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Abstract
For recent decades, cardiac diseases have been the leading cause of death and morbidity worldwide. Despite significant 
achievements in their management, profound understanding of disease progression is limited. The lack of biologically relevant 
and robust preclinical disease models that truly grasp the molecular underpinnings of cardiac disease and its pathophysiol-
ogy attributes to this stagnation, as well as the insufficiency of platforms that effectively explore novel therapeutic avenues. 
The area of fundamental and translational cardiac research has therefore gained wide interest of scientists in the clinical 
field, while the landscape has rapidly evolved towards an elaborate array of research modalities, characterized by diverse and 
distinctive traits. As a consequence, current literature lacks an intelligible and complete overview aimed at clinical scientists 
that focuses on selecting the optimal platform for translational research questions. In this review, we present an elaborate over-
view of current in vitro, ex vivo, in vivo and in silico platforms that model cardiac health and disease, delineating their main 
benefits and drawbacks, innovative prospects, and foremost fields of application in the scope of clinical research incentives.
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Introduction

Cardiac disease, including heart failure, coronary heart dis-
ease, and arrhythmias, remains the leading cause of death 
worldwide, taking millions of lives each year [1]. Despite 
significant advances in treatment and prevention over the 
past few decades, the incidence of cardiac disease is still ris-
ing, and mortality and morbidity are still high [2]. Over the 
past several years, our understanding of the cardiac system 
and its myriad of pathophysiologies has greatly progressed 

as a result of preclinical modeling yet characterized by 
inherent limitations of each model.

Historically, animal models have markedly contributed 
to the present knowledge of cardiac disease by character-
izing disease mechanisms and uncovering new therapeutic 
targets [3]. However, animals show genetic and metabolic 
differences compared to humans and therefore interspecies 
extrapolation frequently results in significant pharmacoki-
netic mismatches [4]. In addition, there has been an increase 
in controversy and opposition to the use of animal models. 
This has prompted the exploration of other model types, 
ranging from simple single cell constructs towards multicel-
lular and more complex in vitro platforms, alongside other 
modalities such as ex vivo models and in silico constructs. 
While ex vivo models offer a close approximation of the 
heart’s natural structure, they are often derived from ani-
mal sources and limited by their short-term applicability. 
In silico models provide a valuable platform for computer 
simulations and predictions, but require external input based 
on real-life experimentation. Yet, in vitro models often fail 
to fully recapitulate the intricate three-dimensional (3D) 
architecture of the heart, regularly rendering them unable to 
meticulously investigate disease mechanisms and identify 

BIOMEDICAL
ENGINEERING 
SOCIETY

Associate Editor Tamer Mohamed oversaw the review of this 
article.

 * Yannick J. H. J. Taverne 
 y.j.h.j.taverne@erasmusmc.nl

1 Translational Cardiothoracic Surgery Research Lab, 
Department of Cardiothoracic Surgery, Erasmus Medical 
Center, Rotterdam, The Netherlands

2 Translational Electrophysiology Laboratory, Department 
of Cardiology, Erasmus Medical Center, Rotterdam, 
The Netherlands

3 Department of Cardiology, Erasmus Medical Center, 
Rotterdam, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s13239-023-00707-w&domain=pdf


 E. C. H. van Doorn et al.

key targets for drug development [5]. The limited ability 
of preclinical models to adequately predict the efficacy, 
safety, and toxicity of novel therapeutic agents is marked 
by a clinical trial failure rate of up to 90% [6]. Hence, there 
still is an ever-growing demand for preclinical platforms that 
accurately mimic the in vivo complexity of the heart and its 
vasculature.

To enable clinical translation, cardiac disease models 
should closely resemble human in vivo features, replicating 
disease phenotype and its underlying causality. Every model 
owns its unique set of benefits and drawbacks and not every 
research model is equally adequate for achieving a certain 
research aim [4]. Although several reviews do delineate spe-
cific sets of models, current literature lacks an elaborate and 
consistent synopsis of the full scope of contemporary plat-
forms for cardiac disease. In addition, the majority of these 
reviews tend to focus on fundamental science and scientists 
with expertise in the preclinical research field.

Therefore, the aim of this review is to present a com-
prehensive overview of currently available preclinical car-
diac disease models to clinical scientists, outlining their 
advantages and disadvantages, field of application, and 

perspectives on future advances. The guideline is accord-
ingly intended to facilitate selection of preclinical models 
that optimally suit the character of respective (clinical) 
research queries and to stimulate clinical researchers to 
investigate new preclinical modalities for cardiac research.

