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Abstract

Background: The relationship between left atrial (LA) size, LA strain, and long-term
prognosis in patients with coronary chronic total occlusion (CTO) remains unclear. This
study aimed to evaluate the association of LA size and LA strain with clinical outcomes in
CTO patients using cardiac magnetic resonance (CMR). Methods: This retrospective study
included 168 patients with left ventricular ejection fraction (LVEF) > 40%. The primary
endpoint was the composite of major adverse cardiovascular and cerebrovascular events
(MACCE). Model 1 was established by adjusting for clinically relevant parameters and
standard CMR metrics. Models 2—4 were developed using Cox regression based on Model 1,
with additional adjustment for each LA strain parameter separately. Results: A total of
168 patients with an LVEF > 40% were analyzed, of whom 39 (23.2%) experienced MACCE
during a mean follow-up of 45.9 months (median, 42 months). A preliminary model
suggested that LA maximum volume index (LAVIyax) was independently associated with
MACCE (HR 1.05, 95% CI 1.02-1.08, p = 0.004). Specifically, compared to the first quartile
of LAVI .y, the second, third, and fourth quartiles were associated with an increased risk
of MACCE (Q2: HR 4.50, 95% CI 1.42-14.27, p = 0.011; Q3: HR 4.40, 95% CI 1.29-14.96,
p = 0.018; Q4: HR 5.55, 95% CI 1.71-18.06, p = 0.004). In Models 2—4, higher LAVIax
remained independently associated with MACCE (all p < 0.05), after adjusting for LA
reservoir strain, conduit strain and booster strain, separately. In contrast, none of the LA
strain parameters were associated with MACCE. Conclusions: Among CTO patients with
LVEF > 40%, LAVInax was independently associated with MACCE.

Keywords: cardiac magnetic resonance; coronary occlusion; left atrial volume index; left
atrial strain; prognosis

1. Introduction

Coronary chronic total occlusion (CTO) presents a significant clinical challenge. The
benefits of percutaneous coronary intervention (PCI) and/or coronary artery bypass graft-
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ing (CABG) for CTO patients remain uncertain [1-3]. Previous longitudinal studies eval-
uating CTO outcomes have utilized left ventricular ejection fraction (LVEF), myocardial
viability, left ventricular (LV) strain, and/or routine clinical factors for risk prediction [2-5].
Additionally, left atrial (LA) strain has been demonstrated to predict adverse cardiovascular
events [6-8]. However, the prognostic value of LA size and/or function in the context of
CTO is still unclear. In several prior randomized CTO trials and a prospective registry, the
reported mean LVEF was generally in the preserved range (>50%), indicating that many
enrolled CTO patients had preserved systolic function [1-4]. Cardiac magnetic resonance
(CMR) is a unique imaging modality that can comprehensively characterize cardiac mor-
phology, function, perfusion, tissue viability, and quality within a single examination. Fast
LA long-axis strain (LA-LAS) analysis is an innovative technique that can assess LA size
and function based on CMR scans [9]. Therefore, the aim of our study was to evaluate the
association of LA size and LA strain with clinical outcomes in patients with a single CTO
lesion and LVEF > 40% within a retrospective CMR cohort.

2. Materials and Methods
2.1. Study Population

We consecutively screened 247 patients with CTO who underwent CMR at our facility
between December 2014 and November 2020, with follow-up data available. A total of
168 patients were included in our final analysis. The inclusion criteria were as follows:
(1) age > 18 years, (2) coronary angiography-confirmed CTO, and (3) LVEF > 40%. The
exclusion criteria were as follows: (1) patients with multi-CTO arteries (n = 24); (2) patients
with LVEF < 40% (n = 29); (3) patients with left main coronary artery occlusion (n = 1);
(4) patients with acute myocardial infarction and myocardial edema on CMR (n = 1);
(5) patients with a history of CABG (n = 1) or who underwent CABG at baseline (n = 5);
(6) patients with CMR images of insufficient quality for assessment (n = 18) (Figure 1).

247 patients with CTO undergoing CMR
between Dec 2014 and Nov 2020
with follow-up date available

Patients excluded (n=79)

*Multi-CTO arteries (n=24)

*LVEF < 40% (n=29)

«Left main coronary artery occlusion (n=1)

<Insufficient CMR image quality (n=18)

«Acute myocardial infarction and myocardial edema (n=1)
*History of CABG (n=1) or underwent CABG at baseline (n=5)

168 Patients included in final analysis

Figure 1. Study protocol.

