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ABSTRACT

Background: Despite the abundance of coronary chronic total
occlusions (CTO) percutaneous coronary intervention (PCI) studies,
the literature is not easy to digest for both general PCl operators
and CTO PCI specialists because of the many varied terms used
for approaches and inconsistency in terminology. This inconsis-
tency makes it challenging to understand the advantages and dis-
advantages of these different approaches and, most importantly,
their downstream clinical outcomes. Accordingly, we conducted a
systematic review of all published studies on CTO PCIl to describe
techniques and algorithms used in the last decade to provide an
overview on the efficacy and safety of contemporary CTO PCI
techniques.

Methods: We performed a comprehensive search of the PubMed,
EMBASE, and the Cochrane library databases for manuscripts about
PCI of CTOs. We included studies published between the years 2005
and 2019. We categorized studies into those using a single approach
(antegrade, retrograde) and those with a prespecified algorithm (ie,
hybrid approach).

Chronic total occlusions (CTOs) are defined as 100% occlu-
sions with thrombolysis in myocardial infarction (TIMI)
grade 0 flow within the index segment, with a proven or esti-
mated duration of at least 3 months."”> CTOs are commonly
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RESUME

Contexte : Malgré I'abondance d’études sur l'intervention corona-
rienne percutanée (ICP) en cas d’occlusion totale chronique (OTC), la
littérature n’est pas facile a assimiler, tant pour les opérateurs
généraux qui effectuent des ICP que pour les spécialistes des ICP en
cas d’OTC, en raison des nombreux termes utilisés pour les approches
et de l'incohérence sur le plan de la terminologie. Cette incohérence
rend difficile la compréhension des avantages et des inconvénients de
ces différentes approches et, surtout, de leurs résultats cliniques en
aval. Nous avons donc procédé a une revue systématique de toutes
les études publiées sur I'ICP en cas d’OTC afin de décrire les tech-
niques et les algorithmes utilisés au cours de la derniére décennie
et de donner un apergu de I'efficacité et de I'innocuité des techniques
contemporaines d’ICP en cas d’OTC.

Méthodologie : Nous avons effectué une recherche exhaustive dans
les bases de données PubMed, EMBASE et Cochrane Library pour trou-
ver des articles sur I'lCP en cas d’OTC. Nous avons retenu les études
publiées entre 2005 et 2019. Nous avons classé ces études en
deux catégories : celles qui utilisent une seule approche (antérograde,

found in patients under% ing coronary angiography, with a
prevalence of 18%-52%.” Successful CTO PCI have been
associated with improvement in angina and overall quality of
life. Observational studies have also found improvement in
left ventricular function, a decreased need for coronary artery
bypass grafting, and potentially improved survival in patients
with successful CTO PCI recanalization compared with those
in whom CTO PCI has failed.®’ Historically, the Achilles
heel of CTO PCI was the low success rate and a perception of
unacceptably high complication rates with the use of conven-
tional PCI approaches and equipment; this finding has led to
a general reluctance in practice to perform PCI to a CTO."
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Results: Fifty-five observational studies including 28,907 patients who
underwent CTO were included in this review. CTO PCI generally carries
low risk of major procedural complications, with angiographic success
rates being higher in studies that used an algorithmic vs single techni-
cal approach.

Conclusions: This systematic review highlights the wide variation in
definitions and practices in CTO PCI and calls for standardization in ter-
minology and practice.

In the last decade, tremendous improvement in PCI devi-
ces and equipment, increased operator experience, and devel-
opment of novel crossing strategies as well as codified and
effective technical algorithms, have helped overcome previous
challenges and have led to predictably higher procedural suc-
cess rates.” Indeed, data suggest that CTO PCI success rates
improve,'’ and complication rates decrease with operator
experience, even among challenging patients and lesion
subgroups.'*'” As a result, the impetus for percutaneous
recanalization of CTO lesion continues to grow. -

A limitation of the CTO PCI literature is the overwhelm-
ing number of varied terms used to describe technical
approaches and an inconsistency in outcome terminology
between studies. This inconsistency makes it challenging to
understand or compare the advantages and disadvantages of
the various approaches or their clinical outcomes. Accord-
ingly, we conducted a systematic review of all published stud-
ies on CTO PCI to address these gaps in knowledge. Our
intent was to examine approaches used in the last decade,
broadly categorizing them as single strategy versus algorithmic
approaches, to provide an overview on the efficacy and safety
of these 2 broad contemporary CTO PCI approaches. By this
simple categorization, we hope to make this literature more
accessible to the broad audience of general PCI operators, as
well as CTO PCI specialists.

