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Abstract

Objective: Currently, there are limited data on the clinical outcomes of percutaneous coronary intervention (PCI) compared to coronary
artery bypass grafting (CABG) for the treatment of chronic total occlusion (CTO). We compared the clinical outcomes of patients with
CTO lesions treated by PCI versus CABG.Methods: This study included 2587 patients with coronary artery disease (CAD) with CTO
from January 1, 2019 to December 31, 2021. Both short- and long-term clinical outcomes were compared in patients with CTO who
received successful revascularization. The primary endpoint, defined as major adverse cardiac and cerebrovascular events (MACCE),
was a composite of all-cause mortality, cerebrovascular events, and myocardial infarction. Unplanned revascularization and heart failure
hospitalization were defined as secondary endpoints separately. Propensity score matching was applied to balance baseline characteristics
between the two groups. Results: The PCI group had lower MACCE (0.47% vs. 2.11%) within 30 days of the index operation, but the
difference did not reach statistical significance (p = 0.06). After an average follow-up of 37.2 months, no significant differences were
observed between PCI and CABG in all-cause mortality (hazard ratio [HR] = 2.29, 95% CI: 0.79–6.61; p = 0.13), MACCE (HR = 2.03,
95% CI: 0.86–4.76; p = 0.10), or heart failure hospitalization rate (sub distribution HR [SHR] = 0.98, 95% CI: 0.26–3.74; p = 0.98).
However, patients who underwent PCI had a higher risk of unplanned revascularization (SHR = 10.32, 95% CI: 2.42–43.95; p = 0.002).
Conclusion: In patients with CADwith CTO, PCI was associated with a trend of lower short-termMACCE compared to CABG, but with
a higher risk of long-term unplanned revascularization. There were no significant differences in long-term all-cause mortality, MACCE,
or heart failure hospitalization rates between PCI and CABG.
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1. Introduction
Chronic total occlusion (CTO) poses a significant

technical challenge in interventional cardiology [1]. It is
estimated that 15–25% of coronary angiographies reveal at
least one CTO lesion [2].

Revascularization of CTO has multiple advantages.
First, improving anginal symptoms and quality of life has
been demonstrated by clinical trials [3,4]. Second, an ob-
servational study suggests that successful revascularization
improves left ventricular ejection fraction (LVEF) and re-
duces left ventricular end-systolic volume in selected popu-
lations [5]. However, the REVIVED–BCIS2 [6] trial found
that percutaneous coronary intervention (PCI) did not im-
prove all-cause mortality or left ventricular systolic func-
tion in patients with left ventricular systolic dysfunction.
Thus, the revascularization of CTO remains a subject of de-
bate. Third, the presence of a CTO increases the risk of ven-
tricular arrhythmias; thus, revascularization may enhance
myocardial electrical stability [7,8]. Lastly, it has been sug-
gested that revascularization of a CTO could potentially re-
duce the risk of a “double jeopardy” scenario. This occurs
when an acute coronary syndrome arises from the sudden
occlusion of a non-CTO coronary artery that supplies col-

lateral flow to the myocardial territory of the CTO. Such an
event could result in acute multivessel myocardial infarc-
tion and increase the risk of circulatory collapse caused by
cardiogenic shock [9–11].

In clinical practice, however, optimal medical therapy
remains the primary treatment for the majority of patients
with CTO. Only a minority of patients with CTO are be-
lieved to undergo coronary artery bypass grafting (CABG)
(22–26%) or PCI (10–22%) [12]. CTO PCI patients typ-
ically present with a higher prevalence of comorbidities,
more risk factors, and a greater incidence of multivessel
disease. Cardiologists exercise particular caution when per-
forming revascularization for CTOs due to the prolonged
procedure times, increased risk of complications, and lower
success rates compared to non-CTO lesions [3].

