

8.48 (2.78-21.66)
18.7 (6.92-42.07)

0.16 (0.09-0.27)
0.12 (0.06-0.19)

59.84 (11.78-185.03)
187.16 (41.13-545.65)

19.02 (7.48-41.2)
74.00 (3.01-348.93)

0.18 (0.097-0.30)
0.08 (0.03-0.18)

113.56 (34.03-282.75)
1219.26 (5.38-6625.20)

CCTA, coronary computed tomography angiography; ISR, in-stent restenosis; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio.

Table 4

Per-stent level performance of CCTA and CCTA + CTP for ISR diagnosis, sensitivity analysis including head to head comparison studies.

Number Sensitivity Specificity

PLR NLR DOR

STUDIES WITH HEAD-TO-HEAD COMPARISON OF THE TESTS
CCTA 752 0.77 (0.64-0.86)
CCTA + CTP 0.88 (0.80-0.94)

0.82 (0.75-0.87)
0.88 (0.84-0.93)

4.36 (2.57-6.52)
7.23 (5.34-9.64)

0.31 (0.14-0.56)
0.15 (0.07-0.27)

16.95 (4.67-44.13)
53.59 (24.70-101.96)

CCTA, coronary computed tomography angiography; CTP, computed tomography perfusion; ISR, in-stent restenosis; PLR, positive likelihood ratio; NLR, negative

likelihood ratio; DOR, diagnostic odds ratio.

up of chronic coronary syndromes and it has been primarily regarded a
useful tool in patients without a prior CAD history. However, this para-
digm is quickly shifting to high-risk patients with complex CAD (e.g.
coronary stenting, coronary artery bypass graft patients) due to ad-
vancements in hardware, software technology, and the higher image
quality obtained with state-of-art systems. This is also supported by the
Society of Cardiovascular Computed Tomography (SCCT) 2021 Expert
Consensus document in which CCTA is considered an appropriate diag-
nostic method for patients with stable symptoms and known CAD (e.g.
prior coronary stenting).35 Despite guidelines supporting its use, CCTA
has not achieved widespread adoption as a diagnostic tool in patients
with pre-existing CAD. Data from a recently published U.S. registry,
encompassing over 2.5 million patients who underwent non-invasive
cardiac imaging, indicate that CCTA is infrequently employed (<2 %)
in the cohort of patients with a history of CAD.*® In contrast,
single-photon emission computed tomography (SPECT) was the initial
diagnostic test in over 80 % of these patients. Recent findings have
underscored the limited diagnostic performance of various non-invasive
myocardial perfusion imaging (MPI) techniques for identifying hemo-
dynamically significant CAD in patients with prior CAD.>”-*® These lim-
itations have been attributed to a higher prevalence of balanced
ischemia, myocardial scarring and microvascular dysfunction within this
patient cohort. Metal artifacts and partial volume effects have been re-
ported to impair stent visualization impeding accurate grading of stent
patency. Advances in CT technology have fulfilled the prerequisites for
coronary stent imaging. Our meta-analysis shows that similar to patients
without a prior history of CAD, CCTA was found to rule out significant
lesions with high precision (per-patient NLR: 0.15 [95 % CI; 0.05-0.33]).
Remarkably, the per-stent performance of this technique was comparable
to the per-segment diagnostic yield reported in general patient pop-
ulations with suspected CAD.””® Of note, while characteristics such as
smaller stent diameter and thicker stent struts—features associated with
the occurrence of artifacts—appear to numerically reduce the perfor-
mance of CCTA, this decrement was not significant in our pooled anal-
ysis.!*12 Additionally, advancements in stent technology are also
focusing on thinner stent struts to improve arterial healing and reduce
ISR rates.>® Currently, most commercially available stents have a strut
thickness of less than 100 pm.*° Such advancements in stent technology,
combined with improved CT capabilities, provide further arguments for
expanding the use of CCTA in this complex patient population.

Our pooled analysis revealed a marginally lower, though statistically
non-significant, diagnostic performance in scanners with more than 64

slices compared to 64-slice scanners. This observed difference may be
due to the use of bare-metal stents (BMS) during the early 64-slice CT era.
It is known that ISR with BMS more commonly presents with a diffuse
phenotype, involving the stented regions with more extensive disease.*!
In contrast, ISR associated with drug-eluting stents (DES), which are
commonly used in contemporary clinical practice, typically presents with
a focal pattern of disease.>*? This difference in the morphologic pattern
of ISR may explain the marginal differences in CT performance, as diffuse
ISR is likely to be more distinctly recognizable compared to the focal
pattern typically observed with DES.