We defined CTO as a lesion located in one of the three main epicardial arteries or a
major side branch with a diameter greater than 2.5 mm. Multi-vessel disease (MVD) was
defined as the presence of one CTO lesion co-occurring with >75% stenosis in one or more
of the other arteries described above. Successful CTO revascularization was defined as
restoration of antegrade flow in the target vessel with Thrombolysis in Myocardial Infarc-
tion (TIMI) flow grade > 2, without in-hospital major procedural complications. In patients
with MVD, revascularization strategies were individualized, and revascularization was
performed based on clinical and procedural considerations. PCI could involve treatment of
the CTO lesion alone or in combination with non-CTO lesions. The study was conducted
in accordance with the Declaration of Helsinki (as revised in 2013). All patients provided
written informed consent, and the experimental procedures and study protocols were
approved by the ethics board of the Beijing Anzhen Hospital.
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2.2. Definitions of Lesion and Clinical Endpoints

The primary endpoint was major adverse cardiovascular and cerebrovascular events
(MACCE), defined as a composite of unplanned revascularization, non-fatal myocardial
infarction (MI), in-stent restenosis, cardiac death, heart failure hospitalization, and stroke.
All-cause death was not included as a separate endpoint, as no non-cardiovascular deaths
were documented during follow-up.

2.3. CMR Protocol

All patients with CTO underwent CMR using a 3T scanner (MAGNETOM Verio, A
Tim System; Siemens Healthineers, Erlangen, Germany; Achieva, Philips, Amsterdam, The
Netherlands) equipped with a 32-element matrix coil. Cine imaging was conducted using
contiguous short-axis slices that encompassed the entire LV and three long-axis views (2-, 3-,
and 4-chamber) using a retrospective ECG-gated steady-state free precession sequence with
25 phases in the cardiac cycle (repetition time/echo time/flip angle = 1.5 ms/3.4 ms/50°,
time resolution = 41 ms, slice thickness = 8 mm). Late gadolinium enhancement (LGE)
imaging was performed at least 10 min following the intravenous administration of
0.2 mmol/kg gadolinium.

2.4. CMR Strain Analysis

LA and LV myocardial strain measurements were conducted offline using cvi42 (Circle
Cardiovascular Imaging, Inc., Calgary, AB, Canada). LA volume and function were assessed
based on 2-chamber and 4-chamber long-axis views in the fast long-axis strain module
of the software. Atrioventricular junctions and a user-defined point at the mid-posterior
LA wall were selected on standard CMR 2- and 4-chamber views. Subsequently, the LA
boundary of each image was automatically tracked, with manual adjustments made for
optimal wall tracking (Figure 2). Curves depicting atrial volume and strain variations with
cardiac cycle were obtained.

4-chamber
2-chamber

CAG

LA strain (%)

3224316 347 379 411442 474 505 537 568 600 632 663 695 726 758 790)

Cardiac cycle (ms)
Cc

Figure 2. Fast semi-automated left atrial (LA) longitudinal strain. (a,b) LA tracking in cine CMR:
(a) four- and (b) two-chamber views. (c) Squares denote the anatomic reference points (atrioventric-
ular junction and mid posterior LA wall) that were tracked automatically throughout the cardiac
cycle. The strain of each wall was calculated as a percentage using the strain formula. (d) Coro-
nary angiography showing chronic total occlusion of the right coronary artery. e, = booster strain,
€e = conduit strain, e5 = reservoir strain. Red and green contours indicate the LV endocardial and
epicardial borders, respectively; the orange contour indicates the LA border.
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LA maximum volume index (LAVIy,x) was obtained at the frame with the maximum
LA volume, and LA minimum volume index (LAVI,;,) was obtained at the frame with
the minimum LA volume. These frames were software-defined as the time points corre-
sponding to the maximum and minimum LA volumes, respectively. The LA emptying
fractions were calculated from LA volume, and the LA volume index (LAVI) was derived
by dividing LA volume by body surface area.

Three aspects of LA strain were analyzed, as illustrated in Figure 2, including total
LA strain (es, regarding LA reservoir function), LA active strain (e,, regarding LA booster
pump), and LA passive strain (e, regarding LA conduit function).

The endocardial and epicardial borders of the LV were traced using a threshold-based
segmentation method at both end-diastole (as defined by the software) and end-systole
(identified as the image with the smallest area of the left ventricle) in short- and long-axis
cine images (2-chamber, 3-chamber, and 4-chamber). Trabeculations and papillary muscles
were included in the ventricular volume assessment. LVEF and LVEDV were measured
using the short-axis cine images in the short 3D module of the software, while LV strain
was quantified using both short- and long-axis cine images in the tissue tracking module
(Figure 3). Peak global radial strain (GRS) and global circumferential strain (GCS) were
derived from 2D short-axis acquisitions, while peak global longitudinal strain (GLS) was
obtained from 2D long-axis acquisitions.

4-chamber
2-chamber
3-chamber

Short axis

LV Radial strain(%) T LV Circumferential strain( LV Longitudinal strain(%)
e £ g
Figure 3. Examples of CMR feature tracking (FT) for quantification of myocardial deformation.
(a—d) Cine CMR. Strain curves derived from FT analysis show peak global radial strain (GRS) (e),
circumferential strain (GCS) (f), and longitudinal strain (GLS) values (g). Red and green contours
indicate the LV endocardial and epicardial borders, respectively. Negative strain values (GCS and
GLS) indicate myocardial shortening.

