
Association between left 
ventricular remodeling and 
coronary chronic total occlusion 
in hypertensive coronary artery 
disease patients
Wujian He1,4, Qiang Yao1,4, Duanbin Li2,3, Xiangqian Sui1 & Wenbin Zhang2,3

Hypertensive left ventricular (LV) remodeling may influence coronary artery pathology due to 
anatomical proximity, yet its association with coronary chronic total occlusion (CTO) remains unclear. 
This cross-sectional, hypothesis-generating study included patients with coexisting coronary 
artery disease (CAD) and hypertension. LV geometry was classified by echocardiography as normal, 
concentric remodeling (CR), concentric hypertrophy (CH), or eccentric hypertrophy (EH). CTO was 
identified by coronary angiography. Logistic regression models were used to evaluate the association 
between LV geometry and CTO incidence. A total of 3430 patients were included, with a mean age of 
65.3 years and 68.9% male. LV remodeling was present in 2427 (70.8%) patients. CTO lesions were 
identified in 300 (8.7%) patients, with incidence rates of 6.1% in normal geometry, 6.9% in CR, 9.9% in 
CH, and 12.7% in EH. Compared to normal geometry, LV remodeling was associated with a higher risk 
of CTO (OR, 1.696; 95% CI 1.258–2.285, p = 0.001), particularly in patients with CH (OR, 1.798; 95% CI 
1.276–2.535, p = 0.001) and EH (OR, 2.355; 95% CI 1.656–3.349, p < 0.001). These observational findings 
suggest an association between LV remodeling and CTO in hypertensive CAD patients, although causal 
inference remains limited and further prospective investigations are warranted.
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CCB	� Calcium channel blockers
LDL-C	� Low-density lipoprotein cholesterol

Cardiovascular disease is a leading global health burden, accounting for around 30% of all deaths worldwide1. 
Among these, hypertension and coronary artery disease (CAD) are highly prevalent comorbidities, with more 
than 45% of CAD patients also diagnosed with hypertension2.

Hypertension leads to chronic pressure overload, which in turn causes adaptive structural changes in the 
left ventricle, a process known as left ventricular (LV) remodeling3. These changes are commonly assessed 
using echocardiography, with measurements of left ventricular mass index (LVMI) and relative wall thickness 
(RWT), which classify LV geometry into normal geometry, concentric remodeling (CR), concentric hypertrophy 
(CH), or eccentric hypertrophy (EH)4. LV remodeling is strongly linked to increased morbidity and mortality 
in a variety of cardiovascular diseases, including atrial fibrillation, myocardial infarction, and congestive heart 
failure5,6. In addition, LV remodeling has been shown to have widespread effects on the coronary arteries due 
to their anatomical proximity, including impaired coronary flow reserve, exacerbated coronary remodeling, and 
the development of hemodynamic abnormalities7,8.

Coronary chronic total occlusion (CTO) is a severe lesion of CAD, defined as a complete occlusion of the 
coronary artery lasting more than three months9. The incidence of CTO among patients undergoing coronary 
angiography typically ranges from 10 to 20%10. Patients with CTO lesions often experience inadequate myocardial 
perfusion, leading to ischemic symptoms and an increased risk of heart failure11. Despite advances in cardiac 
interventions, CTO remains a significant challenge due to the complexity of the lesions12,13. Severe CTO lesions 
may even require coronary artery bypass grafting (CABG), greatly increasing the treatment risks14. The coronary 
arteries are anatomically adjacent to the myocardium. Therefore, the pathological features of LV remodeling, 
such as cardiac inflammation, endothelial dysfunction, and myocardial fibrosis, may affect the coronary arteries, 
thus increasing the risk of CTO15,16. We hypothesize that hypertensive LV remodeling may increase the risk of 
CTO lesions.

Therefore, this study aims to investigate the association between LV remodeling and coronary CTO 
in hypertensive CAD patients, providing valuable insights into the role of cardiac structural changes in the 
progression of severe coronary lesions.

