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Dear Editor,

Drug development stands at a crossroads. Traditional 
animal testing for cardiac safety faces growing scientific 
and ethical challenges, while computational alternatives 
are demonstrating valuable predictive capabilities. Car-
diomyocyte computational models, rooted in concepts 
developed over 6 decades ago, now represent a mature 
and viable approach for pharmaceutical research, par-
ticularly when integrated with modern experimental 
platforms. This letter reviews the application of cardiac 
electrophysiology models in drug safety evaluation, a 
field where they offer transformative potential. We focus 
specifically on cardiac electrical activity relevant to drug 
safety, leaving the equally important domain of cardiac 
mechanics for future discussion.

From foundational equations to mechanistic 
understanding
The mathematical modeling of cardiomyocytes traces 
its lineage to the seminal Hodgkin-Huxley equations, 
adapted for cardiac cells by Noble in 1962. This pio-
neering work demonstrated that complex physiologi-
cal behaviors could be captured through mathematical 

formalisms, giving rise to computational physiology as 
a legitimate scientific discipline. What began as a theo-
retical exercise has evolved into a practical tool with real-
world applications.

The subsequent evolution of these models exemplifies 
the power of iterative collaboration between experimen-
talists and computational scientists. A representative case 
is the development of the human ventricular ToR-ORd 
model [1], a next-generation human ventricular myocyte 
model that builds upon the widely used ORd framework. 
The ToR-ORd model was created to resolve key incon-
sistencies between the ORd model and experimental 
human data, such as an excessively high action-potential 
plateau, unrealistic calcium-transient kinetics, and incor-
rect inotropic responses to sodium-channel blockade. To 
address these issues, the ToR-ORd model reformulated 
critical ionic currents, most notably the L-type calcium 
and rapid delayed-rectifier potassium currents, using 
biophysically consistent equations and human-specific 
datasets. Through a rigorously separated process of 
model calibration and independent validation, the ToR-
ORd model reproduced human ventricular electrophysi-
ology and calcium-handling dynamics with markedly 
improved quantitative accuracy across healthy, diseased, 
and drug-block conditions. It accurately predicted exper-
imentally observed phenomena such as the negative 
inotropic effect of sodium blockers, early after-depolari-
zations under human ether-a-go-go-related gene (hERG) 
block, and physiological electrocardiogram (ECG) wave-
forms at the whole-heart level. This example illustrates 
how sustained experimental-computational feedback not 
only increases model fidelity but also expands predictive 
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capacity. Modern simulations now incorporate intricate 
details of ion channels, transporters, and calcium han-
dling dynamics, capturing differences across species, 
developmental stages, and disease states with remarkable 
fidelity. Critically, model development requires extensive 
experimental data to inform parameters and mathemati-
cal equations, while model predictions must be validated 
against experimental observations for each specific appli-
cation. These models serve multiple purposes: testing 
mechanistic hypotheses, predicting responses to novel 
conditions, identifying therapeutic targets, and guiding 
experimental design, always through close partnership 
with experimental validation.

Computational platforms for drug safety 
assessment
To harness these capabilities, several software platforms 
have emerged. The Virtual Assay software developed at 
the University of Oxford [2] represents significant pro-
gress in translating cardiomyocyte computational models 
to practical drug safety assessment. Additionally, open-
source platforms such as openCARP and MonoAlg3D, 
as well as community-driven initiatives like the Virtual 
Physiological Human Project, provide valuable frame-
works for cardiac modeling more broadly, supporting 
reproducibility and collaborative research across diverse 
applications beyond drug safety testing.

These computational platforms address fundamental 
limitations of traditional preclinical testing approaches. 
Simulations using computational models offer sev-
eral distinctive advantages over conventional animal 
studies, especially when combined with human-based 
in vitro technologies. First, they eliminate species trans-
lation barriers by directly incorporating human-specific 
ion channel kinetics and cellular electrophysiology, 
avoiding the extrapolation uncertainties inherent in 
animal-to-human translation. Second, these platforms 
enable population-scale simulations, running hundreds 
to thousands of virtual cells with diverse electrophysi-
ological phenotypes to reveal how drug effects distrib-
ute across genetically varied populations, a capability 
beyond the reach of traditional animal experiments. 
Third, computational approaches provide mechanis-
tic transparency, decomposing the causal chain from 
drug-channel interactions through cellular responses 
to tissue-level effects, offering insights into why certain 
responses occur rather than simply whether they occur. 
Fourth, these methods achieve substantial improve-
ments in speed and resource efficiency compared with 
animal studies, enabling rapid iteration during drug 
development. Finally, computational models align 
with evolving regulatory frameworks that increasingly 
recognize alternatives to animal testing, particularly 

as initiatives like the U.S. Food and Drug Administra-
tion (FDA) Modernization Act 2.0 and comprehensive 
in vitro proarrhythmia assay (CiPA) initiative.

These advantages position computational models as 
valuable complements to experimental approaches, 
offering capabilities that traditional methods can-
not easily replicate while requiring careful validation 
against clinical observations.

From virtual assays to in silico clinical trials
The concept of in silico clinical trials extends compu-
tational modeling to population-level predictions [3]. 
These virtual studies simulate entire patient cohorts 
with realistic variability in drug responses. Unlike tra-
ditional trials that recruit specific populations, com-
putational studies explore diverse scenarios, including 
rare genetic variants and extreme dosing conditions. 
This permits ethical exploration of dangerous circum-
stances such as severe overdoses or multi-drug interac-
tions that would be unacceptable in human trials. Such 
capabilities optimize trial designs before recruiting a 
single patient.

