
Concentric Hypertrophy as a Prognostic Factor and
Mediator of Diabetes-Related Risk in HFpEF:
Development and Validation of Prediction Models
Based on Cox Regression and Machine Learning
Approaches Across Two Randomized Controlled
Trials
Qiongyu Zhang 

Shengjing Hospital of China Medical University
Jiye Wan 

Shengjing Hospital of China Medical University
Bin Li 

Shengjing Hospital of China Medical University
Zhijun Sun 

Shengjing Hospital of China Medical University
Weishuai Li 

Shengjing Hospital of China Medical University
Hongbin Zang 

Shengjing Hospital of China Medical University

Research Article

Keywords: Concentric hypertrophy, Cox regression, Diabetes mellitus, Heart failure with preserved
ejection fraction, Left ventricular mass index, Machine learning, Random survival forest, Relative wall
thickness

Posted Date: August 27th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10718477/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-10718477/v1
https://doi.org/10.21203/rs.3.rs-10718477/v1
https://doi.org/10.21203/rs.3.rs-10718477/v1
https://creativecommons.org/licenses/by/4.0/


Additional Declarations: No competing interests reported.



 1

Concentric Hypertrophy as a Prognostic Factor and Mediator of Diabetes-Related Risk 1 

in HFpEF: Development and Validation of Prediction Models Based on Cox Regression 2 

and Machine Learning Approaches Across Two Randomized Controlled Trials 3 

Full author names: Qiongyu Zhang1,#, Jiye Wan2,#, Bin Li2,#, Zhijun Sun2,*, Weishuai Li1,*, 4 

Hongbin Zang2,* 
5 

Manuscript category: original article  6 

Running title: Concentric hypertrophy and diabetes-related risk in HFpEF 7 

Institutions: 8 

1Department of Neurology, Shengjing Hospital of China Medical University, Shenyang, 9 

China. 10 

2Department of Cardiology, Shengjing Hospital of China Medical University, Shenyang, 11 

China. 12 

Full Tel& Fax: +86-18940257390 13 

*Correspondence Authors: Hongbin Zang, Weishuai Li, and Zhijun Sun. Shengjing Hospital 14 

of China Medical University, No. 36, Sanhao Street, Shenyang 110004, China. E-mail: 15 

Hongbin Zang: zangcardio@163.com, Weishuai Li: wsli@cmu.edu.cn, and Zhijun Sun: 16 

sunzj@sj-hospital.org. 17 

#These authors contributed equally to this work. 18 

Abstract 19 

Background: Although the prognostic significance of left ventricular mass index (LVMi) and 20 

relative wall thickness (RWT) has been established across a spectrum of cardiovascular 21 

diseases, their value in predicting outcomes in patients with heart failure with preserved 22 
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ejection fraction (HFpEF), which is known as a metabolism-related disease, remains unclear. 23 

Moreover, validated prediction tools tailored specifically for this population are unavailable. 24 

Methods: Left ventricular geometry of participants from TOPCAT was categorized based on 25 

LVMi and/or RWT. Differences in the composite outcome of cardiovascular death and heart 26 

failure hospitalization were analyzed using the Kaplan-Meier method and Cox regression. 27 

Mediation analysis was performed to investigate the potential mediation effects of left 28 

ventricular geometry. Prediction models incorporating left ventricular geometry were 29 

developed using Cox regression and machine learning approaches. These models were 30 

interpreted via SHapley Additive exPlanations (SHAP) and validated using data from 31 

PARAGON-HF. 32 

Results: Overall, 765 subjects were qualified. Restricted cubic spline curves showed a linear 33 

relationship between LVMi/RWT values and the composite outcome. Among left ventricular 34 

geometry categories, concentric hypertrophy was identified as the only independent 35 

determinant of the composite outcome, and it mediated the effect of diabetes mellitus on 36 

outcome events in patients with HFpEF. By incorporating concentric hypertrophy, we 37 

developed prediction models using Cox regression and five machine learning approaches. 38 

Among these, Cox regression and random survival forest achieved superior and comparable 39 

discriminatory capacity. Calibration curves showed satisfactory agreement between the 40 

predicted and observed probabilities. Decision curve analysis confirmed net clinical benefit 41 

across a wide range of threshold probabilities. SHAP analysis quantified the contribution of 42 

concentric hypertrophy to model predictions. External validation using the PARAGON-HF 43 

cohort confirmed the universality of these models. Risk stratification via combining the two 44 
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models demonstrated superior performance over either model alone in identifying high-risk 45 

patients. 46 

Conclusions: Concentric hypertrophy was an independent determinant of the composite 47 

outcome of cardiovascular death and heart failure hospitalization, and mediated the effect of 48 

diabetes mellitus on outcomes in patients with HFpEF. The Cox-based and random survival 49 

forest-based models showed superior discriminatory capacity. Combining these two models 50 

for risk stratification improved the identification of high-risk patients. 51 

Keywords: Concentric hypertrophy; Cox regression; Diabetes mellitus; Heart failure with 52 

preserved ejection fraction; Left ventricular mass index; Machine learning; Random survival 53 

forest; Relative wall thickness; 54 

Research Insights 55 

What is currently known about this topic? 

1. Diabetes negatively affects the prognosis of patients with HFpEF. 

2. HFpEF patients with diabetes have a higher prevalence of concentric remodeling or hypertrophy. 

3. Predicting the prognosis of HFpEF patients remains a clinical challenge. 

What is the key research question? 

Is left ventricular geometry a prognostic factor and mediator of diabetes-related risk in HFpEF? 

What is new? 

1. Concentric hypertrophy can determine the prognosis of patients with HFpEF. 

2. Concentric hypertrophy mediates the effect of diabetes on the prognosis of HFpEF. 

3. Prediction tools incorporating concentric hypertrophy exhibit satisfactory prediction accuracy. 
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How might this study influence clinical practice? 

This study contributes to identifying high-risk patients with HFpEF. 

Graphic Abstract 56 

 57 

Background 58 

Heart failure with preserved ejection fraction (HFpEF) is a global health-care challenge. 59 

Patients with HFpEF exhibit a normal left ventricular (LV) ejection fraction (LVEF), but 60 

experience symptoms and signs for heart failure. Cumulative data suggest that the prognosis 61 

for these individuals is comparable to, or even worse than, that of patients with heart failure 62 

with reduced ejection fraction (HFrEF). 63 

As a heterogeneous disease, HFpEF is associated with multiple risk factors, one of 64 

which is diabetes mellitus. Among these patients, the prevalence of concomitant diabetes 65 

mellitus is approximately 45%[1]. Concomitant diabetes mellitus causes higher rates of 66 

mortality and heart failure hospitalization[2]. Recent evidence shows that diabetic patients 67 

with HFpEF have a higher proportion of LV concentric remodeling or hypertrophy, which is 68 
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defined by left ventricular mass index (LVMi) and relative wall thickness (RWT)[3]. LVMi 69 

and RWT are important indicators for LV diastolic function, LV filling pressures, and severity 70 

of HFpEF[4, 5]. Based on them, LV geometry can be categorized into the following groups: 71 

normal geometry (normal LVMi and normal RWT), concentric remodeling (normal LVMi 72 

and increased RWT), eccentric hypertrophy (increased LVMi and normal RWT), and 73 

concentric hypertrophy (increased LVMi and increased RWT)[6]. To date, there are few 74 

studies investigating the role of LV geometry in HFpEF. 75 

Theoretically, alterations in LV geometry can be caused by diabetes-induced myocardial 76 

metabolic disturbance, microvascular dysfunction, or autonomic neuropathy[7]. However, the 77 

exact relationships between diabetes mellitus, LV geometry, and HFpEF are still not fully 78 

understood. Clarifying the relationships is of great significance for understanding the 79 

pathophysiology, predicting prognosis, and identifying high-risk patients in HFpEF. 80 

Prognosis assessment for HFpEF primarily focuses on cardiovascular death and heart failure 81 

hospitalization. Although the H2FPEF scoring system has been recommended for predicting 82 

outcomes in HFpEF[8], it performs suboptimally, particularly for long-term prognosis. 83 

Therefore, we intend to incorporate new prognostic factors to optimize the existing model or 84 

to develop novel models with sufficient prediction performance. Diabetes mellitus and LV 85 

geometry are two promising additional factors. An underlying interrelationship between these 86 

two factors may affect their prognostic performance. Meanwhile, compared with diabetes 87 

mellitus, evidence supporting the role of LV geometry in HFpEF is still limited. Although the 88 

prognostic impact of LV geometry has been confirmed across a range of cardiovascular 89 

diseases, whether LV geometry is associated with the prognosis of HFpEF remains unknown. 90 
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The TOPCAT (Treatment of Preserved Cardiac Function Heart Failure with an 91 