Results
Patient characteristics
A total of 3,430 patients with CAD and hypertension were included in the study, among whom 300 (8.7%) were 
diagnosed with CTO. The mean age of the study population was 65.3 ± 10.8 years, and 68.9% were male (Table 1). 
LV remodeling was more prevalent in patients with CTO (79.7% vs. 69.9%, p < 0.001). Patients with CTO were 
more likely to be male (80.0% vs. 67.8%, p < 0.001), had higher BMI (25.2 ± 3.8 vs. 24.6 ± 3.3 kg/m2, p = 0.004), 
and lower LVEF (61.5 ± 11.0% vs. 65.5 ± 9.2%, p < 0.001). They also had a slightly higher rate of blood pressure 
control (56.7% vs. 50.5%, p = 0.049), while the distribution of hypertension duration was comparable between 
groups.

Distribution of LV geometric patterns
The density plot (Fig. 1) demonstrates the distribution of patients across different LV geometric patterns: 1,003 
with normal geometry, 709 with CR, 1,011 with CH, and 707 with EH, corresponding to CTO incidence rates 
of 6.1%, 6.9%, 9.9%, and 12.7%, respectively. The restricted cubic spline analysis indicated a higher likelihood 
of CTO among patients with higher LVMI, with a significant rise in risk when LVMI exceeds approximately 
100 g/m2 (Fig. 2A). Similarly, the risk of CTO increases with lower RWT, particularly when RWT falls below 
approximately 0.4 (Fig. 2B).

Association between LV remodeling and CTO risk
In comparison to normal geometry, LV remodeling was statistically associated with higher odds of CTO (OR, 
1.696; 95% CI 1.258–2.285; p = 0.001) (Table 2). Among specific LV geometric patterns, CH (OR, 1.798; 95% CI 
1.276–2.535; p = 0.001) and EH (OR, 2.355; 95% CI 1.656–3.349; p < 0.001) were associated with greater odds 
of CTO, whereas CR was not (Table 2). The association between LV remodeling and CTO remained consistent 
across subgroups stratified by age (< 65 vs. ≥ 65 years), gender (male vs. female), BMI (< 24 vs. ≥ 24 kg/m2), type 
2 diabetes (absent vs. present), hypertension status (controlled vs. uncontrolled), hypertension duration (< 5 
vs. ≥ 5 years), LDL-C (< 1.8 vs. ≥ 1.8 mmol/L), and clinical presentation (ACS vs. non-ACS), with no significant 
interactions observed (all P values for interaction ≥ 0.05) (Fig. 3).

Sensitivity analyses
The sensitivity analyses confirmed the robustness of the findings. First, after excluding patients with LVMI or 
RWT values outside the 5th and 95th percentiles (77 patients in total), results remained consistent (Table S1). 
Second, SBP was positively associated with LV remodeling (OR, 1.005; 95%CI, 1.001–1.009; p = 0.025) (Table 
S2), but not with CTO (Table S3). Third, after further adjusting for cardiac functional indicators, including 
volume load (NT-proBNP), pressure load (SBP and DBP), systolic function (LVEF), and diastolic filling pattern, 
the observed associations persisted (Table S4). Fourth, no significant association was observed between LV 
remodeling and CTO across specific coronary branches (Table S5). Fifth, after further adjusting for indicators 
of chronic disease burden—including multivessel disease, left main coronary artery disease, and categorized 
hypertension duration (< 5, 5–9, ≥ 10 years)—the association remained robust (Table S6). Finally, in a restricted 
analysis of patients with low disease burden (no multivessel and left main disease, controlled blood pressure, and 
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Variables Overall

CTO

P valueNo (n = 3130) Yes (n = 300)

Demographic characteristics

 Age, years 65.28 ± 10.79 65.37 ± 10.71 64.44 ± 11.63 0.156

 Male, n (%) 2363 (68.9) 2123 (67.8) 240 (80.0)  < 0.001*

 Body mass index, kg/m2 24.67 ± 3.32 24.62 ± 3.27 25.20 ± 3.76 0.004*

 Smoke status, n (%) 0.008*

  None 2254 (65.7) 2081 (66.5) 173 (57.7)

  Quit 542 (15.8) 485 (15.5) 57 (19.0)