Regulatory landscapes increasingly recognize com-
putational evidence as they prioritise human-based 
technologies. As a precursor of the FDA’s moderniza-
tion act 2.0, the FDA’s CiPA initiative formally incorpo-
rated human-based computational modeling and in vitro 
methods into cardiac safety assessment frameworks [4]. 
This represents a significant shift in how regulatory agen-
cies evaluate drug safety. The pharmaceutical industry 
has responded accordingly, with computer modeling and 
simulation forming an integral part of drug discovery 
and development processes [5], illustrating how in silico 
methods are increasingly embedded within pharmaceu-
tical workflows. Other major companies, such as Roche 
and Novartis, have also established dedicated computa-
tional modeling divisions that integrate mechanistic sim-
ulations into preclinical safety evaluation and compound 
optimization. Beyond traditional pharmaceutical organi-
zations, emerging technology enterprises such as Heart-
Flow, InsilicoTrials, ELEM Biotech, or Numericor are 
demonstrating how large-scale computational modeling 
and data-driven methodologies can markedly accelerate 
the development of medical therapies, refine or replace 
animal testing, and enhance the predictive assessment of 
medical product safety. The FDA now accepts modeling 
data as supporting evidence for drug approvals when 
combined with traditional experimental validation [6]. 
These collective efforts underscore a growing recognition 
that in silico modeling is not merely a supportive tool, 
but a strategic driver of innovation and efficiency across 
the drug development pipeline.
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The artificial intelligence (AI) frontier: 
from machine learning to autonomous model 
construction
The convergence of AI with computational physiology 
promises to accelerate progress further. Machine learning 
algorithms identify complex patterns in large datasets, 
revealing drug-safety relationships invisible to conven-
tional analysis. For instance, deep learning approaches 
have shown promise in predicting drug-induced arrhyth-
mia directly from action potential recordings of human 
induced pluripotent stem cell (iPSC)-derived cardio-
myocytes, achieving accurate risk stratification while 
discerning how patient genetics influence drug response 
[7]. Another study used Gaussian process classification 
integrated with whole-heart simulations to identify the 
boundary between safe and arrhythmic drug concentra-
tions, correctly classifying 22 common drugs based on 
their effects on rapid delayed rectifier potassium and 
L-type calcium currents [8]. Beyond prediction, large 
language models are beginning to assist in literature syn-
thesis, hypothesis generation, and parameter optimiza-
tion, streamlining the model development process.

Most remarkably, systems like CellForge demonstrate 
how AI agents can autonomously construct and optimize 
computational cell models directly from experimental 
data and research objectives [9]. This represents a future 
where model creation becomes automated, vastly accel-
erating our ability to generate predictive digital twins of 
human cells.

Toward personalized and mechanistic drug 
development
Cardiomyocyte computational models represent a funda-
mental shift toward a mechanistic understanding of drug 
action on cardiac electrophysiology. However, their pre-
dictive power depends critically on high-quality experi-
mental data. The development and validation of models 
for diverse populations, including pediatric patients and 
individuals with genetic cardiomyopathies, requires 
experimental platforms that can provide relevant physi-
ological measurements. Engineered heart tissues (EHTs), 
built from human pluripotent stem cell-derived car-
diomyocytes [10], have emerged as particularly valuable 
tools in this context. Unlike animal models, EHTs can be 
generated from patient-specific cells carrying disease-
relevant genetic variants, providing human-relevant data 
that directly inform model parameters and enable valida-
tion of computational predictions across different genetic 
backgrounds and disease states.

This experimental-computational partnership creates 
a powerful cycle of refinement. EHTs platforms generate 
detailed measurements of ion channel function, action 

potential morphology, and calcium handling under 
controlled conditions, data that computational mod-
els require for accurate parameterization. Conversely, 
computational models can predict which experimental 
measurements would be most informative, guiding effi-
cient use of EHTs resources. Through this iterative pro-
cess, models gain the mechanistic foundation needed for 
principled extrapolation across developmental stages and 
pathological conditions.

The translational potential of this approach is substan-
tial. Models validated against EHTs data from healthy 
cardiomyocytes and those carrying disease-associated 
mutations can predict drug responses in patient popu-
lations that would be difficult or impossible to study 
directly. This capability addresses critical gaps in current 
drug development, where pediatric patients and individ-
uals with rare genetic conditions are often excluded from 
clinical trials. Looking forward, this integrated frame-
work could enable truly personalized medicine, where a 
patient’s genetic information and physiological measure-
ments inform model parameters to predict both drug 
efficacy and safety before treatment begins, transforming 
how we approach cardiac pharmacotherapy.

Conclusions
The future of drug development and safety testing lies 
not in laboratory dishes alone, but in sophisticated inte-
gration of computational platforms with cutting-edge 
experimental methods like EHTs. The evidence for this 
integrated approach is strong, and regulatory acceptance 
continues to grow through initiatives like CiPA. Compu-
tational models offer distinctive advantages in addressing 
the limitations of traditional animal testing: providing 
human-relevant predictions, population-scale insights, 
mechanistic understanding, and alignment with evolving 
ethical standards.

We call on researchers, pharmaceutical developers, 
and regulatory agencies to champion interdisciplinary 
collaborations that leverage computational cardiomyo-
cyte models alongside experimental validation. The 
widespread adoption of these integrated computational-
experimental approaches is not merely an opportunity 
but essential for building a safer, more efficient, and more 
humane drug development pipeline.
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