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Abstract

Background: Transradial access has become a preferred strategy for chronic total occlusion
(CTO) percutaneous coronary intervention (PCI) because of lower access site complication
rates and increasing feasibility for complex CTO techniques using large-bore slender or
sheathless systems. However, long-term outcomes after successful transradial CTO recanal-
ization and their predictors remain incompletely defined. We aimed to identify long-term
clinical and procedural predictors of major adverse cerebrovascular and cardiac events
(MACCESs) after successful transradial CTO PCI. Methods: We performed a prospective
dual-center cohort study including 227 consecutive patients who underwent successful
transradial CTO PCI at two high-volume catheterization laboratories with dedicated CTO
programs. A total of 405 CTO PCI procedures were screened; all femoral access cases were
excluded and only transradial cases were eligible. Baseline clinical characteristics, left ven-
tricular ejection fraction (LVEF), lesion complexity including J-CTO score, coronary disease
extent, and procedural variables were prospectively collected and/or verified from institu-
tional databases. The primary endpoint was MACCEs, defined as a composite of all-cause
death, non-fatal myocardial infarction, target vessel revascularization, and stroke/transient
ischemic attack. Event rates were estimated using Kaplan-Meier methods. Predictors were
explored using Cox proportional hazards regression with clinically relevant covariates and
procedural characteristics entered into multivariable models. Results: Among 227 patients
with successful transradial CTO recanalization and complete 5-year follow-up among sur-
vivors, cumulative MACCEs and all-cause mortality were 44.0% and 21.5%, respectively. In
multivariable Cox analysis, prior myocardial infarction, right coronary artery target vessel,
and a higher number of implanted stents were independently associated with increased
MACCE risk, whereas previous PCI and preserved LVEF (>40%) were associated with
lower MACCE risk. For all-cause mortality, preserved LVEF was independently protective,
while right coronary artery target vessel intervention was associated with increased mor-
tality risk; severe chronic kidney disease showed a significant univariable association and
remained a strong signal after multivariable adjustment. Conclusions: After successful
transradial CTO PCI, long-term MACCEs appear to be driven primarily by baseline comor-
bidity and coronary disease burden. No deaths were related to access site bleeding, and
vascular access was not associated with fatal complications. These findings contribute to
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personalized cardiovascular medicine by identifying readily available clinical, anatomical,
and procedural factors that enable individualized long-term risk stratification following
successful transradial CTO recanalization. Integrating these predictors into post-procedural
assessment may support tailored secondary prevention, follow-up strategies, and patient
management according to individual risk profiles.

Keywords: chronic total occlusion; transradial access; PCI; MACCE; long-term outcomes;
personalized medicine; risk stratification

1. Introduction

The transradial approach for coronary angiography and intervention was introduced
in the early 1990s, with seminal reports demonstrating feasibility for both balloon angio-
plasty and coronary stent implantation [1,2]. Since then, radial access has become the
dominant access strategy for PCI in many centers, primarily due to a lower incidence of
access site bleeding and vascular complications compared with femoral access [3]. The
durability and safety of transradial PCI programs have also been supported by long-term
institutional experience, including outcomes in ST-segment elevation myocardial infarc-
tion [4].

Chronic total occlusion (CTO) is reported to account for 15-25% of all patients referred
for coronary angiography [5]. CTO PCI remains among the most technically challenging
coronary interventions. Contemporary CTO practice relies on systematic lesion assessment,
dedicated crossing technologies, and algorithm-based strategy selection [6,7]. Multiple
studies have demonstrated that both clinical profile and lesion characteristics influence
procedural success and complications, and systematic evidence confirms that CTO PCI
outcomes are modulated by comorbidity and lesion complexity [8]. The Japan-CTO (J-CTO)
score is widely used to grade angiographic difficulty and predict procedural performance,
particularly guidewire crossing efficiency [9].

The clinical role of CTO PCI continues to be refined. Randomized trials comparing
CTO PCI with optimal medical therapy have shown mixed effects on hard endpoints
but support improvements in symptoms, exercise capacity, and/or selected functional
measures, thereby informing patient selection for recanalization [10-14]. In parallel, equip-
ment innovation and technique refinement—along with contemporary algorithms such as
hybrid and “minimalistic hybrid” approaches—have improved procedural efficiency and
broadened the spectrum of lesions suitable for percutaneous recanalization [6,7].

As operator expertise has matured, transradial CTO PCI has become increasingly
feasible even for complex lesions [15-18]. Dedicated platforms such as slender sheaths
and sheathless guiding systems facilitate complex PCI through radial arteries [16-18],
while large registry data suggest that radial CTO PCI can be associated with favorable
procedural outcomes and reduced bleeding compared with femoral access in experienced
settings [19]. In addition, recent reports indicate that switching from proximal to distal
radial access can be implemented for CTO recanalization when clinically appropriate,
expanding the transradial toolkit and potentially preserving proximal radial patency [20].
Contemporary national experience further supports the feasibility and safety of transradial
CTO recanalization in routine practice [21].

Despite substantial advances in chronic total occlusion (CTO) percutaneous coronary
intervention (PCI), previous studies have largely focused on procedural success, peri-
procedural complications, and short-term clinical outcomes. Although successful CTO
recanalization has been associated with symptomatic improvement and favorable survival
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outcomes, evidence regarding the long-term predictors of major adverse cerebrovascular
and cardiac events (MACCESs) following successful transradial CTO PCI remains limited.
Moreover, the majority of existing CTO PCI studies have predominantly evaluated trans-
femoral interventions, while data specifically addressing the prognostic significance of the
transradial approach are scarce.