  Current 634 (18.5) 564 (18.0) 70 (23.3)

 Drink status, n (%) 0.028*

  None 2539 (74.0) 2329 (74.4) 210 (70.0)

  Quit 303 (8.8) 264 (8.4) 39 (13.0)

  Current 588 (17.1) 537 (17.2) 51 (17.0)

 ACS presentation, n (%) 293 (8.5) 241 (7.7) 52 (17.3)  < 0.001*

 Type 2 diabetes, n (%) 969 (28.3) 871 (27.8) 98 (32.7) 0.087

 Systolic blood pressure, mmHg 136.69 ± 26.15 136.93 ± 26.53 134.19 ± 21.61 0.083

 Diastolic blood pressure, mmHg 76.79 ± 12.48 76.85 ± 12.51 76.21 ± 12.13 0.393

 Controlled hypertension, n (%) 1752 (51.1) 1582 (50.5) 170 (56.7) 0.049*

 Hypertension duration, n (%) 0.681

  < 5 years 1511 (44.1) 1372 (43.8) 139 (46.3)

  5–9 years 1164 (33.9) 1068 (34.1) 96 (32.0)

  ≥ 10 years 755 (22.0) 690 (22.0) 65 (21.7)

Echocardiography parameters

 LV remodeling, n (%) 2427 (70.8) 2188 (69.9) 239 (79.7)  < 0.001*

 LV geometric patterns, n (%)  < 0.001*

  Normal 1003 (29.2) 942 (30.1) 61 (20.3)

  Concentric remodeling 709 (20.7) 660 (21.1) 49 (16.3)

  Concentric LVH 1011 (29.5) 911 (29.1) 100 (33.3)

  Eccentric LVH 707 (20.6) 617 (19.7) 90 (30.0)

 LVEF, % 65.12 ± 9.41 65.46 ± 9.18 61.48 ± 10.98  < 0.001*

 E/A ratio < 1, n (%) 2798 (81.6) 2558 (81.7) 240 (80.0) 0.510

 Left Atrial Diameter, mm 37.08 ± 5.64 37.00 ± 5.66 37.94 ± 5.32 0.006*

Laboratory tests

 NT-proBNP, pg/mL 138.00 [56.0, 501.8] 131.0 [54.0, 477.0] 250.5 [92.5, 716.8]  < 0.001*

 Cardiac troponin I, ng/mL 0.01 [0.01, 0.04] 0.01 [0.01, 0.03] 0.01 [0.01, 0.17]  < 0.001*

 LDL-C, mmol/L 2.16 [1.63, 2.80] 2.17 [1.64, 2.81] 2.11 [1.57, 2.65] 0.165

Coronary angiography

 Multivessel disease, n (%) 404 (11.8) 368 (11.8) 36 (12.0) 0.975

 Left main coronary artery disease, n (%) 250 (7.3) 234 (7.5) 16 (5.3) 0.212

Medication Use

 ARB, n (%) 1573 (45.9) 1426 (45.6) 147 (49.0) 0.279

 ACEI, n (%) 419 (12.2) 380 (12.1) 39 (13.0) 0.732

 CCB, n (%) 1537 (44.8) 1414 (45.2) 123 (41.0) 0.184

 Thiazine, n (%) 113 (3.3) 101 (3.2) 12 (4.0) 0.584

 Metoprolol, n (%) 1832 (53.4) 1648 (52.7) 184 (61.3) 0.005*

 ARNI, n (%) 34 (1.0) 31 (1.0) 3 (1.0) 1.000

Table 1.  Baseline characteristics of patients with and without chronic total occlusion. Data are presented as 
mean ± standard deviation, median [interquartile range], or number (percentage), as appropriate. P values 
were calculated using Student’s t test or Mann–Whitney U test for continuous variables and chi-squared test 
for categorical variables. *P < 0.05 indicates statistical significance. CTO, chronic total occlusion; ACS, acute 
coronary syndrome; LV, left ventricular; LVH, left ventricular hypertrophy; LVEF, left ventricular ejection 
fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LDL-C, low-density lipoprotein cholesterol; 
ARB, angiotensin receptor blocker; ACEI, angiotensin-converting enzyme inhibitor; CCB, calcium channel 
blocker; ARNI, angiotensin receptor-neprilysin inhibitor.
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hypertension duration < 10 years), associations persisted and appeared stronger (Table S7), further supporting 
the consistency of the observed pattern.

