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Abstract

Treatment of coronary chronic total occlusion (CTO) with percutaneous coronary
intervention (PCI) has rapidly increased during the past decades. Different
strategies and approach were developed in the recent past years leading to an
increase in CTO-PCI procedural success. The goal to achieve an extended revascu-
larization with a high rate of completeness is now supported by strong scientific
evidences and consequently, has led to an exponential increase in the number of
CTO-PCI procedures, even if are still underutilized. It has been widely demon-
strated that complete coronary revascularization, achieved by either coronary
artery bypass graft or PCI, is associated with prognostic improvement, in terms of
increased survival and reduction of major adverse cardiovascular events. The
application of “contemporary” strategies aimed to obtain a state-of-the-art
revascularization by PCI allows to achieve long-term clinical benefit, even in high-
risk patients or complex coronary anatomy with CTO. The increasing success of
CTO-PCI, allowing a complete or reasonable incomplete coronary revascular-
ization, is enabling to overcome the last great challenge of interventional
cardiology, adding a “complex” piece to “complete” the puzzle.

Key Words: Chronic total occlusion; Percutaneous coronary intervention; Complete
revascularization; Prognosis; Coronary artery disease

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The application of “contemporary” revascularization strategy in coronary
chronic total occlusion percutaneous interventions, allowed a high procedural success
rate and to achieve a complete or reasonable incomplete coronary revascularization.
From a procedural and clinical management point of view, an improved accuracy in
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clinical decision making process and a state-of-the-art revascularization, led to a long-
term clinical benefit, even in high-risk patients or complex coronary anatomy.
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INTRODUCTION

Treatment of coronary chronic total occlusion (CTO) with percutaneous coronary
intervention (PCI) has rapidly increased during the past decade, driven by technical
and technological advancements involving drug-eluting stents (DES), antithrombotic
drugs management, procedural strategies and interventional cardiologists” expertise.
“Contemporary” revascularization strategies include: novel and dedicated techniques,
use of 2*and 3™ generation DES and intracoronary imaging, “tailored” antithrombotic
therapy management. Strategies aimed to achieve an extended revascularization with
a high rate of completeness have led to an exponential increase in the number of
successful CTO-PCI procedures, which translates in a long-term clinical benefit.
However, CTO-PCl is still underutilized, accounting for only 5%-15% of elective PCI,
despite a reported prevalence of CTO in up to one-third of patients with coronary
artery disease, and 10%-18% of patients with STEMI[1,2] The presence of a CTO,
compared with non-occlusive coronary lesions, greatly affects the therapeutic
strategies of patients with atherosclerotic ischemic heart disease, with a more frequent
referral to surgical revascularization [coronary artery bypass graft (CABG)] or medical
therapy rather than percutaneous solution.

CLINICAL BENEFITS OF CTO REVASCULARIZATION: STILL AN OPEN
DEBATE?

The expected benefits from the revascularization of a CTO can be summarized in: (1)
Improved quality of life; (2) Improved left ventricular (LV) function; (3) Increased
long-term survival; (4) Increased tolerance to potential subsequent coronary events;
and (5) Reduced risk of life threatening-arrhythmias.

The available evidence in support of a favorable prognostic impact, mostly comes
from observational studies (high volume single-center registries or multi-center
registries), with the recognized limitations of selection and publication bias and
possible residual confounders[3-6]. On the other side, such registries have the
undoubted advantage to offer a view of clinical and therapeutic practice in the real
world. At present, there are also extensive meta-analyses to consolidate this evidence
[7-9]. Contemporary randomized clinical trials are small, and often investigate
surrogate prognostic end points or non-inferiority analyses[10,11] (Table 1).

The Korean multicenter randomized DECISION-CTO trial, which was discontinued
because of slow enrollment (out of 1.284 planned patients, only 834 were enrolled),
showed how CTO-PCI, combined with optimal medical therapy, was not superior to
medical therapy alone in reducing cardiovascular events in patients with CTO at 3-
year follow-up; the primary end point, a composite of all-cause mortality, myocardial
infarction, stroke, and repeat of any coronary revascularization, was 20.6% vs 19.6% (P
= 0.008 for non-inferiority of optimal medical therapy). Five years follow-up data,
published in 2019, confirmed no differences in term of primary end point (22.3% vs
22.4%; HR 1.03; 95%CI: 0.77 to 1.37; P = 0.86); notably, the 19.6% of the patients
assigned to the no CTO-PCI strategy arm, crossed over to receive staged CTO-PCI[10].
In the Korean study, the mean age of patients was approximately 62 years, LV
function 57%, and two thirds of patients had a stable coronary artery disease. It is
estimated that for an adequate statistical power to detect a difference in outcome in
terms of mortality between CTO-PCI and optimal medical therapy, an ideal trial
would require more than 5000 patients, a figure not even remotely represented in
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Table 1 Chronic total occlusion study results and clinical outcomes according to hierarchical levels of evidence-based medicine:

Registries, meta-analyses, and randomized clinical trials

PCl success vs PCl failure

Studies Patients (n)  CTO-PCl success Follow-up
MACE Death
Registries OPEN-CTO 2020 (12) (Hybrid 1000 90% 1lyr 3.4% vs 3.7% 0.9% vs 0%
approach)
EXPERT-CTO 2019 (2) (New 250 96.4% 1yr 18.5% vs24.4% NR
generation DES)
Valenti et al 2019 (3) (Elderly 275 yr) 460 72% 5yr 9.6% vs 17% 84% +£3% vs72% + 6%
Sudhakar et al 2014 (4) 13443 70.6% 2.65 yr NR HR 0.72, 95%CI: 0.62-
0.83
Metanalyses Christakopoulos et al 2015 (5) 28486 71% 3.11yr 29.1% 6.4% vs 9.5%
Hoebers et al 2015 (6) 15459 71.7% 1-10 yr NR 10.4% vs 14.9%
Chenmin et al 2021 (7) (Elderly 275 4693 70.4%-78.36% 20 mo-5 yr 16.8% vs28.9%  HR:0.51, 95%ClI: 0.34-
¥1) 0.77
RCTs DECISION CTO 2019 (8) 834 90.6% 4yr 223% vs22.4%  3.6% vs5.3%
EURO CTO 2018 (9) 396 86.6% lyr 5.2% vs 6.7% 0.8% vs 0%

RCT: Randomised controlled trial; CTO: Chronic total occlusion; PCI: Percutaneous coronary intervention; MACE: Major adverse cardiovascular events;
DES: Drug-eluting stents; NR: Not reported.

current studies.

The multicenter randomized EURO-CTO trial enrolled 450 patients, randomized to
CTO-PCI vs medical therapy with a 2:1 ratio; procedural success in the PCI arm was
86.7%; at 12 mo follow-up, CTO-PCI group showed greater improvement in the angina
frequency score (P = 0.003) and the quality-of-life score (P = 0.007) compared with
optimal medical therapy; causative classification system (CCS) improved considerably
more in the PCI group than in the optimal medical therapy group (P < 0.001). No
differences in the primary safety end points evaluated at 36 mo were found. Major
cardiovascular and cerebrovascular events (MACCE) during 12 mo follow-up were
similar between the two groups (P = 0.55)[11].

The lack of positive results in terms of clinical outcomes in randomized trials may
be explained, at least partially, by the exclusion of patients at higher risk of events, for
whom, on the basis of a perceived or demonstrated therapeutic benefit, an interven-
tional attitude is preferred, effectively excluding the possibilities of randomization to
conservative therapy for ethical reasons. Accordingly, Galassi et al[12] in their study
reported how, even in the absence of statistically significant differences in MACCE at a
median follow-up of 16.3 £ 8.2 mo, the group of patients with severely depressed left
ventricular ejection fraction (LVEF) (< 35%), showed a significantly improvement of
LVEF when a successful CTO-PCI was performed.

Convincing positive results from randomized trials are still awaited to conclusively
legitimize the potential benefits of CTO-PCI in patients with indication for revascular-
ization. The lack of unequivocal answers from randomized trials, however, does not
preclude the possibility of choosing a therapeutic strategy: "evidence-based medicine"
is still "the conscientious, explicit and judicious use of current best evidence in making
decisions about the care of individual patients"[13] and the current evidence points in
favor of CTO-PCI attempts.

A meta-analysis published in 2015, conducted on more than 28000 patients, showed
the association of successful CTO-PCI with improved long-term survival when
compared with procedural failure (OR 0.52, 95%CI: 0.43-0.63)[7]. Another meta-
analysis, conducted on 2243 patients with successful CTO-PCI, found a LVEF
significant increase, with 4.4 percentage points over baseline comparison in absolute
terms (P < 0.01), as well as a reduction in negative ventricular remodeling[8].

Clinical benefit of successful CTO-PCI was found also in large registries[3-6]. In the
OPEN-CTO registry (1), which enrolled 1000 patients, investigators reported in the
group of successful CTO revascularization a statistically significant improvement in
Seattle Angina Questionnaire (SAQ) from 49.4 + 0.9 to 75.0 £ 0.7 (P < 0.01), and, after
adjusting for baseline differences, the mean group difference in SAQ between
successful and unsuccessful CTO-PCI was 10.8 (95%CI: 6.3 to 15.3; P < 0.001)[3]. At 1
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year, the unadjusted MACCE rate was lower in patients with successful index CTO-
PCI compared to patients with unsuccessful CTO-PCI (9.4% vs 14.6%; P = 0.04)[14].

Nowadays, despite results from perspective randomized controlled trials are
conflicting, and the survival benefits are still debates, the indications to drive a CTO-
PCI according to guidelines of the most important scientific societies are refractory
angina symptoms despite optimal medical therapy or patients with documented large
ischemic area in the territory of occluded vessel[15]. Furthermore, current evidence
and guidelines support the use of viability imaging to assist decision-making in
patients with ischemic heart failure and coronary artery disease[15]. Distinguishing
hibernating myocardium from non-viable myocardium is particularly important to
select patients that are more likely to benefit from myocardial revascularization and to
reduce the risk of inappropriate treatment. Despite lack of longitudinal outcome
benefit in the previous clinical trials, myocardial viability assessment plays an
important role on a personalized level of clinical decision making for patients with
CTO and LV dysfunction. The different noninvasive modalities available to assess
myocardial viability interrogate distinct pathophysiologic myocyte and myocardial
processes. The single photon emission computed tomography radionuclide tracers)
examine myocyte cell membrane integrity, positron emission tomography myocardial
blood flow and metabolism, cardiac magnetic resonance (CMR) with late gadolinium
enhancement identifies scarred myocardium, whereas dobutamine echocardiography
or CMR assesses regional ventricular contractile reserve. The imaging modality of
choice needs to be individualized according to each clinical scenario, technology
availability and institution expertise.