Cardiac Disease Models

Disease models are roughly divided into four separate cat-
egories, being in vitro models, ex vivo models, in vivo 
models and in silico models (Figure 1). Contemporary bio-
medical research is not equilibrated on the four categories 
presented here. The tendency leans towards in vitro model 
research as this field is currently most promising and inno-
vative in providing more accurate cardiac model platforms. 
Yet, the whole spectrum will be discussed from simple 
in vitro platforms towards in vivo experimentation such as 
animal studies. Overall, inherent constrains of every model 
necessitate a clear research question in order to prevent 
overfitting of the model at hand.

Fig. 1  Overview of different 
cardiac disease models, includ-
ing in vitro, ex vivo, in vivo, 
and in silico models. Image 
created in BioRender. 2D = two-
dimensional, 3D = three-dimen-
sional
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In Vitro Models

In vitro models are cell-based replicas of the human body, 
aimed at recapitulating smaller organ segments rather than 
reproducing whole living organisms. They were once 
introduced to fulfill a bipartite ambition: to better emulate 
human biology and to reduce the need for animal experi-
mentation. In vitro studies permit detailed analyses while 
being convenient and simple. However, due to their gen-
eral simplicity, in vitro models are less genuine reflections 
of the in vivo situation. In addition, more complex in vitro 
models complicate the deduction of cause-effect relation-
ships, as outcomes may be the result of more than one ele-
ment [7]. This resultant trade-off between simplicity and 
realism underlies the reason why in vitro model platforms 
frequently fail to achieve perfection in terms of disease 
modeling. In reference to serving as drug screening plat-
forms specifically, it should be noted that in vitro con-
structs, including those mimicking cardiac disease, often 
lack vital facets of pharmacokinetics such as metabolite 
processing by the liver and kidneys, rendering them inapt 
to accurately evaluate drug efficacy, side effects, and toxic-
ity ranks above tissue levels [8]. Consequently, research 
findings that have been established on in vitro platforms 
still need to be confirmed in more complex preclinical 
modalities, including animals and humans. In the context 
of cardiac disease modeling, in vitro models vary from 
single cell constructs towards near-physiological mimics 
of functional beating myocardium. Their reliability and 
translational capacity largely depend on their ability to 
resemble human biology.

Single Cell Models

One may choose from several cardiac cell sources when 
building in vitro platforms that model cardiac disease 
[9–11], typically isolated cardiomyocytes (CMs) and stem 
cell-derived cells. Isolated CMs are animal or human cells, 
directly obtained from cardiac tissue specimen and sub-
sequently cultured in vitro as single cell models or used 
for more complex modalities. Although the isolation and 
culture processes are rather simple, isolated CMs are ter-
minally differentiated which prevents them from multi-
plying in vitro, limiting their availability. Human isolated 
cardiac cells presumably represent the best choice of cell 
origin but are scarce as they can only be yielded from 
small cardiac biopsies from cardiac surgery. This explains 
the contemporary use of mostly animal cells as isolated 
CM source, specifically neonatal rat cells, which naturally 
suffer from animal-human discrepancies. Pluripotent stem 

cells (PSCs), including embryonic stem cells (ESCs) and 
induced pluripotent stem cells (iPSCs), are undifferen-
tiated cells which can undergo infinite self-renewal and 
engender derivates of all three developmental germ lay-
ers (ectoderm, mesoderm, and endoderm), including car-
diac cells. ESCs are derived from the inner cells mass of 
blastocysts, firstly isolated from mouse embryos in 1981 
by Evans and colleagues [12] and thereafter yielded from 
in vitro fertilized human embryos by Thomson et al. in 
1998 [13]. The advent of iPSCs originated in the discovery 
that terminally differentiated cells including skin fibro-
blasts and blood cells can retrieve their pluripotent states 
by introduction of four key transcription factors [14, 15]. 
These iPSCs can subsequently be coaxed into differentiat-
ing into numerous cell types such as cardiac cells.

The infinite proliferative and differential potential of 
PSCs in addition to their human-rooted nature represent 
their biggest value in in vitro modeling. However, their use 
is typically challenged by suboptimal differentiation and 
achieving high levels of maturation. In addition, the use of 
human embryos still faces significant ethical concerns as 
the yield of blastocysts from the inner cell mass involves 
destruction of the embryo [16]. Addressing the current lim-
itations regarding differentiation efficacy and maturation 
however render iPSCs the primary cell choice for cardiac 
platforms in the future.