2.5. CMR LGE Analysis

The LV endocardial and epicardial traces on the LGE images were performed manually
to determine the myocardial mass, excluding the papillary muscles and intertrabecular
blood pool from the total myocardial mass. Normal myocardium was defined visually as a
region of myocardium without any apparent LGE on visual inspection. The mean signal
intensity and standard deviation (SD) were determined by drawing a region of interest
(RQOI) in a portion of the normal myocardium (a sample of at least 100 pixels per ROI) on
three consecutive midventricular image sections (Figure 4). The mean signal intensities
and SDs were averaged across the three midventricular sections to yield an average mean
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signal intensity and SD. The presence and quantity of LGE were determined with grayscale
thresholds of 5 SDs. The total myocardial mass (TMM), total myocardial volume (TMV) of
the LV, total enhanced mass (TEM), total enhanced volume (TEV), and the proportion of
TEV to TMV (EV%) in 5 SDs were recorded.

Polarmap-Enhanced Area (%)

INGAN ZHEN HOSPITAL

Figure 4. Examples of grayscale thresholding techniques on LGE images. LGE imaging before
planimetry and thresholding techniques were performed. (a) EV measured by 55SD. (b) Coronary
angiography showing chronic total occlusion of the right coronary artery. The red arrow indicates the
infarcted myocardium on LGE images.

2.6. Reproducibility

Two experienced radiologists analyzed LV myocardial strain and the LGE images. To
calculate inter-observer and intra-observer agreement, endocardial and epicardial borders
were retraced across 20 patients and thresholds were redetermined. To assess intra-observer
reproducibility, the same observer analyzed the same participants twice within a one-month
interval. Inter-observer reproducibility was assessed with two observers who were blinded
to each other’s findings.

2.7. Statistical Analysis

Continuous variables were assessed for normality and are presented as mean =+ standard
deviation for normally distributed data and as median (interquartile range) for non-normally
distributed data. Categorical variables are presented as counts. Baseline characteristics were
compared using independent sample ¢-tests for continuous variables and chi-square tests for
categorical variables. Differences in LVEF, LVEDV, GLS, GCS, and left atrial ejection fraction
(LAEF) between patients with and without MACCE were compared using independent
sample t-tests. Left ventricular end-systolic volume (LVESV, mL), LAVIax(mL/ m?), LAVIin
(mL/m?), LAVax/LVESV ratio, LV Mass (indexed, g/ m?), GRS, LA reservoir strain, LA
conduit strain, LA booster strain, and LGE parameters were compared between patients with
and without MACCE using non-parametric tests. Correlations between CMR parameters
were assessed using Pearson’s correlation coefficients. Intraclass correlation coefficients (ICCs)
were used to measure inter- and intra-observer variability.

Risk predictors for MACCE were assessed using Cox regression models, which in-
cluded key clinical characteristics related to MACCE and CMR indices. Model 1 incorpo-
rated the following variables: age, sex, hypertension, diabetes, hyperlipidemia, smoking
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status, drinking status, successful CTO-PCI, LAD occlusion, MVD and standard CMR
indices (LVEF, EV, GCS, GLS, LAEF, LAVI,x). Absolute values of GLS and GCS were
included in all multivariable models. These clinical variables were consistently included
in all subsequent multivariable models. Given the relatively small sample size and lim-
ited number of events, and because LV volume/function indices (e.g., LVEDV, LVESV,
and LVEF) are closely related and clinically relevant, we adjusted for LV function using
LVEF and did not additionally include LVEDV or LVESV in the multivariable Cox mod-
els. Three additional multivariable analyses were performed to evaluate the predictive
value of LA reservoir strain (Model 2: Model 1 + reservoir strain), conduit strain (Model 3:
Model 1 + conduit strain), and booster strain (Model 4: Model 1 + booster strain). In
Models 1 through 4, LAVIhax was included either as a continuous variable or as a cate-
gorical variable based on quartiles (Q1: 0-25.121; Q2: 25.121-31.242; Q3: 31.242-38.429;
Q4: >38.429). To investigate the relationship between LAV . /LVESV ratio and MACCE,
univariate and multivariable Cox regression analyses were performed in the Supplementary
Table S2, with covariates including important clinical characteristics, LVEF, EV, GCS, GLS,
LAEF and LAV ax/LVESV. Because the ratio LAV ax/LVESV is derived from LAV .x and
has a potential correlation with LAVI ., these measures were not entered simultaneously
into the same multivariable model; therefore, LAVI .« was not taken into account in this
model (Supplementary Table S2). Hazard ratios (HRs) and their corresponding 95% confi-
dence intervals (ClIs) were calculated using multivariable Cox proportional hazards models.
A two-sided p-value < 0.05 was considered statistically significant. To investigate the shape
of the association between LAVI .« and MACCE, a multivariable Cox proportional hazards
model incorporating restricted cubic splines (RCS) was constructed, adjusted for age, sex,
drinking status, hypertension, diabetes, hyperlipidemia, smoking status, LAD-CTO, CTO
procedural success, MVD, and LAEF. Knots were placed at the 10th, 50th, and 90th per-
centiles of LAVI,x, with the reference value (HR = 1) set at the 25th percentile. The number
and location of knots were determined according to the minimum Akaike information
criterion (AIC). SPSS (version 21, IBM, Armonk, NY, USA) and R (version 4.4.0) were used
for data management and statistical analyses.