CMR is a versatile imaging modality to assess multiple interrelated features of both
ischemia and viability in a single test without the use of ionizing radiation. It provides
accurate and reproducible assessment of global and regional ventricular function,
myocardial perfusion at rest and at stress, myocardial scar and the identification of
viable but dysfunctional hibernated myocardium, being able to predict its recovery
after successful revascularization[16]. Previous studies showed that the use of CMR
may help to select patients who could derive significant LV reverse remodeling,
ischemic burden relief, and quality of life improvement after CTO recanalization[17,
18]. Nevertheless, randomized trials with larger patient numbers are warranted to
explore whether CMR-guided CTO revascularization is indeed superior to other
available functional imaging, and is an independent predictor of long-term improved
clinical outcome. Two ongoing trials, NOBLE-CTO (the nordic-baltic randomized
registry study for the evaluation of PCI in chronic total coronary occlusion;
NCT03392415) and ISCHEMIA-CTO (revascularization or optimal medical therapy of
CTO; NCT03564317), employing CMR and nuclear imaging are eagerly awaited.
Meanwhile according to current evidences, CTO PCI should be considered in
symptomatic patients despite optimal medical therapy.

PERCUTANEOUS INTERVENTION OF CHRONIC OCCLUSION AS PART
OF CORONARY REVASCULARIZATION: A COMPLEX PIECE TO
“COMPLETE” THE PUZZLE

Rarely, CTO presents as single vessel coronary disease. More often, the interventional
cardiologist is confronted with a multivessel coronary artery disease in which CTO
represents an additional element of complexity. In this scenario, it is appropriate to
analyze the potential prognostic impact of percutaneous revascularization of CTO in
the broader perspective of a complete or reasonable incomplete revascularization.
Pioneering studies have shown that complete coronary revascularization, achieved
following PCI of at least one CTO, results in a significant reduction in long-term
cardiac mortality in the setting of multivessel atherosclerotic disease[19]. Even in
patients undergoing PCI for multiple CTOs, 2-year survival was significantly better in
patients with a complete revascularization by PCI[20]. Further confirmation came from
the publication of the subanalysis of the Synergy Between Percutaneous Coronary
Intervention with Taxus And Cardiac Surgery (SYNTAX) trial, which evaluated the
prognostic impact of complete revascularization achieved after PCI or CABG and its
association with the presence of CTO[21]. Incomplete revascularization was found to
be conditioned by the complexity of the coronary anatomy and patient comorbidities
and correlated with increased mortality and MACCE at 4-year follow-up in both
groups. The presence of CTO represented the strongest independent predictor of
incomplete percutaneous revascularization, at a time in history still burdened by
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limited procedural proficiency, as demonstrated by the lower rate of successful
revascularization of CTO in the group undergoing PCI, compared with the group
undergoing CABG. To emphasize the importance of these results, it is worth
mentioning that they derive from analyses conducted on patients in the SYNTAX trial,
with stable coronary artery disease, without previous revascularizations, in whom
first-generation DES were implanted, stent associated with more frequent events of
restenosis and reocclusion than current second- or third-generation DES[22]. In
addition, the success rate of CTO-PCI was significantly lower (approximately 49%)
than the current rate, and complete revascularization was achieved in slightly more
than half of the patients undergoing PCI and in only 63% of the patients undergoing
CABG. Also in the study of Jang et al[23] published in 2017, data showed that in
patients with CTO, achieving a complete revascularization (residual SYNTAX Score =
0) or a reasonable incomplete revascularization (residual SYNTAX Score = 12)
guarantees a significantly lower risk of cardiac death and all-cause death compared
with incomplete revascularization (residual SYNTAX score > 12), and these results
were comparable with the CABG revascularization group at a median follow-up of 42
mo.

The favorable prognostic impact of a complete coronary revascularization has also
been confirmed by large meta-analyses[5,24,25]. Among nearly 90000 patients from 35
randomized clinical trials and observational studies, completeness of revascular-
ization, most often achieved by CABG, was found to be associated with approximately
30% reduction in long-term mortality[24]. Thus, it is not the surgical or percutaneous
strategy that makes the difference, but the achievement of complete coronary revascu-
larization. Another meta-analysis published in 2016, conducted on 156240 patients
undergoing PCI for multivessel coronary artery disease, confirmed the strong
prognostic benefit of the association between completeness of revascularization and
reduced mortality and MACCE[25]. Notably, these benefits were maintained both in
the subanalysis conducted on the cohort of 5 studies with CTO (OR 0.69; 95%CI: 0.53-
0.80), and in the subanalyses that took into account the different definitions of
complete revascularization[25]. Also of note, complete coronary revascularization by
PCI was achieved in slightly less than half of the cases. Even in the pooled-analysis of
Ahn et al[26] published in 2017, patients with incomplete revascularization by PCI had
a higher risk of all-cause mortality respect to the patients treated with CABG.
Conversely, no significant differences were found between patients undergoing CABG
and those undergoing PCI with complete revascularization regarding the risk of death
(aHR: 1.16; 95%CI: 0.83 to 1.63; P = 0.39) and the composite of death, myocardial
infarction, and stroke (aHR: 1.14; 95%CI: 0.87 to 1.48; P = 0.35).