Success rates of CTOPCI have significantly improved
over the past decade with advancements in technology, the
adoption of new equipment, and CTO algorithms for revas-
cularization. An observational study revealed that, after ad-
justing for clinical factors, patients undergoing CTO PCI
exhibited a comparable long-term risk of all-cause mortal-
ity to those undergoing non-CTO PCI [5]. Therefore, PCI
has become an alternative treatment for CTO.
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Fig. 1. Patient selection process and study protocol. Abbreviations: CAG, coronary angiogram; CTO, chronic total occlusion; PCI,
percutaneous coronary intervention; PTCA, percutaneous transluminal coronary angioplasty; CABG, coronary artery bypass grafting.

Fig. 2. Density plot of propensity scores after matching.
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To date, the optimal revascularization strategy for
CTO remains controversial. A recent meta-analysis demon-
strated that PCI outperformed CABG in reducing all-cause
mortality and cardiac death but was less effective in low-
ering the rates of myocardial infarction and repeat revascu-
larization [13,14]. Some observational studies have shown
that CABG is superior to PCI in terms of long-term out-
comes [15–17], whereas another study indicated that the
efficacy of PCI is comparable to that of CABG [18]. To
date, none of the large-scale clinical trials, such as REVASC
[19], EXPLORE [20], EURO-CTO [21], IMPACTOR-
CTO [22], DECISION-CTO [23], and COMET-CTO [24],
have demonstrated a benefit of PCI in major adverse car-
diac and cerebrovascular events (MACCE) compared with
CABG.

This study analyzed real-world data to compare the
short- and long-term outcomes of CABG and PCI (with
second-generation drug-eluting stents) in patients with
CTO.

2. Methods
2.1 Study Population

This retrospective study investigated patients with
CAD who underwent coronary angiography at Beijing
Anzhen Hospital (Beijing, China) from January 1, 2019 to
December 31, 2021. Patients were diagnosed with definite
CTO according to the Coronary Total Occlusion Academic
Research Consortium (CTO-ARC) criteria [25] and under-
went PCI (using second-generation drug-eluting stents) or
CABG. Inclusion criteria were: (1) age between 18 and
80 years; (2) definite CTO with Thrombolysis in Myocar-
dial Infarction (TIMI) 0 flow, no thrombus, no proximal
contrast staining, established collateral circulation, and ev-
idence of occlusion for more than 3 months; and (3) distal
CTO vessel diameter ≥2.5 mm. Exclusion criteria were:
(1) poor compliance, unable to adhere to antiplatelet ther-
apy; (2) non-coronary or structural heart disease interven-
tions within 30 days before or planned within 30 days after
surgery; (3) previous CABG, valve surgery, or other major
vascular surgeries; (4) renal failure with serum creatinine
>2.5 mg/dL or on long-term dialysis; and (5) malignant tu-
mors or life expectancy less than 1 year. The study protocol
was approved by the Ethics Committee of Beijing Anzhen
Hospital. The study flow is shown in Fig. 1.

2.2 Data Collection and Definitions
Baseline demographic, medical history, laboratory re-

sults, coronary anatomy, and surgical details were collected
from the medical records. Follow-up data were collected
from inpatient and outpatient records as well as telephone
interviews. Baseline demographic and clinical character-
istics, LVEF, and angiographic parameters were investi-
gated from hospital records. Baseline creatinine levels were
measured within 30 days before surgery. The estimated
glomerular filtration rate was calculated using the Modi-

fication of Diet in Renal Disease formula. The diagno-
sis of chronic renal insufficiency is based on an estimated
glomerular filtration rate <60 mL/min/1.73 m2. Echocar-
diography was performed within 30 days before PCI or
CABG to measure the preoperative LVEF. Left main dis-
ease was defined as ≥50% stenosis of the left main coro-
nary artery observed on angiography. Multivessel disease
was defined as ≥70% stenosis in at least two of the three
major epicardial coronary arteries. Complete revascular-
ization was defined as achieving successful intervention
(residual stenosis <30%) in all significant lesions (≥70%
stenosis) in the three major coronary arteries and their pri-
mary branches. These assessments were made by the op-
erating cardiologist through visual estimation. For CABG,
complete revascularizationwas defined as providing bypass
grafts to all major coronary arteries with ≥70% stenosis.
All CABG procedures had no restrictions on the use of ve-
nous grafts.