Methods

Protocol and registration

Our systematic review was conducted and reported accord-
ing to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines'* and was registered
with the International Prospective Register for Systematic
Reviews (PROSPERO: CRD42019127312).

Study design and search strategy

Search strategy was developed and performed in collabora-
tion with an experienced clinical research librarian. We per-
formed a comprehensive search of the PubMed, EMBASE,
and the Cochrane library databases for manuscripts about
PCI of CTOs. The search strategy included the following key-
words: “chronic total occlusion,” “percutaneous coronary
intervention,” “angioplasty,” “stent,” and “drug-eluting
stents.” Details of the search strategy are provided in
Supplemental Table S1. In addition, we manually searched
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rétrograde) et celles qui utilisent un algorithme prédéfini (approche
hybride).

Résultats : Cette revue portait sur 55 études observationnelles, pour
un total de 28 907 patients présentant des OTC. L'ICP en cas d’OTC
comporte généralement un faible risque de complications impor-
tantes liées aux interventions, les taux de réussite angiographique
étant plus élevés pour les études ou une approche algorithmique était
utilisée que pour celles ou I'on recourait a une approche technique
unique.

Conclusions : Cette revue systématique souligne la grande variation
des définitions et des pratiques en matiere d’'ICP en cas d’OTC, ainsi
que le besoin d’une normalisation de la terminologie et de la pratique.

references of retrieved articles and related articles on Pub-
Med’s related article feature to identify additional studies.
The full text of all relevant studies was analyzed to determine
whether they met the study selection criteria noted subse-
queritlyiSWe used the Covidence software in screening
articles.

Eligibility

Human studies in English published between the 2005
and 2019 were included if they reported on 1 or more CTO
PCI approaches as well as procedural success and any of the
following procedural complications during CTO PCI: death,
major adverse cardiovascular events (MACE), myocardial
infarction (MI), stroke, emergent or urgent coronary artery
bypass graft (CABG), target vessel revascularization (TVR),
perforation, tamponade, stent thrombosis, major vascular
complications, major bleeding, and contrast nephropathy.
Major adverse cardiovascular events are defined as the com-
posite of death, emergent CABG, stroke, and MI. Technical
success of CTO PCI was defined as successful CTO revascu-
larization with achievement of < 30% residual diameter ste-
nosis within the treated segment and restoration of TIMI
grade 3 antegrade flow. Procedural success was defined as
achievement of technical success with no in-hospital MACE.
We excluded case series of less than 10 patients, case reports,
editorials, and reviews. A list of the included studies is shown
in Supplemental Table S2.

Study selection

Two authors (A.K. or K.G. and T .A. or G.E.-G) simulta-
neously screened titles and abstracts using the eligibility crite-
ria. After applying exclusions, remaining articles were
reviewed using the full text by 2 authors (T.A. and G.E.-G.),

and controversies were resolved by consensus.

Data extraction

Data from included studies were extracted by 2 authors
(A.K. and K.G.) using a standardized data collection form.
Extracted data included the first author’s surname, year of
publication, country, publication year, study design, sample
size, characteristics of the subjects (age, gender, smoking sta-
tus, and comorbidities, such as hypertension, hyperlipidemia,
diabetes mellitus, and prior PCI or CABG), CTO technique,
procedural characteristics and outcomes, in-hospital complica-
tions, and the incidence of adverse clinical events during
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follow-up. Lesion severity was captured by the Japanese
Chronic Total Occlusion (JCTO) score. Where there were
duplicate data in 2 publications, only the first published study
was included.