Identification of factors associated with adverse long-term outcomes after successful
transradial CTO recanalization is clinically relevant for optimizing patient selection, im-
proving risk stratification, and guiding post-procedural management strategies. In the era
of personalized cardiovascular medicine, integrating readily available clinical, anatomical,
and procedural characteristics may enable more individualized estimation of long-term
risk and facilitate tailored secondary prevention and follow-up strategies according to each
patient’s risk profile. Such an approach may improve clinical decision-making beyond
procedural success alone. Accordingly, the present study sought to evaluate the long-term
independent predictors of MACCEs in patients undergoing successful transradial CTO
recanalization and to identify prognostic factors that may contribute to more personalized
post-procedural management.

2. Materials and Methods
2.1. Study Design and Population

We conducted a prospective dual-center cohort study including consecutive patients
who underwent CTO PCI via transradial access at two high-volume tertiary centers with
dedicated CTO programs between 2018 and 2019. A total of 405 CTO PCI procedures were
screened. All femoral access cases were excluded, and only patients treated exclusively via
transradial access were eligible for inclusion. The indication for CTO PCI was in accordance
with contemporary myocardial revascularization guidelines, including refractory angina
despite optimal medical therapy or documentation of a large ischemic area in the territory
of the occluded vessel [19,22,23]. Patients were eligible if (1) the target lesion met CTO
criteria and (2) the procedure was technically successful via a transradial approach. Baseline
demographics, laboratory, echocardiographic, angiographic, and stent-related data were
prospectively collected and verified from institutional records. Before discharge, radial
artery patency was assessed clinically, and duplex ultrasound was performed when abnor-
malities were suspected. All surviving patients completed follow-up to 5 years through
outpatient visits and/or direct contact. Written informed consent was obtained from all
patients, and the institutional ethics committee approved the study.

2.2. Definitions

CTO was defined as a coronary occlusion with TIMI 0 flow and estimated occlusion
duration > 3 months based on clinical history and/or prior angiography. CTO complexity
was assessed using standard angiographic features and summarized using the J-CTO score.

Technical success was defined as restoration of antegrade flow with residual steno-
sis < 30% in the treated segment and TIMI 3 flow, without in-hospital major adverse events
requiring urgent reintervention.

Access site complications were recorded using standard definitions and categorized
as clinically relevant vascular events, consistent with registry-based definitions [3].

2.3. Data Collection and Procedural Characteristics

Baseline demographics, cardiovascular risk factors, comorbidities (including diabetes
mellitus and chronic kidney disease), LVEF, angiographic findings (including multivessel
disease and CTO complexity), and procedural characteristics were recorded in institutional
databases and verified from medical records. Procedural variables included use of a
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retrograde strategy, total implanted stent length, and periprocedural complications. Access
site complications were adjudicated using standard criteria and classified as clinically
relevant vascular events.

2.4. Endpoints and Follow-Up

The primary endpoint was MACCEs, defined as a composite of all-cause death, non-fatal
myocardial infarction, target vessel revascularization, and stroke/transient ischemic attack.

Clinical follow-up was obtained from hospital records, scheduled outpatient assess-
ments, and direct contact according to local practice. Complete 5-year follow-up was
available for all surviving patients. Causes of death were adjudicated on the basis of the
available clinical documentation.

2.5. Statistical Analysis

Associations between candidate predictors and outcomes were evaluated using Cox
proportional hazards regression. Clinically relevant variables were pre-specified for multi-
variable modeling, including age, diabetes mellitus, chronic kidney disease, LVEF, J-CTO
score, multivessel disease, target vessel territory, and procedural characteristics. Hazard
ratios (HRs) are reported with 95% confidence intervals (Cls). Variables with sparse obser-
vations or structural redundancy within the selected successful cohort were interpreted
cautiously and were not emphasized in the final narrative interpretation. The proportional
hazards assumption was assessed using standard diagnostics. A two-sided p value < 0.05
was considered statistically significant.

3. Results
3.1. Baseline, Angiographic and Procedural Characteristics of Patients

A total of 227 patients with successful transradial CTO recanalization were included
after exclusion of femoral access procedures from 405 screened CTO PCI cases. Complete 5-
year follow-up was available for all surviving patients. The mean age was 64.8 &= 10.1 years,
and 71.3% were male. Hypertension, dyslipidemia, and diabetes mellitus were the most
prevalent cardiovascular risk factors. Most patients presented with stable angina (CCS
class II-11I), and preserved left ventricular systolic function was observed in more than half
of the cohort. The right coronary artery was the most common CTO target vessel, severe
calcification was frequent, and lesion complexity ranged from mild to severe according
to the J-CTO score. Baseline clinical, angiographic, and procedural characteristics of the
patients are summarized in Table 1. Periprocedural complications were infrequent. Radial
access did not result in any in-hospital bleeding events leading to death.

Table 1. Baseline clinical, angiographic, and procedural characteristics.

Characteristic Overall (N =227)

Demographics

Age, years 64.8 £ 10.1

Male sex, n (%) 162 (71.3%)

Body mass index, kg/m? 292 +49

Cardiovascular risk factors

Hypertension, n (%) 207 (91.1%)

Diabetes mellitus, n (%) 105 (46.2%)

Dyslipidemia, n (%) 179 (78.8%)

Current smoking, n (%) 45 (19.8%)
Medical history

Prior myocardial infarction, n (%) 89 (39.2%)
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Table 1. Cont.