Discussion
In this cross-sectional, hypothesis-generating study of 3,430 hypertensive CAD patients, LV remodeling was 
observed in approximately 70.8% of the patients and was statistically associated with an increased likelihood 
of CTO, particularly in those with CH and EH. This association remained robust after adjusting for multiple 
cardiac functional parameters, including systolic and diastolic function, pressure load, and volume status. While 
causality cannot be inferred, these findings support the hypothesis that LV remodeling may represent a structural 
marker—or potential contributor—to increased CTO risk in this population.

Hypertension is the most common cause of chronic pressure overload on the heart, leading to adaptive 
LV remodeling in response17. Epidemiological evidence has shown that LV remodeling is associated with an 
increased risk of coronary events in hypertensive patients. In essential hypertension, Koren et al.18 identified 
an independent association between LV remodeling and the risk of coronary events, primarily myocardial 
infarction. They rereported the 10-year cardiac mortality rates were 1%, 6%, 10%, and 24% in individuals with 
normal geometry, CR, EH, and CH, respectively18. In elderly hypertensive patients, Aronow et al.19 found 
that LV hypertrophy was an independent risk factor for cardiovascular events during a median follow-up of 
40 months. In patients with a first myocardial infarction and normal LV function, Carluccio et al.20 found LV 
remodeling can be a good predictor of subsequent unstable angina and non-fatal reinfarction. In agreement with 
these studies, our findings confirm that LV remodeling is associated with a higher risk of CTO in CAD patients 
with hypertension.

Several potential pathogenic mechanisms may explain the relationship between LV remodeling and increased 
risk of CTO. First, biological mediators associated with LV remodeling significantly contribute to the formation 
of CTO. When the heart undergoes chronic pressure overload, there is an increase in the secretion of cardiac 
neurohormones such as angiotensin II, aldosterone, endothelin, and bradykinin, which regulate hemodynamics 
and further promote LV remodeling21–23. Additionally, cytokines, growth hormone, and insulin-like growth 
factor 1, which are known to regulate myocardial growth and composition, play an essential role in the progression 
of LV remodeling by facilitating structural changes in the heart tissue24,25. These mediators also trigger vascular 
inflammation, which stimulates collagen synthesis in the vessel wall and promotes compensatory angiogenesis, 

Fig. 1.  Population Distribution and CTO Incidence Based on Left Ventricular Mass Index and Relative Wall 
Thickness in Hypertensive CAD Patients. The density plot depicts the distribution of the population based on 
left ventricular mass index (LVMI) and relative wall thickness (RWT), with density levels indicated by a color 
gradient from low (blue) to high (red). Left ventricular geometry is categorized into four patterns: normal, 
concentric remodeling (CR), concentric hypertrophy (CH), and eccentric hypertrophy (EH), based on LVMI 
(95 g/m2 for females, 115 g/m2 for males) and RWT (0.42). The corresponding incidence of chronic total 
occlusion (CTO) for each pattern is indicated on the plot.
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thereby accelerating the development of atherosclerotic lesions that eventually lead to CTO formation26–28. 
Second, LV remodeling may contribute to the development of CTO through coronary endothelial dysfunction. 
The process of LV remodeling significantly increases myocardial oxygen demand due to the rise in LV mass 
and wall stress29. In patients with CH and EH, the oxygen demand is twice and three times that of a normal 
heart, respectively29. When the coronary arteries are unable to meet this increased demand, chronic oxygen 
insufficiency leads to endothelial dysfunction, which in turn promotes coronary artery remodeling, accelerates 
atherosclerosis, and ultimately contributes to the development of CTO30–32.