Aldosterone Antagonist Trial) trial and the PARAGON-HF (The Prospective Comparison of 92 

ARNI [angiotensin receptor-neprilysin inhibitor] with ARB [angiotensin receptor blocker] 93 

Global Outcomes in HF with Preserved Ejection Fraction) trial were conducted to determine 94 

the efficacy of spironolactone and sacubitril-valsartan in heart failure patients with an LVEF 95 

≥45%, respectively[9, 10]. Although the primary endpoints failed to achieve, valuable data 96 

were collected. A substantial number of subjects had records of echocardiographical 97 

parameters. In this study, we analyzed data from these subjects to investigate the impact of 98 

LV geometry classified by LVMi and RWT on the prognosis of HFpEF patients, as well as 99 

the association between diabetes mellitus, LV geometry, and HFpEF prognosis. Additionally, 100 

we also aim to develop prognostic tools to effectively identify high-risk patients with HFpEF. 101 

Methods 102 

Data Extraction and Screening 103 

The data from the TOPCAT trial were sourced from the Biologic Specimen and Data 104 

Repository Information Coordinating Center of the US National Heart, Lung, and Blood 105 

Institute after an authorized proposal. Meanwhile, the data from the PARAGON-HF trail 106 

were accessed via ClinicalStudyDataRequest.com. The analysis was primarily conducted 107 

using data from the TOPCAT trail. External validation was performed using data from the 108 

PARAGON-HF trial. Subjects were rescreened according to the following exclusion criteria: 109 

(1) LVEF <50%; (2) Absence of LVMi and RWT records.  110 

Thresholds for LVMi and RWT 111 

Increased LVMi was defined as LVMi >95 g/m2 in women and >115 g/m2 in men. Meanwhile, 112 
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increased RWT was defined as RWT >0.42[11, 12]. 113 

Definition of LV Geometry 114 

LV geometry was categorized into four groups: normal geometry (normal LVMi and normal 115 

RWT), concentric remodeling (normal LVMi and increased RWT), eccentric hypertrophy 116 

(increased LVMi and normal RWT), and concentric hypertrophy (increased LVMi and 117 

increased RWT)[6]. Additionally, we also stratified the subjects solely using LVMi or RWT 118 

to clarify the advantages of combining these two parameters. 119 

Outcomes 120 

In the TOPCAT trail and the PARAGON-HF trail, predefined outcome events for each 121 

subject were retrieved. The primary outcome was defined as a composite of cardiovascular 122 

death and hospitalization for heart failure. Secondary outcomes included cardiovascular death 123 

and hospitalization for heart failure. 124 

Model establishment 125 

To develop high-performance prediction tools, we conducted traditional Cox regression and 126 

machine learning analysis, where the latter enabled us to capture complex interrelationships 127 

between variables. Only variables that were independently associated with the incidence of 128 

outcome events (P <0.05) in multivariate analysis were retained. Subsequently, the Cox 129 

model was visualized as a nomogram. Research has shown that the ratio of training set to test 130 

set could affect the predictive performance of machine learning models[13]. Given the high 131 

dimensionality of the models and the limited sample size, we conducted an evaluation of 132 

model performance across different random split ratios. The results indicated that a 133 

training-to-test split ratio of 0.85:0.15 yielded the best overall performance across all models. 134 



 8

Under this split, the 85% training set provided sufficient samples for model training, while 135 

the 15% test set remained capable of capturing the main characteristics of the data 136 

distribution. Therefore, this ratio was adopted for all subsequent analysis. In addition, we 137 

introduced an early stopping mechanism during the training process to further mitigate the 138 

risk of overfitting under limited sample conditions. Five machine learning models were 139 

constructed: CoxBoost, plsRcox, random survival forest (RSF), support vector machine 140 

(SVM), and XGBoost. All the models were optimized via hyperparameter tuning. Their 141 

performance was evaluated using the concordance index (C-index) and area under the curve 142 

receiver operating characteristic (AUC-ROC) analysis. Calibration curves were used to assess 143 

prediction accuracy. Decision curve analysis (DCA) was used to measure the net benefit of 144 

the models in clinical decision-making. SHapley Additive exPlanations (SHAP) analysis was 145 

also conducted to provide a comprehensive interpretation of the models by calculating the 146 

contribution of each predictor to the model output. For each feature in the model, SHAP 147 

analysis quantified how much each feature value shifted the model's prediction away from the 148 

baseline prediction, helping clarify the direction and magnitude of each predictor's influence 149 

on the final prediction outcome. External validation was performed using data from the 150 

PARAGON-HF trial. 151 

Statistical Analysis 152 

Student's t-tests (for two - group comparisons) or one-way ANOVAs (for comparisons among 153 

more than two groups) were employed to compare continuous variables with homogeneous 154 

variance. In cases where the variance was not homogeneous, Kruskal-Wallis H tests were 155 

utilized. χ² tests or Fisher's exact tests were applied to compare binary or categorical variables. 156 
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Restricted cubic spline (RCS) curves were plotted to explore nonlinear relationships between 157 

variables and the outcomes. Kaplan-Meier curves for events were plotted. The differences in 158 

survival probability between groups was compared using the log-rank tests. Hazard ratios 159 

(HRs) and 95% confidence intervals (CIs) were derived from Cox proportional hazard 160 

models. Variables that were associated with outcomes in univariate analysis (P <0.1) and of 161 

clinical concern were included in multivariate analysis. In Cox regression analysis, Model 1 162 

was unadjusted; Model 2 was adjusted for age and gender; Model 3 was the fully adjusted 163 

model that included age, gender, body mass index (BMI), New York Heart Association 164 

(NYHA) classification, diabetes mellitus, hyperlipidemia, smoking, heart rate, systolic blood 165 

pressure (SBP), diastolic blood pressure (DBP), serum creatininehaemoglobin levels, and use 166 

of angiotensin converting enzyme inhibitor (ACEI) or ARB. The Schoenfeld residual test was 167 

used to determine whether the model satisfied the proportional hazards assumption. No 168 

time-dependent variables were identified.  169 

Subsequently, mediation analysis was used to test whether LV geometry mediates the 170 

effect of diabetes mellitus on clinical outcomes. First, a mediation model was specified with 171 

LV geometry as the dependent variable and diabetes mellitus as the independent variable to 172 

estimate the path coefficient. Subsequently, an outcome model was specified with the 173 

predefined endpoints as the dependent variable and both diabetes mellitus and LV geometry 174 

as exposure factors. The direct coefficient of diabetes mellitus and the coefficient of LV 175 

geometry on event risk were extracted. Using the "mediation" package in R, 1000 176 

nonparametric bootstrap samples were generated to obtain the mediating proportion.  177 

C-index, AUC, category-free net reclassification improvement (NRI), and integrated 178 
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discrimination improvement (IDI) were employed to assess the predictive capacity. To verify 179 

the robustness of the results, subgroup analysis was conducted. Stratified analysis was also 180 

performed based on age, gender, race, region, administration of ACEI or ARB, and atrial 181 

fibrillation. Interaction P values were used to evaluate whether there was an interaction 182 

between stratification variables and LV geometry classifications. In addition, sensitivity 183 

analysis was conducted: (1) exclusion of participants without the use of ACEI or ARB; (2) 184 

exclusion of participants without hypertension; (3) inclusion of only white participants. Given 185 

the low proportion (<1%), the missing data in numerical variables were replaced with the 186 

mean, while those in categorical variables were imputed with the mode. All tests were 187 

two-sided, and a P value <0.05 was considered statistically significant. Statistical analyses 188 

were performed using R software. 189 

Results 190 

Global Analysis 191 

A total of 765 participants were qualified. There were 330 subjects with increased LVMi, 614 192 

subjects with increased RWT. There were 113, 322, 38, and 292 subjects in the normal 193 

geometry gourp, the concentric remodeling group, the eccentric hypertrophy group, and the 194 

concentric hypertrophy group, respectively. Figure 1 presented a detailed flow diagram of this 195 

study. The baseline characteristics were shown in Table 1. Differences were observed in 196 

several variables, including LVEF, heart rate, SBP, myocardial infarction, and the use of 197 