In vitro, cardiac cells can be studied as single cell mod-
els or used for multi-cellular constructs. Both platforms are 
valuable and necessary to build a balanced and all-encom-
passing perspective on physiology and disease. Investigat-
ing cells on an individual level allows understanding of cel-
lular behavior in absence of neighboring cells with which 
continuous crosstalk would otherwise occur [17]. This 
enhances insight into independent intracellular processes, 
such as mechanical properties [18–20], ion channel cur-
rents responsible for electrophysiological properties in patch 
clamp studies [21, 22], and expression profiles of CMs when 
studying cardiac disease [23–25] or regeneration [26, 27]. 
Challenges for single cell models reside in the difficulty of 
avoiding damage during isolation and culturing cells inde-
pendently as many cells including CMs are usually thriving 
in a multicellular setting. The isolated environment therefore 
elicit adaptive remodeling, resulting in deviance from their 
the natural in vivo state [28]. Hence, new techniques are 
still being explored to optimize single cell modelling and 
analysis today.

2D Models

Conventional 2D cell culture has been in use since the early 
1900s and contemporarily still constitutes the model of 
choice for the majority of in vitro research incentives [29]. 
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2D models rely on cell adhesion to a flat surface such as a 
coated petri dish, flask or well plate that provides the cel-
lular monolayer with mechanical support. Their simplicity, 
accessibility and cost-efficiency render them attractive for 
many researchers. In 2D monolayers, cells have equal access 
to nutrients and growth factors resulting in homogenous cell 
growth and proliferation [30]. This increases the model’s 
reproducibility and thus its suitability for high throughput 
applications [31]. Cells are easily harvested from monolay-
ers and many biomedical assays are available for 2D cell 
cultures at present. In addition, 2D cultures techniques have 
been improved and standardized for numerous cell types as 
opposed to more complex 3D modalities [30]. Yet simple 
and convenient, 2D models are also tied to inherent flaws. 
Mammalian hearts are composed of highly differentiated 
cells in a complex 3D arrangement that are mechanically, 
electrically, and biochemically coupled. A 2D monolayer 
that habitually consists of only one cell type cannot provide 
key cues that are essential for in vivo-like tissue building and 
cellular maturation.

Research has shown that cellular gene and protein expres-
sion changes when cells are cultured in 2D environments 
[30]. The lack of an intricately organized extracellular 
matrix (ECM) for the cells to adhere to undermines impor-
tant cell-cell and cell-ECM interactions [32]. Additionally, 
a tissue constructed in vitro will never hold the mechani-
cal, electrical, and biochemical features as in vivo without 
a well-mimicked ECM. Incorporating dynamical factors, 
simulating interactions with other organ systems, and inte-
grating external influences are particularly challenging tasks 
for 2D models. Therefore, traditional 2D in vitro systems, 
although informative, inevitably deviate the in vivo state and 
prove unfit for queries that demand more accurate modeling.

Various approaches currently exist to improve 2D envi-
ronments in vitro [30]. Firstly, iPSC-CMs that are pas-
saged on Matrigel and subsequently overlayered with a 
second Matrigel layer have demonstrated to yield higher 
CM purities up to 98%, a technique referred to as the sand-
wich method [33]. Secondly, surface topography improves 
cell-cell interactions, enhances contractile force and better 
organization of sarcomeres as well as more in vivo-like cell 
morphology, attachment and spreading [34]. Lastly, the 
stiffness or Young’s modulus of the substrate that the cells 
adhere to significantly affects bioactivity. Muscle cells pros-
per on moderate substrate stiffnesses with Young’s moduli at 
roughly 8 to 17 kPa [35]. Utilizing these substrate stiffnesses 
can thus substantially enhance cellular purity, maturity, and 
behavior, and be easily applied to 2D systems.

Despite the challenge of 2D models to faithfully mirror 
in vivo habitats and human disease phenotypes, they remain 
indispensable to preclinical cardiac research. Importantly, 
2D models occasionally prove to be better fits to certain 
research aims than other, more complex modalities. The 

platform of choice is indeed dictated by the specific process 
of interest for which 2D approaches may be superior due to 
their simplicity, accessibility for assays and/or the asset of 
well recapitulating tissue interfaces.