There are some findings in the current study that are worth noting. First, CH and EH represent more severe 
LV geometric patterns compared to CR. LV remodeling consists of three geometric patterns: CR, CH, and EH. 
Unlike CH and EH, the current study did not identify a significant association between CR and CTO, which may 
be due to CR being an early adaptive response to hypertension33. A similar finding was reported by Jalal et al.34, 
who found that EH and CH, but not CR, were associated with higher mortality during an average 9-year follow-

Geometry patterns CTO/Overall (%)

Model 1 Model 2 Model 3

OR 95%CI P value OR 95%CI P value OR 95%CI P value

Normal geometry 61/1003 (6.1) Reference Reference Reference

Remodeling 239/2427 (9.8) 1.801 (1.342, 2.418)  < 0.001* 1.716 (1.275, 2.309)  < 0.001* 1.696 (1.258, 2.285) 0.001*

 Concentric remodeling 49/709 (6.9) 1.123 (0.760, 1.659) 0.560 1.104 (0.746, 1.633) 0.622 1.095 (0.740, 1.622) 0.649

 Concentric LVH 100/1011 (9.9) 1.871 (1.336, 2.622)  < 0.001* 1.798 (1.278, 2.528) 0.001* 1.798 (1.276, 2.535) 0.001*

 Eccentric LVH 90/707 (12.7) 2.617 (1.851, 3.700)  < 0.001* 2.409 (1.697, 3.418)  < 0.001* 2.355 (1.656, 3.349)  < 0.001*

Table 2.  Association between left ventricular remodeling with CTO in hypertensive CAD patients. 
Multivariable logistic regression models were fitted to estimate the odds ratio (OR) and 95% confidence 
interval (CI) for the association between LV remodeling and CTO. Three statistical models were used: Model 
1 adjusted for age, gender, and body mass index (BMI); Model 2 further adjusted for smoking status, alcohol 
consumption, type 2 diabetes, controlled hypertension, low-density lipoprotein cholesterol (LDL-C), and acute 
coronary syndrome (ACS); Model 3 additionally adjusted for medications, including angiotensin receptor 
blockers (ARBs), angiotensin-converting enzyme inhibitors (ACEIs), calcium channel blockers (CCBs), 
thiazide diuretics, metoprolol, and angiotensin receptor neprilysin inhibitors (ARNI). LVH indicates left 
ventricular hypertrophy. *P < 0.05 indicates statistical significance.

 

Fig. 2.  Dose–Response Association of Left Ventricular Mass Index and Relative Wall Thickness with the Risk 
of CTO. Restricted cubic spline models demonstrate the dose–response association between left ventricular 
mass index (LVMI) (A) and relative wall thickness (RWT) (B) with the risk of chronic total occlusion (CTO). 
After excluding patients with LVMI or RWT values beyond the 1st and 99th percentiles, spline analyses were 
conducted with four knots placed at specific distribution percentiles (5%, 35%, 65%, and 95%). The spline 
model was adjusted for age, gender, BMI, smoking status, alcohol consumption, type 2 diabetes, controlled 
hypertension, LDL-C, acute coronary syndrome (ACS), and medications. Odds ratios (OR) for CTO are shown 
with 95% confidence intervals (CI). In panel (A), the risk of CTO increases with higher LVMI, particularly 
when LVMI exceeds approximately 100 g/m2. In panel (B), a decrease in RWT is associated with an increased 
risk of CTO, especially when RWT falls below approximately 0.4.
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up in patients with suspected CAD. The authors suggested that the relatively poor predictive ability of the RWT, 
compared to LVMI, may explain this finding34. In agreement, our spline plots (Fig. 2) demonstrate that LVMI 
has a stronger association with CTO risk than RWT. Second, cardiac structure may serve as an independent 
factor contributing to the increased risk of CTO, independent of cardiac function itself. This is supported by our 
adjustments for volume load, pressure load, diastolic function, and systolic function in the present study.