Although not part of this meta-analysis, emerging and novel tech-
nologies in the domain of CCTA have also been evaluated in patients with
prior stent implantation. A machine-learning based FFR¢r algorithm
recently demonstrated excellent correlation (r = 0.84) with invasive
fractional flow reserve (FFR).*> The accuracy of this algorithm for
detecting hemodynamic significant stenosis at per-stent level was re-
ported to be 86 %.*> Moreover, recent advancements in CT hardware
showed promise for assessing CAD in high-risk populations. Specifically,
photon-counting detector CT systems offer an ultra-high-resolution
(UHR), achieving an unprecedented maximum in-plane resolution of
0.11 mm and a maximum through-plane resolution of 0.16 mm.***> UHR
CCTA provides an outstanding plaque visualization with a significant
reduction of blooming artifacts.***® Consistent with these advancements
Hagar et al. studied the diagnostic value of UHR CCTA to detect
obstructive CAD in a high-risk cohort, reporting a per-patient accuracy of
88 % (95 % CI: 78-95) with a remarkably high specificity (84 %; 95 % CI:
58-95).%7 They also showed a subgroup of patients with prior coronary
stenting, that photon-counting CT offered a diagnostic accuracy of 93 %
(95 % CI: 68-100 %) for obstructive CAD.

4.2. Hybrid CCTA + CTP for ISR diagnosis

This is the first meta-analysis reporting on the diagnostic performance
of hybrid CCTA + CTP for clinically suspected ISR. Within our main
analysis, we found that a hybrid CCTA + CTP approach did not improve
the performance of CCTA for detecting ISR. The absence of a diagnostic
benefit might be attributed to the low prevalence of uninterpretable
scans when using routinely employed cardiac CT hardware with
improved temporal and spatial resolution, the specific subgroup that
might benefit from the reclassification added by CTP. Interestingly, and
in support of our findings, previous studies have indicated that the
addition of perfusion imaging to the anatomical information garnered
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from CCTA offers limited incremental value in diagnosing obstructive
CAD.*® In a meta-analysis conducted by Rizvi et al. hybrid cardiac im-
aging revealed a higher specificity but only a marginal improvement in
the ROC AUC for detecting obstructive CAD on a per-patient basis when
compared to stand-alone CCTA (0.97 vs. 0.93, p = 0.132).*° 1t is note-
worthy that even in the sensitivity analysis of three studies directly
comparing CCTA and CCTA + CTP, the diagnostic yield observed with
the hybrid technique was not significantly higher (Table 4).

5. Limitations

This study meta-analyzes current evidence and some limitations
should be addressed. First, coronary angiography was used as a reference
due to the absence of diagnostic studies systematically utilizing invasive
functional outcomes. It is known that the angiographic appearance of a
coronary stenosis does not always correspond with its functional signif-
icance.®® Even though insufficient evidence supports the use of FFR for
assessing ISR, some studies suggest that intermediate (DS 40-70 %) le-
sions with FFR >0.75 can be safely managed conservatively.’'>? Diag-
nostic studies with FFR as reference standard are awaited. Secondly,
within this study, we only assessed the performance of CT for detecting
ISR. The performance of CT for the detecting new stenoses in non-stented
segments or ISR was not subjected to meta-analysis due to its infrequent
report in the literature. Thirdly, it should be noted that only three studies
in this meta-analysis employed hybrid CCTA + CTP.2>?*3! The ongoing
PACIFIC III study (ClinicalTrials.gov Identifier: NCT04742933) aims to
expand the existing body of literature on this particular subject, and it
results are eagerly awaited.

6. Conclusion

Given the consistently high diagnostic accuracy of both CCTA and
hybrid CCTA + CTP using contemporary clinical equipment, the presence
of a stent should not be a reason to preclude the use of CCTA in patients
with clinically suspected disease. Moreover, a hybrid CCTA + CTP im-
aging has a similar diagnostic yield than CCTA for the diagnosis of ISR.
Given advancements in CT hardware, future guidelines may advocate for
the use of either CCTA or a hybrid CCTA + CTP strategy for assessing
stent patency in patients with previous stent implantation, irrespective of
the stent diameter and strut thickness, thereby expanding its applicability
to more complex patient populations.
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