3. Results
3.1. Baseline Characteristics of the Study Population

A total of 247 patients with CTO who underwent CMR imaging at our facility between
December 2014 and November 2020, with follow-up data available, were screened for
inclusion in our study. From this cohort, 168 participants (56.88 + 10.07 years, 81% male)
were included in the final analysis (Figure 1). The main CTO target vessels were the
right coronary artery (RCA) (n = 88, 52.4%) and the left anterior descending artery (LAD)
(n =59, 35.1%). 100 patients had single-vessel CTO without concomitant significant disease
in other coronary arteries, while 68 patients had MVD. Among the 100 patients with
single-vessel CTO without non-CTO lesion in other epicardial arteries, successful CTO
revascularization was achieved in 66 patients, whereas 25 patients experienced unsuccessful
CTO-PCI attempts and 9 patients did not undergo CTO intervention. Among the 68 patients
with MVD, successful CTO revascularization was achieved in 54 patients. In most of these
successful cases (51 patients), CTO-PCI was performed in combination with PCI of non-CTO
lesions, while only 3 patients underwent CTO-only intervention. The remaining 14 patients
with MVD either experienced unsuccessful CTO-PCI attempts or did not undergo CTO
intervention. CMR was performed within one month of the procedure in most patients.

During a mean follow-up of 45.9 months (median, 42 months) from the baseline CMR
examination, 39 of the 168 patients (23.2%) experienced MACCE, and 19 patients were
censored during follow-up due to loss to follow-up. These MACCEs included one case of
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cardiac death, one case of acute non-fatal myocardial infarction requiring unplanned revas-
cularization, 12 cases of unplanned revascularization due to in-stent restenosis, 19 cases of
unplanned revascularization due to non-in-stent restenosis, five cases of in-stent restenosis
without subsequent unplanned revascularization, and one case of stroke. The prevalence
of hypertension, diabetes mellitus, smoking, drinking, history of percutaneous coronary in-
tervention, and medications were similar between patients who did and did not experience
MACCE (p > 0.05) (see Table 1). Only one patient received MRA therapy, and no patients
were treated with SGLT2 inhibitors.

Table 1. Baseline Characteristics of Participants with and Without MACCE.

Index All Participants (n = 168) MACCE (n =39) Non-MACCE (n=129)  p Value

Age 56.88 + 10.07 56.72 + 10.44 56.92 + 9.99 0.912
Sex (n, %) 0.506
Male 136 (81) 33 (84.6) 103 (79.8)
Female 32(19) 6 (15.4) 26 (20.2)
Hypertension (1, %) 107 (63.7) 22 (56.4) 85 (65.9) 0.281
Diabetes (1, %) 50 (29.8) 12 (30.8) 38 (29.5) 0.875
Hyperlipidemia (1, %) 79 (47) 22 (56.4) 57 (44.2) 0.180
Kidney dysfunction (1, %) 4(24) 2(5.1) 2 (1.6) 0.230
Multi-vessel disease (1, %) 68 (40.5) 21 (53.8) 47 (36.4) 0.052
PCI history (1, %) 43 (25.6) 13 (33.3) 30 (23.3) 0.206
MI history (n, %) 29 (17.3) 7 (17.9) 22(17.1) 0.897
Smoking (1, %) 97 (57.7) 25 (64.1) 72 (55.8) 0.359
Drinking (1, %) 52 (31) 14 (35.9) 38 (29.5) 0.446
CTO-vessel (1, %) 0.467

LAD 59 (35.1) 12 (30.8) 47 (36.4)

LCX 21 (12.5) 7 (17.9) 14 (10.9)

RCA 88 (52.4) 20 (51.3) 68 (52.7)
ACEI/ARB/ARNI (n, %) 80 (47.6) 19 (48.7) 61 (47.3) 0.875
f3-blocker (1, %) 131 (78) 34 (87.2) 97 (75.2) 0.113

Abbreviations: MACCE, major adverse cardiovascular and cerebrovascular events; PCI, percutaneous coronary
intervention; MI, myocardial infarction; CTO, coronary chronic total occlusion; LAD, left anterior descending
artery; LCX, left circumflex artery; RCA, right coronary artery; ACEI, angiotensin-converting enzyme inhibitor;
ARB, angiotensin II receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor.

3.2. CMR Baseline Characteristics

Baseline CMR characteristics stratified by MACCE status are shown in Table 2. Com-
pared with patients without MACCE, those with MACCE had larger LV end-diastolic and
end-systolic volumes, lower LVEF, and higher indexed LV mass (all p < 0.05). No significant
between-group differences were observed in GLS, GRS, or GCS.