In this hypothesis-generating study, we carefully considered whether the observed association between LV 
remodeling and CTO reflects a direct relationship or is instead a shared consequence of the cardiovascular 
disease chronicity. To test this possibility, we conducted several additional analyses. First, we included measures 
of disease chronicity (hypertension duration) and severity (controlled hypertension status, multivessel disease, 
and left main coronary artery involvement) in fully adjusted models. The association between LV remodeling 
and CTO remained significant after adjustment (Table S6), suggesting that this relationship was not entirely 
explained by baseline disease burden. Second, in a restricted analysis of patients with low disease burden—
defined as absence of multivessel and left main disease, hypertension duration < 10 years, and well-controlled 
blood pressure—the association became even stronger (Table S7), further supporting its potential independence. 
Third, we found that systolic blood pressure was positively associated with LV remodeling (Table S2), but not 

Fig. 3.  Subgroup Analysis of Left Ventricular Remodeling and CTO in Hypertensive CAD Patients. Subgroup 
analysis of the association between left ventricular remodeling and CTO in hypertensive CAD patients. The 
odds ratios (OR) with 95% confidence intervals (CI) are presented for different subgroups, including age 
(< 65 vs. ≥ 65 years), gender (male vs. female), BMI (< 24 vs. ≥ 24 kg/m2), type 2 diabetes (no vs. yes), current 
hypertension status (controlled vs. uncontrolled), hypertension duration (< 5 vs. ≥ 5 years), LDL-C (< 1.8 
vs. ≥ 1.8 mmol/L), and clinical presentation (ACS vs. non-ACS). The P values for interaction are provided to 
assess the heterogeneity of the associations across subgroups.

 

Scientific Reports |        (2025) 15:24239 6| https://doi.org/10.1038/s41598-025-09054-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


with CTO risk (Table S3), implying that pressure overload may drive myocardial structural changes without 
directly contributing to occlusive coronary lesions. Taken together, these findings support the hypothesis that 
LV remodeling may be independently associated with CTO risk, beyond what can be explained by the chronicity 
burden of cardiovascular disease. Further studies are warranted to validate this association and investigate the 
underlying mechanisms.

Although this study is exploratory, the observed association may have important clinical implications. Since 
LV geometry can be readily assessed through routine echocardiography, identifying hypertensive CAD patients 
with concentric or eccentric hypertrophy may help flag individuals at higher risk of silent or advanced coronary 
lesions. This could prompt more vigilant clinical surveillance, including consideration of ischemia testing or 
early coronary imaging in selected cases. Furthermore, recognizing high-risk geometric phenotypes may refine 
risk stratification and support more personalized preventive or diagnostic strategies in this population.

This study still has several limitations. First, although hypertension duration was included as a categorical 
variable to reflect disease chronicity, its accuracy may be limited by reliance on patient-reported or chart-
recorded history. Second, the study is limited to hypertensive patients, and the findings may not be generalizable 
to broader populations. Third, the assessment of left ventricular remodeling in this study was based on 
echocardiographic measurements, which may be subject to inter-operator variability. Fourth, the absence of 
septal e′ velocity limited accurate assessment of diastolic filling, although surrogate classification using E/A ratio 
and left atrial diameter was applied. Finally, as an observational study, this analysis cannot establish causality, 
and the associations observed may be subject to residual confounding. Accordingly, these findings should be 
interpreted as hypothesis-generating and warrant validation in prospective mechanistic studies.

In this hypothesis-generating study, LV remodeling was associated with an increased risk of CTO in 
hypertensive patients with CAD, particularly among those with concentric or eccentric hypertrophy. These 
findings suggest a possible link between myocardial structural changes and advanced coronary lesions. Further 
prospective studies are warranted to confirm this association and explore underlying mechanisms.