The favorable prognostic impact of successful CTO-PCI and complete revascular-
ization on survival was also confirmed in elderly population. Valenti et al[5] collected
data from 460 elderly patients (> 75 years) in the Florence real world CTO registry.
Patients were stratified according to success or failure of CTO-PCI. Results showed
improved five-year cardiac survival in the successful CTO-PCI group (P = 0.006) and a
further improved survival benefit if complete coronary revascularization was achieved
(90% + 3% vs 68% = 5%; P < 0.001) (Figure 1). Moreover, multivariate analysis
demonstrated that increasing age, diabetes, chronic kidney disease, LVEF < 0.40 and
complete revascularization resulted independently associated with long-term cardiac
survival. Even in the meta-analysis of Cui et al[9] published in 2020, data derived from
8 studies showed how successful CTO-PCI was associated with reduction in long-term
mortality and major adverse cardiovascular events (MACE) as compared to failed PCI
in elderly.

Most of the elderly patients in these studies had high prevalence of comorbidities,
complex coronary anatomy and concomitant LV dysfunction and heart failure, so they
are consistent to the current setting definition of “complex higher-risk and indicated
patients”[27]. In this context of patients with several comorbidities and severely
reduced LV function, the execution of a percutaneous CTO revascularization is
considered at very high risk, both for the technical difficulty of the procedure and for
the clinical characteristics of the patient. Even if data regarding use of LV assist devices
for hemodynamic support during CTO-PCI procedure are still lacking, initial
experiences of small retrospective studies and case reports/series seem to show
encouraging results[28].

Nowadays, the application of a “contemporary” revascularization strategy, in
addition to the technical and procedural aspects, involves an optimal management of
antithrombotic therapy. Patients who undergo a CTO-PCI are at high risk of clinical
ischemic and thrombotic events. Antiplatelet therapy could play a leading role in
reducing clinical event rates. Recent data from Valenti et al[19] has shown that a
“tailored” approach based on platelet reactivity test results and clinical aspects could
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Figure 1 Long-term survival according to chronic total occlusion-percutaneous coronary intervention results and completeness of

revascularization in a real-world registry investigating elderly > 75 years. Successful chronic total occlusion-percutaneous coronary intervention (CTO-
PCI) group was associated with a long-term survival benefit when compared to failed CTO-PCI group at Kaplan—Meier survival analysis. Survival benefit was even
greater in the complete coronary revascularization group and preserved up to 5 years. CTO: Chronic total occlusion; PCI: Percutaneous coronary intervention; CR:
Complete revascularization; IR: Incomplete revascularization. Citation: Valenti R, Migliorini A, De Gregorio MG, Martone R, Berteotti M, Bernardini A, Carrabba N,
Vergara R, Marchionni N, Antoniucci D. Impact of complete percutaneous revascularization in elderly patients with chronic total occlusion. Catheter Cardiovasc Interv
Off J Soc Card Angiogr Interv 2020; 95: 145-153. Copyright ©The Author(s) 2019. Published by John Wiley & Sons, Inc[5].
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lead to a survival benefit. Data showed how three-year survival was significantly
higher in patients with adequate responsiveness to antiplatelet drugs: the optimal
platelet reactivity group compared with high platelet reactivity patients showed a
lower MACE rate (95.3% + 0.8% vs 86.2% + 2.8%; P < 0.001). Furthermore, in high
platelet reactivity cohort of patients, escalation to a more potent antiplatelet agent
allowed similar survival rates to the patients with optimal platelet responsiveness.
Conversely, a prolonged clopidogrel therapy in non-responders patients (when more
potent antiplatelet agents were not available) was associated with a high cardiac
mortality (HR: 2.37; P = 0.003)[29].

Combining the evidence from randomized trials and registries, it appears clear that,
although the real benefits on prognosis have yet to be fully demonstrated, it is
undeniable that the revascularization of CTO leads to an improvement in patients’
quality of life and more specifically to a reduction of angina. This evidence, in turn,
raises further questions and in particular which strategy should be adopted in patients
presenting CTO with a previous failed revascularization attempt or judged not
amenable for CTO-PCI or in patient whose procedure would be at extremely high-risk
to perform. Very interesting are the results of the retrospective multicenter study by
Zivelonghi et al[30], conducted on patients with refractory angina symptoms,
unsuitable for revascularization procedure or with previous revascularization failure,
undergoing coronary sinus reducer (Neovasc Inc., Richmond B.C., Canada)
implantation (24). In the group of patients with at least one CTO lesion, at a median
follow up of 570 + 370 d, patients experienced a statistically significant reduction in
CCS class, with a significantly higher improvement respecting to the non-CTO
patients” group. One of the possible explanations of these results, according to the
authors, consists in the presence of collateral coronary circulation in CTO patients; this
could be the key for the device mechanism of action associated with the potential
clinical benefit; nevertheless, these results need to be confirmed in perspective
randomized controlled trials.
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ACUTE MYOCARDIAL INFARCTION WITH CONCOMITANT CHRONIC
OCCLUSION

An additional complex clinical scenario is represented by acute coronary syndrome
and multivessel coronary disease with the presence of a CTO.

About 50% of patients presenting with STEMI have a concomitant multivessel
coronary artery disease, and about 13%-20% have a coexisting concurrent CTO; of
these, only 5%-22% of cases receive an attempt percutaneous recanalization of the
chronically occluded vessel, despite the current high success rate[2,31-34].