Characteristic Overall (N = 227)
Prior PCI, n (%) 92 (40.5%)
Prior CABG, n (%) 26 (11.4%)

Chronic kidney disease, n (%) #
Clinical status/imaging
Clinical presentation (stable angina), n (%)
Clinical presentation (ACS), n (%)
LVEF, %

- Normal (50-70%)

- Decreased (30-50%)

- Low (<30%)

Reduced LVEF (<40%), n (%)
Angiographic and lesion characteristics
Target vessel (RCA), n (%)
Target vessel (LAD), n (%)
Target vessel (LCx), n (%)
Multivessel disease, n (%)
CTO length, mm
Proximal cap ambiguity, n (%)
Severe calcification, n (%)
Tortuosity, n (%)

Prior failed CTO attempt, n (%)
J-CTO score
J-CTO category (0-1), n (%)
J-CTO category (2), n (%)
J-CTO category (=>3), n (%)
Procedural characteristics
Primary access (radial), n (%)
Bilateral radial access, n (%)
Sheath size (6F), n (%)
Sheath size (7F/slender), n (%)
Sheathless guiding, n (%)
Retrograde strategy used, n (%)
Dissection/re-entry used, n (%)
Procedure time, min
Fluoroscopy time, min
Radiation dose (DAP)
Contrast volume, mL
Number of stents per procedure
Total stent length, mm
Intravascular imaging (IVUS/OCT), n (%)
Periprocedural complications
Coronary perforation, n (%)
Pericardial tamponade, n (%)
Donor vessel complication, n (%)
Periprocedural MI, n (%)
Major bleeding, n (%)
Access site complication *, n (%)

29 (12.7%)

221 (97.3%)
6 (2.6%)

113 (58.6%)
75 (33%)
14 (6,1%)

32 (14%)

108 (47.5%)
69 (30.3%)
39 (17.8%)
81 (35.8%)
315+ 3.6
98 (43.1%)
180 (79.2%)
46 (20.2%)
24 (10.5%)

35 (12.6%)
147 (53.2%)
94 (34.0%)

227 (100%)
88 (38.7%)
214 (94.2%)

6 (2.6%)

19 (8.4%)

11 (4.8%)

4 (1.7%)
45.7 (41-49)
21.9 (19-24)

1854
158 (147-168)

19412

48.6 (44-52)
11/1 (4.8/0.4%)

11 (4.8%)
2 (0.8%)
3 (1.3%)
4 (1.8%)
0 (0%)
12 (5.2%)

Notes: # Chronic kidney disease was defined as KDIGO stage G3b or worse; the source manuscript specifies GFR
30-44 mL/min/1.73 m2. * Access site complications included clinically relevant vascular events such as BARC > 2
bleeding, large hematoma, pseudoaneurysm, arteriovenous fistula, or radial artery occlusion requiring treatment.

3.2. Clinical Follow-Up and Multivariate Analysis

During 5-year follow-up, the cumulative incidence of MACCEs was 44.0%, with an

all-cause mortality rate of 21.5%, highlighting the persistently high residual cardiovascular

risk and emphasizes the overall vulnerability of this cohort despite successful CTO revascu-
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larization. Target vessel revascularization occurred relatively frequently, whereas non-fatal
myocardial infarction and stroke/TIA were less common. The five-year clinical outcomes
are summarized in Table 2.

Table 2. Five-year clinical outcomes.

Outcome Events (n) 5-Year Cumulative Incidence (%)
MACCE (primary composite) 100 44%
All-cause death 49 21.5%
Non-fatal myocardial infarction 5 2.2%
Target vessel revascularization 51 22.4%
Stroke/TIA 6 2.6%

Kaplan-Meier curves for MACCEs and survival are shown in Figure 1, demonstrating
a progressive decline in event-free survival, with the steepest reduction occurring early
after the index procedure.
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Figure 1. Kaplan—-Meier curves for MACCEs.

In multivariable analysis, as summarized in Tables 3 and 4, prior myocardial infarction,
right coronary artery CTO, and a higher number of implanted stents were independently
associated with increased MACCE risk, whereas previous PCI and preserved LVEF (>40%)
were associated with lower risk. For all-cause mortality, preserved LVEF remained indepen-
dently protective, while right coronary artery CTO was associated with increased mortality
risk. Severe renal dysfunction (GFR < 35 mL/min/1.73 mz) showed a significant associa-
tion with mortality in univariable analysis and remained an important prognostic signal
after multivariable adjustment. CTO-specific procedural variables were not independently
associated with mortality.

Table 3. Cox regression analysis for MACCEs.