Methods
Study population
This cross-sectional study used data from the Department of Cardiology at Sir Run Run Shaw Hospital, Zhejiang 
University School of Medicine. Patients underwent diagnostic coronary angiography and newly diagnosed 
with CAD were screened. The collected data included demographic characteristics, medical history, treatment 
procedures, and clinical outcomes. The study included patients who met both of the following criteria: (1) 
diagnosed with CAD according to current guidelines through coronary angiography35, and (2) diagnosed with 
hypertension, defined as systolic blood pressure ≥ 140  mmHg and/or diastolic blood pressure ≥ 90  mmHg, a 
documented history of hypertension, or the use of antihypertensive medication36. Exclusion criteria included: 
(1) absence of preoperative echocardiography or incomplete echocardiographic data; (2) presence of secondary 
hypertension; (3) history of myocardial infarction, percutaneous coronary intervention, or coronary artery 
bypass grafting; (4) severe cardiopulmonary diseases, including pulmonary hypertension, pulmonary heart 
disease, or valvular heart disease; (5) severe comorbidities, including end-stage renal disease requiring dialysis, 
hyperthyroidism, severe anemia, or terminal malignancy. Ultimately, 3,430 hypertensive CAD patients were 
enrolled (Figure S1). This retrospective observational study was approved by the Medical Ethics Committee of 
Sir Run Run Shaw Hospital (Ethics ID: 20,201,217–36) and complied with the Declaration of Helsinki. Given 
the retrospective design and the use of de-identified data, the ethics committee granted a waiver of individual 
informed consent.

Left ventricular remodeling
LV structural parameters were assessed using two-dimensional guided M-mode echocardiography, performed 
by experienced sonographers, in accordance with the American Society of Echocardiography (ASE) guidelines37. 
To minimize measurement bias, all echocardiographic examinations were conducted prior to coronary 
angiography, and the sonographers were blinded to the angiographic findings, including the presence or location 
of CTO lesions. The following measurements were taken: left ventricular internal diastolic diameter (LVIDd), 
posterior wall diastolic thickness (PWd), and interventricular septal end-diastolic thickness (IVSd). RWT was 
calculated as (IVSd + LVPWd)/LVIDd33, while LVMI was derived using the formula LVMI (g/m2) = LVM/BSA, 
where left ventricular mass (LVM) was determined as 0.8 × 1.04 × [(LVIDd + IVSd + PWd)3—LVIDd3] + 0.638, 
and body surface area (BSA) was calculated as 0.61 × height (m) + 0.0128 × body weight (kg)—0.152933.

According to the ASE/European Association of Cardiovascular Imaging (EACVI) guidelines, LV geometry 
was classified using cut-off values of 0.42 for RWT, 95 g/m2 for LVMI in females, and 115 g/m2 for LVMI in 
males33. LV geometry was then categorized into four patterns: normal geometry, defined as low LVMI with low 
RWT; CR, defined as low LVMI with high RWT; CH, defined as high LVMI with high RWT; and EH, defined 
as high LVMI with low RWT. LV remodeling was defined as the presence of any of the CR, CH, or EH patterns.

Coronary chronic total occlusion
Coronary CTO was defined as a complete and persistent occlusion of a coronary artery for more than three 
months, with no antegrade or collateral flow to the distal vessel9. Coronary CTO was diagnosed using coronary 
angiography, the gold standard for identifying CTO lesions. Diagnostic coronary angiography was performed 
by experienced interventional cardiologists in accordance with the most current international guidelines39. The 
lesion characteristics, including its location, length, and complexity, were recorded to assess its severity and 
determine the appropriate management strategy. The location of CTO lesions was classified according to the 
affected coronary artery, including the left anterior descending artery, left circumflex artery, or right coronary 
artery.
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Covariates
Smoking status was categorized into never (never smoked), former (smoked previously but had quit for at 
least 6 months), and current (smoked within the past 6 months). Alcohol consumption was classified as never 
(never drank alcohol), former (ceased alcohol consumption for at least 6 months), and current (drank alcohol 
within the past 6 months). Type 2 diabetes was defined by a medical history of the disease, use of anti-diabetic 
medications, or blood glucose levels meeting the American Diabetes Association criteria40. Clinical presentation 
was classified as acute coronary syndrome (ACS) or non-ACS, according to the fourth universal definition of 
acute myocardial infarction41. Controlled hypertension is defined as a patient with hypertension whose blood 
pressure is maintained at a level of less than 140/90 mmHg based on repeated measurements over a period 
of time42. Hypertension duration was determined based on patient-reported diagnosis history, supplemented 
by longitudinal antihypertensive prescription records when available, and categorized as < 5 years, 5–9 years, 
or ≥ 10 years. Left ventricular ejection fraction (LVEF) was measured by echocardiography using the Simpson’s 
method, reflecting cardiac systolic function. The E/A ratio was calculated as the ratio of peak early diastolic 
flow velocity (E velocity) to the peak velocity of atrial contraction (A velocity), with an E/A ratio < 1 indicating 
diastolic dysfunction43. Left main (LM) disease was defined as ≥ 50% diameter stenosis in the left main coronary 
artery, as determined by coronary angiography. Multivessel disease (MVD) was defined as the presence of ≥ 50% 
diameter stenosis in at least two of the three major epicardial coronary arteries—the left anterior descending, left 
circumflex, and right coronary artery—regardless of whether CTO was present.

