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Right ventricular (RV) size and function are established predictors of mortality in pulmonary 

arterial hypertension (PAH). The left and right ventricles (LV and RV) interact closely through 

shared septal and pericardial mechanics, and LV functional impairment, including strain reduction, 

has been linked to worse outcomes.1 Traditional volumetric indices, however, incompletely 

characterize complex geometric remodeling. Shape alterations—subtle and regionally 

heterogeneous—may provide additional prognostic information. We integrated patient-specific 

digital twin models derived from cardiovascular magnetic resonance (CMR) with atlas-based 

analysis to investigate 3D biventricular shape features in relation to remodeling, PAH subtypes, 

and adverse events in PAH. 

We studied 322 patients with PAH from three registries (ASPIRE,2 INITIATE,3 West 

China Hospital4). Patients were classified as compensated (mean right atrial pressure [RAP] <10 

mmHg) or decompensated (RAP ≥10 mmHg). Risk was stratified using the REVEAL score. The 

primary endpoint was all-cause mortality. The North Sheffield Research Ethics Committee, the 

SingHealth Centralised Institutional Review Board, and the Ethics Committee of West China 

Hospital approved the study protocol. Informed consent was obtained from participants enrolled 

in the INITIATE registry and West China Hospital, while consent was waived for anonymized 

retrospective data from the ASPIRE registry. CMR was performed on 1.5T or 3T scanners from 

multiple vendors according to a standardized protocol. 

AI-based segmentation of the LV and RV endocardial and epicardial borders was 

performed at end-diastole and end-systole using MASS software. Valve and apical landmarks were 

derived from standard long-axis views, and the RV free wall and septum were separated at 

insertion points. Contours were converted to 3D coordinates using DICOM information. A 

biventricular surface mesh was customized for each patient by correcting breath-hold 
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misregistration using least-squares optimization and deforming the mesh with a diffeomorphic 

registration algorithm. The resulting meshes represented LV, RV, and all four cardiac valves. Rigid 

alignment and Procrustes analysis enabled construction of a statistical atlas, and principal 

component analysis (PCA) of concatenated end-diastolic and end-systolic meshes captured both 

geometry and motion.5 Fourteen PCA modes explained 82% of population-level shape variation. 

Preservation of mesh topology ensured point-wise correspondence between end-diastolic and end-

systolic meshes, allowing calculation of myocardial surface area strain (AS) globally and 

regionally for LV and RV segments. Associations of PCA modes and surface AS with survival 

were tested using univariate and multivariable Cox regression, with Kaplan-Meier and receiver 

operating characteristic (ROC) analyses assessing prognostic and clinical utility. The incremental 

values of PCA modes to established risk scores (REVEAL) for predicting mortality were assessed 

using C-statistic. 

The PAH cohort included 134 idiopathic (IPAH), 129 associated with connective tissue 

disease (PAH-CTD), and 47 associated with congenital heart disease (PAH-CHD). Median 

REVEAL score was 8, 46% were in WHO functional class III-IV, and 32% exhibited RV 

decompensation. Analysis of 3D biventricular shape features showed that PCA modes 1 and 2 

were associated with RV decompensation, with area under the curve (AUC) values of 0.636 (95% 

confidence interval [CI], 0.580-0.691) and 0.650 (95% CI, 0.593-0.703), respectively. One-way 

ANOVA demonstrated significant differences in PCA modes 1 and 2 across PAH subtypes 

(F=10.288 and 9.819; both P<0.0001), indicating that RV shape variation differs by etiology. Post-

hoc analysis confirmed significant differences between IPAH and PAH-CTD for PCA mode 1 

(P<0.0001), between IPAH and PAH-CHD for PCA mode 2 (P<0.0001), and between PAH-CTD 
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and PAH-CHD for both PCA modes (P<0.0001). These findings suggest that PAH-CTD exhibits 

the most pronounced RV morphological deviation among the PAH subtypes. 

Both PCA modes correlated with the REVEAL score (mode 1, r=−0.17; mode 2, r=−0.33; 

P<0.05). RV basal and middle surface AS exhibited stronger negative correlations (r=−0.34 and 

−0.46; P<0.0001). Stratification by REVEAL risk categories revealed significant differences in 

PCA modes and RV AS across low-, intermediate-, and high-risk groups (all P<0.0001), with 

greater RV shape deviations and impaired strain observed in higher-risk patients. ROC analysis 

confirmed predictive ability for distinguishing intermediate/high from low-risk patients (RV 

middle AS, AUC 0.752; RV basal AS, AUC 0.743; PCA mode 2, AUC 0.691). 

During a median follow-up of 30 months (range 1-102), 70 deaths occurred. In univariate 

Cox regression, PCA modes 1 and 2 (hazard ratio [HR], 0.75 and 0.70; P=0.014 and 0.005) and 

RV basal and middle AS (HR, 0.96 and 0.97; P=0.0001) were associated with mortality. In 

multivariable Cox regression, age (P=0.007), REVEAL score (P=0.014), pulmonary vascular 

resistance (PVR, P=0.015), RV mass index (P=0.002), and combined PCA modes 1 and 2 

(P=0.040) were identified as independent predictors of mortality, after adjustment of confounders 

including myocardial tissue properties (RV mass index and RV global longitudinal strain), RV 

remodeling (RV volumes, RV ejection fraction, RV/LV volume ratio), and pulmonary 

hypertension severity (RAP, mean pulmonary artery pressure [mPAP], PVR). In sequential nested 

Cox models, the REVEAL-based model was significantly improved by the addition of combined 

PCA modes 1 and 2, increasing the C-statistic from 0.74 to 0.77 (P=0.038). Kaplan-Meier curves 

further demonstrated lower survival among patients with lower combined PCA mode scores. 
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Interpretation of PCA modes indicated complementary remodeling patterns. Mode 1 

reflected RV maladaptation, with lower values associated with RV dilation, higher RV/LV volume 

ratio, and reduced contractility—features consistent with advanced RV dysfunction. Mode 2 

captured LV-centric remodeling, with higher values correlating with preserved LV volumes, 

elongated LV shape, and better RV contractility, suggesting a more adaptive phenotype. These 

patterns help explain the differential remodeling observed across PAH subtypes: PAH-CTD 

patients demonstrated the most severe RV morphological deviations and adverse clinical outcomes, 

while IPAH and PAH-CHD showed less pronounced RV remodeling. Regional RV AS at basal 

and mid-ventricular levels further identified early mechanical dysfunction preceding overt 

volumetric changes, providing additional prognostic information. Collectively, these findings 

indicate that 3D biventricular shape features and surface strain provide complementary insights 

into PAH pathophysiology. 

In conclusion, 3D biventricular shape analysis identifies PAH subtype-specific remodeling 

and predicts RV decompensation, risk stratification, and adverse outcomes, highlighting its 

potential to improve patient-specific prognostication. 
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Figure titles and legends 

Figure 1. Digital Twin Model Identifies PAH Subtype-Specific Remodeling and Predicts 

Prognosis. (A) Study population and methodology (full analysis pipeline). (B) Key findings: 

distribution of PCA modes 1 and 2 across PAH subtypes; Kaplan-Meier survival analysis of two 

risk subgroups derived from combined PCA modes 1 and 2. CMR, cardiovascular magnetic 

resonance; PAH, pulmonary arterial hypertension; PCA, principal component analysis; PAH-CTD, 

PAH associated with connective tissue disease; PAH-CHD, PAH associated with congenital heart 

disease. 