3D Models

Recent research has shifted towards the use of more complex 
3D platforms aimed at more accurate modeling in in vitro 
settings. All 3D models are based upon three main compo-
nents: (1) cardiac cells, either isolated or differentiated from 
PSC sources, (2) a 3D substrate or scaffold that will serve as 
ECM for cells to adhere to and (3) a chamber that provides 
an aseptic environment for cell culture and that allows for 
precise control of culture conditions, commonly referred to 
as the bioreactor [36]. Bioreactors can meticulously regulate 
oxygen levels, media fluid flow as well as integrate mechani-
cal and electrical cues for better mimicry of in vivo condi-
tions. For cardiac tissues specifically, incorporating cyclic 
mechanical strains, fluid shear stress from laminar blood 
flow, electrochemical gradients as well as proper biochemi-
cal cues is most vital to achieve resemblance.

3D models are chiefly being categorized according to 
scaffold type. These model types, although inherently differ-
ent, share a common set of perks and drawbacks compared to 
2D constructs. Firstly, 3D platforms represent better facsimi-
les of human physiology and disease as the 3D architecture 
in which cells reside enhances cell-cell as well as cell-matrix 
interactions, cell adhesion to ECM structures, cell migration 
and spreading throughout the matrix, cellular proliferation, 
growth, polarization, and morphology as well as matura-
tion and differentiation in case of stem-cell derived cells. 
Secondly, due to the increased presence of cellular interplay, 
multicellularity is better achieved in 3D constructs using 
direct or indirect co-cultures [9]. Thirdly, 3D models allow 
for easier and more accurate disease induction as micro-
environments and dynamical cues can be meticulously tuned 
with bioreactors. Fourthly, 3D constructs naturally engender 
gradients of oxygen and media throughout the tissue cul-
ture as opposed to monolayers in which cells are in direct 
exchange with nutrients to which they all have equal access 
to. In addition, monolayers are equally and directly exposed 
to drugs prompting the illusion of heightened drug efficacy. 
Lastly, cellular survival and maintenance of cellular quality 
is superior in 3D tissue cultures enabling the longer-term 
use of these models.

Drawbacks associated with 3D platforms include the 
common necessity of vast amounts of cells, approaching 
roughly 0.5 to 2 million cells per construct [36], rendering 
them more expensive and time-consuming. Additionally, no 
universal 3D system or protocol for fabrication currently 
exists as 3D models are often still exploratory and remote 
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from standardization, presently complicating their use on 
larger scales and direct comparison in scientific literature. 
Moreover, cells and engineered tissue specimen are rather 
difficult to harvest once they have been incorporated into 3D 
constructs, which occasionally reduces their accessibility to 
assays. Challenges that remain for 3D platforms include the 
mimicry of whole heart remodeling, inter-organ interplay, 
influence of external factors and true reflections of multicel-
lularity, vasculature networks, nerve meshes and immune 
system interactions.

Hydrogel Model

Hydrogel models pioneered in the field of tissue engineering 
as the first-ever modality to model disease using 3D frame-
works. It is still the most used technology for construct-
ing 3D platforms [31, 37]. Hydrogels are gel-like structures 
composed of hydrophilic polymers that have either natural 
(gelatin, collagen, fibrin, alginate) or synthetic (polyglycolic 
acid (PGA), poly-e-caprolactone, polylactic acid (PLA)) ori-
gins [38]. They are initially liquid in form, mixed with cells 
and consequently crosslinked to a gel that entraps the cells in 
3D shapes, provided by a casting mold. Hydrogels based on 
natural polymers gained much popularity as their molecular 
make-up matches that of in vivo ECM. In addition, they 
are biocompatible and biodegradable to similar extents as 
natural tissues and their mechanical, electrical, and chemical 
properties can be easily tuned. Hence, hydrogels are excel-
lent materials to be used as scaffolds in engineered tissue 
constructs. However, the degradation velocity for hydrogels 
is rather high and therefore hard to match to the speed of 
new tissue formation to maintain tissue structure and integ-
rity [30].

