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The heart as a multi-scale system
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How can math help?
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Multi-scale system modeling of cardiac electrophysiology
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Loewe et al. “Computational modelling of biological systems now and then: revisiting tools and visions from the beginning of the century“ PTRSA 2025;383:20230384



Multi-scale system modeling of cardiac electrophysiology
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Loewe et al. “Computational modelling of biological systems now and then: revisiting tools and visions from the beginning of the century“ PTRSA 2025;383:20230384



Computer modeling & simulation
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Loewe et al. “Computational modelling of biological systems now and then: revisiting tools and visions from the beginning of the century“ PTRSA 2025;383:20230384

Controlled research environment

▪ to understand fundamental physiology and 

pathomechanisms

▪ to evaluate diagnostic and therapeutic approaches (in 

silico studies)

▪ to optimize device design

Personalised medicine through digital twins



Kate Miller
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Atrial
Fibrillation

Azzolin et al., „Personalized ablation vs. conventional ablation strategies to terminate atrial fibrillation and prevent recurrence“, Europace 2023;25:211-22
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Computer modeling & simulation
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Loewe et al. “Computational modelling of biological systems now and then: revisiting tools and visions from the beginning of the century“ PTRSA 2025;383:20230384

Controlled research environment

▪ to understand fundamental physiology and 

pathomechanisms

▪ to evaluate diagnostic and therapeutic approaches (in 

silico studies)

▪ to optimize device design

Personalised medicine through digital twins

Scalable research environment to generate big, quality-

controlled dataset for machine learning



Will pulmonary vein isolation
be sucessful?
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Luongo et al., "Machine learning enables noninvasive prediction of atrial fibrillation driver location and acute PVI success using the 12-lead ECG", J Cardiovasc Digital Health 2021;2:126-136
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Multi-scale system modeling of cardiac electrophysiology
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Loewe et al. “Computational modelling of biological systems now and then: revisiting tools and visions from the beginning of the century“ PTRSA 2025;383:20230384



ECG simulations
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Atrial fibrillation ECGElectric potentials

on the body surface

> 1000 simulated atrial fibrillation episodes

Luongo et al., "Machine learning enables noninvasive prediction of atrial fibrillation driver location and acute PVI success using the 12-lead ECG", J Cardiovasc Digital Health 2021;2:126-136
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Machine learning
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Training phase Test phase

46 patients:

82.6% specificity

73.9% sensitivity

93.5% consistency

Simulated

ECGs

AI algorithm AI algorithm
Prediction/

Ground Truth Prediction

Measured

ECGs
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Luongo et al., "Machine learning enables noninvasive prediction of atrial fibrillation driver location and acute PVI success using the 12-lead ECG", J Cardiovasc Digital Health 2021;2:126-136
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The openCARP ecosystem

openCARP: C++ cardiac electrophysiology 

simulator, free for academic, non-commercial use. 

Simulations from ion channel to organ level.

carputils: Python framework to develop complex 

simulation pipelines, i.e. to automate in silico 

experiments including all modeling and simulation 

steps.
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Plank et al. „The openCARP Simulation Environment for Cardiac Electrophysiology“. Computer Methods and Programs in Biomedicine 2021;208:106223



Global architecture of the openCARP simulation platform
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Plank et al. „The openCARP Simulation Environment for Cardiac Electrophysiology“ Computer Methods and Programs in Biomedicine 2021;208:106223



Examples

Mini-experiments coded up in carputils

www.openCARP.org > Documentation > Examples
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single cell simulations tissue simulations
visualization

pre- and postprocessing
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Onboarding Tutorials

Interactive Jupyter notebooks

www.openCARP.org > Getting Started > Onboarding Tutorials
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Community platform
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Contributing

Newsletter

Issue tracker

Share experiments

User & contributor meetings

Q&A forum

www.openCARP.org > Community
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Bach et al. “The openCARP CDE – Concept for and implementation of a sustainable collaborative development environment for research software”. 

Bausteine Forschungsdatenmanagement 2022;2022(1):64–84. DOI: 10.17192/bfdm.2022.1.8368.
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Infrastructure to support maintainability and sustainability

Collaborative development environment based on Gitlab, automated integration and 

delivery.

Maintainability: version control, code review, automated testing, automated 

benchmarking, automated generation of packages, documentation & website content.

Sustainability: automated long-term preservation and citable publishing of software 

releases along with relevant metadata on persistent research data repository.
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Bach et al. “The openCARP CDE – Concept for and implementation of a sustainable collaborative development environment for research software”. 

Bausteine Forschungsdatenmanagement 2022;2022(1):64–84. DOI: 10.17192/bfdm.2022.1.8368.



Findable: Software, and its associated metadata, is 

easy for both humans and machines to find.

Accessible: Software, and its metadata, is retrievable 

via standardised protocols.

Interoperable: Software interoperates with other 

software by exchanging data and/or metadata, 

and/or through interaction via application 

programming interfaces (APIs), described through 

standards.

Reusable: Software is both usable (can be executed) 

and reusable (can be understood, modified, built 

upon, or incorporated into other software).
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The FAIR4RS Principles
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Chue Hong et al. “FAIR Principles for Research Software (FAIR4RS Principles)”. 2022. DOI:10.15497/RDA00068



FACILE-RS: Automated Metadata Conversion and Software 
Publication Based on CodeMeta

Publishing software according to the FAIR Principles for 

Research Software (FAIR4RS) increases transparency, 

reproducibility, and reusability of research.

Adopting the FAIR4RS principles requires substantial effort from 

developers, including:

▪ maintaining software metadata in several standard formats 

(DataCite, Citation File Format (CFF), CodeMeta, …),

▪ assigning each software version a unique persistent identifier.

FACILE-RS allows to generate various metadata formats from 

CodeMeta metadata and to publish software on reputable 

research data repositories in an automated way.
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Houillon et al. “FACILE-RS: archival and long-term preservation of research software repositories made easy”. JOSS 2025; accepted



FACILE-RS: Findability and Accessibility through Continuous 
Integration with Less Effort for Research Software
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Houillon et al. “FACILE-RS: archival and long-term preservation of research software repositories made easy”. JOSS 2025; accepted

https://git.opencarp.org/openCARP/FACILE-RS
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Summary

Lessons learned

• Collaboration makes many things 

easier but some also more complex

• Fostering a user community is effort 

worthwhile

• Automating routine tasks makes life 

easier but also these need to be 

maintained

• Positive: increasing awareness for 

software as research infrastructure 

Open challenges

• Uptake of best practices can be 

sluggish

• Maintaining know-how in teams with 

very few permanent members

• Legal and fiscal sponsorship

• Scaling support to a growing user base

• Tracking usage

• Maintaining “smaller” software
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Lessons learned Open challenges
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