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Background: National income level influences the prevalence and outcomes of cardiovascular disease (CVD), with 
lower-income countries contributing disproportionately to the global CVD burden. Chronic total occlusion (CTO) 
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Income-based healthcare disparities
Mechanical circulatory supports (MCS)
CTO PCI outcomes

percutaneous coronary intervention (PCI) requires specialised equipment, increasing procedural costs. However, 
whether national income level contributes to disparities in managing patients with CTO remains unclear.
Objective: To compare the clinical profiles, procedural settings and outcomes of patients undergoing CTO-PCI in 
middle-income countries (MICs) and high-income countries (HICs).
Methods: This cross-sectional study included 15,329 patients who underwent CTO-PCI between 2021 and 2023. 
Data were obtained from the European Registry of Chronic Total Occlusions (ERCTO). Of the 24 enrolling 
countries, 7 were classified as MICs and 14 as HICs.
Results: Patients in HICs were older (67 ± 10 vs 61 ± 10 years; p < 0.001) and presented with greater CTO 
complexity (J-CTO score: 2.31 ± 1.25 vs 1.99 ± 1.17; p < 0.001). Conversely, patients in MICs were more likely 
to have diabetes (35% vs 29%; p < 0.001) and to be active smokers (59% vs 49%; p < 0.001). Patients in MICs 
had lower use of mechanical cardiac support (0.1% vs 0.8%; p < 0.001), advanced calcific plaque modification 
devices (1% vs 6.1%; p < 0.001), and intravascular ultrasound (14% vs 25%; p < 0.001). MICs achieved higher 
procedural success (89.5% vs 90.5%; p = 0.07) but higher mortality compared to HICs (0.6% vs 0.2%; p <
0.001).
Conclusion: Among a selected population of patients undergoing CTO-PCI, notable clinical, anatomical, and 
procedural differences exist between MICs and HICs. These findings highlight the importance of tailoring public 
health strategies to optimise cardiovascular care across diverse economic settings.

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of mortality, 
accounting for approximately 17.9 million deaths globally [1,2]. How
ever, only a limited number of high-income countries (HICs) currently 
have the infrastructure, resources, and preventive strategies needed to 
meet this growing demand, thereby exacerbating global health dispar
ities [3]. National income level has been shown to influence the prev
alence of CVD and its associated morbidity and mortality, with low- and 
middle-income countries (MICs) bearing nearly 80% of the global CVD 
burden [4]. Given the high costs of cardiovascular care, addressing 
disparities in healthcare delivery and enhancing accessibility across 
nations is of critical importance [5].

Within the spectrum of coronary interventions, chronic total occlu
sion (CTO)-PCI is particularly complex, requiring multidisciplinary 
evaluation for patient selection, specialised operators, and access to 
various high-cost devices to achieve procedural success while minimis
ing complications. [6] However, data on socioeconomic disparities of 
patients undergoing CTO-PCI remain scarce [7].

This study aimed to describe differences in clinical phenotypes, 
procedural practices, and in-hospital outcomes between middle- and 
high-income countries among patients undergoing CTO-PCI enrolled in 
the European Registry of Chronic Total Occlusions (ERCTO).

2. Methods

The ERCTO registry is a retrospective, non-randomised, observa
tional, all-comers, multi-centre database developed by the Euro-CTO 
non-profit association. It includes consecutive patients undergoing 
CTO-PCI performed by experienced operators at specialised centres 
across Europe, the United Kingdom, Switzerland, Russia, Egypt, and 
Turkey.

The primary objective of the ERCTO registry is to monitor the quality 
of CTO-PCI management in routine clinical practice. Patients were 
selected for revascularisation based on symptomatic status, myocardial 
viability, and evidence of significant inducible ischaemia in the CTO 
territory, as determined by functional imaging. All procedures were 
elective; ad hoc PCI was not performed. In patients with ≥2 CTOs, only 
one CTO vessel was treated per procedure. Patients with acute 
myocardial infarction (MI) or cardiogenic shock were excluded. Wiring 
strategies and guidewire selection were left to the operator's discretion. 
The registry was conducted in accordance with the Declaration of Hel
sinki and international data protection regulations and was ethically 
approved.

This cross-sectional analysis included 15,329 patients from 24 
countries enrolled between January 2021 and December 2023. The 
study flowchart is presented in Supplemental Fig. 1. Country income 

classifications were based on gross national income (GNI) per capita, as 
defined by the World Bank. [8] Based on these data, countries were 
categorised as MICs or HICs; the number of procedures performed in 
each participating country is presented in Supplemental Fig. 2.

Russia was the only country whose GNI classification changed during 
the study period. Specifically, it was classified as a MIC in 2021–2022 
[141 patients enrolled; 88%], whereas in 2023 it was reclassified as an 
HIC [19 patients enrolled; 12%]. Since most patients were enrolled 
while Russia was classified as an MIC, Russia was considered as MIC for 
the present analysis.