Predictor Univariable HR (95% CI) p-Value Multivariable HR (95% CI) p-Value
Clinical factors
Male 0.35 (0.15-0.81) 0.0147 0.13 (0.04-0.42) 0.00055
Hypertension 0.32 (0.09-1.08) 0.0662 0.26 (0.05-1.40) 0.118
Previous PCI 0.49 (0.21-1.14) 0.0979 0.34 (0.13-0.92) 0.0336
Dyslipidemia 0.47 (0.17-1.27) 0.138 0.57 (0.14-2.38) 0.442
BMI 1.10 (0.94-1.29) 0.232 Not entered -
Previous MI 1.50 (0.66-3.42) 0.337 3.46 (1.19-10.08) 0.0225
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Table 3. Cont.
Predictor Univariable HR (95% CI) p-Value Multivariable HR (95% CI) p-Value
Family history 0.68 (0.25-1.83) 0.446 0.97 (0.31-3.03) 0.964
Diabetes 0.72 (0.29-1.74) 0.460 0.81 (0.25-2.61) 0.721
GEFR <35 0.73 (0.25-2.16) 0.575 0.26 (0.04-1.48) 0.128
Age (per 1 year) 0.99 (0.95-1.03) 0.665 0.98 (0.94-1.03) 0.515
Smoking 1.14 (0.42-3.09) 0.789 3.54 (0.72-17.47) 0.121
Previous CABG 0.94 (0.22-4.00) 0.928 1.58 (0.24-10.53) 0.636
TTE parameters
EF >40% (vs. <40%) 0.48 (0.27-0.85) 0.0120 0.53 (0.29-0.95) 0.0338
Significant valvular disease (yes vs. no) 1.91 (1.07-3.40) 0.0284 1.70 (0.94-3.07) 0.0795
Anatomical factors
J-CTO score (per +1) 0.87 (0.68-1.12) 0.295 0.88 (0.68-1.15) 0.358
Target CX vs. LAD 1.41 (0.88-2.26) 0.156 A A
Target RCA vs. LAD 1.31 (0.91-1.89) 0.149 1.63 (1.05-2.52) 0.0289
Target LM vs. LAD 0.46 (0.11-1.86) 0.276 A A
Procedural factors
IVUS guidance 0.63 (0.26-1.55) 0.318 0.59 (0.24-1.46) 0.257
Anterograde vs. retrograde strategy 1.51 (0.81-2.81) 0.194 1.57 (0.84-2.94) 0.158
Stent number (+1) 1.19 (1.02-1.38) 0.0246 1.35 (1.02-1.78) 0.0335
Stent length (+10 mm) 1.04 (0.98-1.11) 0.168 0.95 (0.85-1.06) 0.332
Contrast volume (+100 mL) 0.91 (0.73-1.13) 0.397 0.78 (0.56-1.10) 0.158
Radjiation (DAP +1000) 0.98 (0.91-1.06) 0.601 0.99 (0.91-1.07) 0.751
Fluoro time (+10 min) 1.00 (0.95-1.06) 0.920 1.01 (0.91-1.11) 0.873
Procedure time (+10 min) 1.01 (0.91-1.12) 0.858 1.08 (0.90-1.29) 0.431
Table 4. Cox regression analysis for death.
Predictor Univariable HR (95% CI) p-Value Multivariable HR (95% CI) p-Value
Clinical factors
Male 0.93 (0.52-1.65) 0.798 0.83 (0.45-1.56) 0.573
Hypertension 0.72 (0.31-1.68) 0.451 0.76 (0.30-1.94) 0.563
Dyslipidemia 0.71 (0.40-1.27) 0.252 0.79 (0.41-1.51) 0.475
GFR <35 2.06 (1.11-3.83) 0.022 1.75 (0.92-3.36) 0.090
Diabetes 1.22 (0.73-2.05) 0.453 1.32 (0.77-2.26) 0.319
Smoking 0.95 (0.49-1.84) 0.888 0.93 (0.46-1.86) 0.830
Family history 0.53 (0.21-1.32) 0.170 0.57 (0.22-1.47) 0.248
Previous MI 1.21 (0.72-2.03) 0.480 1.53 (0.86-2.72) 0.152
Previous PCI 0.67 (0.39-1.15) 0.144 0.58 (0.32-1.05) 0.0706
Previous CABG 0.50 (0.16-1.61) 0.245 0.47 (0.14-1.54) 0.210
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Table 4. Cont.

Predictor

Univariable HR (95% CI) p-Value Multivariable HR (95% CI) p-Value

TTE parameters

EF >40% (vs. <40%) 0.32 (0.16-0.63) 0.0010 0.41 (0.19-0.87) 0.0197
Significant valvular disease 2.51 (1.19-5.30) 0.016 1.65 (0.73-3.72) 0.230
Anatomical factors
J-CTO score (per +1) 1.16 (0.81-1.66) 0.422 1.18 (0.81-1.71) 0.382
Target CX vs. LAD 0.96 (0.46-2.03) 0.920 1.54 (0.63-3.74) 0.341
Target RCA vs. LAD 1.66 (0.98-2.82) 0.060 2.01 (1.05-3.82) 0.0346
Target LM vs. LAD 1.10 (0.27-4.53) 0.891 1.64 (0.37-7.35) 0.519
Procedural factors
IVUS guidance 1.14 (0.41-3.16) 0.796 0.99 (0.35-2.78) 0.981
ADR vs. AWE strategy 1.36 (0.49-3.76) 0.552 1.36 (0.48-3.87) 0.560
Stent number (+1) 0.94 (0.75-1.18) 0.612 1.27 (0.83-1.94) 0.268
Stent length (+10 mm) 0.95 (0.88-1.04) 0.287 0.88 (0.75-1.04) 0.137
Contrast (+50 mL) 0.87 (0.73-1.03) 0.103 0.78 (0.60-1.02) 0.066
DAP (+1000) 1.00 (0.90-1.10) 0.986 1.06 (0.96-1.18) 0.273
Procedure time (+10 min) 0.95 (0.88-1.04) 0.265 0.96 (0.84-1.11) 0.624
Fluoroscopy time (+10 min) 0.95 (0.81-1.12) 0.541 1.13 (0.88-1.46) 0.337

4. Discussion

In this cohort of 227 consecutive patients undergoing successful transradial CTO
PCI at two dedicated CTO centers, long-term adverse event rates remained substantial
(MACCE 44.0%; mortality 21.5%) despite procedural success and systematic follow-up
among survivors.

The principal findings are that late outcomes were associated predominantly with
baseline clinical risk, target vessel territory, and procedural disease burden, whereas access-
related complications were uncommon and did not appear to meaningfully influence
long-term events.

4.1. Transradial CTO PCI and the Expanding Radial Toolbox

Transradial PCI has evolved from early feasibility reports for angioplasty and stent-
ing [1,2] into a default access strategy in many catheterization laboratories, supported by
lower rates of access site complications across PCI populations [3]. CTO PCI has simultane-
ously progressed through dedicated algorithms and devices, improving success rates and
enabling recanalization of more complex occlusions [6,7].