Table 2. CMR Parameters of Participants with and Without MACCE.

Index All Participants MACCE Non-MACCE p Value
(n =168) (n=39) (n=129)

Functional parameters

Left ventricle
End-diastolic volume, mL 126.72 £ 30.71 135.75 £ 31.75 124.00 £ 29.99 0.036 *
End-systolic volume, mL 54.08 (43.48, 69.73) 62.26 (49.38, 77.88) 52.68 (40.73, 64.93) 0.006 **
Ejection fraction, % 55.65 £+ 7.83 52.81 £7.01 56.51 £+ 7.89 0.009 **
Mass, indexed, g/m? 50.76 (45.62, 58.01) 56.82 (49.57, 62.40) 49.99 (44.99, 56.63) 0.006 **
GLS, % —14.61 +£2.34 —14.35 £ 2.57 —14.68 £ 2.27 0.439
GRS, % 28.11 (23.53, 32.63) 26.30 (21.89, 31.30) 28.62 (24.29, 32.75) 0.064
GCS, % —17.30 £2.73 —16.58 £2.82 —17.52 £ 2.68 0.060
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Index All Participants MACCE Non-MACCE Valu
€ (n = 168) (n = 39) (n = 129) p vatue
Left atrium
LAV i, index, mL/m? 14.05 (10.93, 17.24) 14.94 (12.38, 18.66) 13.52 (10.50, 16.87) 0.045 *
LAVIay, index, mL/m? 31.24 (25.12,38.43)  32.27(26.94,41.51)  30.93 (24.43,38.22) 0.120
Ejection fraction, % 54.96 4= 7.55 53.54 4= 6.55 55.39 & 7.79 0.178
Reservoir strain, % 26.48 (21.55, 33.02) 25.11 (19.41, 30.08) 27.60 (22.09, 33.76) 0.046 *
Conduit strain, % 11.01 (7.50, 15.60) 9.72 (5.93, 16.75) 11.48 (7.85, 15.55) 0.201
Booster strain, % 15.17 (11.80, 19.10) 14.25 (10.55, 19.05) 15.98 (12.59, 19.12) 0.162
EV
(Lrlcfl‘z’;t)ent (% of LV volume) 6.48 (213, 15.03) 8.03 (2.85, 17.39) 5.95 (2.09, 14.60) 0.236
LAV« /LVESV 1.09 (0.86, 1.38) 1.06 (0.84, 1.27) 1.12 (0.86, 1.46) 0.264

Abbreviations: LAVI iy, left atrial minimum volume index; LAVI .y, left atrial maximum volume index; GCS,
global circumferential strain; GRS, global radial strain; GLS, global longitudinal strain; EV, total enhanced
volume/myocardial volume; LGE, late gadolinium enhancement. LVESV, LAVIjax (mL/ m?), LAVIpin (mL/m?),
LAVyax/LVESV, LV Mass (indexed, g/ m?), GRS, LA reservoir strain, LA conduit strain, LA booster strain, and
LGE parameters are presented as median (interquartile range). * p value < 0.05; ** p value < 0.01.

Among LA parameters, LAV, i, was higher and LA reservoir strain was significantly
lower in the MACCE group (both p < 0.05). No significant differences were observed in LA
conduit strain, booster strain, LGE extent, LAVIhax or the LAV max/LVESV ratio.

3.3. Associations Between LAV, and MACCE

A higher LAV« (continuous) was found to be independently associated with
MACCE based on Model 1, which incorporates clinically relevant parameters and standard
CMR indices (HR 1.05, 95% CI 1.02-1.08, p = 0.004) (see Table 3 and Supplementary Table S1).
Patients with hyperlipidemia and MVD were more likely to experience MACCE (refer to
Supplementary Table S1). In comparison to the Q1 of LAVI .y, patients in Q2, Q3, and Q4
exhibited a significantly higher risk of MACCE (Q2: HR 4.50, 95% CI 1.42-14.27, p = 0.011;
Q3: HR 4.40, 95% CI 1.29-14.96, p = 0.018; Q4: HR 5.55, 95% CI 1.71-18.06, p = 0.004) (see
Table 3). In contrast, when LAV .« /LVESV was included in univariate and multivariable
Cox regression models (Supplementary Table S2), no significant association with MACCE
was observed. This suggests that absolute LA enlargement, rather than its proportion
relative to LV size, may be more closely associated with adverse cardiovascular outcomes
in this cohort.

Table 3. Univariate and Multivariable Cox Proportional Hazards Model for MACCE Using Important
Baseline Characteristics and Standard CMR indexes (Model 1).