ACEI/ARB. The echocardiographical parameters associated with the diagnosis of HFpEF 198 

were shown in Table 2. Differences were detected in almost all parameters except for E wave. 199 

Notably, the velocity of e’ was significantly lower, and the values of E/e’ and left atrial 200 
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volume index (LAVi) were significantly higher in the concentric hypertrophy group. Among 201 

the listed parameters, these three most effectively demonstrate the rise in LV filling pressure, 202 

highlighting prominent pathophysiological alterations in HFpEF patients with concentric 203 

hypertrophy of the left ventricle. 204 

 205 

Figure 1. The workflow of the present study. 206 
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HFpEF indicated heart failure with preserved ejection fraction; LV, left ventricular; LVMi, 207 

left ventricular mass index; PARAGON-HF, The Prospective Comparison of ARNI 208 

(angiotensin receptor-neprilysin inhibitor) with ARB (angiotensin receptor blocker) Global 209 

Outcomes in HF with Preserved Ejection Fraction; RCS, restricted cubic spline; RSF, random 210 

survival forest; RWT, relative wall thickness; SHAP, SHapley Additive exPlanation; SVM, 211 

support vector machine; TOPCAT, Treatment of Preserved Cardiac Function Heart Failure 212 

with an Aldosterone Antagonist Trial. 213 

The Association Between LVMi/RWT and Primary-outcome Events 214 

RCS curves confirmed a linear positive association between LVMi/RWT and 215 

primary-outcome events with no identifiable cutoff points (Figure 2). The curves indicated no 216 

significant threshold effect, so we adopted the common clinical thresholds for the two 217 

parameters. 218 

 219 

Figure 2. The restricted cubic spline illustrates the association between LVMi/RWT and 220 

primary-outcome events. 221 

(A) The association between LVMi and primary-outcome events. (B) The association 222 
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between RWT and primary-outcome events. LVMi indicated left ventricular mass index; 223 

RWT, relative wall thickness. 224 

Stratification Analysis of Clinical Outcomes by LVMi and/or RWT 225 

When stratified by LVMi, 97 and 104 subjects in patients with normal LVMi and increased 226 

LVMi, respectively, experienced at least one primary-outcome event. Meanwhile, 63 and 79 227 

subjects in these two groups experienced hospitalization for heart failure, and 43 and 42 228 

subjects suffered from cardiovascular death. In univariate analysis, compared with patients 229 

with normal LVMi, patients with increased LVMi had a higher probability of 230 

primary-outcome events (crude HR, 1.48 [95% CI, 1.12-1.95]; P=0.005, log-rank; Figure 3A; 231 

Table 3) and hospitalization for heart failure (crude HR, 1.72 [95% CI, 1.24-2.40]; P=0.001, 232 

log-rank; Figure 3B; Table 4), but not cardiovascular death (crude HR, 1.29 [95% CI, 233 

0.84-1.97]; P=0.245, log-rank; Figure 3C; Table 5). In multivariate analysis, increased LVMi 234 

only raised the rate of hospitalization for heart failure (adjusted HR, 1.51 [95% CI, 1.07-2.14]; 235 

Table 4). 236 

When stratified by RWT, 34 and 167 subjects experienced at least one primary-outcome 237 

event in patients with normal RWT and increased RWT, respectively. Moreover, 24 and 118 238 

subjects in these two groups experienced hospitalization for heart failure, and 13 and 72 239 

subjects suffered from cardiovascular death. There were no differences in the probability of 240 

primary-outcome events (adjusted HR, 1.16 [95% CI, 0.80-1.69]; Figure 3D; Table 3), 241 

hospitalization for heart failure (adjusted HR, 1.15 [95% CI, 0.73-1.79]; Figure 3E; Table 4), 242 

and cardiovascular death (adjusted HR, 1.43 [95% CI, 0.79-2.62]; Figure 3F; Table 5). 243 

When stratified by LVMi and RWT, subjects divided into four groups: normal geometry, 244 
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concentric remodeling, eccentric hypertrophy, and concentric hypertrophy. Up to 23, 74, 11, 245 

and 93 subjects experienced at least one primary-outcome event in each group. Besides, in 246 

each group, 15, 48, 9, and 70 subjects experienced hospitalization for heart failure, and 10, 33, 247 

3, and 39 subjects suffered from cardiovascular death. In univariate analysis, the rate of 248 

primary-outcome events (crude HR, 1.80 [95% CI, 1.14-2.85]; Figure 3G; Table 3) and 249 

hospitalization for heart failure (crude HR, 2.05 [95% CI, 1.18-3.59]; Figure 3H; Table 4), 250 

but not cardiovascular death (crude HR, 1.67 [95% CI, 0.84-3.36]; Figure 3I; Table 5) was 251 

significantly higher in patients with concentric hypertrophy than in those with normal 252 

geometry. No differences in the incidence of predefined outcome events were detected 253 

between the normal geometry group and either the concentric remodeling group or the 254 

eccentric hypertrophy group (Table 3-5). While, in multivariate analysis, no differences in the 255 

outcome events were detected between normal geometry group and other groups (Table 3-5). 256 

Given that when stratified by LVMi and RWT, only concentric hypertrophy showed a trend 257 

of influencing clinical outcomes, and a positive correlation existed between outcome events 258 

and the values of LVMi and RWT, we compared patients with concentric hypertrophy with 259 

those without. It was discovered that patients with concentric hypertrophy exhibited a higher 260 

incidence of primary-outcome events (adjusted HR, 1.37 [95% CI, 1.03-1.82]; P=0.005, 261 

log-rank; Figure 3J; Table 3) and hospitalizations for heart failure (adjusted HR, 1.51 [95% 262 

CI, 1.07-2.12]; P=0.002, log-rank; Figure 3K; Table 4). Furthermore, stratification based on 263 

concentric hypertrophy was more significantly associated with clinical events than 264 

continuous variables of LVMi and RWT (Table 3-5). 265 



 15

 266 

Figure 3. Kaplan-Meier plots of the time to the first confirmed outcome events, 267 

stratified by LVMi and/or RWT. 268 

When stratified by LVMi, differences in incidence were detected for primary-outcome events 269 
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(A) and heart failure hospitalization (B), but not for cardiovascular death (C). When stratified 270 

by RWT, no significant differences in incidence were found for primary-outcome events (D), 271 

heart failure hospitalization (E), or cardiovascular death (F). When stratified by combined 272 

LVMi and RWT, differences in incidence were identified for primary-outcome events (G) and 273 

heart failure hospitalization (H), but not for cardiovascular death (I). When stratified by 274 

concentric hypertrophy, differences in incidence were shown for primary-outcome events (J) 275 

and heart failure hospitalization (K), but not for cardiovascular death (L). LVMi indicated left 276 

ventricular mass index; RWT, relative wall thickness. 277 

The mediation role of concentric hypertrophy 278 

When stratified by diabetes mellitus, significant differences in the composite outcome (crude 279 

HR, 1.82 [95% CI, 1.38-2.40]; P <0.001, log-rank; Figure 4A; Table 6) and heart failure 280 

hospitalization (crude HR, 2.01 [95% CI, 1.44-2.80]; P <0.001, log-rank; Figure 4B; Table 6) 281 

were observed between HFpEF patients with diabetes mellitus and those without diabetes 282 

mellitus, while no significant difference was found in cardiovascular death (crude HR, 1.34 283 

[95% CI, 0.87-2.05]; P=0.179, log-rank; Figure 4C; Table 6). However, the differences 284 

derived from diabetes mellitus on the outcomes were not distinct in our fully-adjusted models 285 

(Table 6), indicating potential mediation effects of other factors. 286 

The mediation analysis indicated that LV concentric hypertrophy served as indirect mediators 287 

in the association between diabetes mellitus and both the composite outcome and heart failure 288 

hospitalization. Specifically, the indirect effects of LV concentric hypertrophy on the 289 

composite outcome and heart failure hospitalization were quantified at 9.9% (95%CI: 290 

0.3%-25.9%, Figure 4D) and 8.0% (95%CI: 0.0%,-29.4%, Figure 4E), respectively. 291 
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 292 

Figure 4. Concentric hypertrophy mediated the effect of diabetes mellitus on clinical 293 

outcome events.  294 

When stratified by concentric hypertrophy, differences in incidence were detected for 295 

primary-outcome events (A) and heart failure hospitalization (B), but not for cardiovascular 296 

death (C). Concentric hypertrophy mediated the effect of diabetes mellitus on 297 

primary-outcome events (D) and heart failure hospitalization (E). 298 

Table 6. The effect of diabetes mellitus on the outcome events in HFpEF patients 

Outcomes 
Diabetes 

mellitus 

Event 

No. (%) 

Crude Fully-adjusted 
Log-rank 

P value 
HR 

(95% CI) 

HR 

(95% CI) 

The primary outcome 
without 

92 

(21.0%) 
Ref. Ref. 