In this context, transradial CTO PCI has become increasingly feasible, supported
by slender and sheathless approaches that allow for complex guiding support through
smaller vessels [15-18]. International registry data indicate that radial access for CTO PCI
is associated with favorable procedural outcomes and bleeding advantages compared with
femoral approaches, particularly in experienced programs [19]. Contemporary Hungarian
experience also supports the feasibility of transradial CTO recanalization [21]. Importantly,
distal radial access has emerged as an alternative puncturesite, andswitching between
proximal and distal radial access may be a practical strategy for CTO recanalization in
selected cases [20].
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4.2. Drivers of Long-Term MACCEs: Comorbidity, Ventricular Function, and Complexity

Despite technically successful CTO recanalization, patients undergoing CTO PCI
continue to exhibit a substantial residual cardiovascular risk attributable to advanced
atherosclerotic disease and a high burden of comorbidities [23-27]. In the present study,
Cox regression analysis identified baseline clinical characteristics, target vessel territory, and
procedural disease burden as the principal determinants of long-term MACCE:s following
successful transradial CTO PCI. Prior myocardial infarction emerged as the strongest
independent predictor of MACCEs, in agreement with previous studies demonstrating the
association between prior infarction, impaired myocardial viability, adverse ventricular
remodeling, and diffuse coronary atherosclerosis. Conversely, a history of previous PCI was
independently associated with a lower incidence of adverse events, potentially reflecting
more intensive implementation of secondary prevention measures and closer clinical
follow-up, although residual confounding cannot be excluded. Among angiographic
variables, right coronary artery CTO was independently associated with a higher risk of
MACCEs compared with left anterior descending artery CTO, whereas a greater number
of implanted stents remained independently associated with adverse outcomes, likely
reflecting increased lesion complexity and overall coronary disease burden. Notably,
neither J-CTO score, IVUS utilization, nor crossing strategy independently predicted late
MACCEs. This observation is biologically plausible, given that the ]-CTO score was
originally developed to predict procedural complexity and guidewire crossing success
rather than long-term clinical outcomes. In the mortality analysis, preserved left ventricular
ejection fraction (LVEF >40%) was independently associated with lower mortality risk,
whereas severe chronic kidney disease remained an important adverse prognostic factor
after multivariable adjustment. Importantly, no procedural characteristics demonstrated
an independent association with mortality, suggesting that patient-related and anatomical
factors exert a greater influence on long-term prognosis than procedural variables in
this population.

Our long-term results should be interpreted in the context of previously published
CTO PClI studies and large contemporary registries, including the EuroCTO, PROGRESS-
CTO, and Japanese CTO cohorts. Large registries have consistently demonstrated high
procedural success rates with acceptable complication profiles, particularly in experienced
centers applying contemporary CTO strategies. However, direct comparison between stud-
ies remains challenging because of differences in patient characteristics, lesion complexity,
procedural approaches, and endpoint definitions.

In our cohort, the cumulative 5-year incidence of MACCEs was 44%, with all-cause
mortality of 21.5%, non-fatal myocardial infarction of 2.2%, target vessel revasculariza-
tion of 22.4%, and stroke/TIA of 2.6%. Although our use of some advanced CTO tech-
niques differed from those reported in larger registries, our lesion characteristics did not
suggest a uniformly low-complexity population, as reflected by a mean CTO length of
31.5 £ 3.6 mm, severe calcification in 79.2% of lesions, and 34.0% of patients belonging to
the high-complexity J-CTO category (>3). Therefore, the observed long-term outcomes are
likely influenced by multiple factors beyond procedural strategy alone.

Collectively, these findings emphasize that successful CTO recanalization does not
eliminate baseline cardiovascular risk, but rather represents an opportunity for symptomatic
improvement and enhanced myocardial perfusion, while long-term prognosis remains
strongly dependent on comprehensive secondary prevention, optimization of guideline-
directed medical therapy, and careful longitudinal follow-up in high-risk patients.
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4.3. Access SiteComplications and Long-Term Outcomes

A principal benefit of radial access is the reduction in access site and bleeding complica-
tions, particularly in the periprocedural period [3]. In our cohort, access site complications
were infrequent and rarely contributed to late events, supporting the feasibility of a dedi-
cated transradial CTO program in experienced centers; however, the absence of a femoral
comparator precludes causal inference regarding access strategy and long-term outcome.

The exclusive use of the transradial approach represents an additional strength of our
study. All femoral access cases were excluded from the screened CTO PCI population,
thereby allowing for a focused assessment of long-term outcomes after successful radial
CTO recanalization.

4.4. Lesion Territory and Coronary Complexity: Vessel-Specific Risk Signals

A novel observation in our MACCE modeling was the association between target
vessel territory and long-term adverse events. Right coronary artery CTO was associated
with a higher adjusted hazard of MACCEs compared with LAD CTO. This may relate to dif-
ferences in coronary dominance, lesion morphology, treated segment length, distal runoff,
or unmeasured disease burden; these mechanistic interpretations should be considered
hypothesis-generating.

Several mechanisms may contribute. Right coronary artery CTOs may occur more
often in patients with diffuse atherosclerotic burden, and the need for repeat revasculariza-
tion, a major component of MACCE:s in this cohort, may be more frequent in anatomically
complex or long treated segments. Residual confounding remains possible because vessel
territory may also act as a surrogate for unmeasured disease severity.

Notably, ]-CTO score itself was not an independent long-term predictor of MACCEs
in our models. This supports the concept that procedural complexity scores may be less
informative for late outcomes once technical success has been achieved than global disease
burden or clinical risk markers.

4.5. Procedural Surrogates: Stent Burden as a Marker of Diffuse Disease

Procedural complexity also appeared relevant. The number of implanted stents was
independently associated with MACCEs and likely captures a combination of lesion length,
diffuse disease, multiple treated segments, and overall atherosclerotic burden. In contrast,
fluoroscopy time, radiation exposure, contrast use, and procedure duration were not
independently associated with late outcomes.

TVR should be interpreted in relation to stent burden, which was substantial
(~1.9 stents per lesion; ~49 mm total stent length), suggesting that repeat revascularization
reflects lesion complexity and extensive stenting rather than procedural variability.

In contrast, other procedural factors, including procedural success (within an already
successful cohort), use of intravascular ultrasound (IVUS), and procedural duration, were
not independently associated with MACCEs. This may be explained by limited statistical
power or the relatively homogeneous nature of a successfully treated population.

4.6. Clinical Implications

These findings suggest a pragmatic approach to post-CTO PCI care. Patients with
reduced LVEF and/or advanced CKD represent a higher-risk phenotype in whom CTO
PCI success should be followed by intensified guideline-directed therapy, strict riskfactor
control, and close clinical follow-up. Greater stent burden may help identify patients at
higher risk for future TVR-driven MACCEs.