Primary endpoints included technical success and the composite of 
major adverse cerebral and cardiovascular events (MACCE). Secondary 
endpoints comprised individual MACCE components, major vascular 
complications, and other relevant procedural complications, which were 
a composite of side branch occlusion, donor vessel dissection, and cor
onary perforation requiring treatment.

2.1. Definition

Definitions followed ARC-CTO consensus recommendations [9]. 
Technical success was defined as successful recanalization of the CTO 
vessel with <30% residual stenosis and final TIMI flow grade 3. MACCE 
was defined as a composite of procedural and in-hospital death, MI, 
stroke, urgent revascularisation (repeat PCI or surgery), or peri
cardiocentesis. The analysis referred to the final CTO crossing strategy 
used [10]. Procedural success was defined as technical success without 
the occurrence of MACCE. Bleeding complications were categorised 
using the BARC classification system. [11]

Mechanical cardiac support (MCS) devices included intra-aortic 
balloon pump (IABP), extracorporeal membrane oxygenation (ECMO), 
and microaxial flow pump (Impella). Advanced calcific plaque modifi
cation devices (ACPMD) comprised rotational atherectomy, orbital 
atherectomy and intravascular lithotripsy (IVL).

2.2. Statistical analysis

Continuous variables were summarized using means with standard 
deviations or medians with interquartile ranges (IQRs), depending on 
the distribution. Categorical variables were expressed as frequencies and 
percentages. The Chi-squared test was used for comparisons of cate
gorical data, with Fisher's exact test applied where appropriate. 
Normality of continuous variables was assessed using the Shapiro–Wilk 
test, which guided the choice between one-way ANOVA for normally 
distributed data and the Kruskal–Wallis test for non-normally distrib
uted data. A two-sided p-value<0.05 was considered statistically sig
nificant. Hierarchical mixed-effects models including random intercepts 
for country and/or participating center were initially explored to 
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account for clustering effects. However, due to the relatively low num
ber of adverse events, particularly in-hospital mortality, these models 
yielded unstable estimates and limited convergence and were therefore 
not retained in the final analysis. A logistic regression model was con
structed to explore associations between death, MACCE, other relevant 
complications, and clinical or procedural variables, adjusting for rele
vant baseline and procedural characteristics. To evaluate overall mor
tality, we applied a penalized logistic regression according to Firth's 
method. This technique was chosen because the relatively low number 
of events could have compromised the stability of conventional logistic 
regression estimates (10:1 event-to-variable ratio). By reducing small- 
sample bias and addressing potential separation problems, Firth's 
correction provides more robust and interpretable odds ratio estimates 
in this context. Variables significant in univariable analysis were 
included in multivariable models. Results were reported as adjusted 
odds ratios (ORs) with 95% confidence intervals (CIs). Statistical ana
lyses were performed using R software (version 4.4.1).

3. Results

Of the 24 participating countries, seven were classified as MICs and 
17 as HICs. The MICs and HICs groups included 2975 and 12,354 pa
tients, respectively (Central Illustration). Turkey was the primary 
contributor among the MICs, accounting for 1999 patients (67%), while 
Germany was the largest contributor among the HICs, with 6296 
enrolled patients (51%). The number of procedures performed in each 
participating country is presented in Supplemental Fig. 2.

3.1. Clinical characteristics

Detailed clinical characteristics are shown in Table 1. Patients in the 
HICs group were older than those in the MICs group (67 ± 10 vs 61 ±
10; p < 0.001). The overall study population was predominantly male 
(84%), although the proportion of females was higher in HICs than in 
MICs (17% vs 14%; p = 0.007). Regarding cardiovascular risk factors, 
hypertension and dyslipidemia were more common in HICs (78% vs 
66%; p < 0.001 and 76% vs 56%; p < 0.001, respectively), whereas 
diabetes and smoking were more prevalent in MICs (35% vs 29%; p <
0.001 and 59% vs 49%; p < 0.001, respectively). Atrial fibrillation (AF), 
prior stroke, and chronic kidney disease (CKD) were all more frequently 
observed in the HICs group (6.7% vs 2.2%, 3.7% vs 2.5%, and 29% vs 
20%; all p < 0.001). Conversely, a history of MI was more common in 
MICs (40% vs 32%; p < 0.001). Patients in MICs also presented more 
frequently with Canadian Cardiovascular Society (CCS) angina class >2 
(23% vs 16%; p < 0.001). (Central Illustration).

At the time of admission, the New York Heart Association (NYHA) 
functional class was worse among patients in HIC, with a significantly 
higher proportion in NYHA class >1 (58% vs 39%; p < 0.001). This was 
accompanied by a greater prevalence of left ventricular ejection fraction 
(LVEF) <35% among patients in HICs (8.1% vs 5.7%; p < 0.001).