<0.001 

with 109 1.82 1.18 
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(33.4%) (1.38-2.40) (0.86-1.61) 

Heart failure hospitalization 

without 
61 

(13.9%) 
Ref. Ref. 

<0.001 

with 
81 

(24.8%) 

2.01 

(1.44-2.80) 

1.17 

(0.80-1.71) 

Cardiovascular death 

without 
45 

(10.3%) 
Ref. Ref. 

0.179 

with 
40 

(12.3%) 

1.34 

(0.87-2.05) 

1.25 

(0.78-2.01) 

CI indicates confidence interval; HR, hazard ratio; The fully-adjusted model was adjusted by age, gender, concentric 

hypertrophy, body mass index, NYHA classification, hyperlipidemia, smoking, heart rate, systolic blood pressure, 

diastolic blood pressure, serum creatinine, haemoglobin levels, and use of ACEI or ARB. 

Incremental Prognostic Value of Concentric Hypertrophy Over the H2FPEF Score 299 

Among all the LV geometry categories based on LVMi and/or RWT, concentric hypertrophy 300 

demonstrated the best performance. Therefore, we incorporated it into the H2FPEF score to 301 

determine whether it could provide additional predictive efficacy for the model. It was 302 

discovered that the integration of concentric hypertrophy improved the C-index and 1-year 303 

and 3-year AUCs for the prediction for primary-outcome events (c-index, from 0.550 to 0.631; 304 

1-year AUC, from 0.560 to 0.647; 3-yerar AUC, from 0.550 to 0.663; Figure 5; Table 7) and 305 

heart failure hospitalization (C-index, from 0.560 to 0.647; 1-year AUC, from 0.568 to 0.684; 306 

3-yerar AUC, from 0.566 to 0.683; Figure 5; Table 7), rather than 5-year AUC (Figure 5; 307 

Table 7). Moreover, reclassification measures (NRI and IDI) also confirmed the improvement 308 
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of the addition of concentric hypertrophy to H2FPEF in prediction power. For the 309 

primary-outcome events, the integration of concentric hypertrophy achieved an NRI of 0.246 310 

(P=0.008, Table 7) and an IDI of 0.028 (P=0.010, Table 7) at 1st year, and an NRI of 0.296 311 

(P=0.006, Table 7) and an IDI of 0.056 (P=0.002, Table 7) at 3rd year. For heart failure 312 

hospitalization, the integration of concentric hypertrophy achieved an NRI of 0.303 (P=0.004, 313 

Table 7) and an IDI of 0.031 (P=0.012, Table 7) at 1st year, and an NRI of 0.313 (P=0.004, 314 

Table 7) and an IDI of 0.051 (P=0.004, Table 7) at 3rd year. 315 

 316 

Figure 5. The ROCs of H2FPEF score and modified H2FPEF score for predicting the 317 

primary-outcome events and heart failure hospitalization. 318 
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The performance of H2FPEF in predicting the primary-outcome events (A) and heart failure 319 

hospitalization (B) was unsatisfactory; However, adding concentric hypertrophy significantly 320 

improved H2FPEF's predictive ability for both outcomes (C and D). AUC indicated area 321 

under the curve; ROC, receiver operating characteristic curve. 322 

These findings indicated that the incorporation of concentric hypertrophy could partially 323 

enhance the predictive performance of H2FPEF. Nevertheless, the modified model still failed 324 

to achieve satisfactory prediction accuracy, especially when evaluating long-term outcomes. 325 

The Prediction Model Developed Using Cox Regression 326 

To construct an efficient prediction model, univariate Cox regression was performed on 327 

underlying variables. Consequently, variables with a P value less than 0.1 were incorporated 328 

into a multivariate Cox regression. Finally, variables with a P value less than 0.05 in the 329 

multivariate analysis were utilized to construct the prediction model. In the final prediction 330 

model, independent variables included age, gender, NYHA classification, smoking, SBP, DBP, 331 

heart rate, creatinine, hemoglobin, and concentric hypertrophy (Table 8). The C-index (0.714, 332 

95% CI [0.677-0.752]; Table 9) and ROC curves indicated the well performance of the 333 

prediction model on the primary-outcome events. 1-year, 3-year, and 5-year AUCs were 334 

0.718 (95% CI, 0.661-0.774), 0.761 (95% CI, 0.715-0.807), 0.816 (95% CI, 0.766-0.866), 335 

respectively (Figure 6A, Table 9). The time-dependent AUC indicated the value increased 336 

over time. After 5 year, the AUC value exceeded 0.8, demonstrating the efficient predictive 337 

capability (Figure S1A). Subsequent bootstrap resampling validated the Cox model (Figure 338 

6B, Table 9). 339 

Table 8. The variables in the Cox regression model 
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Variables HR (95%CI) P value 

Age 1.02 (1.01-1.04) 0.004 

Gender 1.47 (1.08-2.00) 0.013 

Smoking 2.09 (1.27-3.42) 0.004 

NYHA 1.77 (1.33-2.37) < 0.001 

SBP 1.02 (1.01-1.03) 0.003 

DBP 0.98 (0.97-0.999) 0.035 

Heart rate 1.02 (1.01-1.03) 0.003  

Serum creatinine 1.94 (1.25-3.01) 0.003 

Haemoglobin  0.80 (0.73-0.88) < 0.001 

Concentric hypertrophy 1.39 (1.05-1.85) 0.022 

CI indicates confidence interval; DBP, diastolic blood pressure; HR, hazard ratio; 

NYHA, New York Heart Association; SBP, systolic blood pressure. 

The calibration curve distributed along the diagonal, indicating that the predicted risk 340 

probability from the Cox model was consistent with the actual probability (Figure 6C). The 341 

finding underscored the robustness and reliability of the Cox model in predicting outcomes of 342 

HFpEF patients. 343 

DCA was used to evaluate the net benefit of the model across different probability 344 

thresholds. As illustrated in Figure 6D, the Cox model demonstrated net benefit when the 345 

probability threshold ranged from 8% to 77%. This range can be interpreted as follows: in 346 

routine clinical practice, using a 8% probability threshold allows clinicians to detect 8 347 

additional high-risk cases per 100 screened individuals without meaningfully increasing the 348 
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false-positive burden. The same interpretation applies to other probability threshold values 349 

within this range. The wide threshold range also confirms the broad clinical applicability of 350 

the model. 351 

 352 

Figure 6. Evaluation and validation for the Cox model. 353 

(A) The ROC of the Cox model for predicting the primary-outcome events. (B) 354 

Bootstrap resampling for the validation of the Cox model. (C) The calibration curve assessing 355 

the reliability of the predicted probability. (D) Decision curve analysis displaying net benefit 356 

across different risk thresholds. AUC indicated area under the curve; ROC, receiver operating 357 
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characteristic curve. 358 

The SHAP plots were also performed to provide a global interpretation of the model, 359 

ranking the importance of each feature (Figure 7). Comparable to P value from Cox model, 360 

hemoglobin, NYHA classification, and SBP emerged as the three most influential predictors  361 

(Figure 7A). Figure 7B showed the individual SHAP plot for the 16th patient, where 362 

concentric hypertrophy accounts for the majority of the contribution to the outcome. 363 

 364 

Figure 7. The SHAP plots for interpretation of the Cox model. 365 

(A) The SHAP beeswarm plot for global interpretation of the model. (B) The SHAP waterfall 366 

plot provided individual interpretation for the 16th subject in the model. DBP indicated 367 

diastolic blood pressure; NYHA, New York Heart Association; SBP, systolic blood pressure; 368 

SHAP, SHapley Additive exPlanation. 369 

The Cox model was displayed as a nomogram and an online prediction tool to 370 

quantitatively predict the risk of individuals with HFpEF. The nomogram was shown in 371 

Figure 8, and the prediction tool was available at https://zanghb.shinyapps.io/dynnomapp/. 372 
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 373 