Statistical analysis
Descriptive statistics were summarized based on the presence or absence of CTO lesions. Normally distributed 
continuous variables were presented as mean ± standard deviation and compared using the independent 
samples t-test. Non-normally distributed continuous variables were presented as median [interquartile range] 
and compared using the Kruskal–Wallis test. Categorical variables were presented as counts (percentages) and 
compared using the chi-square test.

The distribution of the population and the CTO incidence were visualized by a density plot based on the 
echocardiography-derived metrics of LVMI and RWT. Restricted cubic spline models were employed to assess 
the dose–response association between continuous LVMI and RWT with the incidence of CTO. Four knots were 
placed at the 5th, 35th, 65th, and 95th percentiles of the distribution. Multivariable logistic regression models 
were fitted to estimate the odds ratio (OR) and 95% confidence interval (CI) for the association between LV 
remodeling and CTO. Model 1 adjusted for age (continuous), gender (male or female), and body mass index 
(BMI, continuous); Model 2 further adjusted for smoking status (none, quit, or current), alcohol consumption 
(none, quit, or current), type 2 diabetes (no or yes), controlled hypertension (no or yes), LDL-C (continuous), 
and ACS (no or yes); Model 3 additionally adjusted for medications, including angiotensin receptor blockers 
(ARB), angiotensin-converting enzyme inhibitors (ACEI), calcium channel blockers (CCB), thiazide diuretics, 
metoprolol, and angiotensin receptor neprilysin inhibitors (ARNI). Subgroup analysis was performed by 
stratifying patients based on age (< 65, ≥ 65  years), gender (male, female), BMI (< 24, ≥ 24  kg/m2), type 2 
diabetes (no, yes), hypertension status (controlled, uncontrolled), hypertension duration (< 5, ≥ 5 years), LDL-C 
(< 1.8, ≥ 1.8 mmol/L), and symptom (non-ACS, ACS). Interactions between LV remodeling and stratified factors 
were evaluated by including the interaction term in the model.

To test the robustness of our findings, several sensitivity analyses were conducted. First, considering potential 
outliers in LVMI and RWT, we excluded patients with LVMI or RWT values outside the 5th and 95th percentiles 
and refitted the model. Second, to assess whether these associations were independent of cardiac function, 
we further adjusted for cardiac volume load (NT-proBNP), pressure load (SBP and DBP), systolic function 
(LVEF), and diastolic filling pattern. Diastolic pattern was classified into three categories based on mitral inflow 
velocity (E/A ratio) and left atrial diameter (LAD): impaired relaxation (E/A < 1), normal filling (E/A ≥ 1 with 
LAD < 40 mm), and pseudonormal pattern (E/A ≥ 1 with LAD ≥ 40 mm). Third, we explored the relationships 
between these cardiac functional indicators, LV remodeling, and CTO to better understand their potential roles. 
Fourth, the association between LV remodeling and CTO risk across specific coronary artery branches was 
examined to determine if lesion location affected the results. Fifth, to address confounding by disease severity, we 
adjusted for multivessel disease, left main coronary artery involvement, and hypertension duration categorized 
as < 5, 5–9, or ≥ 10 years. Finally, we repeated the analysis in a clinically lower-risk subgroup—patients without 
multivessel or left main disease, with hypertension duration < 10 years and well-controlled blood pressure—to 
examine whether the associations persisted in a population with milder cardiovascular burden.

Two-sided P values < 0.05 were considered statistical significance. Data were analyzed by R software (R 
version 4.1.1).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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