2.3 Study Endpoints

The primary endpoints of this study included short-
term (within 30 days post-operation) and long-term
MACCE,which is a compositemeasure of all-causemortal-
ity, cerebrovascular events (including ischemic stroke and
hemorrhagic stroke), and myocardial infarction. Heart fail-
ure hospitalization and unplanned revascularization were
considered secondary endpoints separately. The former
was defined as rehospitalization with a primary diagnosis
of heart failure after the initial surgery. The latter included
any unplanned repeat PCI or CABG. Scheduled revascular-
izations within 90 days post-operation were not considered
unplanned.

2.4 Statistical Analyses

Statistical analyses were conducted using Stata 18.0
(StataCorp LLC, College Station, TX, USA). Baseline
characteristics between the PCI and CABG groups were
balanced through 1:1 propensity score matching. This
matching was performed using a nearest-neighbor algo-
rithm with a caliper width of 0.1 times the standard devi-
ation of the logit of the propensity score. Covariate bal-
ance between the groups was evaluated by calculating stan-
dardized mean differences. A standardized difference of
less than 10.0% indicated an adequate balance between the
two cohorts. To assess the overlap of propensity scores be-
tween the treatment (PCI) and control (CABG) groups af-
ter matching, kernel density estimation was used to plot the
distributions. The resulting density plot visually demon-
strated an overlap of propensity scores, confirming that bal-
ance was achieved between the groups (Fig. 2).

Given the low number of short-term events, Fisher’s
exact test was applied to compare incidence rates between
the two groups. Long-term clinical outcomes were evalu-
ated using the Kaplan-Meier method to estimate cumulative
incidence rates. Cox proportional hazards regression analy-
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Fig. 3. Thirty days after the index procedure event rate. Abbreviations: MACCE, major adverse cardiac and cerebrovascular events,
assessed as all-cause death, cerebrovascular events, and myocardial infarction.

Table 1. Baseline characteristics before and after propensity score matching.

Patient
Characteristics

Pre-matching Post-matching

PCI CABG
p

Standardized
Difference (%)

PCI CABG
p

Standardized
Difference (%)(N = 1849) (N = 738) (N = 426) (N = 426)

Age, years 58.29 ± 10.49 61.71 ± 9.11 <0.001 34.80 61.45 ± 9.76 61.27 ± 8.98 0.78 1.95
Male 1505 (81.40) 594 (80.49) 0.59 2.31 338 (79.34) 342 (80.28) 0.73 2.34
BMI, kg/m2 26.42 ± 3.36 25.95 ± 3.25 0.002 14.12 26.04 ± 3.12 26.12 ± 3.29 0.74 2.32
Smoking 636 (34.40) 224 (30.35) 0.05 8.65 134 (31.46) 137 (32.16) 0.83 1.51
Alcohol Consumption 560 (30.29) 214 (29.00) 0.52 2.82 117 (27.46) 126 (29.58) 0.50 4.68
Hypertension 1304 (70.52) 531 (71.95) 0.47 3.15 306 (71.83) 314 (73.71) 0.54 4.22
Diabetes 817 (44.19) 316 (42.82) 0.53 2.76 183 (42.96) 190 (44.60) 0.63 3.31
Chronic Kidney Insuf-
ficiency