Figure 8. The nomogram for the prediction tool based on Cox regression. 374 

The nomogram for predicting the probability for the primary-outcome events. NYHA 375 

indicated New York Heart Association. 376 

Prediction Models Developed Using Machine Learning 377 

To further identify effective prediction models and uncover potential complex relationships 378 

among variables, we developed five machine learning models using the same variables from 379 

the Cox model. Among the machine learning models, the RSF model achieved optimal 380 

C-index and AUC values in both the training and test datasets (Figure 9, Table 9). Compared 381 

to the Cox model, the RSF model showed comparable prediction accuracy. The C-index was 382 

0.738 (95% CI, 0.639-0.836; Table 9). ROC curves indicated the well performance of the 383 

RSF model. As shown in Figure 9F, in the test datasets, 1-year, 3-year, and 5-year AUCs were 384 

0.760 (95% CI, 0.593-0.927; Table 9), 0.768 (95% CI, 0.658-0.878; Table 9), 0.821 (95% CI, 385 

0.675-0.966; Table 9), respectively. The time-dependent AUC indicated the value increased 386 

over time. After 5 year, the AUC value exceeded 0.8, demonstrating the efficient predictive 387 

capability (Figure S1B). 388 
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Calibration curves showed that the predicted risk probability from the RSF model was 389 

consistent with the actual probability (Figure 9K). As illustrated Figure 9L, the RSF model 390 

demonstrated the net benefit when the probability threshold was set from 12% to 60%. The 391 

interpretation of the range could be referred to that of the Cox model. The importance 392 

statistics demonstrated that all variables contributed significantly in the model (Table 10). In 393 

addition, both the global and individual SHAP plots confirmed the contribution of concentric 394 

hypertrophy to the occurrences of outcome events (Figure 10). Overall, concentric 395 

hypertrophy ranked fifth among all variables in terms of contribution in the RSF model. 396 

Furthermore, the prediction tool based on the RSF model has already been published at 397 

https://zanghb.shinyapps.io/RSF_Predictor_For_the_prognosis_of_HFpEF/. 398 
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 399 

Figure 9. Evaluation and validation for the five machine learning models. 400 

(A) The ROC of the CoxBoost model in the training set. (B) The ROC of the CoxBoost 401 

model in the test set. (C) The ROC of the plsRcox model in the training set. (D) The ROC of 402 
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the plsRcox model in the test set. (E) The ROC of the RSF model in the training set. (F) The 403 

ROC of the RSF model in the test set. (G) The ROC of the SVM model in the training set. (H) 404 

The ROC of the SVM model in the test set. (I) The ROC of the XGBoost model in the 405 

training set. (J) The ROC of the XGBoost model in the test set. (K) The calibration curve for 406 

the RSF model. (L) Decision curve analysis for the RSF model. AUC indicated area under the 407 

curve; ROC, receiver operating characteristic curve; RSF, random survival forest; SVM, 408 

support vector machine. 409 

 410 

Figure 10. The SHAP plots for interpreting the RSF model. 411 

(A) The SHAP beeswarm plot for global interpretation of the model. (B) The SHAP waterfall 412 

plot provided individual interpretation for the 10th subject in the model. DBP indicated 413 

diastolic blood pressure; NYHA, New York Heart Association; SBP, systolic blood pressure; 414 

RSF, random survival forest; SHAP, SHapley Additive exPlanation. 415 

Table 10. The importance for variables in the RSF model 

Variables Variable importance P value 

Age 0.056 < 0.001 

Gender 0.032 0.038 

Smoking 0.028 0.016 
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NYHA 0.034 0.042 

SBP 0.057 0.001 

DBP 0.030 0.006 

Heart rate 0.028 0.003 

Serum creatinine 0.057 < 0.001 

Haemoglobin  0.115 < 0.001 

Concentric hypertrophy 0.030 0.038 

DBP indicates diastolic blood pressure; NYHA, New York Heart Association; RSF, 

random survival forest; SBP, systolic blood pressure. 

The External Validation of the Models  416 

External validation of the Cox model and the RSF model was performed using the data from 417 

the PARAGON-HF trail. Due to the relatively short follow-up period in PARAGON-HF, 418 

5-year AUC could not be obtained. For the Cox model, the C-index was 0.709 (95% CI, 419 

0.638-0.776), and the 1-year and 3-year AUCs were 0.717 (95% CI, 0.640-0.795) and 0.710 420 

(95% CI, 0.650-0.771), respectively (Figure S2A). For the RSF model, the C-index was 0.700 421 

(95% CI, 0.639-0.768), and the 1-year and 3-year AUCs were 0.711 (95% CI, 0.646-0.777) 422 

and 0.690 (95% CI, 0.637-0.747), respectively (Figure S2B). The results of external 423 

validation demonstrated the universality of the models. 424 

Risk Stratification via the Integration of the Cox Model and the RSF Model 425 

The underlying logic differs between the Cox model and the RSF model. Furthermore, the 426 

SHAP plots suggested that the contributions of each variable to predictive performance 427 

varied between the Cox model and the RSF model. These finding suggested that the two 428 
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model might possess distinct focal points. Therefore, it was reasonable to integrate the results 429 

of the two prediction tools. Risk stratification were identified using the median of the total 430 

scores in the Cox model (the median score=550) and the median of the risk scores in the RSF 431 

model (the median score=25), respectively. Total score in the Cox model could be obtained 432 

from the nomogram, and risk score in the RSF model were available from the online 433 

prediction tool. Subsequent survival analysis demonstrated significant differences in clinical 434 

outcomes among the low-risk, mediate-risk, and high-risk groups. The risk disparities among 435 

the groups not only indicated that the combination of the two models provided superior 436 

identification of high-risk patients with HFpEF (Figure 11, Table S1), but also substantiated 437 

the rationale of the combination. 438 

 439 

Figure 11. Risk stratification based on the hierarchical scores from the Cox model and 440 

the RSF model. 441 

The medians of total scores in the Cox model and of risk scores in the RSF model were used 442 
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to stratify the outcome risk in patients with HFpEF. RSF indicated random survival forest. 443 

Subgroup and Sensitivity Analysis 444 

To verify the robustness of the results, subgroup analysis was conducted. Stratified analyses 445 

were performed based on age, gender, race, region, administration of ACEI or ARB, and 446 

atrial fibrillation. No significant interactions were identified, indicating that concentric 447 

hypertrophy comprehensively influenced the prognosis of HFpEF patients (Table S2). 448 

Furthermore, sensitivity analysis was conducted: (1) exclusion of participants without the use 449 

of ACEI/ARB; (2) exclusion of participants without hypertension; (3) inclusion of only white 450 

participants. The results of the above sensitivity analysis were consistent with the main 451 

conclusions, confirming the robustness of our findings (Table S3). 452 

Discussion 453 

Previous studies showed that LV geometry categorized by LVMi and RWT could predict 454 

prognosis across various diseases and clinical procedures[14-16]. In current analysis, we 455 

found that when stratified by LVMi and/or RWT, patients with concentric hypertrophy had a 456 

higher incidence of the composite outcome of cardiovascular death and hospitalization for 457 

heart failure. Concentric hypertrophy also partially mediated the impact of diabetes on 458 

hospitalization for heart failure and the composite outcome in patients with HFpEF. 459 

Furthermore, the prediction performance of H2FPEF on the composite outcome and heart 460 

failure hospitalization in HFpEF patients was also improved by adding concentric 461 

hypertrophy. However, the modified H2FPEF score was still not optimal. Since no prediction 462 

tools have been specifically designed for HFpEF patients with an LVEF greater than 50%, we 463 

developed prediction tools by Cox regression and machine learning approaches incorporating 464 
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concentric hypertrophy and other nine independent covariates. Among the machine learning 465 

algorithms, RSF exhibited the best discrimination performance which was comparable to that 466 

of the Cox model. 467 

Existing evidence sufficiently demonstrates that diabetes mellitus can adversely affect 468 

the prognosis of patients with HFpEF[2]. However, in our fully-adjusted model, diabetes 469 

mellitus did not exhibit an independent effect on outcome events. This may be associated 470 

with a potential mediation effect. The mediation effect of concentric hypertrophy partially 471 

explain the impact of diabetes mellitus on the prognosis of HFpEF. Elucidating the mediation 472 

role of LV concentric hypertrophy between diabetes mellitus and outcomes in patients with 473 