Bioprint Model

3D printing techniques have flourished over the past few 
years and recently made their way towards applications in 
tissue engineering. Commonly, 3D objects of any shape are 
printed from digital models, using synthetic or natural mate-
rials such as hydrogels to serve as scaffolds for cell culture 
[9]. In some techniques, cells are seeded onto the scaffold 
after it has been printed as to construct a custom-shaped 
piece with cellular covering. However, cells are solely lin-
ing the surface rather than being merged within the matrix 
which results in poor scaffold cellularization and low cell 
penetration. The advent of bioprinting therefore proposed a 
more advanced alternative which involves using cell suspen-
sion as part of the ink, commonly referred to as bio-ink [9]. 
In addition, the approach is slowly paving the way for build-
ing personalized 3D cardiac models in which the 3D printed 
scaffold is based on CT or MRI images of the patient’s heart 

or vasculature system and in which cells are derived from 
the patient’s own reprogrammed stem cells.

Decellularized Model

An alternative to the use of artificial matrices is employing 
the heart’s own ECM by decellularizing cadaveric animal 
or human hearts. Decellularization is aimed at removing 
the cellular constituent by perfusion, engendering a cell-
free ECM scaffold that is completely natural and that con-
tains acellular vascular conduits sufficient to support the 
heart [39]. Decellularized hearts are generally repopulated 
using animal-derived [40] or iPSC-derived cardiac cells 
[41], although issues of low cellularization efficiency exist. 
However, this technique comes with an inherent trade-off 
between preserving the natural ECM architecture and opti-
mal cell removal as decellularization agents inevitably affect 
the matrix’s biochemical composition [39].

Sandwich Model

The sandwich or cell sheet method involves layering sev-
eral 2D monolayers, constructing a 3D model without the 
use of scaffolds [30]. Haraguchi and colleagues successfully 
fabricated a functional 3D system by stacking cell sheets 
of confluent cultured cells that pulsated spontaneously and 
synchronously [42]. The platform demonstrated that matri-
ces are not an intrinsic necessity for developing well-beat-
ing cardiac patches. It does however evidently deviate the 
in vivo condition of cardiac tissue as lacking an accurately 
mimicked ECM will affect cellular maturation and in turn, 
morphology, and behavior. It does provide an easier, quick, 
and cost-effective method for building systems that suffice 
with lesser biological resemblance to the in vivo state.

Spheroids and Organoids

Organoids are self-organized multicellular structures, 
derived from stem cells that can mimic the 3D architecture 
of in vivo tissues by self-assembly. They can be crafted to 
replicate much of the complexity of an organ and are fre-
quently referred to as mini organs accordingly. The terms 
spheroids and organoids are often used interchangeably 
although they are characterized by distinctive traits. Orga-
noids are complex constructs of organ-specific cells, derived 
from either normal or diseased stem cells that self-assemble 
when provided with a scaffolding extracellular environment. 
This offers the cells an ideal growth habitat with biologi-
cal cues that aid in self-organization. Spheroids are simpler 
clusters of broad-ranging cells that do not require a scaf-
fold or mechanical support as they simply aggregate into 
3D structures within cell suspensions. Organoids typically 
exhibit polarity and cell migration whereas spheroids may or 
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may not demonstrate polarity. All in all, organoids are more 
complex and in vivo-like, resembling the cell and tissue 
structures more precisely. This renders them fit for advanced 
disease and organ modeling, drug screening applications, 
and regenerative and personalized medicine. Spheroids are 
made with higher reproducibility rates and develop meta-
bolic gradients which engenders more heterogeneous cell 
populations from the inside outwards. They can also well-
recapitulate disease phenotypes and may be used on high 
throughput scales.

Cardiac organoids are optimally at least tricultured con-
structs that consist of CMs, cardiac fibroblasts (CFs) and 
endothelial cells (ECs). In this regard, CMs provide core 
beating function, CFs produce and maintain ECM and ECs 
regulate CM contraction and vasomotor tonus through auto-
crine as well as paracrine signaling in addition to transport-
ing nutrients and waste [43]. Cardiac organoids can be made 
from iPSCs that are directed into atrial and ventricular cell 
types separately, which may then be combined to create an 
organoid that contains distinctive tissue regions as is true for 
in vivo myocardium [44]. Taking this a step further, cardiac 
organoids may be combined with other organoid-types such 
as lung organoids, kidney organoids and/or liver organoids 
in order to build a platform that allows for organ system 
interplay [45]. Lastly, organoids are also perfect model 
candidates for researching human embryonic development, 
organogenesis and tumorigenesis as their formation befalls 
without much of the researcher’s interference.