Classification of studies

The included studies were classified according to the cross-
ing technique used. Studies that used a single strategy
approach were classified to 1 of the 3 broad categories of
CTO crossing techniques currently utilized'®: antegrade wire
escalation (AWE),"” antegrade dissection/reentry (ADR),'®"?
or retrograde.”””" AWE was defined as the use of antegrade
wiring to penetrate the proximal cap and cross the lesion into
the true lumen distally while remaining intraplaque within
the CTO segment. ADR was defined as subintimal crossing
of the CTO with subsequent reentry into the distal true
lumen. Retrograde approach was defined as retrograde CTO
crossing either with retrograde wiring or using retrograde dis-
section/reentry techniques.

Because contemporary CTO practice is typically not lim-
ited to a single approach, we provide the details of these
approaches in Supplemental Appendix SI. Studies that used
multiple strategy approaches were classified based on the pre-
specification of a defined algorithm. Studies that used a stan-
dard hybrid approach,”” based on 4 key angiographic
characteristics (proximal cap location and morphology, lesion
length, target coronary vessels beyond the distal cap, and pres-
ence of collaterals), were classified in the hybrid category.
Studies that used a clear Asian-Pacific algorithm® were classi-
fied in the Asian-Pacific category. Studies that varied between
techniques with no clear prespecified algorithm, were classi-
fied in the unclassified hybrid category.

In studies that report data on 2 different techniques, all
data related to each technique were combined and accounted
for in the relevant technique category. Studies that report
data on 1 technique, but the technique was initiated after a
failure of a primary technique or secondary attempts were
made using different strategy, were classified in the unclassi-
fied category. If no technique was specified, the study was

excluded.

Risk of bias/quality assessment

Included articles were evaluated for potential biases using
Cochrane risk of bias assessment tool (Risk of Bias in Non-
randomised Studies - of Interventions [ROBINS-I]), which
was performed independently by 2 authors (T.A. and G.E.-
G.), and controversies were resolved by consensus. As shown
in Supplemental Table S3, most of these studies showed a
moderate degree of bias.

Statistical analysis

Absolute number of events was extracted for the outcomes
when available or calculated from the pertinent statistical
measures. The estimated incidence rates were expressed as a
percentage. Because of significant study design heterogeneity
between the included studies, a meta-analysis was not per-
formed.
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Results

Study selection

A total of 6708 articles were identified through literature
search, all written in the English language. A total of 2189
duplicate publications were identified and removed. After an
initial screening, 565 studies were eligible for full-text assess-
ment. Finally, 55 studies fulfilled the eli%i/bility criteria and
were included in the systematic review.

78 "The detailed
PRISMA flow diagram is presented in Figure 1.

Study characteristics

All studies included the review were observational and were
published between 2005 and 2019. We did identify 3 ran-
domized controlled trials over the period””®'; however, all 3
were excluded because the crossing technique was not speci-
fied, and outcomes were not available by approach. In total,
28,907 patients with CTO were included in this analysis with
sample sizes for each study varying between 18 and 3055
patients. The follow-up duration ranged from 30 days to 36
months.

Patients in the studies were predominantly male (70%-
100%) with mean age ranging from 55.4 to 67 years. Of the
55 studies, 47 were single arm studies: 3 AWE studies, 13 ret-
rograde studies, 2 ADR studies, 1 Asian-Pacific study, 21
hybrid studies, and 7 unclassified hybrid studies. We identi-
fied 8 double-arm studies: 6 studies compared the AWE and
retrograde techniques, 1 study compared AWE with unclassi-
fied hybrid, and 1 study compared ADR with non-ADR tech-
niques. All studies defined CTO similarly as 100% vessel
occlusion with TIMI 0 flow for more than 3 months. Primary
and secondary endpoints slightly varied from study to study
(Supplemental Table S2) but were mainly focused on proce-
dural success rate and individual or composite of major
adverse cardiovascular events such as cardiac death and MI.

Procedure success rate and outcomes

The summary of CTO approaches outcomes presented in
Table 1. In general, lesion complexity as measured by JCTO
score was substantially higher for the non-AWE approaches.