Univariable Analysis Multivariable Analysis (Model 1)

LAVIax (continuous)

LAVImax (Q1)
LAVInax (Q2)
LAVInax (Q3)
LAVInax (Q4)

Unadjusted HR 95% CI p value Adjusted HR 95% CI p value

1.03 1.01-1.06 0.019 * 1.05 1.02-1.08 0.004 **
Reference Reference

2.90 1.02-8.25 0.046 * 4.50 1.42-14.27 0.011*

2.72 0.93-8.00 0.068 4.40 1.29-14.96 0.018 *

3.68 1.29-10.51 0.015* 5.55 1.71-18.06 0.004 **

Abbreviations: MACCE, major adverse cardiovascular and cerebrovascular events; LAVIyay, left atrial maximum
volume index. * p value < 0.05; ** p value < 0.01.

LA reservoir strain, conduit strain, and booster strain were individually incorporated

into multivariable analysis in Model 2, Model 3, and Model 4. These models also included
LAVInay, either as a continuous variable or categorized into quartiles. Additionally, factors
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including male sex, age, smoking and drinking status, hypertension, diabetes, hyperlipidemia,
CTO vessel (LAD), successful CTO-PCI, MVD, LVEF, GCS, GLS, LAEF, and EV were taken
into account in Models 2, 3, and 4 (as detailed in Table 4 and Supplementary Table S3).

Table 4. Multivariable Cox Proportional Hazards Model for MACCE Risk Using Important Clinical
Variables and CMR indexes, with Separate Adjustment for LA Reservoir Strain, LA Conduit Strain
and LA Booster Strain (Models 2—4).

Model 2 Multivariable Analysis with  Model 3 Multivariable Analysis with ~ Model 4 Multivariable Analysis with

LA Reservoir Strain LA Conduit Strain LA Booster Strain
Adjusted HR 95% CI pvalue  Adjusted HR 95% CI pvalue  Adjusted HR 95% CI p value
LAyImaX 1.05 1.01-1.08 0.007 * 1.05 1.02-1.08 0.005 ** 1.05 1.02-1.09 0.004 **
(continuous)
LAVInax (Q1) Reference Reference Reference
LAVIhax (Q2) 441 1.37-14.15 0.013* 4.35 1.37-13.83 0.013* 4.61 1.45-14.68 0.010 *
LAVIhax (Q3) 4.33 1.26-14.83 0.020 * 4.35 1.27-14.90 0.019 * 451 1.32-15.42 0.016 *
LAVIhax (Q4) 5.42 1.64-1791  0.006 ** 5.61 1.72-18.34  0.004 ** 5.82 1.76-19.26  0.004 **

Abbreviations: MACCE, major adverse cardiovascular and cerebrovascular events; LAVInay, left atrial maximum
volume index. **, p < 0.01; *, p < 0.05. Models 2—4 were built on Model 1 by additionally including LA reservoir
strain, LA conduit strain, and LA booster strain, respectively.

From Model 2 to Model 4, a higher LAVI .« (continuous) was independently associ-
ated with MACCE (Model 2: HR 1.05, 95% CI 1.01-1.08, p = 0.007; Model 3: HR 1.05, 95%
CI 1.02-1.08, p = 0.005; Model 4: HR 1.05, 95% CI 1.02-1.09, p = 0.004) when adjusting for
LA reservoir strain, conduit strain and booster strain separately. In contrast, none of the
LA strain parameters (reservoir, conduit, or booster) were associated with the outcome
(Supplementary Table S3 and Table 4).

Compared to LAVIyax quartile Q1, quartiles Q2-Q4 were consistently associated with
a higher risk of MACCE across Models 2—4. In Model 2, the hazard ratios (HRs) were 4.41
(95% CI 1.37-14.15, p = 0.013) for Q2, 4.33 (95% CI 1.26-14.83, p = 0.020) for Q3, and 5.42
(95% CI11.64-17.91, p = 0.006) for Q4. In Model 3, the corresponding HRs were 4.35 (95% CI
1.37-13.83, p = 0.013) for Q2, 4.35 (95% CI 1.27-14.90, p = 0.019) for Q3, and 5.61 (95% CI
1.72-18.34, p = 0.004) for Q4. In Model 4, HRs were 4.61 (95% CI 1.45-14.68, p = 0.010) for
Q2,451 (95% CI 1.32-15.42, p = 0.016) for Q3, and 5.82 (95% CI 1.76-19.26, p = 0.004) for Q4
(Table 4).

The multivariable Cox model with RCS showed a significant overall association
between LAVI, .« and adverse outcomes (P-overall = 0.011), whereas the non-linear com-
ponent was not statistically significant (P-non-linear = 0.110). Using the 25th percentile of
LAVInax (25.121 mL/m?) as the reference (HR = 1), higher LAVIax values were associated
with a higher estimated hazard ratio compared with the reference level. This overall associ-
ation was consistent with the trend observed in the multivariable Cox regression models
using LAVI . stratification (Figure 5).