Even though organoid-based models do capture myo-
cardial architecture better than most other 2D and even 3D 
platforms, they still deviate from in vivo human hearts. The 
drawbacks that PSCs are associated with automatically apply 
to organoids as well. Firstly, even multicellular organoids 
still lack the influence of immune cells, smooth muscle cells 
and nerve cells that play significant roles in vivo. Secondly, 
organoid-formation is a though process to precisely regulate 
and reproduce, resulting in individual models that differ in 
shape, size, architecture, and cellular composition. As pre-
viously stated, their genesis is chiefly endogenously driven 
with many molecular cues occurring beyond human con-
trol. Organoids may thus be deemed heterogeneous models, 
owing to individual diversity but also to the lack of a glob-
ally standardized protocol that causes outcome variations 
between research groups [46]. Thirdly, organoid formation 
generally requires millions of cells per model, which is a 
tenacious burden to overcome, bearing in mind the low effi-
ciency of PSC-differentiation at present. Fourthly, the com-
pact 3D structures of organoids tend to complicate advanced 
imaging due to limited imaging depth, the imaging dye dif-
fusion barrier and light scattering properties that prevents 
staining the organoid core [43]. Fifthly, the uneven distribu-
tion of nutrients and oxygen throughout the organoid layers 
frequently results in necrotic cores which limits maximum 

model size. Most organoid models bestow on diffusion, but 
this could be improved by promoting organoid vasculariza-
tion for which different approaches are being developed in 
recent years [47]. Finally, organoid models on itself still lack 
the pivotal effects of dynamical cues and external factors 
that are present in vivo. The latter may however be over-
come by integrating organoid models into heart-on-a-chip 
platforms that are specialized in this field [45].

Heart on‑a‑chip‑models

Organ-on-a-chip models are microfluidic devices that cul-
ture living cells in continuously perfused chambers in order 
to simulate organ function. The concept does not intent to 
model whole organs but rather aims to build small units 
of cultured cells that replicate tissue function on micro-
scopic levels. Microfluidic systems typically comprise of 
at least four elements: a microfluidic device consisting of 
chambers connected by microchannels, microtissue that is 
incorporated into the chambers of the system, a microreactor 
that holds the device and a set of microsensors for results 
readout.

Microfluidic systems provide oxygen and nutrient deliv-
ery via perfusion by linking cells in a fluidic manner using 
microchannels. The smallest microfluidic system or chip 
consists of only one chamber containing one or two kinds 
of cell type (e.g., CFs and/or CMs) that is perfused by only 
one microchannel. In more complex systems, multiple 
chambers perfused by two or more microchannels may be 
designed, each containing a variety of cultured cell types 
that are separated by semipermeable membranes from their 
microchannels to create in vivo like tissue- tissue interfaces 
and thus mimic physiological interactions [48]. As regards 
myocardium, atrial and ventricular tissue can be separately 
cultured on-a-chip to mimic the different chambers of the 
heart in vivo. The fact that culture medium flows continu-
ously throughout the system rather than being static and 
replaced at set times points only is a major enhancement 
regarding biological mimicry compared to other modalities 
[49]. In addition, instead of using semi-static environments, 
microfluidic systems are able to independently integrate and 
regulate dynamic factors, such as physical forces, electro-
chemical gradients, biochemical stimuli, and fluid flow [50].

Disease induction is feasible through either genetic altera-
tion of iPSC-derived cardiac cells or by simply modifying 
the features of the bioreactor and/or microfluidic design. 
Hypoxia-induced cardiac disease for example  may be 
induced by modulating medium oxygenation, thereby mim-
icking temporary coronary occlusion [51]. Cardiac fibrosis 
induced by mechanical overload may be replicated through 
the exert of cyclic compression strains onto engineered car-
diac tissue on-a-chip [52].
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Furthermore, heart-on-a-chip models have shown to be 
more reproducible due to the requirement of precise and 
automatable manufacturing. This facilitates their use on 
larger scales for high throughput applications [5]. They also 
tend to be more cost-effective as a reduced number of cells, 
reagents and biomaterials are needed for microsystem con-
struction. And by means of microsensors, microfluidic sys-
tems assist in monitoring cell status. This promotes assay-
performance compared to other 3D modalities wherein cells 
are deeply embedded in 3D matrices [53].