Single-arm studies

The details of the single techniques (AWE, retrograde, and
ADR) are found in the Supplemental Appendix S1. A com-
parison of overall outcomes is shown in Table 1. Broadly,
there was greater technical and procedural success with algo-
rithmic approaches vs AWE or retrograde. Although ADR
had high procedural success, this was at the cost of higher
complications. A detailed evaluation of the algorithmic
approaches follows below.

Asian-Pacific algorithm

Only 1 study was included in this group comprising 485
patients.”” Patient demographics, clinical characteristics, and
outcomes are reported in Supplemental Table S4. The mean
JCTO score was 2.9. Rates of procedural and technical success
were 89.9% and 93.8%, respectively. Incidence of all-cause
mortality was 0.2%. Incidence of MACE was 3.8%. The
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| 2189 duplicates excluded

<7

Titles and abstracts
assessed for eligibility: 4519

3947 excluded:
N Case reports, abstracts,

Full texts studies assessed
for eligibility: 565

editorials, reviews, non-
coronarv CTO.

510 excluded:
Inadequate detail of outcomes

and complications.

7

Total number of studies
included: 55

Wrong outcomes, intervention,
patient population.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of study selection. CTO, chronic total occlusion.

incidence for MI was 3.4%, and 0.2% for stroke, stent throm-
bosis, and tamponade.

Hybrid algorithm

Twenty-one studies using the hybrid technique for CTO
PCI published between 2014 and 2018 were included.**®’
The 21 studies included 13,012 patients and 13,466 CTO
lesions (Supplemental Table $4). In 16 studies, where JCTO
scores were reported, the average JCTO score was 2.51. The
average procedural duration was 115 minutes. The procedural
success rate was included in 12 of the studies, and the mean
success rate was 87.5%. The mean technical success rate was
88.77%. The incidence of periprocedural all-cause mortality
was 0.60%. Periprocedural cardiac death, reported in 1 study
by Maeremans et al.,”" was 0.24%. The incidence of peripro-
cedural MACE, MI, and stroke was 3.33%, 1.27% and
0.21%, respectively. The incidence of periprocedural target

Table 1. Summary of outcomes for each CTO approach

vessel revascularization was 0.20%. Rates of coronary artery
perforation and tamponade were 4.24% and 0.79%, respec-
tively.

Unclassified approach

Seven studies were categorized into the unclassified tech-
nique.*’% They included 3028 patients and 3222 CTO
lesions (Supplemental Table S4). In 2 studies in which JCTO
scores were reported, the average JCTO score was 2.74. The
average procedural duration was 188 minutes. The procedural
success rate was included in 5 of the studies, and the mean
success rate was 82.61%. The mean technical success rate was
87.74%. The incidence of periprocedural all-cause mortality
was 0.56%. The periprocedural cardiac death, reported in 2
studies, was 0.26%. The incidence of periprocedural MACE,
MI, and stroke was 1.71%, 1.72% and 0.20%, respectively.
The incidence of periprocedural target lesion revascularization

All cause death (%) MACE (%)

Technical success (%)

CTO Approach J-CTO score, mean Procedural success (%)
Single approach
Antegrade 1.74 65
Retrograde 2.95 77
Dissection re-entry 3.3 91.7
Algorithm approach
Hybrid 2.51 87.5
Asian-Pacific 2.9 89.9
Unclassified 2.74 82.6

90 0.3 (in-hospital)

1.2 (long term)

0 (in-hospital)

80.5 0.3 (in-hospital) 4 (in-hospital)
5 (long term) 14 (long term)
98.8 1.6 (in-hospital) 6.4 (in-hospital)
3.2 (long term) 0 (long term)
88.7 0.6 (in-hospital) 3.3 (in-hospital)
1.7 (long term) 4.2 (long term)
93.8 0.2 (in-hospital) 3.8 (in-hospital)
87.7 0.56 (in-hospital) 1.7 (in-hospital)

2.1 (long term)

2.1 (long term)

CTO, chronic total occlusion; JCTO, Japanese chronic total occlusion; MACE, major adverse cardiovascular events.
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was 0.09%. The incidence of coronary artery perforation and
tamponade was 6.02% and 0.80%, respectively.