In terms of imaging modalities for assessing ischemia and viability, 
stress echocardiography was more commonly used in MICs (62% vs 
50%; p < 0.001), while cardiac MRI and SPECT were more frequently 
employed in HICs (13% vs 1.1% and 14% vs 8%, respectively; both p <
0.001). Pre-procedural CT coronary angiography was also more 
commonly performed in HICs than MICs (2.1% vs 1.6%; p = 0.05).

3.2. Lesion and procedural characteristics

Lesion and procedural characteristics are detailed in Table 2. 
Compared with MICs, patients in HICs had a higher prevalence of three- 
vessel disease (38% vs 20%; p < 0.001), greater lesion complexity 
[Japanese CTO (J-CTO) score: 2.31 ± 1.25 vs 1.99 ± 1.17; p < 0.001 
and Euro CTO score: 2.29 ± 1.20 vs 1.91 ± 1.17; p < 0.001], and more 
severely calcified CTO lesions (22% vs 11%; p < 0.001). The PROGRESS 
complication scores also indicated higher procedural risk in HICs (MACE 

risk: 2.47 ± 1.56 vs 1.90 ± 1.47; p < 0.001; death risk: 1.70 ± 1.15 vs 
1.40 ± 1.05; p < 0.001).

A greater overall availability of dedicated equipment for complex 
PCI was observed in HICs (ACPMD: 79% vs 53%, p < 0.001; MCS: 70% 
vs 47%, p = 0.002) (Fig. 1). Furthermore, ACPMD, intravascular ultra
sound (IVUS), and MCS devices were all used more frequently in HICs 
(ACPMD: 6.1% vs 1%; IVUS: 25% vs 14%; MCS: 0.9% vs 0.2%; all p <
0.001). These differences persisted even after adjustment for calcifica
tion degree and lesion complexity (ACPMD in severe calcification: 28% 
vs 9%; IVUS in J-CTO >2: 48.8% vs 36.2%; both p < 0.001) (Figs. 2 and 
3).

Among MCS devices, the Impella was used exclusively in HICs (0.7% 
vs 0%), whereas IABP and ECMO use was similarly low across both 
groups (IABP: 0.1% in both; ECMO: 0.1% in both; p < 0.001).

3.3. In-hospital outcomes

Procedural outcomes are summarized in Fig. 4 and Table 3. Tech
nical and procedural success were higher in MICs than in HICs (93% vs 
91%, p = 0.02; 90.5% vs 89.5%, p = 0.07, respectively). Overall MACCE 
rates were comparable (1.7% vs 1.9%; p = 0.4); however, MICs showed 
significantly higher in-hospital mortality (0.6% vs 0.2%; p < 0.001), as 
well as increased rates of other relevant complications (side branch 
occlusion: 3% vs 0.9%, p < 0.001; donor artery dissection: 0.7% vs 
0.3%, p = 0.002). Mortality rates of each country are reported in the 
Supplemental Fig. 3. Furthermore, clinical, anatomical and procedural 
characteristics of patients who died in MICs and HIC are reported in 

Table 1 
Baseline Clinical Characteristics.

Variables MICs (N = 2975) HICs (N = 12,354) p-value

Age 61 ± 10 67 ± 10 <0.001
Sex 0.007

Female 431 (14%) 2042 (17%)
Male 2544 (86%) 10,312 (83%)

BMI 28.5 ± 4.4 27.4 ± 4.7 0.03
Hypertension 1949 (66%) 9618 (78%) <0.001
Dyslipidemia 1654 (56%) 9374 (76%) <0.001
Diabetes mellitus 1049 (35%) 3613 (29%) <0.001
Smoker 1750 (59%) 5994 (49%) <0.001
COPD 135 (4.5%) 728 (5.9%) 0.004
Chronic coronary syndrome 2301 (77%) 9038 (73%) <0.001
Acute coronary syndrome 284 (9.5%) 508 (4.1%) <0.001
MI in CTO territory 484 (16%) 1022 (8.3%) <0.001
Previous MI 1188 (40%) 3927 (32%) <0.001
Prior stroke 73 (2.5%) 451 (3.7%) 0.001
Previous CABG 343 (12%) 1560 (13%) 0.1
Previous PCI 1264 (42%) 6374 (52%) <0.001
Atrial fibrillation 64 (2.2%) 825 (6.7%) <0.001
eGFR ≤60 ml/min 582 (20%) 3611 (29%) <0.001
Renal failure on dialysis 50 (1.7%) 170 (1.4%) 0.2
LV global EF <0.001
<35% 171 (5.7%) 997 (8.1%)
≥35% < 50% 885 (30%) 2771 (22%)
≥50% 1919 (65%) 8586 (69%)