It is now recognized, from observational studies and sub-analyses of randomized
trials, that the prognosis, in terms of short- and long-term survival after ST-elevation
myocardial infarction (STEMI), is worse in patients with multivessel coronary artery
disease and concomitant CTO. These findings have also been confirmed in a recent
meta-analysis[35]. From a pathophysiological perspective, the presence of a CTO limits
the possibility of providing collateral circulations to the acutely occluded vessel and, at
the same time, the sudden deterioration of collaterals supplying the territory
underlying the CTO may endanger a large area of myocardium.

If this intuitively explains the prognostic benefit of recanalization, which data are
currently available to support this statement?

An observational study from the Florence CTO registry published in 2014[36],
including patients with STEMI and concomitant CTO of the non-culprit vessel,
showed a clear benefit in terms of 1- and 3-year cardiac survival in patients treated
with successful CTO-PCI (performed between 7 and 30 d after primary PCI) when
compared with patients with failed or non-attempted CTO-PCI; a favorable prognosis
related to completeness of coronary revascularization was maintained even in very
high-risk patients, such as those with cardiogenic shock, three-vessel and/or left main
disease, severe LV dysfunction, and also in those patient with left anterior descending
coronary artery involvement, either as culprit vessel or site of CTO (81%). In the group
of patients with successful CTO-PCI, complete revascularization was achieved in 88%
of cases, but even in the comparison group, extensive revascularization (non-CTO,
non-infarct-related artery) was achieved in 85% of patients[36].

In 2016, the results of the randomized EXPLORE trial were published, which tested
the impact of early PCI of CTO (< 7 d after the primary PCI procedure) on LV function
and telediastolic ventricular volume at 4-mo follow-up[33]. Recanalization of CTO was
not found to be associated with a significant improvement in LV function and
telediastolic volume as assessed by magnetic resonance imaging. However, a sub-
analysis of the study suggested a clinical benefit in patients undergoing PCI of the left
anterior descending artery CTO[33]. Long-term follow-up (up to 5 years) showed that
MACE were not significantly different in the two arms. Furthermore, no differences
about the LV function were found in the two groups at 1 year[37].

The CREDO-Kyoto AMI registry analyzed 2045 patients with STEMI with or
without CTO in the non-culprit vessel (18.7%). Although the presence of a CTO was
independently associated with increased risk of mortality, mainly after the first 30 d
after the acute event, there were no statistically significant differences in 5-year
mortality between patients undergoing successful CTO-PCI and those with a failed
procedure. It should be noted, however, that only 32% of cases underwent a CTO PCI,
with a success rate of 64% and a low percentage of DES implantation[38].

Some evidence of MACE reduction in STEMI patients undergoing a staged CTO
revascularization, compared with primary PCI and subsequent medical therapy comes
from small retrospective single-center trials[39].

Although there is no clear evidence about the clinical benefit of revascularization of
concurrent CTO in AMI patients, the available data are in favor of a complete coronary
revascularization[40,41]. A possible explanation for the conflicting results in this
setting, could be that the timing of the revascularization procedure following primary
PCI must be individualized on the basis of the clinical characteristics of each patient;
the application of a standardized timing in this complex clinical and procedural setting
cannot be generalized.

PLANNING A TREATMENT STRATEGY: THE APPROACH TO PERCU-
TANEOUS REVASCULARIZATION OF CHRONIC CORONARY OCCLUSION

The first reports of CTO-PCI date back to 1985, thanks to the pioneering attempts of
Japanese operators who have transferred the techniques developed in the field of
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percutaneous revascularization of chronic femoro-popliteal occlusions to the coronary
field. The first approach was antegrade, with procedural success in about 60% of
attempts[42].

The observation that the distal cap of the occlusion is often less ambiguous and
easier to penetrate than the proximal one, has soon created interest in a retrograde
approach, first performed through vein grafts and then through septal collateral
branches, leading to an increased procedural success, reaching 85%. Another
technique borrowed again from the endovascular experience on the peripheral system
is the "subintimal tracking and re-entry" (STAR), consisting in the recanalization of the
occluded segment via a controlled subintimal dissection performed with a J-tipped
wire (“knuckle”), adding a bailout strategy when failure of the "true-lumen"
techniques occurs. Due to the difficulty in both navigating the guidewire and
controlling the re-entry point in the true lumen, with potential loss of collateral
branches, the STAR technique initially did not improve procedural success. Later,
thanks to procedural refinements and devices advancements, the STAR technique has
officially entered the CTO treatment option.

All these new techniques, in combination with the development of dedicated
devices (among the latest the CrossBoss and Stingray system; Boston Scientific,
Marlborough, MA, USA) and the use of second and third generation DES, with their
improved long-term patency, have permitted a more articulated and flexible vision of
CTO recanalization[22].

The indication for revascularization is conditioned by the clinical evaluation, which
must take into account the patient's symptoms, LV function, comorbidities, and
vitality /ischemia tests, in order to assess the expected therapeutic benefit in terms of
"quality of life" and prognosis. Angiographic evaluation, on the other hand, is
necessary to clarify not only the complexity of the CTO lesion, but also the probability
of success and the expected risk of complications.

Indeed, only a comprehensive and integrated assessment of clinical, imaging and
angiographic characteristics may define the appropriate revascularization strategy.