HFpEF is of great significance for deepening the understanding of HFpEF. This finding 474 

suggests concentric hypertrophy is not merely a concomitant feature of cardiac remodeling in 475 

patients with HFpEF; instead, it represents an independent, targetable risk transmission 476 

pathway. Thus, concentric hypertrophy should be recognized as an indicator for risk 477 

stratification in this population. Furthermore, the mediation effect establishes a pathological 478 

pathway that links diabetes-driven microvascular inflammation, cardiomyocyte hypertrophy, 479 

and diastolic dysfunction in HFpEF[17], providing robust evidence supporting the application 480 

of intervention strategies targeting myocardial concentric remodeling for this specific HFpEF 481 

phenotype. 482 

For survival models, a C-index of 0.7 and an AUC of 0.8 indicate enough predictive 483 

accuracy[18]. In our models, the AUC values increased over time and exceeded 0.8 at 5 years, 484 

which surpassed other non-specific models reported in previous literature. Cox regression 485 

assumes a linear relationship between covariates and the log-hazard of the outcome, whereas 486 
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RSF requires no such linearity assumptions and can effectively capture complex nonlinear 487 

effects, threshold effects, and high-order interactions among variables. The comparable 488 

discrimination performance between the two models — despite their differing underlying 489 

assumptions — adds credibility to our results and indicates that the key predictors are robust 490 

across modeling paradigms. 491 

Currently, the two prediction tools can be now available online. By integrating the two 492 

models, we identified three risk stratification levels. The significant survival disparities 493 

across these strata confirm the rationality and superiority of this combined strategy. 494 

Furthermore, this integrated approach not only improves risk discrimination but also provides 495 

a more nuanced framework for clinical decision-making. For example, patients classified as 496 

low-risk by only one model are not actually low-risk individuals, as their event risk is roughly 497 

four times higher than that of patients identified as low-risk by both models. 498 

In the Cox model, the top three predictors identified via SHAP analysis were hemoglobin 499 

levels, NYHA classification, and SBP; while in the RSF model, they were hemoglobin level, 500 

NYHA classification, and serum creatinine. All of them have been previously shown to 501 

influence the prognosis of HFpEF[19-22]. Notably, our prediction tools identified the 502 

negative association between DBP and prognosis in patients with HFpEF. The exact 503 

mechanism remains unclear, possibly due to the following reasons: First, Low DBP acts as a 504 

marker of increased arterial stiffness, reflecting underlying vascular pathology. The true 505 

driver of poor prognosis is not the DBP value itself, but the underlying arteriosclerosis and 506 

vascular aging that accompany low DBP[23]. This vascular pathology itself constitutes one 507 

of the core pathological bases of HFpEF, and has a causal interaction with myocardial fibrosis 508 
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and increased ventricular stiffness[24]. Second, low DBP directly impairs coronary artery 509 

perfusion, exacerbates myocardial ischemia and dysfunction, promotes myocardial cell injury 510 

and fibrosis progression, and ultimately leads to worsening cardiac function and an increased 511 

incidence of heart failure events. Finally, low DBP may reflect hemodynamic deterioration in 512 

patients with advanced heart failure[25]. In those patients, low DBP may indicate reduced 513 

cardiac output or progression of heart failure. 514 

Strikingly, we found that there were fewer patients with eccentric hypertrophy in HFpEF 515 

patients. This was consistent with the findings of previous studies, and could be attributed to 516 

the inherent characteristics of HFpEF patients themselves. Compared with other types of LV 517 

geometry, eccentric hypertrophy, which typically induced by volume overload, is more likely 518 

to be associated with cardiac systolic dysfunction and often accompanied by a reduced 519 

LVEF[26-28]. However, in HFpEF patients, individuals with eccentric hypertrophy and 520 

reduced LVEF were excluded, which resulted in a limited number of patients in the eccentric 521 

hypertrophy group. In contrast to eccentric hypertrophy, concentric remodeling and 522 

concentric hypertrophy are often caused by pressure overload[29], which is also one of the 523 

etiologies of HFpEF, resulting in a relatively high proportion of such patients. concentric 524 

remodeling is an early stage of concentric hypertrophy. As myocardial hypertrophy advances, 525 

concentric remodeling turns into concentric hypertrophy, along with the deterioration of e’ 526 

velocity, E/e’, and LAVi. The variations in pathogenic mechanisms among different LV 527 

geometries also elucidate why only patients with concentric hypertrophy exhibit an increased 528 

incidence of primary-outcome events across all the groups. Furthermore, this also elucidates 529 

why categorization based on concentric hypertrophy offers superior predictive capacity in 530 
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comparison to categorization based on LVMi or RWT alone. 531 

It is widely accepted that the renin-angiotensin-aldosterone system (RAAS) plays a 532 

crucial role in LV remodeling and hypertrophy. Activation of RAAS leads to the enlargement 533 

of cardiomyocytes, the increased quantity of myofibrils, and the aberrant phenotype of 534 

myosin and actin[30, 31]. Furthermore, RAAS also induces collagen synthesis in myocardial 535 

fibroblasts and inhibits collagen degradation by metalloproteinases, resulting in the 536 

deposition of collagen in the extracellular matrix[32, 33]. These pathophysiological changes 537 

lead to myocardial remodeling and hypertrophy, subsequently impairing cardiac function. 538 

Drugs that target the RAAS, including ACEI, ARB, and spironolactone, are used to mitigate 539 

myocardial remodeling and hypertrophy following myocardial infarction and heart 540 

failure[34-40]. However, unlike in HFrEF, drugs targeting RAAS fail to improve the 541 

prognosis of HFpEF[9, 10]. Recently, post-hoc analysis has indicated that, in HFpEF patients, 542 

the benefits of these drugs depend on various stratification factors, such as body weight, 543 

gender, and LVEF[41, 42]. Therefore, it is reasonable to speculate that LV geometry, grouped 544 

by LVMi and RWT, may be used to identify HFpEF patients who can benefit from treatment 545 

with drugs targeting the RAAS. 546 

Current medications that can improve the prognosis of HFpEF patients include 547 

sodium-glucose co-transporter 2 inhibitors, finerenone, glucagon-like peptide-1 receptor 548 

agonists, sacubitril/valsartan, and spironolactone. The latter two are agents that may improve 549 

prognosis among specific patient populations. Sacubitril/valsartan is recommended for 550 

HFpEF patients with an LVEF below 57%[43]. Our previous studies have demonstrated that 551 

spironolactone offers benefits for HFpEF patients with increased LVMi and/or LAVi[44], and 552 
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it may be considered when finerenone is unavailable. The predictive tool presented here can 553 

effectively identify high-risk HFpEF patients. For these patients, more aggressive treatment 554 

strategies, such as combination therapy with multiple medications, may be implemented. 555 

The limitations of this study ought to be recognized. First, considering that our analysis 556 

was conducted within a specific group of patients from the TOPCAT trial and the 557 

PARAGON-HF trial, the sample size was somewhat limited by the shortage of subjects with 558 

records of LVMi and RWT. This might have introduced selection bias during the screening 559 

process. Second, several critical indices for the prognosis of patients with HFpEF could not 560 

be integrated into our prediction model, because only a small number of patients had 561 

documented records of these indicators, such as B-type natriuretic peptide or N-terminal 562 

pro-B-type natriuretic peptide. This lack of data restricts further improvement of the model's 563 

prediction accuracy. Third, due to the relatively short follow-up period in PARAGON-HF, 564 

the 5-year AUC could not be externally validated. 565 

Conclusions 566 

Concentric hypertrophy was an independent determinant of the composite outcome of 567 

cardiovascular death and heart failure hospitalization, and mediated the effect of diabetes 568 

mellitus on outcomes in patients with HFpEF. The Cox-based and RSF-based models showed 569 

superior discriminatory capacity. Combining these two models for risk stratification 570 

improved the identification of high-risk patients. 571 
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Table 1. Baseline characteristics of qualified subjects 

Characteristic 

Normal 

geometry 

(N=113) 

Concentric 

remodeling 

(N=322) 

Eccentric 

hypertrophy 

(N=38) 

Concentric 

hypertrophy 

( N=292) 

P value† 

Age, years 69.0 ± 9.4 70.1 ± 9.6 71.7 ± 9.9 70.7 ± 10.1 0.364 

Gender, female 56 (49.6%) 152 (47.2%) 17 (44.7%)  163 (55.8%) 0.177 

Body mass index, kg/m2 31.6 ± 7.2 33.2 ± 7.6 32.7 ± 6.6 33.3 ± 7.7 0.193 

LVEF, % 61.2 ± 5.1 62.1 ± 5.6 59.0 ± 5.1 60.9 ± 5.2 0.001 
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NYHA classification Ⅲ or Ⅳ 42 (37.2%) 122 (38.0%) 14 (36.8%) 106 (36.4%) 0.983 