CCS >2 677 (23%) 1980 (16%) <0.001
NYHA>1 1150 (39%) 7110 (58%) <0.001
Imaging modalities

Stress echocardiography 1845 (62%) 6137 (50%) <0.001
CT Coronary angioghraphy 48 (1.6%) 259 (2.1%) 0.05
PET 29 (1%) 88 (0.7%) 0.14
SPECT 238 (8%) 1672 (14%) <0.001
MRI 33 (1.1%) 1581 (13%) <0.001

Values are mean ± SD, n (%). BP = Bypass; BMI = Body Mass Index; CABG =
Coronary Artery Bypass Grafting; CCS=Canadian Class Score; COPD = chronic 
obstructive pulmonary disease; CTO=Chronic Total Occlusion; eGFR = Esti
mated Glomerular Filtration Rate; HICs = High-income countries; LVEF = Left 
Ventricular Ejection Fraction; MI = Myocardial Infarction; MICs = Middle-in
come countries; NYHA = New York Heart Association; PET = positron emission 
tomography; PCI = percutaneous coronary intervention; SPECT = Single-photon 
emission computed tomography; 2D: two-dimensional.
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Supplemental Table 1.
Finally, Fig. 5 reports patient- and procedure-related factors associ

ated with death, MACCE, and a composite of other relevant complica
tions across three logistic regression analyses. As such, female sex (OR 
2.25; 95% CI 1.13–4.25; p = 0.02), age > 65 (OR 1.04; 95% CI 1–1.07; p 
= 0.03), MICs (OR 3.86; 95% CI 2.07–7.1; p < 0.001), previous MI (OR 
2.12; 95% CI 1.18–3.87; p = 0.01), LVEF<35% (OR 3.57; 95% CI 
2.59–4.15; p < 0.001), retrograde crossing (OR 2.22; 95% CI 1.1–4.42; p 
= 0.02) and lack of Impella availability (OR 0.91; 95% CI 0.71–0.98; p =
0.04) were associated with death (see Supplemental Table 2 and 3, 
Fig. 5A). Furthermore, age > 65 (OR 1.02; 95% CI 1.01–1.03; p =
0.008), previous MI (OR 1.46; 95% CI 1.13–1.86; p = 0.003), an higher 
Euro CTO Score (OR 1.33; 95% CI 1.15–1.54; p < 0.001), alternative 
antegrade crossing (OR 3.29; 95% CI 2.37–4.54; p < 0.001), retrograde 
crossing (OR 2.39; 95% CI 1.77–3.23; p < 0.001), and lack of Impella 
availability (OR 0.71; 95% CI 0.56–0.91; p = 0.007) were associated 
with MACCE (Supplemental Table 4 and 5, Fig. 5B). In addition, age >
65 (OR 1.02; 95% CI 1.01–1.03; p = 0.001), middle-income class (OR 
2.72; 95% CI 1.96–3.85; p < 0.001), bifurcation involvement (OR 1.81; 
95% CI 1.51–2.16; p < 0.001), lesion length > 20 mm (OR 1.26; 95% CI 
1.01–1.58; p = 0.04), and alternative (OR 3.01; 95% CI 2.83–3.59; p <
0.001) or retrograde crossing (OR 2.87; 95% CI 2.30–3.58; p < 0.001) 
were independently associated with other relevant complications 
(Supplemental Table 6 and 7, Fig. 5C). To further assess the robustness 
of these findings and minimize the potential influence of the largest 
contributing countries, an additional univariate analysis was performed 
comparing Germany versus other HICs and Turkey versus other MICs. 
This analysis showed no significant differences in the risk of death 
(Germany vs other HICs: OR 0.77, 95% CI 0.36–1.64, p = 0.51; Turkey vs 
other MICs: OR 0.73, 95% CI 0.24–1.91, p = 0.55) or MACCE (Germany 
vs other HICs: OR 1.07, 95% CI 0.82–1.40, p = 0.62; Turkey vs other 
MICs: OR 0.66, 95% CI 0.35–1.19, p = 0.18). Conversely, Turkey showed 
a significantly higher rate of other relevant complications compared 
with the remaining MIC countries (OR 0.65, 95% CI 0.44–0.94, p =
0.026), while no difference was observed between Germany and the 
other HICs (OR 1.00, 95% CI 0.81–1.24, p = 0.96). (Supplemental 
Table 8).

4. Discussion

This study revealed that, even within a selected population of pa
tients with advanced CAD and CTO, significant disparities in de
mographics, procedural settings, and outcomes exist between MICs and 
HICs.

4.1. Patients' demographics

The present study identified two distinct patient profiles, one for 
MICs and another for HICs. Patients in MICs undergoing CTO-PCI were 
younger and more likely to be active smokers with diabetes mellitus, 
whereas those in HICs were more likely to have hypertension or AF. 
(Central illustration) A recent analysis from the PROGRESS registry 
revealed similar geographic differences in patients and procedural 
characteristics among participating countries belonging to North 
America (NA) and non-NA regions which partly reflect those described 
in our analysis. [12] These similarities might depend on the fact that 
non-NA countries participating the PROGRESS, similarly to MICs in the 

Table 2 
Lesion and procedural characteristics.