The goal of CTO PCl is to restore continuity between the upstream and downstream
vessel segments of the occluded artery. For this purpose, two basic approaches can be
used: the first one consists in penetrating the areas of loose tissue or microchannels
physiologically present in part of chronic occlusions, trying to cross the thickness of
the occluding plaque and proceed in the "intralesional" or “intimal” segment of the
vessel; the second one aims to "bypass" the lesion, exploiting more extensively the
vessel architecture and the subintimal space, proceeding within the adventitia of the
vessel that, thanks to its elasticity and resistance, will constitute an operative channel.

Of note, some recently published data obtained from intracoronary imaging
assessment after CTO recanalization seems to show a higher rate of all-cause mortality,
post procedural myocardial infarction and target vessel revascularization in
subintimal tracking techniques[43]. Subintimal recanalization was also associated with
a higher prevalence of malapposed stent struts at OCT evaluation[44].

Summarizing we have two technique, intimal/intralesional and subintimal, that can
be both used in antegrade and retrograde approach.

For the intimal/intralesional strategy, it's possible to adopt a wire escalation
technique according to the type of guidewires used to cross the plaque, which differ in
terms of stiffness, hydrophilicity, and penetrating power; mostly with two variants: (1)
"Step-up" escalation (stiff-stiff-stiffest); and (2) "Step-up-step-down" escalation (stiff-
soft-stiff). Conversely, it is possible to obtain recanalization through subintimal
crossing with dissection and re-entry technique by surfing in the subintimal space
until the patent vessel segment is reached, bypassing the occlusion.

As mentioned above, there is also the possibility of two different approaches: (1)
The antegrade approach: when the lesion is tackled by advancing guidewires along
the native vessel in a proximal-distal fashion, following the bloodstream; and (2) The
retrograde approach: when the lesion is tackled from the distal cap, by advancing
guidewires from the donor vessel through the so called “interventional” collateral.

In some cases, different approaches can coexist in the same technique, as in the
controlled antegrade and retrograde subintimal tracking (CART) or reverse CART
method, where a simultaneous antegrade and retrograde approach is required.

In order to select the most appropriate approach and technique, an accurate analysis
of the angiogram is a key step of the procedural strategy. The angiogram for a CTO
study should preferably be performed by dual, simultaneous injection of contrast
medium for better definition of vessel anatomy, effective lesion length, distal segment
anatomy, and characteristics of collateral circulation, combining typical and atypical
projections in order to optimize the visualization of elements of interest. "Ad hoc"
CTO-PCI procedures are generally discouraged in favor of careful planning. The
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increased expertise in the field has allowed to identify some features of the lesions that
the operator must evaluate for the choice of proper interventional strategy:
morphology and localization of the proximal and distal cap, lesion length, presence of
calcifications, landing zone and, finally, characteristics and quality of donor and
collateral vessels.

SCORES FOR THE EVALUATION OF CHRONIC CORONARY OCCLU-
SIONS

Multiple scores have been developed over the years in order to stratify the procedures
in various levels of difficulty. The effort was intended to provide a synthetic tool
capable of predicting and expressing the procedural complexity of a CTO-PCI and to
support the management of the procedural strategy. We will review below the main
scores reported in the literature (Table 2)[45-48].

The Japan-CTO (J-CTO) score[45], the progenitor of the series, was developed as a
model to predict the probability of success of an antegrade wiring of the lesion within
the first 30 min of the procedure. It takes into account several variables, the presence of
which adds one point (+ 1) to the total score. These variables are the morphology of
the proximal cap, the presence of calcifications within the occluded segment, the
tortuosity of the segment, the length of the lesion (cut off > 20 mm), and the failure of a
previous attempt to bridge the lesion. A score of > 2 identifies a lesion that is partic-
ularly difficult to overcome.

The clinical and lesion related score was then developed[46] including some
angiographic parameters already used in the J-CTO score (lesion length > 20 mm,
proximal cap morphology, presence of calcifications), plus the presence of a CTO in a
vessel other than the left anterior descending artery and combining them with clinical
variables, such as a previous myocardial infarction and/or CABG. The score obtained
identifies 4 different classes, correlated with decreasing probability of successful
revascularization and increasing probability of MACCE (death, myocardial infarction,
need for new revascularization with PCI or CABG, tamponade, and stroke).

The ORA (ostial location, Rentrop grade < 2, age > 75) includes only 3 variables, of
which one clinical (age > 75 years) and two angiographic (ostial location and Rentrop
collateral circulation > 2)[48]. In the prospective global registry for the study of chronic
total occlusion score four variables are taken into account: difficult proximal cap
localization, absence of collaterals, severe tortuosity, and circumflex artery CTO[47].
These last two scores, unlike the previous ones, contemplate some variables that
condition the choices in the hybrid algorithm, allowing the expansion of the field of
application from only antegrade crossing techniques to retrograde and combined
approaches.

The RECHARGE score was a tool developed to predict technical outcomes of CTO-
PCI from patients treated by “hybrid” operators with different experience levels[49].
One point is given for a long lesion length (20 mm), visible calcification on
angiography, tortuosity within the CTO segment or at CTO entry, a blunt proximal
cap, a diseased distal landing zone, and the presence of a bypass graft on the CTO
target vessel, respectively[49].