97 (5.25) 59 (7.99) 0.01 8.90 30 (7.04) 31 (7.28) 0.89 0.91

History of Myocardial
Infarction

467 (25.26) 178 (24.12) 0.55 2.64 93 (21.83) 98 (23.00) 0.68 2.81

Cerebral Vascular Dis-
ease

208 (11.25) 137 (18.56) <0.001 20.64 69 (16.20) 67 (15.73) 0.85 1.28

History of PCI 731 (39.53) 183 (24.8) <0.001 31.94 113 (26.53) 119 (27.93) 0.64 3.16
LVEF, % 59.78 ± 8.59 58.02 ± 9.20 <0.001 19.22 58.63 ± 9.33 58.68 ± 9.07 0.93 0.56
LVSD, mm 32.97 ± 6.32 33.22 ± 6.68 0.22 3.74 33.12 ± 6.56 33.18 ± 6.57 0.89 0.97
Multiple CTO 221 (11.95) 185 (25.07) <0.001 34.24 83 (19.48) 76 (17.84) 0.54 4.21
LAD CTO 813 (43.97) 284 (38.48) 0.01 11.16 172 (40.38) 167 (39.20) 0.73 2.40
Aspirin 1758 (95.08) 698 (94.58) 0.60 2.25 404 (94.84) 396 (92.96) 0.25 7.84
ADP Inhibitor 1712 (92.59) 685 (92.82) 0.84 0.88 388 (91.08) 389 (91.31) 0.90 0.83
Statin 1709 (92.43) 647 (87.67) <0.001 15.94 376 (88.26) 374 (87.79) 0.83 1.45
Values aremean (SD) or No. of patients (%). Abbreviations: BMI, bodymass index; LVSD, left ventricular end-systolic; LVEF, left ventricular
ejection fraction; LAD, left anterior descending.

sis was performed to assess the risk of outcomes of interest,
with hazard ratios and 95% confidence intervals reported.
Since all covariates achieved an SMD <10.0%, only the
treatment strategy (PCI vs. CABG)was included in the Cox

proportional hazards model. In the analysis of heart failure
hospitalization and unplanned revascularization, all-cause
death was treated as a competing event. Fine and Gray’s
sub-distribution hazard regression model was used to es-
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timate sub-distribution hazard ratios (SHRs) based on the
cumulative incidence function, accounting for the impact
of all-cause death on these outcomes. All statistical anal-
yses were two-tailed, with a significance level set at p <

0.05.

3. Results
3.1 Baseline Characteristics

The study included 2587 patients with CADwith CTO
who met the inclusion and exclusion criteria. Of these,
1849 patients (71.5%) chose PCI and received at least
one second-generation drug-eluting stent, whereas 738 pa-
tients (28.5%) chose CABG. Before matching, differences
were observed in baseline characteristics between the two
groups. PCI patients were younger (58.29 ± 10.49 vs.
61.71 ± 9.11; p < 0.001), had higher body mass index
(26.42 ± 3.36 vs. 25.95 ± 3.25; p = 0.002), higher ejec-
tion fraction (59.78 ± 8.59 vs. 58.02 ± 9.20; p < 0.001),
and a lower proportion of cerebrovascular disease (11.25%
vs. 18.56%; p < 0.001) and chronic kidney insufficiency
(5.82% vs. 8.08%; p = 0.04). After 1:1 propensity score
matching, 852 patients were included in the analysis, with
426 patients in each group. Among the 426 patients in the
PCI group, bilateral coronary angiography was used in 201
procedures (47.2%). The antegrade wire escalation tech-
nique was applied in 325 procedures (76.3%), the antegrade
dissection and re-entry technique was applied in 31 proce-
dures (7.3%), the retrograde wire escalation technique was
applied in 42 procedures (9.9%), and the retrograde dissec-
tion and re-entry technique was applied in 28 procedures
(6.6%). Of the 738 patients who underwent CABG, one
patient chose the right internal mammary artery for revas-
cularization of the left anterior descending (LAD) artery,
whereas two patients chose a saphenous vein graft. In
the matched cohort, all CABG patients utilized left inter-
nal mammary artery (LIMA)-LAD grafts, achieving com-
plete revascularization, whereas only 51% of patients (N =
217) achieved complete revascularization in the PCI group.
Baseline characteristics before and after propensity score
matching are illustrated in Table 1.