Variables MICs (N = 2975) HICs (N =
12,354)

p-value

N. of diseased vessels
1 1326 (45%) 3993 (33%)

<0.0012 1012 (35%) 3568 (29%)
3 585 (20%) 4680 (38%)

Target vessels
BP-arterial 1 (<0.1%) 6 (<0.1%)

<0.001

BP-venous 4 (0.1%) 21 (0.2%)
LAD 952 (32%) 3167 (26%)
LCX 452 (15%) 1865 (15%)
LMT 10 (0.3%) 46 (0.4%)
RCA 1482 (50%) 6877 (56%)
SB 74 (2.5%) 372 (3.0%)

CTO location
Ostial 297 (10%) 1359 (11%)

0.1Proximal 1117 (38%) 4786 (39%)
Mid 1320 (45%) 5191 (42%)
Distal 227 (7.7%) 944 (7.7%)

Lesion complexity
JCTO score 1.99 ± 1.17 2.31 ± 1.25 <0.001
Euro CTO score 1.91 ± 1.17 2.29 ± 1.20 <0.001

Progress complication score
MACE 1.90 ± 1.47 2.47 ± 1.56 <0.001
Mortality 1.4 ± 1.05 1.7 ± 1.15 <0.001

Vessel diameter mm 3.05 ± 0.45 3.00 ± 0.74 0.005
CTO lesion length 2.8 ± 1.7 2.8 ± 1.7 0.3
Stump

Blunt stump 1006 (34%) 5088 (43%) <0.001
Tapered stump 1466 (50%) 4965 (42%)

Calcification category
Non severe 2639 (89%) 9650 (78%) <0.001
Severe 336 (11%) 2704 (22%)

Tortuosity
Slight 702 (26%) 3360 (33%)

<0.001
Straight 1642 (60%) 4828 (48%)
Moderate 337 (12%) 1502 (15%)
Severe 62 (2.3%) 372 (3.7%)

Previous attempts ≥1 470 (16%) 2820 (23%) <0.001
In stent CTO 328 (11%) 1156 (9.4%) 0.006
IVUS 415 (14%) 3065 (25%) <0.001
ACPMD 30 (1%) 757 (6.1%) <0.001

Rotablator 26 (0.9%) 536 (4.3%) <0.001
Orbital atherectomy 0 (0%) 21 (0.2%) 0.013
Intravascular lithotripsy 4 (0.1%) 200 (1.9%) <0.001

Total stented length, mm 53 ± 34 58 ± 38 <0.001
Bifurcation stenting 889 (30%) 3083 (25%) <0.001
Mechanical support

IABP 3 (0.1%) 14 (0.1%)
<0.001Impella 0 81 (0.7%)

ECMO 1 (<0.1%) 3 (<0.1%)
Total fluoroscopic time, min 36 ± 23 37 ± 32 0.06
Total contrast volume, ml 243 ± 163 201 ± 112 <0.001
Total procedural time, min 87 ± 98 100 ± 60 <0.001
Final crossing strategy

Primary Antegrade (AW- 
0)

2199 (74%) 8306 (67%)
<0.001

Alternative Antegrade 307 (10%) 1331 (11%)
Retrograde 469 (16%) 2717 (22%)

Antiplatelet therapy
Acetyl salicilic acid 2248 (76%) 7689 (62%) <0.001
Clopidogrel 1969 (66%) 6403 (52%) <0.001
Prasugrel 107 (3.6%) 543 (4.4%) <0.001
Ticagrelor 222 (7.5%) 1081 (8.8%) <0.001

DAPT duration
Short DAPT 196 (6.5%) 2842 (23%)

<0.00112 months 1410 (66%) 3525 (43%)
Long DAPT 283 (9.5%) 135 (1.6%)

Novel AK 56 (1.9%) 959 (7.8%) <0.001

Values are mean ± SD, n (%). ACPMD = Advanced Calcific Plaque Modification 
Devices; ADR-0 = Antegrade Dissection Re-entry without retrograde contribu
tion; ADR-R = Antegrade Dissection Re-entry with retrograde contribution; AW- 
0 = Antegrade Wiring without retrograde contribution; AW-R = Antegrade 
Wiring with retrograde contribution; BP = Bypass;; CC=Collateral Channel 
grade (Modified Werner classification); CTO=Chronic Total Occlusion; DAPT: 