Double-arm studies

Antegrade vs retrograde approach. Six studres compared
antegrade approach with retrograde approach.”'”® The largest
study included 2596 patients.”® Tt compared outcomes for
1872 patients who underwent antegrade approach with 724
patients treated with retrograde approach. Use of the ante-
grade approach was associated with higher technical (91% vs
87%; P = 0.006) and procedural (90% vs 85%; P < 0.0001)
success. Lesions attempted with retrograde approach had
higher JCTO score (1.9 vs 2.4; P < 0.0001). Incidence of
MI, coronary perforation, and contrast-induced nephropathy
was higher in the retrograde group. There were no significant
differences between 2 groups in rates of death, stroke, or acute
stent thrombosis. Similar findings were seen in the other stud-
ies (Supplemental Table S5). However, in Galassi et al.”" cor-
onary perforation was higher in the retrograde group, but
there was no significant difference in the rates of death Mi,

stroke, TVR, or stent thrombosis. Karmpaliotis et al.”* also
found that in-hospital MACEs were more common among
retrograde cases (4.3% vs 1.1%; P < 0.001) mostly because of
higher incidence of MI (2.1% vs 0.3%; P < 0.003). Coronary
perforation (5.5 vs 1.9; P < 0.001) and emergency pericardio-
centesis (1.3 vs 0.3; P = 0.039) were also more common in
the retrograde group.

Antegrade vs unclassified approach. We identified only 1
double-arm study comparing antegrade approach with com-
bined ante rade and retrograde approach (unclassified
approach).”” This study compared outcomes for 59 patients
who underwent antegrade approach and compared them with
49 patients treated with unclassified approach. Follow-up
duration was 6 months. There was no significant difference
between the groups in technical (94% vs 86%; P = 0.127) or
procedural (90% vs 80%; P = 0.129) success. There were no
significant differences between the 2 groups in rates of death
(0% vs 0%; P value not significant), MI (4.3% vs 6%;
P = 0.684), stroke (0% vs 0%; P value not significant), coro-
nary dissection (7.2% vs 6%; P = 0.789), coronary perforation
(7.2% vs 14%; P = 0.227), and TVR (16.7% vs 27.3%;
P =10.333) (Supplemental Table S5).

ADR vs non-ADR. We identified 1 double-arm study com-
paring ADR approach with non-ADR approaches (AWE and
retrograde).”® This study compared outcomes for 452 patients
who underwent ADR approach with 836 patients who under-
went non-ADR approach. Use of ADR was associated with
lower technical (86.9% vs 91.8%; P < 0.005) and procedural
(85% vs 90.7%; P = 0.002) success and longer procedural
time. Lesions attempted with ADR were more likely to have a
higher JCTO score (2.8 vs 2.4; P < 0.001). There were no
significant differences between the 2 groups in terms of death
(0.4% vs 0.4%; P = 0.88), MACE (2.9% vs 2.2%; P = 0.42),
MI (0.9% vs 1.1%; P = 0.74), and stroke (0% vs 0.5%,
P = 0.14). Notably, the rate of tamponade requiring emer-
gency pericardiocentesis was higher in the ADR group (1.8%
vs 0.1%; 2 <0.001).
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After excluding cases that used retrograde approach, ADR
cases were compared with AWE-only cases. ADR cases were
associated with longer procedure time and higher JCTO score
(2.5vs 1.9; P < 0.001). However, there was no significant dif-
ference between technical success, procedural success, or
MACE between the ADR and AWE-only cases
(Supplemental Table S5).

Discussion

This systematic review included cohort studies that exam-
ined the efficacy and safety of contemporary CTO PCI tech-
niques. The main findings are (1) in general, CTO PCI is
performed with high success rates; (2) CTO PCI carries low
risk of major complications; and (3) compared with studies
with single CTO approach, technical and procedural success
rates were higher in studies that used a CTO algorithm
approach, whereas adverse events were lower. This finding
reinforces the need for modern CTO PCI practice to include
expertise in multiple procedural approaches and a systematic
approach to switch from one to another to maximize proce-
dural success while minimizing complications and ensuring
efficiency.