3.2 Short-Term Outcomes
PCI patients had lower short-termMACCE rates com-

pared to CABG patients. Within 30 days of the index pro-
cedure, there was one death (0.23%) in the PCI group and
five deaths (1.17%) in the CABG group (p = 0.22); and one
(0.23%) cerebrovascular event in the PCI group compared
to four (0.94%) in the CABG group (p = 0.37). Overall, two
(0.47%) MACCE were recorded in the PCI group, and nine
(2.11%) in the CABG group (p = 0.06). No repeat revascu-
larization, myocardial infarction, or heart failure hospital-
ization occurred in either group within 30 days of the index
operation (Fig. 3).

Table 2. Long-term clinical outcomes of PCI versus CABG.
HR 95% CI p value

MACCE 2.03 0.86–4.76 0.10
All-cause death 2.29 0.79–6.61 0.13
Cerebrovascular event 1.33 0.22–8.06 0.76
Myocardial infarction 3.21 0.65–15.98 0.15
Heart failure hospitalization* 0.98* 0.26–3.74 0.98
Unplanned revascularization* 10.32* 2.42–43.95 0.002
CABG was set as reference to PCI. Abbreviations: CI, confi-
dence interval; PCI, percutaneous coronary intervention; CABG,
coronary artery bypass grafting; MACCE, major adverse car-
diac and cerebrovascular events, assessed as all-cause death,
cerebrovascular event, and myocardial infraction. * The cal-
culated hazard ratio (HR) for “heart failure hospitalization” and
“unplanned revascularization” represents the subdistribution HR,
with all-cause death considered the competing event.

3.3 Long-Term Outcomes

After an average follow-up of 37.2-month, there were
no differences between PCI and CABG in all-cause mor-
tality (hazard ratio [HR] = 2.29, 95% confidence interval
[CI]: 0.79–6.61; p = 0.13), cerebrovascular events (HR =
1.33, 95% CI: 0.22–8.06; p = 0.76), myocardial infarction
(HR = 3.21, 95% CI: 0.65–15.98; p = 0.15). The incidence
of MACCE was not significantly different (HR: 2.03, 95%
CI: 0.86–4.76; p = 0.10). Hospitalization for heart failure,
assessed with a subdistribution HR (SHR) to account for
all-cause death as a competing event, also demonstrated
no significant difference (SHR: 0.98, 95% CI: 0.26–3.74;
p = 0.98). By contrast, unplanned revascularization was
markedly higher in the PCI group, with an SHR of 10.32
(95% CI: 2.42–43.95; p = 0.002), indicating a statistically
significant increase (Table 2 and Fig. 4).

3.4 Subgroup Analyses

We conducted subgroup analyses to evaluate the po-
tential association between treatment strategy and MACCE
in different subpopulations. The comparative effectiveness
of PCI and CABG showed no significant variation across
subgroups, irrespective of age, sex, comorbidities (e.g., di-
abetes mellitus and hypertension), LVEF, or LAD-CTO (all
p > 0.05) (Fig. 5).

4. Discussion
This large, single-center observational study analyzed

real-world data to compare the short- and long-term clini-
cal outcomes of different revascularization strategies in pa-
tients with CTO. Our study is one of the few to compare
contemporary CTO PCI techniques with CABG in terms of
safety and efficacy.

This study found that patients with PCI showed a trend
toward a lower short-term MACCE rate compared those
with CABG within 30 days of successful revascularization,
consistent with the findings of a previous study [26]. The
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Fig. 4. Long-term clinical outcomes of PCI versus CABG. (A) All-Cause Death. (B) Cerebrovascular Events. (C) Myocardial In-
fraction. (D) Heart Failure Hospitalization. (E) Unplanned Revascularization. (F) MACCE. Abbreviations: PCI, percutaneous coronary
intervention; CABG, coronary artery bypass grafting; MACCE, major adverse cardiac and cerebrovascular events, assessed as all-cause
death, cerebrovascular event, and myocardial infraction. The calculated sub distribution hazard ratio (SHR) for “heart failure hospital-
ization” and “unplanned revascularization” represents the SHR, with all-cause death considered the competing event.