The more recent one the Euro-CTO CASTLE score is similar to RECHARGE score
but includes among the variables, the age of the patients and previous CABG
(irrespective of graft location) and discard the evaluation of the distal landing zone
[50]. CASTLE Score showed similar overall discriminatory capacity compared with J-
CTO score, but, for more complex procedures (J-CTO > 3 or Euro-CTO CASTLE > 4),
the predictive capacity of Euro-CTO CASTLE score appeared superior[51].

Scores can be a useful tool in several aspects of CTO-PCI performance. By providing
a quantitative measure of the probability of success and complications, they offer
useful information to be shared with the patient and in the evaluation context of a
Heart Team. Furthermore, they can guide case selection, allowing less experienced
operators to confidently tackle the simplest cases, while deferring more complex
challenges to more experienced operators. Nevertheless, some studies show very good
success rates among experienced operators, even in case of particularly unfavorable
scores[52], confirming that the scores assessment should represent a moment of
reflection, but not a reason to give up before the challenge of a percutaneous revascu-
larization.
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Table 2 Main scores for assessment of chronic total occlusions

EURO-CTO
J-CTO score CL score ORA score PROGRESS score  RECHARGE score
CASTLE score
Angiographic Proximalcap 1 Proximalcap 1 Ostial 1 Proximal cap 1 Proximal cap 1 Proximalcap 1
Features blunt blunt location ambiguity blunt blunt
Tortuosity > 1  Lesionlenght 15  Collateral 2 Tortuosity 1  Tortuosity > 1  Tortuosity > 1
45° >20 mm filling 45° 45°
Rentrop 0-1
Lenght > 20 1 Calcification 2 Circumflex CTO 1 Lenght > 20 1 Lenght > 20 1
mm mm mm
Calcification 1 Non-LAD 1 Absence of 1 Calcification 1 Calcification 1
CTO interventional
collaterals
Diseased distal 1
landing zone
Clinical features Prior CTOPCI 1  Previous MI 1 Age>75yr 1 Previous 1  Previous 1
failure CABG on CTO CABG
target vessel
Previous 15 Age >70yr 1

CABG

Japan-chronic total occlusions (CTO) score (45): 1 point for the presence of each variable with classification into 4 categories of difficulty: Easy (0),

intermediate (1), difficult (2), and very difficult (> 3). Clinical and lesion-CTO score (46): Non-anterior interventricular artery, previous MI, blunt stump (+

1); previous coronary artery bypass graft, lesion length > 20mm (+ 1.5); severe calcification (+ 2). Four classes of probability of success are identified: High
success rate (score 0-1), intermediate (score 2), low (score 3-4), and very low (score > 5). PROGRESS-CTO score (47): 1 point for each variable. ORA score

(48): 1 point for the variables of age and ostial location, and 2 points for the Rentrop collateral circle < 2; there are 4 degrees of difficulty: easy (0),
intermediate (1), difficult (2), and very difficult (3-4). RECHARGE score (49): 1 point for each variable, grading CTO lesion complexity from 0 to 6 points.
EURO-CTO CASTLE score (50): 1 point for each variable (0 to 6). At a score of 0, the mean predicted risk of failure of CTO percutaneous coronary
intervention was 5.8%. At a maximum score of 6, the predicted risk of failure was 56.5%. CTO: Chronic total occlusion; CABG: Coronary artery bypass

graft; LAD: Anterior interventricular artery; LCx: Circumflex artery; MI: Myocardial infarction.
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DIFFERENT PHILOSOPHIES LEADING TO DIVERGING APPROACH FOR
CTO REVASCULARIZATION

Taking into account and keeping in mind the characteristics listed, the operator will be
able to select the best interventional strategy. Historically, it is possible to identify
different philosophies, or experiences to approach CTO revascularization. Currently,
there are two main strategic approaches followed by practitioners: the Japanese
Eastern school and the American and European Western school, evolved in the so-
called "hybrid approach".

Eastern-Japanese approach
The Japanese interventional philosophy is reflected in a dedicated and thoughtful
approach to CTO: extreme importance is given to the coronary study, the analysis of
the angiographic picture, the availability of dedicated hemodynamic rooms. Pre-
procedural tomographic techniques (to assess the anatomy of the occlusion) and intra-
procedural intravascular ultrasound (to resolve ambiguities of the proximal cap and
guide the return of the guides in dissection techniques) play a paramount role. The
choice of the technique, obviously based on coronary anatomy, is maintained even in
spite of initial procedural difficulties, favoring a careful intra-procedural choice of
instrumentation and a “great mastery” in handling the available material. The use of
antegrade dissection/reentry techniques, considered suboptimal for CTO recanal-
ization, is generally discouraged, in favor of a meticulous intraluminal advancement
technique or "switch" to retrograde approach. Overall, the results of the Japanese
experience are extremely valid and a "driver" for international performance, with a
low prevalence of clinically relevant procedural complications[52]. A potential
limitation of this approach is, however, linked to the difficulty in standardizing
choices and the impossibility, in different economic contexts, to use facilities and
resources with the same liberality.