Despite the abundance of CTO PCI studies in the litera-
ture, the literature is not easy to digest for both general PCI
operators and CTO PCI specialists in part because of the over-
whelming number of varied terms used for approaches and
inconsistency in terminology among studies. This inconsis-
tency makes it challenging to understand the advantages and
disadvantages of these different approaches and, most impor-
tantly, their downstream clinical outcomes. In addition, there
is wide variation in practice of CTO PCI worldwide. Despite
the excellent results with use of the hybrid algorithm in North
America and Europe, there has been infrequent adoption of
this paradigm in the Asia-Pacific region where most of the
world’s population resides. This infrequent adoption is
caused, in part, by the preference of parallel wire technique
over ADR that is prevalent in this region, possibly driven by
limited access to the CrossBoss and Stingray system (Boston
Scientific, Marlborough, MA). Other factors, such as lower
rates of coronary artery bypass grafting,®” have also likely con-
tributed to the differences in CTO PCI approaches seen in
the Asia-Pacific region.

In our study, we observed that excellent outcomes can be
achieved with both the hybrid and Asian-Pacific algorithms.
Both hybrid and Asian-Pacific algorithms were associated
with higher procedural success rates (87.5% and 89.9%,
respectively) with lower risks of major complications. These
favorable outcomes are likely multifactorial, reflecting the
importance of dual injections for CTO PCI angiography, the
adoption of a standardized anatomic approach for angiogram
evaluation, the use of angiographic characteristics to guide
strategy selection, and rapid/early conversion to an alternative
crossing strategy if the initial crossing strategy failed. The
unclassified approach had a longer procedure time than the
other hybrid approaches. This finding suggests that a more
rigorous and algorithmic approach to switching strategies
translates to improved procedural efficiency.

The tremendous improvement in PCI devices and equip-
ment, increased operator experience, and development of new
crossing techniques and treatment algorithms have helped
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overcome technical complexities leading to improved proce-
dural success rates. This finding will likely make CTO PCI
expand in the future. Furthermore, a recent systematic review
found that there was an improvement in quality-of-life metrics
in patients with CTO who undergo revascularization.®’

As such, there is a need for terminology standardization in
the CTO PCI field. Standardized definitions of data elements
and clinical endpoints of CTO PCI will allow effective com-
munication among all relevant stakeholders, including
patients. Such standardization would serve both clinical,
research, and regulatory purposes as well as facilitate training
and future equipment development.

The Chronic Total Occlusion Academic Research Consor-
tium (CTO-ARC) project was recently published to standard-
ize the field.”" CTO-ARC has provided uniform definitions
for endpoints specific to CTO interventions and recommends
a consensus framework for the design of clinical trials and reg-
istries, including the procedural data collected during CTO-
PCI. CTO-ARC is a first step toward improved comparability
and interpretability of study results, supplying an increasingly
growing body of CTO percutaneous coronary intervention
evidence.

Limitations

Our study must be interpreted in the context of several
limitations that merit discussion. First, all included studies
were observational in nature; thus, the available data are sub-
ject to potential biases, such as selection bias, publication bias,
and confounding. Only 3 randomized studies were found in
our search, and all were excluded as the crossing technique
was not specified, which reinforces the need for standardiza-
tion of trial reporting. Second, because of significant clinical
heterogeneity, we did not meta-analyze our data across
included publications. We believe that the heterogeneity of
the populations and outcome metrics precludes the ability to
synthesize our findings into a single summary statistic. As
such, we would argue that a qualitative systematic review is
more appropriate.

Conclusion

This systematic review found better technical and proce-
dural success with CTO algorithmic approaches compared
with single technique approaches. However, there was wide
variation in definitions and practices in CTO PCIL. This call
for standardization in terminology in modern CTO PCI prac-
tice is a requisite first step to evaluate new algorithms to maxi-
mize effectiveness and safety.
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