Heart rate, bpm 68.4 ± 9.5 70.5 ± 11.8 64.8 ± 9.3 67.8 ± 10.6 0.002‡ 

Systolic blood pressure, mmHg 124.5 ± 14.9 126.8 ± 14.2 128.4 ± 18.8 130.2 ± 15.6 0.003 

Diastolic blood pressure, mmHg 72.3 ± 10.7 73.0 ± 10.9 69.4 ± 9.1 72.9 ± 11.5 0.255 

Smoking 11 (9.7%) 21 (6.5%) 4 (10.8%) 23 (7.9%) 0.615 

Diabetes mellitus 40 (35.4%) 134 (41.6%) 18 (8.6%) 134 (45.9%) 0.244 

Hyperlipidemia 71(62.8%) 225 (69.9%) 25 (67.6%) 198 (68.0%) 0.591 

Hypertension 99 (87.6%) 296 (91.9%) 32 (86.5%) 269 (92.1%) 0.362 

Atrial fibrillation 51 (45.1%) 123 (38.2%) 11 (29.7%) 108 (37.0%) 0.278 

Angina 40 (35.4%) 137 (42.5%) 12 (32.4%) 115 (39.4%) 0.426 

Myocardial infarction 34 (30.1%) 60 (18.6%) 11 (29.7%) 75 (25.7%) 0.036 

ACEI and/or ARB 78 (69.0%) 255 (79.2%) 33 (86.8%) 240 (82.2%) 0.018 

Beta-blocker 90 (79.6%) 260 (80.7%) 30 (78.9%) 230 (78.8%) 0.943 

Spironolactone 55 (48.7%) 167 (51.9%) 23 (60.5%) 144 (49.3%) 0.563 

Serum creatinine, mg/dL 1.1 ± 0.3 1.1 ± 0.3 1.1 ± 0.3 1.1 ± 0.3 0.416‡ 

Haemoglobin, g/L 13.3 ± 1.6 12.7 ± 3.2 12.4 ± 1.5 12.4 ± 2.9 0.052 

Region of enrollment, Americas 84 (74.3%) 235 (73.0%) 29 (76.3%) 226 (77.4%) 0.646 

ACEI indicates angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; LVEF, left 

ventricular ejection fraction; NYHA, New York Heart Association. 

† P values from one-way ANOVAs. 

‡ P values from Kruskal-Wallis H tests. 
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Table 2. Baseline echocardiographical parameters 

Echocardiographical 

parameters 

Normal 

geometry 

(N = 133) 

Concentric 

remodeling 

(N = 322) 

Eccentric 

hypertrophy 

(N = 38) 

Concentric 

hypertrophy 

(N = 292) 

P value† 

e’ septal, cm/s 
6.7 ± 2.2 

(54) 

6.4 ± 2.1 

(199) 

5.9 ± 2.3 

(20) 

5.8 ± 2.4 

(170) 
0.018 

E/e’ septal 
13.9 ± 5.8 

(54) 

14.8 ± 5.9 

(193) 

16.8 ± 8.3 

(20) 

16.7 ± 7.3 

(165) 
0.025‡ 

E wave, cm/s 
87.1 ± 28.0 

(88) 

87.4 ± 30.6 

(265) 

91.0 ± 27.7 

(33) 

87.8 ± 28.4 

(242) 
0.922 

lVS, cm 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.2 1.4 ± 0.2 < 0.001‡ 

LAVi, mL/m2 
27.2 ± 9.5 

(101) 

27.1 ± 12.6 

(284) 

31.1 ± 10.9 

(36) 

32.0 ± 13.7 

(264) 
< 0.001‡ 

LVEDD, cm 4.9 ± 0.4 4.4 ± 0.4 5.6 ± 0.5 4.9 ± 0.5 < 0.001‡ 

LVMi, g/m2 84.5 ± 13.9 86.4 ± 15.4 120.1 ± 19.7 130.3 ± 24.2 < 0.001‡ 

LVPW, cm 0.9 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.2 < 0.001‡ 

LVWT, cm 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.2 < 0.001‡ 

RWT 0.38 ± 0.04 0.50 ± 0.06 0.38 ± 0.03 0.54 ± 0.11 < 0.001‡ 

lVS indicates interventricular septum thickness; LAVi, left atrial volume index; LVEDD, left 

ventricular end-diastolic diameter; LVMi, left ventricular mass index; LVPW, left ventricular posterior 

wall thickness; LVWT, left ventricular wall thickness; RWT, relative wall thickness. 

† P values from one-way ANOVAs. 
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‡ P values from Kruskal-Wallis H tests. 
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Table 3. Analysis for left ventricular geometry based on LVMi and/or RWT on the primary outcome 

Classification 
Event 

No. (%) 

Model 1 Model 2 Model 3 
Log-rank P 

value 
HR 

(95% CI) 

HR 

(95% CI) 

HR 

(95% CI) 

LVMi      

Normal 
97 

(22.3%) 
Ref. Ref. Ref. 

0.005 

Increased 
104 

(31.5%)  

1.48 

(1.12-1.95) 

1.50 

(1.13-1.98) 

1.33 

(0.99-1.78) 

RWT      

Normal 
34 

(22.5%) 
Ref. Ref. Ref. 

0.102 

Increased 
167 

(27.2%)  

1.36 

(0.94-1.97) 

1.33 

(0.92-1.93) 

1.16 

(0.80-1.69) 

Left ventricular geometry      

Normal geometry 
23 

(20.4%) 
Ref. Ref. Ref. 

0.028 
Concentric remodeling 

74 

(23.0%) 

1.27 

(0.79-2.03) 

1.21 

(0.76-1.94) 

0.99 

(0.62-1.60) 

Eccentric hypertrophy 11 1.49 1.42 1.02 
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(28.9%) (0.72-3.05) (0.69-2.91) (0.49-2.14) 

Concentric hypertrophy 
93 

(31.8%) 

1.80 

(1.14-2.85) 

1.78 

(1.12-2.81) 

1.37 

(0.85-2.19) 

Concentric hypertrophy      

Without 
108 

(22.8%) 
Ref. Ref. Ref. 

0.005 

With 
93 

(31.8%)  

1.48 

(1.12-1.96) 

1.51 

(1.14-1.99) 

1.37 

(1.03-1.82) 

Value of LVMi*0.1  
1.09      

(1.04-1.14) 

1.07    

(1.03-1.12) 

1.04      

(0.99-1.09) 
 

Value of RWT*10  
1.18 

(1.05-1.32) 

1.15 

(1.02-1.29) 

1.13 

(0.99-1.28) 
 

CI indicates confidence interval; HR, hazard ratio; LVMi, left ventricular mass index; RWT, left ventricular relative 

wall thickness; Ref, reference; Model 1 was unadjusted; Model 2 was adjusted by age and gender; and Model 3 was 

adjusted by age, gender, body mass index, NYHA classification, diabetes mellitus, hyperlipidemia, smoking, heart 

rate, systolic blood pressure, diastolic blood pressure, serum creatinine, haemoglobin levels, and use of ACEI or 

ARB. 
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Table 4. Analysis for left ventricular geometry based on LVMi and/or RWT on hospitalization for heart failure 

Classification 
Event 

No. (%) 

Model 1 Model 2 Model 3 
Log-rank P 

value 
HR 

(95% CI) 

HR 

(95% CI) 

HR 

(95% CI) 
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LVMi      

Normal 
63 

(14.5%) 
Ref. Ref. Ref. 

0.001 

Increased 
79 

(23.9%)   

1.72 

(1.24-2.40) 

1.72 

(1.23-2.39) 

1.51 

(1.07-2.14) 

RWT      

Normal 
24 

(15.9%) 
Ref. Ref. Ref. 

0.183 

Increased 
118 

(19.2%)  

1.35 

(0.87-2.09) 

1.33 

(0.86-2.06) 

1.15 

(0.73-1.79) 

Left ventricular geometry      

Normal geometry 
15 

(13.3%) 
Ref. Ref. Ref. 