3.4. Intra- and Inter-Observer Agreement

Intra-observer reproducibility ranged from good to excellent between the first and
second evaluations for the three LA strain parameters (ICC = 0.83-0.96, p < 0.01). Inter-
observer reproducibility also ranged between good and excellent between the observers
for the three LA global strain parameters (ICC = 0.80-0.95, p < 0.01). Intra-observer
reproducibility ranged between good and excellent when the first and second evaluations
for the three LV strain parameters were compared (ICC = 0.79-0.95, p < 0.01). Inter-
observer reproducibility was good between the two observers for the three LV global strain
parameters (ICC = 0.77-0.89, p < 0.01).
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Figure 5. Association between LAVIyax and adverse outcomes analyzed using a multivariable Cox
model with restricted cubic splines. The multivariable Cox model with restricted cubic splines
showed a significant overall association between LAVIax and adverse outcomes (P-overall = 0.011),
whereas the non-linear component was not statistically significant (P-non-linear = 0.110). The solid
line indicates the estimated HR, the dot marks the reference value, and the shaded zone represents
the 95% CI.

4. Discussion

Here, we found that, for patients with CTO and LVEF > 40%, LAVIyax was inde-
pendently associated with MACCE. This study provides new evidence for the prognostic
assessment of CTO patients with LVEF > 40%. The main finding of this study is that,
among patients with CTO and LVEF > 40%, left atrial enlargement was independently
associated with clinical outcomes. The relationship between LA strain and MACCE in the
CTO cohort with LVEF > 40% requires further investigation.

Patients with LA enlargement tended to have increased atrial intraluminal stiffness,
elevated LV end-diastolic pressure, worsening LV diastolic dysfunction, and impaired
reservoir function, which have been linked to adverse prognosis [10]. LA enlargement has
been previously identified as an independent risk factor for MACCE among patients with
acute coronary syndrome (ACS) [11], atrial fibrillation undergoing catheter ablation [12],
hypertrophic cardiomyopathy [13] and/or type 2 diabetes mellitus [14]. A meta-analysis of
2705 ACS patients from 11 cohort studies with a mean follow-up time of 18.7 £ 9.8 months
showed that patients with low LAVI had a decreased risk of major adverse cardiac events
(15.9% vs. 33.7%), decreased long-term all-cause mortality (9.14% vs. 18.1%), decreased
short-term mortality (3.31% vs. 9.38%), and lower hospitalization rates (11.6% vs. 25.5%)
compared to patients with increased LAVI [15]. Similarly, Liu et al. [16] reported that
higher LAVI, whether analyzed continuously or by quartiles, was associated with in-
creased MACCE (composite of all-cause death, MI, and stroke) in patients with three-vessel
coronary disease after a median follow-up of 6.6 years. These findings suggest that LA
enlargement, as a marker of chronic pressure and volume overload, may serve as a surro-
gate for longstanding cardiac remodeling processes that are not fully captured by LVEF
alone. However, it remains unclear whether LA enlargement increases MACCE risk in
CTO patients, especially among those with preserved LVEF. There are several potential
explanations as to why increased LAVInay is associated with adverse outcomes. First,
patients with LA enlargement may have decreased coronary flow reserve compared to
those with normal LA sizes [17,18]. Second, patients with LA enlargement also commonly
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have comorbid hypertension, which may increase MACCE risk [16]. Third, LA remodeling
may also reflect chronic neurohormonal activation, including upregulation of the renin—
angiotensin—-aldosterone system and sympathetic nervous system [10]. These systemic
changes can exacerbate myocardial fibrosis, oxidative stress, and inflammation, thereby
contributing to cardiovascular events on multiple levels. These three factors may collec-
tively contribute to the association between higher LAVIax and increased MACCE risk
observed in our study.

In addition, LA enlargement increases the risk of atrial fibrillation, which is associated
with a higher risk of stroke and heart failure. However, in our cohort with LVEF > 40%, no
cases of new-onset atrial fibrillation or heart failure hospitalization were observed during
follow-up. LA strain is associated with MACCE in patients who have heart failure with
reduced LVEF [19]. However, in our cohort, we did not find that LA strain had prognostic
value for MACCE incidence.

This finding should be interpreted in the context of both technical and population-
related factors. Previous studies have shown that, compared with healthy individuals, LV
strain of CTO patients was impaired [20]. However, specific CMR-based reference ranges
for LA strain in patients with CTO are currently lacking, particularly when stratified by
preserved versus reduced LVEF. Although the temporal resolution of routine clinical CMR
is suitable for standard functional assessment, absolute values of CMR-derived atrial strain
are influenced by technical characteristics of cine imaging, which should be taken into
account when evaluating strain-based parameters. Importantly, in patients with CTO and
LVEF > 40%, left atrial functional changes likely reflect long-term adaptive remodeling.
Although LA strain may be reduced compared with healthy reference populations [21],
these changes appear to remain within an adaptive range and do not reach a threshold
that confers incremental prognostic information. As a result, LA strain fails to establish
a clear risk gradient for adverse outcomes in this population, which may explain its lack
of prognostic value in the present study. This differs from acute myocardial infarction,
in which cardiac function is markedly impaired and LA strain is closely associated with
prognosis [22].