In an attempt to respond to this need for efficiency and uniformity, the hybrid
approach of the North American school was born.
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Hybrid approach of the Western school

The philosophy of the hybrid approach[53] is to achieve recanalization of the occluded
vessel by using all available techniques in the most effective, safe, and efficient way. It
combines a limited number of anatomical information in a decision algorithm, which
allows to establish the initial technique (the one with the highest probability of success
in relation to the characteristics of the lesion) and the most effective bailout techniques
in case of procedural failure. However, the peculiar aspect of this approach (that
justifies its "hybrid" attribute) is the dynamic nature of the transition from one
technique to another (Figure 2). It is recognized that excessive insistence on a single
technique, in addition to being time-consuming, can even be detrimental in terms of
success. Therefore, a quick "switch" is encouraged, with possible "re-cycling" among
several techniques, whenever significant progress cannot be achieved within a
reasonable time frame of 5-10 min. Practical benefits include shorter procedure
duration, reduced radiation exposure, and potentially less use of contrast agents. Data
from RECHARGE registry study evaluated the effectiveness of this approach in a
"real-world" setting of European centers, finding a procedural success rate of 89%[49].
Similar results were confirmed in the recently published data from OPEN-CTO
Registry: the application of hybrid approach led to a technical success rate of 86% in
the index CTO-PCI[14].

A particular interesting finding was the actual application of the strategy predicted
on the basis of the algorithm: in case of concordance, the success rate was higher[49].
Thanks to the algorithm, the hybrid approach leads to dissemination of learning and
teaching of CTO revascularization, offering an easy guide for practitioners, partic-
ularly those with lower skills and experience level. It is worth noting that the
algorithm does, however, some generalizations/limitations that are susceptible to
interpretation and adaptation to individual needs.

In specialized centers, regardless of the approach strategy, safety outcomes have
been shown to be very satisfactory. A meta-analysis of 65 studies, on a total of 18061
patients undergoing CTO-PCI, found an incidence of MACE (death, myocardial
infarction, stroke, and CABG in emergency) of 3.1%, with a mortality of 0.2% and an
incidence of cardiac tamponade of 0.3%[54]. Great care is also recommended in
monitoring the amount of contrast medium used and fluoroscopy. All currently
available strategies should be implemented to reduce the incidence of contrast-
induced nephropathy.

Over the last years, new algorithms were developed with the aim of extending
original “hybrid” approach: the Asia Pacific CTO Club algorithm[55] and the
algorithm from the European CTO Club[56]. All these algorithms, the original one and
his updates, are very similar. Indeed, all of them are focused on initial anatomy
evaluation to guide the initial strategy choice, use of intravascular imaging is
encouraged to avoid ambiguity, and criteria for failed procedure are listed. Tanaka et
al[57] developed a revised algorithm, proposing a wider use of the retrograde
approach, mainly in lesions with a higher J-CTO Score, highlighting how, in selected
cases a primarily retrograde approach allows excellent procedural success rate with a
shorter wire manipulation time.

Recently, a new revised version of “hybrid” approach was implemented, the
minimalistic “hybrid” algorithm[58]. The two major points of the minimalistic
“hybrid” algorithm are limiting the routine use of dual injection and encouraging the
use of trans-radial access and smaller (6-7 French) guiding catheters. First results
reported showed lower peri-procedural complications in the group treated according
to the minimalistic approach, with similar procedural results and non-statistically
significance differences in MACE[59].

Unfortunately, the multiplication of algorithms for CTO-PCI may lead to confusion
rather than clarity, as also stated in a recent published editorial[60].

CTO: A CHALLENGE WITHIN A CHALLENGE

The ultimate challenge of coronary interventional cardiology, now fully shared by the
scientific community, is to achieve a complete coronary revascularization. It has been
widely demonstrated that complete coronary revascularization, achieved by either
CABG or P(I, is associated with prognostic improvement, in terms of increased
survival and reduction of MACE. In this scenario, the successful CTO revascular-
ization plays a key role over the broad panorama of percutaneous coronary inter-
ventions. In this perspective, percutaneous revascularization can compete convin-
cingly with the surgical revascularization that, to date, is the easiest way to achieve a

WJC | https://www.wjgnet.com 23 January 26,2022 | Volume14 | Issuel |



Muraca I et al. Chronic total occlusion revascularization

‘ Angiography

|

A. Ambiguous proximal cap ? @ B. Favorable Collaterals ?
C. Diffusely diseased distal target?

[ Antegrade

] [ Retrograde

-/

|

(2)

Lesion lenght @

el

Wire based -m)- | Dissection re-entry .- .mp-. { Wire based } - [ Dissection re-entry >> ..... -

...... «._._._._._._._._._._«._._._._._._._._«._._._._._._.I

Figure 2 Hybrid algorithm for approaching strategy decision to chronic total occlusion.
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high rate of complete revascularization in patients with multivessel coronary artery
disease with associated CTO. When the equivalence in term of completeness between
PCI and CABG will be definitively granted, we could be able to offer our patients a
percutaneous revascularization associated with a long-term clinical benefit and, above
all, we will be able to provide the better revascularization strategy for each patient,
inspired by an “individualized medicine”. Furthermore, we could finally leave behind
the results of the comparison, now obsolete, between surgical and percutaneous
revascularization in patients with multivessel disease of the SYNTAX trial, which still
guides the revascularization modalities in the guidelines of the major cardiology
scientific societies.

CONCLUSION

In conclusion, the application of “contemporary” strategies aimed to obtain a state-of-
the-art revascularization by PCI allows achieving long-term clinical benefit, even in
high-risk patients or complex coronary anatomy with CTO. The increasing success of
CTO-PCI, allowing a complete or reasonable incomplete coronary revascularization, is
enabling to overcome the last great challenge of interventional cardiology, adding a
“complex” piece to “complete” the puzzle.
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