0.011 

Concentric remodeling 
48 

(14.9%) 

1.25 

(0.70-2.23) 

1.21 

(0.68-2.17) 

0.96 

(0.53-1.74) 

Eccentric hypertrophy 
9 

(23.7%) 

1.85 

(0.81-4.23) 

1.76 

(0.77-4.03) 

1.20 

(0.51-2.81) 

Concentric hypertrophy 
70 

(24.0%) 

2.05 

(1.18-3.59) 

2.01 

(1.15-3.52) 

1.51 

(0.85-2.68) 

Concentric hypertrophy      

Without 
72 

(15.2%) 
Ref. Ref. Ref. 0.002 
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With 
70 

(24.0%) 

1.66 

(1.20-2.31) 

1.67 

(1.20-2.32) 

1.51 

(1.07-2.12) 

Value of LVMi*0.1  
1.10     

(1.05-1.16) 

1.10 

(1.04-1.16) 

1.07 

(1.01-1.13) 
 

Value of RWT*10  
1.18     

(1.03-1.35) 

1.16 

(1.01-1.34) 

1.19 

(1.02-1.39) 
 

CI indicates confidence interval; HR, hazard ratio; LVMi, left ventricular mass index; RWT, left ventricular relative 

wall thickness; Ref, reference; Model 1 was unadjusted; Model 2 was adjusted by age and gender; and Model 3 was 

adjusted by age, gender, body mass index, NYHA classification, diabetes mellitus, hyperlipidemia, smoking, heart 

rate, systolic blood pressure, diastolic blood pressure, serum creatinine, haemoglobin levels, and use of ACEI or 

ARB. 
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Table 5. Analysis for left ventricular geometry based on LVMi and/or RWT on cardiovascular death 

Classification 
Event 

No. (%) 

Model 1 Model 2 Model 3 
Log-rank 

P value 
HR 

(95% CI) 

HR 

(95% CI) 

HR 

(95% CI) 

LVMi      

Normal 
43 

(9.9%) 
Ref. Ref. Ref. 

0.245 

Increased 
42 

(12.7%)   

1.29 

(0.84-1.97) 

1.34 

(0.87-2.05) 

1.27 

(0.82-1.98) 

RWT      
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Normal 
13 

(8.6%) 
Ref. Ref. Ref. 

0.161 

Increased 
72 

(11.7%)   

1.52 

(0.84-2.75) 

1.51 

(0.83-2.73) 

1.43 

(0.79-2.62) 

Left ventricular geometry      

Normal geometry 
10 

(8.8%) 
Ref. Ref. Ref. 

0.384 

Concentric remodeling 
33 

(10.2%) 

1.32 

(0.65-2.69) 

1.28 

(0.63-2.60) 

1.21 

(0.59-2.49) 

Eccentric hypertrophy 
3 

(7.9%) 

0.92 

(0.25-3.36) 

0.92 

(0.25-3.34) 

0.84 

(0.22-3.14) 

Concentric hypertrophy 
39 

(13.4%) 

1.67 

(0.84-3.36) 

1.70 

(0.85-3.42) 

1.56 

(0.76-3.19) 

Concentric hypertrophy     

Without 
46 

(9.7%) 
Ref. Ref. Ref. 

0.128 

With 
39 

(13.4%) 

1.39 

(0.91-2.13) 

1.45 

(0.94-2.22) 

1.38 

(0.89-2.15) 

Value of LVMi * 0.1  
1.08      

(1.01-1.16) 

1.05    

(0.98-1.13) 

1.02     

(0.95-1.09) 
 

Value of RWT * 10  
1.22      

(1.02-1.46) 

1.17    

(0.98-1.40) 

1.10      

(0.93-1.31) 
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CI indicates confidence interval; HR, hazard ratio; LVMi, left ventricular mass index; RWT, left ventricular relative 

wall thickness; Ref, reference; Model 1 was unadjusted; Model 2 was adjusted by age and gender; and Model 3 was 

adjusted by age, gender, body mass index, NYHA classification, diabetes mellitus, hyperlipidemia, smoking, heart 

rate, systolic blood pressure, diastolic blood pressure, serum creatinine, haemoglobin levels, and use of ACEI or 

ARB. 
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Table 7. Concentric hypertrophy improves the predictive ability of H2FPEF 

 
C-index 

Time 
AUC NRI IDI 

Value P value Value Value P value Value P value 

Primary outcome 

H2FPEF 

(Ref.) 

0.550 

(0.483-0.616) 
0.144 

1-year 
0.560 

(0.462-0.658) 
    

3-year 
0.550 

(0.464-0.636) 
    

5-year 
0.565 

(0.442-0.688) 
    

Modified 

H2FPEF 

0.631 

(0.567-0.695) 
< 0.001 

1-year 
0.647 

(0.551-0.744) 

0.246 

(0.076-0.413) 
0.008 

0.028 

(0.004-0.073) 
0.010 

3-year 
0.663 

(0.576-0.749) 

0.296 

(0.137-0.442) 
0.006 

0.056 

(0.013-0.129) 
0.002 

5-year 
0.544 

(0.420-0.669) 

0.029 

(-0.319-0.29) 
0.795 

0.008 

(-0.071-0.09) 
0.767 
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Heart failure hospitalization 

H2FPEF 

(Ref.) 

0.560 

(0.487-0.633) 
0.106 

1-year 
0.568 

(0.470-0.666) 
    

3-year 
0.566 

(0.474-0.659) 
    

5-year 
0.546 

(0.415-0.677) 
    

Modified 

H2FPEF 

0.647 

(0.579-0.716) 
< 0.001 

1-year 
0.684 

(0.591-0.776) 

0.303 

(0.114-0.471) 
0.004 

0.031 

(0.005-0.086) 
0.012 

3-year 
0.683 

(0.591-0.775) 

0.313 

(0.143-0.467) 
0.004 

0.051 

(0.009-0.124) 
0.004 

5-year 
0.538 

(0.402-0.674) 

0.039 

(-0.249-0.30) 
0.749 

0.010 

(-0.039-0.086) 
0.709 

AUC indicates the area under the receiver operating characteristic curve; C-index, concordance index; IDI, integrated 

discrimination improvement; NRI, net reclassification improvement; Ref, reference. 
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Table 9. The prediction models constructed by Cox regression and machine learning 

Methods 
C-index 

(95% CI) 

AUC (95% CI) 

1-year 3-year 5-year 

Cox 

regression 

Model 

construction  

0.714 

(0.677-0.752) 

0.718 

(0.661-0.774) 

0.761 

(0.715-0.807) 

0.816 

(0.766-0.866) 

Bootstrap 0.702 0.725 0.767 0.822 
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resamples (0.664-0.738) (0.666-0.781) (0.722-0.811) (0.771-0.868) 

CoxBoost 

Training set 
0.711 

(0.670-0.752) 

0.722 

(0.663-0.781)  

0.756 

(0.705-0.808) 

0.810 

(0.755-0.865) 

Test set 
0.723 

(0.622-0.824) 

0.700 

(0.516-0.884) 

0.750 

(0.635-0.865) 

0.827 

(0.691-0.964) 

plsRcox 

Training set 
0.711 

(0.671-0.751) 

0.726 

(0.667-0.785) 

0.756 

(0.705-0.808) 

0.802 

(0.745-0.858) 

Test set 
0.737 

(0.637-0.837) 

0.731 

(0.553-0.909) 

0.771 

(0.658-0.884) 

0.841 

(0.709-0.973) 

RSF  

Training set 
0.823 

(0.795-0.851) 

0.854 

(0.814-0.894) 

0.880 

(0.845-0.914) 

0.900 

(0.858-0.941) 

Test set 
0.738 

(0.639-0.836) 

0.760 

(0.593-0.927) 

0.768 

(0.658-0.878) 

0.821 

(0.675-0.966) 

SVM 

Training set 
0.688 

(0.648-0.729) 

0.715 

(0.654-0.775) 

0.730 

(0.679-0.780) 

0.764 

(0.701-0.827) 

Test set 
0.720 

(0.615-0.824) 

0.687 

(0.495-0.879) 

0.767 

(0.657-0.878) 

0.815 

(0.666-0.964) 

XGBoost 

Training set 
0.728 

(0.692-0.765) 

0.740 

(0.685-0.795) 

0.771 

(0.722-0.819) 

0.831 

(0.777-0.885) 

Test set 
0.731 

(0.630-0.832) 

0.772 

(0.604-0.940) 

0.748 

(0.631-0.864) 

0.816 

(0.668-0.965) 

AUC indicates the area under the receiver operating characteristic curve; C-index, concordance index; CI, 
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confidence interval; RSF, random survival forest; SVM, support vector machine. 

 806 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryMaterial1.docx

https://assets-eu.researchsquare.com/files/rs-10718477/v1/0fa84481fc7a49d372275169.docx