It should be noted that although LAV« analyzed as a continuous variable was
independently associated with MACCE, the magnitude of the effect estimate was modest
(HR 1.05 per 1 mL/m? increase). This finding may reflect the gradual and cumulative
nature of LA remodeling, whereby small incremental increases in atrial volume may not
translate into an immediately apparent clinical risk, but may become clinically relevant
across a broader range of values. Notably, patients in the present cohort had LVEF > 40%,
which may have limited the ability to detect a stepwise increase in MACCE risk with further
LA enlargement. Consistently, when LAVIy,,x was analyzed by quartiles, patients in Q2-Q4
exhibited a substantially higher risk of MACCE compared with Q1, while the hazard ratios
across Q2-Q4 remained relatively similar. This pattern may indicate a relatively similar risk
level across higher LAVI .« categories within the current quartile-based categorization in
this cohort. Similar trends were observed across Models 2—4, supporting the consistency of
this observation. Furthermore, the wide confidence intervals observed in the RCS analysis
(Figure 5) are likely attributable to the limited sample size and the relatively small number
of events, particularly at the extremes of LAVI . distribution. Therefore, these spline-
based analyses should be interpreted as exploratory and hypothesis-generating rather
than as definitive tools for individual risk prediction, although the overall direction of the
association remains consistent with the categorical and continuous Cox regression analyses.

Our Cox regression model showed that CTO-PCI did not impact MACCE incidence,
which is consistent with most current randomized clinical trials. This reinforces previous
evidence suggesting that while CTO-PCI may improve symptoms and quality of life, it does
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not consistently reduce hard clinical endpoints such as MACCE. CMR characteristics may;,
therefore, provide important prognostic information before successful CTO-PCI. In this con-
text, multimodal cardiovascular imaging may be increasingly important for cardiovascular
prevention, complementing traditional risk stratification and imaging metrics. Techniques
such as echocardiography, cardiac magnetic resonance, and computed tomography provide
structural, functional, and tissue characterization, enabling early detection of subclinical
disease and more precise risk stratification. The integration of these modalities can guide
tailored preventive strategies and enhance prognostic assessment in at-risk populations [23].
CMR-based feature-tracking strain has methodological limitations compared with echocar-
diography (e.g., longer acquisition time, relatively lower temporal resolution, and potential
contouring-related variability), and intervendor differences in post-processing software may
further affect measurement consistency. In addition, CMR-derived strain values may not
be directly interchangeable with echocardiographic measurements, which may influence
cross-modality generalizability; moreover, the higher cost and limited availability of CMR in
some settings may restrict the generalizability and clinical applicability of these findings.

This study has several limitations. First, this was a single-center retrospective cohort
study with a relatively small sample size. A larger study with longer follow-up may provide
more rigorous evidence. Second, in the retrospective CMR-based CTO cohort reviewed at
our center, patients with overt heart failure were limited in number; therefore, the present
analysis primarily included patients with LVEF > 40%, which may limit generalizability to
populations with more advanced systolic dysfunction. Third, revascularization strategies
and procedural success were not uniform across the study population, particularly in
patients with MVD, reflecting real-world clinical practice; therefore, residual confounding
related to interventional strategy cannot be excluded. Finally, as this was a retrospective
study, clinical events were identified through medical record review and follow-up in-
terviews and adjudicated by the investigators’ team, and attrition bias related to loss to
follow-up cannot be excluded; moreover, detailed longitudinal data on treatment adherence
and risk factor control were not systematically available, and residual confounding related
to variations in medical management remains possible; however, guideline-directed med-
ical therapy was applied according to standard practice and patients received discharge
counseling on risk factor control.

5. Conclusions

In conclusion, we found that among patients with a single CTO lesion and LVEF > 40%,
LA enlargement was associated with a higher risk for MACCE. This suggests an association
between atrial volume parameters and clinical outcomes alongside clinical characteristics.
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Abbreviations

The following abbreviations are used in this manuscript:

CTO coronary chronic total occlusion

LV left ventricular

LA left atrial

CMR cardiac magnetic resonance

LVEF left ventricular ejection fraction

EV total enhanced volume/myocardial volume
LAEF left atrial ejection fraction

LGE late gadolinium enhancement

LA-LAS LA long-axis strain

MVD multi-vessel disease

MACCE major adverse cardiovascular and cerebrovascular events
MI myocardial infarction

LAVIhax  left atrial maximum volume index.

LAVIn  left atrial minimum volume index

LAVI LA volume index

LVEDV left ventricular end-diastolic volume

LVESV left ventricular end-systolic volume

GRS global radial strain

GCs global circumferential strain
GLS global longitudinal strain

TMM total myocardial mass

™V LV total myocardial volume
TEM total enhanced mass

TEV total enhanced volume

ICCs intraclass correlation coefficients
RCA right coronary artery

LAD left anterior descending artery
PCI percutaneous coronary intervention
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