From the perspective of personalized cardiovascular medicine, our findings demon-
strate that long-term prognosis after successful transradial CTO PCI is influenced by a
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combination of readily available clinical, anatomical, and procedural characteristics rather
than by procedural success alone. Previous myocardial infarction, left ventricular systolic
function, target vessel location, and procedural complexity may help identify patients
with distinct long-term risk profiles. Integrating these routinely available variables into
post-procedural risk assessment may facilitate individualized follow-up intensity, opti-
mization of secondary prevention, and more informed clinical decision-making. Although
these findings require external validation before implementation in formal risk prediction
models, they provide additional evidence supporting a personalized approach to long-term
management after successful CTO recanalization.

4.7. Limitations

This study has limitations. First, the dual-center non-randomized design introduces
potential selection bias and limits generalizability. Second, the analysis was restricted to suc-
cessful transradial CTO PCI procedures; therefore, the findings should not be extrapolated
to unsuccessful procedures or femoral access CTO PCI. Third, several advanced techniques
such as IVUS guidance, retrograde crossing, and dissectionre-entry were used infrequently,
limiting statistical power for these variables. Fourth, the multivariable models should
be interpreted with appropriate caution because some candidate predictors were sparse
and residual confounding is possible. Finally, potentially relevant follow-up variables,
including medication adherence, serial lipid levels, frailty, and detailed lesion morphology;,
were not captured and may have contributed to residual confounding. The ACEF score is
a validated and widely used predictor of outcomes in CTO PCI, integrating key clinical
determinants of risk. Although not assessed in the present study, it remains a relevant tool
for risk stratification and emphasizes the importance of baseline clinical risk in interpreting
procedural and long-term outcomes.

5. Conclusions

Preserved ventricular function predicts better long-term outcomes after successful
transradial CTO PCI, whereas prior myocardial infarction, right coronary artery target
vessel intervention, and greater stent burden identify patients at higher risk of long-term
MACCE. Overall, patient-related and disease-burden factors appear to be more important
determinants of late outcome than access-related factors or most procedural variables in
this selected successful transradial cohort.

A personalized, risk- and anatomy-guided approach may optimize outcomes in CTO
PCI by integrating clinical and lesion-specific characteristics.

Our findings contribute to personalized cardiovascular medicine by demonstrating
that routinely available clinical, anatomical, and procedural factors can identify patients
at different long-term risk after successful transradial CTO PCI. Integrating these predic-
tors into clinical practice may improve individualized risk stratification, support tailored
secondary prevention, and optimize follow-up strategies.

Author Contributions: Ethical approval: Z.R. and T.S.; Manuscript preparation: Z.R. and T.S.; Data
collection: D.O., T.S. and Z.R.; Performance of interventions and data collection: L.M., LEE., G.B.,
D.B., ZR,, L.G. and B.M,; Statistical analysis: Z.R. and T.S.; Manuscript revision: Z.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the National Institute of Pharmacy and Nutrition (code
OGYEI/43286/2018; date 9 June 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https://doi.org/10.3390/jpm16070380


https://doi.org/10.3390/jpm16070380

J. Pers. Med. 2026, 16, 380 12 of 13

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (the data are not publicly available due to privacy or ethical restrictions).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AWE antegrade wire escalation

ADR antegrade dissection re-entry

CABG coronary artery bypass graft surgery
CKD chronic kidney disease

CTO chronic total occlusion

CX/LCx  left circumflex artery

Fr French

J-CTO Japan CTO score

LAD left anterior descending artery

LM left main coronary artery

LVEF left ventricular ejection fraction

PCI percutaneous coronary intervention
RCA right coronary artery

RWE retrograde wire escalation

RDR retrograde dissection re-entry

References

1.

10.

11.

Kiemeneij, F.; Laarman, G.J.; de Melker, E. Transradial artery coronary angioplasty. Am. Heart J. 1995, 129, 1-7. [CrossRef]
[PubMed]

Kiemeneij, F.; Laarman, G.J. Percutaneous transradial artery approach for coronary stent implantation. Am. Heart ]. 1995, 128,
167-174.

Kopin, D.; Seth, M.; Sukul, D.; Dixon, S.; Aronow, H.D.; Lee, D.; Tucciarone, M.; Pielsticker, E.; Gurm, H.S. Primary and secondary
vascular access site complications associated with percutaneous coronary intervention: Insights from the BMC2 registry. JACC
Cardiovasc. Interv. 2019, 12, 2247-2256. [CrossRef] [PubMed]

Ruzsa, Z.; Ungi, I.; Horvéth, T.; Sepp, R.; Zimmermann, Z.; Thury, A.; Jambrik, Z.; Sasi, V.; Téth, G.; Forster, T.; et al. Five-year
experience with transradial coronary angioplasty in ST-segment-elevation myocardial infarction. Cardiovasc. Revasc. Med. 2009,
10, 73-79. [CrossRef] [PubMed]

Jiang, Y.,; Wei, Z.-Y,; Wu, Y.-]; Dou, K.-F; Yang, W.-X,; Yang, Y.-J.; Zhao, H.-J.; Ning, Y.; Li, A.; Chang, Y.; et al. The impacts
of percutaneous coronary intervention to treat chronic total occlusion of right coronary artery on the 5-year prognosis: A
single-centered retrospective study. Int. J. Cardiol. 2024, 414, 132384. [CrossRef] [PubMed]

Tajti, P.; Burke, M.N.; Karmpaliotis, D.; Alaswad, K.; Werner, G.S.; Azzalini, L.; Carlino, M.; Patel, M.; Mashayekhi, K.; Egred, M.;
et al. Update in the percutaneous management of coronary chronic total occlusions. JACC Cardiovasc. Interv. 2018, 11, 615-625.
[CrossRef] [PubMed]

