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of medical care

= Reduction of morbidity and mortality

= Improved teaching tools

Faster and more cost-effective research
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Predicted benefits for society

= Support decision making

Standardization and individualization
of medical care

Flattening the Curve for COVID-19

= Reduction of morbidity and mortality P

LOW MORTALITY RATE
B HEALTH GARE SYSTEM CAPAGITY

= Improved teaching tools

DAILY CASES

Faster and more cost-effective research

Moran et al. “The future of pandemic modeling in support of decision making: lessons learned from COVID-19“ BMC Global and Public Health 2025,3:24
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Predicted benefits for society

= Support decision making

Standardization and individualization
of medical care

= Reduction of morbidity and mortality

= Improved teaching tools

Faster and more cost-effective research
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Predicted benefits for society

Prodcied optimy Companzon wih

Computasonal model Induced arrhythmia ablaton site chrical atdatizn

University of
Utah case

= Support decision making

= Standardization and individualization ; ' . % ,
of medical care i gq v ‘ ‘
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= Reduction of morbidity and mortality W torrwres  Scar B Grey zove B Ao et
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= Improved teaching tools Recnitng [

Comparing Pulmonary Vein Isolation to Pulmonary Vein Isolation + OPTIMA
Ablation in Patients Undergoing Ablation for Atrial Fibrillation (OPTIMA)

Faster and more cost-effective research

ClinicalTrials.gov ID o NCT04101539
Sponsor 0 Johns Hopkins University
Information provided by ® Johns Hopkins University (Responsible Party)

Last Update Posted @ 2024-09-20
clinicaltrials.gov

Prakosa et al. ,, Personalized virtual-heart technology for guiding the ablation of infarct-related ventricular tachycardia “, Nature Biomedical Engineering 2028;10:732
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Predicted benefits for society

= Support decision making

Standardization and individualization
of medical care

= Reduction of morbidity and mortality

= Improved teaching tools

Faster and more cost-effective research

Proniewska et al. , Three-Dimensional Representation of Atrial Anatomy and Electrophysiology Enhanced by Mixed Reality”, Computing in Cardiology 2024;51
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How did we get there?

1990s: Physiome Project
“Developing a comprehensive understanding of a healthy human”

2000s: Virtual Physiological Human
Shift from a singular model of ‘the human’ to disease-specific models

2010s: Personalized models, variability within cohorts
2020s: Digital twin, artificial intelligence

Shared bottleneck: “big data but small data paradox”
reliable and relatable high-quality data (as opposed to sheer data quantity)
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How did we get there?

1990s: Physiome Project
“Developing a comprehensive understanding of a healthy human”

2000s: Virtual Physiological Human
Shift from a singular model of ‘the human’ to disease-specific models

2010s: Personalized models, variability within cohorts
2020s: Digital twin, artificial intelligence

Shared bottleneck: “big data but small data paradox”
reliable and relatable high-quality data (as opposed to sheer data quantity)

Physiome
Project
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Building the Virtual Physiclegical Human

European Virtual Human Twins

virtualhumantwins.eu
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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

Biological Level

Model
Representation

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
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Multi-scale system modeling of cardiac electrophysiology
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Computer modeling & simulation

Controlled and resource-efficient 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

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
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The digital twin visic~__ | =

DSL Vorhofflimmem

Deutsche Herzstiftung

Corral-Acero et al., "The 'Digital Twin' to enable the vision of precision cardiology”, Eur Heart J 2020;41:4556-4564
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The digital twin vision

Prediction
Risk stratification
Decision support
Therapy planning

Physical twin
Funcliona dala

s

Loewe et al. “Cardiac Digital Twin Modeling“ in ,Innovative Treatment Strategies for Clinical Electrophysiology“ 2022
20 23/09/25 Axel Loewe - Computational Modelling and Simulation of Cardiac Function Now and Then ﬂ(IT



Ensemble simulation spaces
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Ensemble simulation spaces

anatomical
envelope

Personalized
Medicine

<\ 24

DSL Vorhofflimmem

EaaniiaiaRAERRRENE
functional
envelope

intervention g ° .0
envelope e
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

AT

e




Ensemble simulation spaces
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Which personalized atrial fibrillation ctsdtieches Kl )
ablation strategy is optimal? o [\ arisrune = e
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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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Ensemble simulation spaces
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Ensemble simulation spaces
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Scaling up from 29 to 800 virtual patients

UNIVERSITY OF

OXFORD
800 virtual AF after PVI
. Vernakalant
AF patients > Antiarrhythmic drug
+ treatment -
Amiodarone

522 virtual patients
with AF after PVI

.|~ i Digoxinor :
— | Catheter ablation |- ’E amiodarone *

v v v

CAPLA NCT05085912 Marshall-Plan || MiLine Study ERASE AF & STABLE SR I
PVI + PWI PVI+PWI+MIx=CTI|| PVI+Dome+MI+CTI || PVI+MiLinexCTI PVI + Ablation of LVA
(posterior wall (PWIl+mitral isthmus line (Dome +mitral |} (Anterior mitral line = (Ablation of low voltage areas
isolation) plus/without CTI) isthmus line + CTI) || cavo-tricuspid isthmus) in the left and right atrium)

Dome

Dasi et al., "in-Silico TRials Guide Optimal Stratification of ATrlal Flbrillation Patients to Catheter Ablation vs Pharmacological medicaTION: The i-STRATIFICATION Study”,

Europace 2024;6:euae150
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Scaling up from 29 to 800 virtual patients
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Reductionism vs. integrationism

“The wise man walks from the village to the top
of the nearby mountain and, after a brief and
peaceful rest, strides back to the village. There
he stays for a short while, before he returns to
the mountain, and so on.