Dual antiplatelet therapy; ECMO = Extra-Corporeal Membrane Oxygenation; 
HICs = High-income countries; HVO: High Volume Operator; IABP = Intra- 
Aortic Balloon Pump; IVUS = intra-vascular ultrasound; J-CTO = Japanese 
Multicenter CTO Registry; LAD = Left Anterior Descending Coronary Artery; 
LCX = Left Circumflex Coronary Artery; LM = Left Main Coronary Artery; MICs 
= Middle-income countries; MVO: Middle Volume Operator; RCA = Right 
Coronary Artery; RDR = Retrograde Dissection and Re-entry; RW = retrograde 
wiring; SB=Side Branch.
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ERCTO (e.g. Turkey, Egypt, Russia) have lower income level.
These findings align also with recent cardiovascular disease statistics 

from the European Society of Cardiology (ESC), which indicate that 
populations in HIC, compared to those in MIC, are older [median age: 
43.1 (IQR 41.2–44.1) years vs 34.1 (IQR 29.4–39.3)], have longer life 

expectancy [81.6 (IQR 78.6–82.5) years vs 74.2 (IQR 72.2–76.5)], and 
exhibit lower proportions of smokers among males and females [23.4% 
(IQR 19.0–28.7%) and 15.6% (IQR 13.0–17.9%) vs 43.4% (IQR 
36.2–46.9%) and 8.8% (IQR 4.0–26.0%), respectively], as well as lower 
rates of diabetes [5.8% (IQR 5.0–6.9%) vs 6.9% (IQR 6.1–9.1%)] and 
hypertension [20.6% (IQR 19.4–28.2%) vs 26.5% (IQR 24.9–28.4%)]. 
[1]

These disparities highlight the need to enhance capacity-building, 
promote sustained health education, and support locally driven initia
tives aimed at narrowing the prevention gap between MICs and HICs 
[13]. Over the past 15 years, the European Union has implemented 
policy measures targeting tobacco use, nutritional education, including 
minimum alcohol pricing, sugar and calorie restrictions, and diabetes 
screening programs that contributed to a continuous decline in smoking 
or diabetes prevalence and also to a significant reduction in cardiovas
cular disease mortality particularly in HICs [14–16].

4.2. Procedural settings

Performing CTO-PCI safely and effectively requires thorough patient 
selection, meticulous procedural planning, operator expertise, wide
spread access to specialised equipment, and familiarity with advanced 
recanalisation techniques [6].

Our analysis demonstrated that inducible ischaemia and myocardial 
viability were more frequently assessed in HICs using advanced imaging 
techniques such as MRI and SPECT. Similarly, coronary CT angiography 
was more often used during pre-procedural planning in HICs than in 
MICs. This difference likely reflects better access to advanced diagnostic 
modalities in higher-income settings, enabling more precise patient se
lection and procedural planning.

For example, MRI has proven to be the most effective modality for 
evaluating myocardial viability, offering high-resolution assessment of 

Fig. 1. Availability of MCS, ACPMD and IVUS in middle- and high-income countries. 
ACPMD = Advanced Calcific Plaque Modification Device; HICs = high-income countries; IABP = Intra-aortic balloon pump; IVL = Intravascular Lithotripsy; ECMO 
= Extra-Corporeal Membrane Oxygenation; IVUS = intravascular ultrasound; MCS = Mechanical Circulatory Support; MICs = middle-income countries.

Fig. 2. Distribution of ACPMD use and ACPMD type in severely calcified le
sions among study groups. 
ACPMD = Advanced Calcific Plaque Modification Devices; HICs = high-income 
countries; MICs = middle-income countries.
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scar burden and critical prognostic insights regarding functional re
covery following revascularization [17]. Such capabilities likely facili
tated a more refined appraisal of procedural risks and benefits in HIC, 
particularly for patients with pronounced left ventricular dysfunction, 
where the early use of MCS could improve procedural safety.

Additionally, the study revealed greater procedural complexity in 
HICs compared to MIC, as evidenced by higher J-CTO and Euro CTO 
scores, longer procedural duration, and increased use of retrograde and 
alternative antegrade crossing strategies. This complexity may be 
attributed to various patient-related factors (e.g. older age, a higher 

Fig. 3. Comparison of IVUS usage between MICs and HIC, in the overall population (A) and stratified by lesion complexity (B), respectively. 
CTO = chronic total occlusions; HICs = high-income countries; IVUS = intravascular ultrasound; J-CTO = Japanese CTO; MICs = middle-income countries.