Vescovo, G.M.; Zivelonghi, C.; Scott, B.; Agostoni, P. Further advancement in the percutaneous revascularization of coronary
chronic total occlusions: The redefined “Minimalistic Hybrid Approach” algorithm. Minerva Cardioangiol. 2020, 69, 764-772.
Wang, N.; Fulcher, J.; Abeysuriya, N.; Adams, M.; Lal, S. Predictors of successful chronic total occlusion percutaneous coronary
interventions: A systematic review and meta-analysis. Heart 2018, 104, 517-524. [PubMed]

Morino, Y.; Abe, M.; Morimoto, T.; Kimura, T.; Hayashi, Y.; Muramatsu, T.; Ochiai, M.; Noguchi, Y.; Kato, K.; Shibata, Y.; et al.
J-CTO Registry Investigators. Predicting successful guidewire crossing through chronic total occlusion of native coronary lesions
within 30 minutes: The J-CTO score. JACC Cardiovasc. Interv. 2011, 4, 213-221. [CrossRef] [PubMed]

Henriques, ].P.S.; Claessen, B.E.; Hoebers, L.P,; van der Schaaf, R.].; Koolen, ].].; Suttorp, M.].; Barbato, E.; Bax, M.; Strauss, B.H.;
Olivecrona, G.K.; et al. EXPLORE Trial Investigators. Percutaneous intervention for concurrent chronic total occlusions in patients
with STEMI: The EXPLORE Trial. . Am. Coll. Cardiol. 2016, 68, 1622-1632. [CrossRef] [PubMed]

Mashayekhi, K.; Nithrenberg, T.G.; Toma, A.; Gick, M.; Ferenc, M.; Hochholzer, W.; Comberg, T.; Rothe, ].; Valina, C.M,;
Loffelhardt, N.; et al. A randomized trial to assess regional left ventricular function after stent implantation in chronic total
occlusion: The REVASC Trial. JACC Cardiovasc. Interv. 2018, 11, 1982-1991. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/jpm16070380


https://doi.org/10.1016/0002-8703(95)90034-9
https://www.ncbi.nlm.nih.gov/pubmed/7817902
https://doi.org/10.1016/j.jcin.2019.05.051
https://www.ncbi.nlm.nih.gov/pubmed/31473240
https://doi.org/10.1016/j.carrev.2008.07.004
https://www.ncbi.nlm.nih.gov/pubmed/19327668
https://doi.org/10.1016/j.ijcard.2024.132384
https://www.ncbi.nlm.nih.gov/pubmed/39032578
https://doi.org/10.1016/j.jcin.2017.10.052
https://www.ncbi.nlm.nih.gov/pubmed/29550088
https://www.ncbi.nlm.nih.gov/pubmed/28986404
https://doi.org/10.1016/j.jcin.2010.09.024
https://www.ncbi.nlm.nih.gov/pubmed/21349461
https://doi.org/10.1016/j.jacc.2016.07.744
https://www.ncbi.nlm.nih.gov/pubmed/27712774
https://doi.org/10.1016/j.jcin.2018.05.041
https://www.ncbi.nlm.nih.gov/pubmed/30219327
https://doi.org/10.3390/jpm16070380

J. Pers. Med. 2026, 16, 380 13 of 13

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Werner, G.S.; Martin-Yuste, V.; Hildick-Smith, D.; Boudou, N.; Sianos, G.; Gelev, V.; Rumoroso, J.R.; Erglis, A.; Christiansen,
E.H.; Escaned, J.; et al. EUROCTO trial investigators. A randomized multicentre trial to compare revascularization with optimal
medical therapy for the treatment of chronic total coronary occlusions. Eur. Heart ]. 2018, 39, 2484-2493. [CrossRef] [PubMed]
Obedinskiy, A.A.; Kretov, E.I,; Boukhris, M.; Kurbatov, V.P; Osiev, A.G.; Ibn Elhadj, Z.; Obedinskaya, N.R.; Kasbaoui, S.;
Grazhdankin, I.O.; Prokhorikhin, A.A.; et al. The IMPACTOR-CTO Trial. JACC Cardiovasc. Interv. 2018, 11, 1309-1311. [CrossRef]
[PubMed]

Lee, S.-W.; Lee, PH.; Ahn, ].-M.; Park, D.-W,; Yun, S.-C.; Han, S.; Kang, H.; Kang, S.-].; Kim, Y.-H.; Lee, C.W,; et al. Randomized
trial evaluating percutaneous coronary intervention for the treatment of chronic total occlusion: The DECISION-CTO trial.
Circulation 2019, 139, 1674-1683. [CrossRef] [PubMed]

Tanaka, Y.; Moriyama, N.; Ochiai, T.; Takada, T.; Tobita, K.; Shishido, K.; Sugitatsu, K.; Yamanaka, F; Mizuno, S.; Murakami,
M.; et al. Transradial coronary interventions for complex chronic total occlusions. JACC Cardiovasc. Interv. 2017, 10, 235-243.
[CrossRef] [PubMed]

Aminian, A ; Iglesias, ].F.,; Van Mieghem, C.; Zuffi, A.; Ferrara, A.; Manih, R.; Dolatabadi, D.; Lalmand, J.; Saito, S. First prospective
multicenter experience with the 7 French Glidesheath Slender for complex transradial coronary interventions. Catheter. Cardiovasc.
Interv. 2017, 89, 1014-1020. [PubMed]

Egred, M. Feasibility and safety of 7-Fr radial approach for complex PCL. |. Interv. Cardiol. 2011, 24, 383-388. [CrossRef] [PubMed]
Dautov, R.; Ribeiro, H.B.; Altisent, O.A.-].; Nombela-Franco, L.; Gibrat, C.; Nguyen, C.M.; Rinfret, S. Effectiveness and Safety of
the Transradial 8Fr Sheathless Approach for Revascularization of Chronic Total Occlusions. Am. J. Cardiol. 2016, 118, 785-789.
[CrossRef] [PubMed]