Asked why he does this, he replies that he wants
to understand his people. But when he dwells
inside the village, he can’t see the whole of it,
and when he 1s on the summait, he 1s out of touch
with the villagers. So he continues his
pilgrimage for eternity.”
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Mechanistic vs. data-driven modeling
A new dichotomy?

= CLINICAL DATA -
e v,
& N OO “Ww
Mobile Omics Clinical Clinical & Medical
health reports experimental images PHENOMENA
monitor recordings OBSERVATION

' 4
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Train ny Revise
Optimise f(rﬂ‘.'.
MODEL
! ! CREATION
Validate Test

‘ ’ . \.I

(al1) Provide better clinical () Automatically extract known .Io\.
y e Y parameters or (b2) find new metrics from
interpretability and (a2) make predictions .
hidden patterns in the data. KNOWLEDGE
. - GENERATION
tripsavvy.com westend61.de

Corral-Acero et al., "The 'Digital Twin' to enable the vision of precision cardiology”, Eur Heart J 2020;41:4556-4564
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Open and interoperable ecosystems

Tools & data
« Standardization (e.g. CellML)

* Findable, accessible, interoperable and reusable (FAIR) and open publication
of data, metadata and code

* Reliable and relatable data vs. pure quantity important to go
from village to mountain view

Challenges

« Lack of proper incentive and recognition systems
(despite commendable efforts to reform research assessment, like DORA and CoARA)

» Disconnect between project funding cycles and expectations for sustained
software development

Open Science: collaboration, transparency, and shared resources
-> reproducibility, efficiency and fewer redundant efforts

Communities: EDITH / VPH / HARMONY / openCARP, PhysioNet

Synthesis Lectures on Biomedical Engineering S;?LE§TIYO§JIEEOSLOI§

Marco Viceconti - Luca Emili Editors

OPEN ACCESS |

AT



= O lileitech / Awesome-Cardiac-Digital-Twins Q Type [/)to se:

c |
o m m u n Ity reso u rces <> Code () Issues I Pullrequests 1 ® Actions [ Projects () Security |~ Insights

@ Awesome-Cardiac-Digital-Twins Pusic @ Watch 3 ~

¥ main ~ ¥ 1Branch 0 Tags Q Goto file t Add file ~

lileitech add stuff recommended by Henrik Finsberg €5101¢3 - 2 months ago ) 32 Commits

{CANCR0Q5  frogram = Auors = com |
| - D .DS_Store . 10 months ago

FAQ CinC25 Social Media

~ D README.md add stuff recommended by Henrik Finsberg 2 months ago
Sao Paulo
0 README 7 =
Tuesday, September 16th Awesome Cardiac Digital Twins
0pen Software and TOOIS for Dlgital TWinS Of the Hea rt (223) This is a curated repository of awesome Cardiac Digital Twin resources, Research and industry leverage cardiac
digital twins to simulate and predict individualized responses to interventions, aid in diagnosis and treatment
@ 8:30 AM - 9:00 AM planning, optimize therapy strategies, and personalize patient care.

‘Welcome to any contribute to make the resources more complehensive for beginner!
Q@ Turquesa 6 Room: Pampa

Description

(
Authors: Blanca Rodriguez; Rodrigo Weber dos Santos A Question & »

Newsletter &

User Meetings 38

More modeling resources e

Share experiments [§
This is a collection of potentially useful modeling resources provided by the openCARP user community. If you ha
contribute, please let us know by filling this form =, If you have questions regarding the resources, please refer to
described in the linked pages. If you have questions regarding the use of these resources in openCARF, please us  Issue tracker !

Modeling resources &

Question2Answer system Contributing &
Resource categories: Contributor Agreement &
Contributors &
* Meshes
Code of Conduct 1@y

» Mesh generation tools

+ Model augmentation tools

= Experimental & clinical data analysis

www.openCARP.org
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The road ahead

Advancing modeling methodology

* Multi-physics (electrophysiology, mechanics, fluid, growth, perfusion,
metabolism) incl. energetic consistency

* Multi-scale (including subcellular)
» Digital twins: parameter calibration, uncertainty quantification
* Exploiting generative Al and foundation models

* Non-canonical interactions of signals, cells and organs
(e.g. immunocardiology)

 More complete and comprehensive models
< simplification and abstraction for enabling mechanistic
insight in knowledge-generating research

Non-technical aspects

» Model validation for additional contexts of use

« Big data but small data (curation, annotation, FAIR & open)

» Ever-growing requirements on the training of researchers (larger labs or intensified collaboration?)
» Communication across disciplines: translation needs translators!

AT



Computer modeling & simulation

Many routes to impact!

Controlled and resource-efficient
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
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