CABG group exhibited higher mortality in the early post-
operative period, indicating a greater periprocedural risk.

Lin et al. [15] conducted a retrospective analysis of
patients with CTO and multivessel disease, and found that
PCIwas associated with a lower 30-daymortality compared
to CABG. Despite a higher baseline prevalence of cere-
brovascular disease in the PCI group, the short-term cere-
brovascular event rate remained significantly lower in this
group (0.1% vs. 0.8%; p = 0.006). Our findings are in ac-
cordance with these results, further highlighting the advan-
tage of PCI in reducing short-term adverse events.

Regarding long-term outcomes, PCI patients had a
higher risk of repeat revascularization. Jang et al. [18] con-
ducted an observational cohort study comparing second-

generation drug-eluting stents with CABG. They found a
higher risk of repeat revascularization in the PCI group
at a median follow-up of 32 months compared to the
CABG group, with consistent results after inverse proba-
bility weighting. Our study included a larger patient popu-
lation, enhancing the robustness and generalizability of our
findings. Notably, within our cohort, complete revascular-
ization was achieved in 51.0% of PCI patients compared to
100% of CABG patients, which likely explains the higher
rate of repeat revascularization observed in the PCI group.

Our study also revealed no significant differences be-
tween PCI and CABG in long-term MACCE. In Roth’s
cohort, the survival curves for successful CTO-PCI and
CABG became more parallel over time, suggesting com-
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Fig. 5. Comparative hazard ratios of MACCE for subgroups of the PCI and CABG groups. CABG was set as the reference group.

parable long-term outcomes between PCI and CABG [26].
In addition, Lin et al. [15] reported a higher risk of 5-
year all-cause mortality, myocardial infarction, and cere-
brovascular events in patients with CTO with multivessel
disease treated with PCI compared to those treated with
CABG. In their subgroup analysis, patients with PCI with
three-vessel disease who achieved complete revasculariza-
tion demonstrated comparable outcomes to those who un-
derwent CABG, as measured by the composite endpoint of
death, myocardial infarction, and cerebrovascular events.

The Synergy between PCI with Taxus and Cardiac
Surgery Extended Survival (SYNTAXES) [27] extended
follow-up study, one of the longest follow-up studies to
date, reported no significant difference in long-term mor-
tality between PCI and CABG over an average follow-up
of 10 years. However, this study has been subject to sev-
eral controversies. First, it was a post hoc analysis, which
inherently carries methodological limitations. Second, the
definition of occlusion used in the study deviates from cur-
rently accepted definitions, potentially impacting compara-
bility. Furthermore, the PCI group predominantly utilized
paclitaxel-eluting stents, representing a technological gap
compared to contemporary drug-eluting stents. Finally, the
PCI revascularization success rate was only 43.5%, signif-
icantly lower than the 60.5% achieved with CABG, under-
scoring the study’s limitations in drawing definitive conclu-
sions.

Our study demonstrates that PCI offers advantages in
short-term adverse events for patients with CTO but poses
a higher long-term risk of unplanned revascularization. No

significant differences were found in long-term MACCE
between PCI and CABG.

5. Limitations
The study had several limitations. First, as a single-

center, non-randomized observational study, it could not
entirely eliminate the influence of confounding factors.
Second, the study did not include detailed anatomical pa-
rameters or comprehensive operative data, nor did it ac-
count for medication adjustments during follow-up. Third,
the follow-up did not involve functional tests, cardiac mag-
netic resonance imaging to assess viable myocardium or is-
chemic areas, or coronary CTA follow-up to evaluate long-
term graft patency in patients with CABG.

6. Conclusion
In patients with CAD and CTO, PCI was associated

with a trend of a lower short-term MACCE compared to
CABG, but with a higher risk of unplanned revasculariza-
tion. No significant differences were observed between
PCI and CABG in terms of long-term all-cause mortality,
MACCE, or heart failure hospitalization rates.
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