Tajti, P.; Alaswad, K.; Karmpaliotis, D.; Jaffer, EA.; Yeh, R W,; Patel, M.; Mahmud, E.; Choi, J.W.; Burke, M.N.; Doing, A.H.; et al.
Procedural Outcomes of Percutaneous Coronary Interventions for Chronic Total Occlusions Via the Radial Approach: Insights
From an International Chronic Total Occlusion Registry. JACC Cardiovasc. Interv. 2019, 12, 346-358. [CrossRef] [PubMed]
Achim, A; Szigethy, T.; Olajos, D.; Molnér, L.; Papp, R.; Barczi, G.; Kdkonyi, K.; Edes, LE; Becker, D.; Merkely, B.; et al. Switching
From Proximal to Distal Radial Artery Access for Coronary Chronic Total Occlusion Recanalization. Front. Cardiovasc. Med. 2022,
9, 895457. [CrossRef] [PubMed]

Szigethi, T.; Olajos, D.; Molnér, L.; Edes, F.L; Barczi, G.; Becker, D.; Vandor, L.; Zima, E.; Gellér, L.; Hizoh, L; et al. Recanalization
of chronic total coronary occlusion via transradial access. Orv. Hetil. 2026, 167, 16-22. [CrossRef] [PubMed]

Neumann, E-J.; Sousa-Uva, M.; Ahlsson, A.; Alfonso, F; Banning, A.P,; Benedetto, U.; Byrne, R.A.; Collet, J.-P; Falk, V.; Head, S.J.;
et al. ESC/EACTS Guidelines on myocardial revascularization Free. Eur. Heart ]. 2019, 40, 87-165. [CrossRef] [PubMed]

Kotev, S.; Sami, F.; Malangu, B. A review of indications and guidelines of chronic total occlusion revascularization. Eur. Cardiol.
Rev. 2025, 34, 354-359. [CrossRef] [PubMed]

Holck, E.N.; Jakobsen, L.; Winther, N.S.; Mogensen, L.J.-H.; Christiansen, E.H. Long-term outcomes after revascularization in
chronic total occlusion: A large cohort analysis. PLoS ONE 2024, 19, e0307264. [CrossRef] [PubMed]

Dabrowski, E.J.; Swieczkowski, M.; Dudzik, J.M.; Grunwald, O.; Januszko, T.; Muszynski, P.; Pogorzelski, P.; Tokarewicz, J.;
Potudniewski, M.; Kozuch, M.; et al. Percutaneous coronary intervention for chronic total occlusion: Systemic outcomes and
outcomes registry perspectives. J. Am. Coll. Cardiol. Cardiovasc. Interv. 2023, 12, 3762. [CrossRef] [PubMed]

Li, J.; Chen, L.; Ma, G. Predictive factors and clinical outcomes following contemporary percutaneous coronary interventions for
chronic total occlusions. Front. Cardiovasc. Med. 2026, 13, 1762032. [PubMed]

Nguyen, D.V,; Nguyen, Q.N.; Pham, HM.; Le, TX.; Nguyen, H.T.T. Meta-analysis on safety and efficacy of transradial approach
in CTO PCI. Am. J. Cardiol. 2023, 192, 245-254. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jpm16070380


https://doi.org/10.1093/eurheartj/ehy220
https://www.ncbi.nlm.nih.gov/pubmed/29722796
https://doi.org/10.1016/j.jcin.2018.04.017
https://www.ncbi.nlm.nih.gov/pubmed/29976368
https://doi.org/10.1161/circulationaha.118.031313
https://www.ncbi.nlm.nih.gov/pubmed/30813758
https://doi.org/10.1016/j.jcin.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/28183464
https://www.ncbi.nlm.nih.gov/pubmed/27567021
https://doi.org/10.1111/j.1540-8183.2011.00658.x
https://www.ncbi.nlm.nih.gov/pubmed/21585545
https://doi.org/10.1016/j.amjcard.2016.06.052
https://www.ncbi.nlm.nih.gov/pubmed/27453512
https://doi.org/10.1016/j.jcin.2018.11.019
https://www.ncbi.nlm.nih.gov/pubmed/30784639
https://doi.org/10.3389/fcvm.2022.895457
https://www.ncbi.nlm.nih.gov/pubmed/35615565
https://doi.org/10.1556/650.2026.33340
https://www.ncbi.nlm.nih.gov/pubmed/41485150
https://doi.org/10.1093/eurheartj/ehy855
https://www.ncbi.nlm.nih.gov/pubmed/30165437
https://doi.org/10.1055/a-2655-2536
https://www.ncbi.nlm.nih.gov/pubmed/41210666
https://doi.org/10.1371/journal.pone.0307264
https://www.ncbi.nlm.nih.gov/pubmed/39008514
https://doi.org/10.3390/jcm12113762
https://www.ncbi.nlm.nih.gov/pubmed/37297958
https://www.ncbi.nlm.nih.gov/pubmed/41908054
https://doi.org/10.1016/j.amjcard.2023.01.005
https://www.ncbi.nlm.nih.gov/pubmed/36710142
https://doi.org/10.3390/jpm16070380

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Definitions 
	Data Collection and Procedural Characteristics 
	Endpoints and Follow-Up 
	Statistical Analysis 

	Results 
	Baseline, Angiographic and Procedural Characteristics of Patients 
	Clinical Follow-Up and Multivariate Analysis 

	Discussion 
	Transradial CTO PCI and the Expanding Radial Toolbox 
	Drivers of Long-Term MACCEs: Comorbidity, Ventricular Function, and Complexity 
	Access SiteComplications and Long-Term Outcomes 
	Lesion Territory and Coronary Complexity: Vessel-Specific Risk Signals 
	Procedural Surrogates: Stent Burden as a Marker of Diffuse Disease 
	Clinical Implications 
	Limitations 

	Conclusions 
	References