Fig. 4. Distribution of procedural and in-hospital MACCE between MICs and HICs. 
HICs = high-income countries; MACCE = major adverse cardiac and cerebrovascular events; MI = myocardial infarction; MICs = middle-income countries.
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proportion of severely calcified lesions, multivessel disease, LVEF 
<35%) as well as a possible selection bias. For example, operators in 
HICs may be more inclined to attempt highly challenging lesions, sup
ported by broader access to dedicated devices such as IVUS, ACPMD, 
and MCS. Conversely, the lower availability and actual utilization of 
these technologies in MICs may have contributed to a more cautious 
approach to complex CTO-PCI procedures. However, given the obser
vational nature of the registry, these associations should not be inter
preted as evidence of a direct causal relationship between device 
utilization and procedural outcomes, but rather as potentially reflecting 
broader differences in procedural resources, reimbursement policies, 
institutional organization, and operator experience in the management 
of complex CTO cases. Therefore, these findings should be considered 
hypothesis-generating and warrant further investigation in dedicated 
prospective studies.

4.3. Procedural outcomes

Despite a significantly higher complexity of the lesions attempted, 
HICs demonstrated similar MACCE rates compared to MICs; this finding 
is in line with other relevant global studies [18–20]. Our analysis 
revealed higher rates of death and other relevant complications such as 
side branch occlusion, dissection of the donor vessel, and coronary 
perforation requiring treatment, in MICs compared with HICs, despite 
MICs having lower overall patient complexity and a lower PROGRESS 
complication score than HICs. This discrepancy warrants specific 
attention. Firstly, beyond differences in baseline ischaemic risk profiles, 
systemic disparities in healthcare access and disease management may 
have contributed to the increased complication rates in MICs [15]. For 
instance, MICs population has higher rates of diabetes in part related to 
dietary habits and different racial composition compared to HICs, 
influencing the prognostic value of revascularization in such contexts 
[15]. In our study, diabetes also emerged as an independent predictor of 
mortality, confirming its adverse prognostic significance in patients 
undergoing CTO revascularisation.

Secondly, we hypothesized that differences in the availability and 
utilization of dedicated equipment such as IVUS, MCS, and ACPMD 
across income settings may reflect broader disparities in healthcare 

organization, procedural resources, reimbursement policies, and insti
tutional expertise. Nevertheless, these observations should be consid
ered exploratory and hypothesis-generating, since the present registry 
analysis cannot establish causal relationships and remains susceptible to 
residual confounding and treatment-selection bias. A previous report 
from the LATAM CTO Registry, encompassing Latin American countries, 
indicated that financial constraints and fragmented regulatory systems 
may have contributed to poorer CTO-PCI outcomes in MICs compared 
with HICs [21]. Conversely, in the PROGRESS registry a different 
resource availability between NA and non-NA countries did not impact 
on procedural outcomes although in these letter countries the lesion 
attempted were definitively less complex (J-CTO score: 2.56 ± 1.22 vs 
1.81 ± 1.24; P < 0.001) and the use of alternative antegrade or retro
grade recanalization techniques over antegrade wire escalation was 
significantly lower (ADR: 6% vs 13.3%; Retrograde wiring: 13.4% vs 
18.4%) [12].

In our analysis, although IVUS availability was comparable between 
HICs and MICs, its usage was significantly lower in MIC, especially when 
attempting more complex lesions. This discrepancy may also reflect 
multiple factors including reimbursement policies, operator preference, 
institutional expertise, and procedural selection strategies, rather than 
device availability alone. In this regard, it is well established that IVUS 
use in CTO-PCI improves procedural success and reduces complications, 
including side branch occlusion and coronary perforation. [22,23]

Similarly, our findings confirmed a lower use of ACPMD in MICs 
compared with HICs. This disparity may have contributed to the higher 
procedural complication rates seen when attempting severely calcified 
lesions without ACPMD, as recently demonstrated [24].

Finally, reduced availability and utilization of MCS in MICs may 
have compounded their higher complication rates relative to HICs. Prior 
studies consistently show that reduced LVEF is associated with increased 
peri-procedural and long-term morbidity and mortality in patients un
dergoing CTO-PCI, particularly in anatomically complex cases or when 
collateral circulation from donor arteries is compromised. In such con
texts, Impella or veno-arterial ECMO can improve procedural safety by 
maintaining systemic perfusion and unloading the left ventricle [25,26].

In conclusion, the limited access to and reduced use of adjunctive 
tools essential for procedural optimization may have contributed to the 
higher incidence of adverse outcomes in the MICs group, despite their 
lower clinical, anatomical, and procedural complexity. Disparities in 
resource availability highlighted by the study should foster investment 
in technology and training programs, particularly in regions that are 
lagging in the adoption of newer and safer technologies.

Whether the observed differences in access to and utilization of 
adjunctive procedural tools between MICs and HICs may explain the 
higher rate of procedural complications observed in MICs remains a 
hypothesis that should be interpreted cautiously, as the observational 
nature of the study does not allow causal inference. Moreover, the 
observed associations may also reflect residual confounding, differences 
in patient selection, institutional expertise, and local healthcare 
organizations.

5. Limitations

The ESC Atlas does not provide information on within-country in
equalities [27]. Additionally, comparisons between HICs and MICs are 
based on national medians averaged across each group, which obscures 
intra-group variability. Data on patients' race is not consistently avail
able in each country. Furthermore, country-level income classification 
represents an ecological, system-level exposure and should not be 
interpreted as an individual patient-level determinant of outcomes, 
raising the possibility of ecological fallacy. Despite exploratory attempts 
to account for clustering by country and participating center, hierar
chical models were limited by the low number of adverse events and 
resulting statistical instability. The ERCTO registry is a retrospective, 
multicenter registry, subject to the usual limitations of observational 

Table 3 
Procedural Outcomes.

Variables MICs (N =
2975)

HICs (N =
12,354)

p-value

Technical success 2752 (93%) 11,265 (91%) 0.02
Procedural success 2695 (90.5%) 11,054 (89.5%) 0.07
MACCEs 57 (1.9%) 211 (1.7%) 0.4

Overall death 19 (0.6%) 28 (0.2%) 0.001
Overall MI 21 (0.7%) 74 (0.6%) 0.5
Urgent revascularization 17 (0.6%) 48 (0.4%) 0.2
Perforation with tamponade 23 (0.8%) 91 (0.7%) 0.8
Overall stroke 4 (0.1%) 8 (<0.1%) 0.3

Other relevant complications 151 (5.1%) 360 (2.9%) <0.001
Side branch occlusion 88 (3.0%) 117 (0.9%) <0.001
Dissection of donor artery 22 (0.7%) 41 (0.3%) 0.003
Perforation requiring 
treatment

41 (1.4%) 202 (1.6%) 0.6

Other complications
Stent thrombosis 13 (0.4%) 29 (0.2%) 0.07
Major vascular complications 16 (0.5%) 88 (0.7%) 0.3
Contrast-induced nephropathy 45 (1.5%) 73 (0.6%) <0.001
Overall perforations 120 (4.0%) 536 (4.3%) 0.5
Perforation without 
tamponade

97 (3.3%) 445 (3.6%) 0.4

Collateral Channel site 
perforations

34 (1.1%) 176 (1.4%) 0.2

Perforation minor 23 (0.8%) 142 (1.1%) 0.07

Values are n (%). HICs = High-income countries; MACCE = Major Adverse 
Cardiac Events; Major MICs = Middle-income countries; MI = Myocardial 
Infarction.

G. Vadalà et al.                                                                                                                                                                                                                                 International Journal of Cardiology 460 (2026) 134625 

7 



Fig. 5. Factors associated with death, MACCE and other relevant complication: multivariable logistic regression model. 
CI = confidence interval; CTO = chronic total occlusions; LVEF = left ventricular ejection fraction; OR = odds ratio, CABG = Coronary Artery Bypass Grafting; 
Impella = Microaxial flow pump; LVEF = Left Ventricular Ejection Fraction; MACCE = major adverse cardiac and cerebrovascular events; MI = Myocar
dial Infarction.
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studies. Given the retrospective nature of the data, all patients were 
treated at the discretion of individual operators, thereby intentionally 
reflecting contemporary practice across Europe. Moreover, the ERCTO 
registry does not include centralized core-laboratory adjudication or an 
independent clinical events committee; therefore, lesion complexity 
grading, procedural characteristics, and adverse event reporting were 
based on site-reported data and may be subject to inter-center vari
ability, underreporting, or interpretation. Selection bias may be present, 
as ERCTO participants are proven expert operators with documented 
experience in CTO-PCI. Therefore, the generalizability of our findings 
may be limited. Although multivariable adjustment was performed, re
sidual confounding related to case selection, procedural strategies, 
operator expertise, institutional experience, reimbursement policies, 
and healthcare organization cannot be excluded. Finally, the present 
analysis was limited to procedural and in-hospital outcomes only, and 
therefore no conclusions can be drawn regarding the long-term clinical 
impact of these findings on survival, symptom burden, ventricular re
covery, or quality of life after CTO-PCI.

6. Conclusions

Within the ERCTO registry, our analysis described differences be
tween HICs and MICs across three domains: patient profiles, procedural 
practices, and in-hospital outcomes. Technical success was higher in 
MICs than in HICs. Although patients treated in MICs showed lower 
clinical and anatomical complexity, they experienced similar MACCE 
rates, higher observed in-hospital mortality, and higher rates of proce
dural complications such as side branch occlusion, donor vessel dissec
tion, or perforation requiring treatment. MICs also demonstrated lower 
availability and actual utilization of intravascular imaging, advanced 
devices for calcified lesion management, and MCS. These findings 
should be interpreted as descriptive and hypothesis-generating obser
vations rather than evidence of causal relationships and underscore the 
need for additional prospective research to better understand the 
interplay between healthcare systems, procedural resources, patient 
selection, and CTO-PCI outcomes across different economic settings.

Founding

None.

CRediT authorship contribution statement
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