Disadvantages of microfluidic systems are mainly tied to 
the challenge of obtaining mimicry of all myocardial fea-
tures on the chip. Most heart-on-a-chip systems should be 
viewed as ventricle-on-a-chip models since the vast majority 
of current research uses ventricular cells only as this cardiac 
subtype can be cultured and differentiated with high purity. 
This is notwithstanding the undisputed relevance of other 
myocardial tissue components including the atria, conduc-
tive system and vasculature when modeling cardiac disease 
mechanisms, drug efficacy and toxicity [54]. Drug-related 
adverse conditions effecting the atrium such as atrial fibril-
lation elicit severe complications or even sudden death when 
administered to treat ventricular disease. Recapitulating the 
conductive system poses many challenges and even though 
we provide a microchannel-based platform that somewhat 
approaches a vascular-like network, there is much scope for 
improvement to accurately model this feature as it exists 
in vivo. Mimicking the concept of different heart chambers 
connected by blood vessels that are lined with endothelial 
cells becomes specifically relevant when utilizing the plat-
form for drug screening. Conventionally, therapeutic agents 
are directly added to tissue culture media the engineered 
tissue is bathing in. In reality, drugs are delivered to cells 
through a vasculature system wherein endothelial cells 
meaningfully interact with administered drug agents. In 
addition to an often-fragmentary representation of the myo-
cardium, heart-on-a-chip models usually lack inter-organ 
interplay and external factor influence although research is 
vastly expanding in this regard [45, 50, 55].

To date, various organs and tissues have been modeled 
on microfluidic platforms, which has prompted the opportu-
nity of building a body-on-a-chip system containing multiple 
different organ-on-a-chip units as to simulate physiological 
organ interaction. Pires de Mello and colleagues developed 
a combined heart- and liver-on-a-chip system with a skin 
surrogate to evaluate drug toxicity of topically adminis-
tered drugs [56]. Every organ and tissue type however still 
requires its own specific micro-environment, culture media 
and dynamical cues to grow into fully mature and in vivo-
like cultures in vitro [50], which presently complicates their 
merge on microfluidic platforms.

Other drawbacks of organ-on-a-chip systems are the 
time-consuming nature and lack of global standardization. 

Advanced heart-on-a-chip models are often experimental, 
still uncovering their potential for improved (patho)physi-
ological mimicry. Nonetheless, heart-on-a-chip models be 
deemed in vitro systems that currently best mimic the funda-
mental structural and functional units of native myocardium 
on microscale, providing a platform for accurate disease 
modeling as well as drug screening. Various heart-on-a-chip 
platforms have been designed and used at present to enhance 
our insight regarding (patho)physiological mechanisms that 
drive cardiovascular disease and uncover new potential ther-
apeutic targets. Examples of these are models that mimic 
cardiac rhythm disorders [57], dilated cardiomyopathy [58], 
hypertrophic cardiomyopathy [59], hypoxia-induced myo-
cardial injury [51], valvular disease [60], cardiomyopathy of 
Barth syndrome [61] and long-QT syndrome [62].

Myocardial Slices

Myocardial slices are ultrathin (~300 μm) sections of liv-
ing myocardium that have been presented as reliable in vitro 
modalities to address the issue of deficient in vivo mimicry 
[63]. The first-ever cardiac slices of ~ 400 μm were fabricated 
back in 1946 by Burdette and Wilhelmi [64] who studied the 
metabolism of rat hearts in response to hemorrhagic shock 
with high precision and reproducibility, using ventricles 
of rat hearts. Vitality and cardiac-like metabolism of these 
slices could be maintained up to 24 hours using oxygenated 
culture medium. The last thirty years have been dedicated to 
ameliorating fabrication and culture techniques including the 
application of near-physiological diastolic preload (1 mN) 
and continuous electrical stimulation in special cultivation 
chambers. This has facilitated the creation of (human) slices 
that currently demonstrate accurate in vivo structure and 
function for multiple weeks [65, 66]. Slice fabrication typi-
cally involves preparing living sections of the heart using a 
high-precision microtome, which usually leads to thin slices 
with only 2-3% CM damage in the superior and inferior cell 
layers.

The merit of the heart slice model lies in its 3D make-up 
but concomitant 2D-like simplicity. It therefore constitutes 
a model of intermediate complexity. The slices retain their 
native structure and function because they are directly pro-
duced from intact myocardium and their thinness ensures 
adequate oxygen and nutrient diffusion in vitro [63]. They do 
not require external perfusion like ex vivo modalities (e.g., 
myocardial wedges), which renders them particularly suit-
able for medium to high throughput systems as long as tissue 
availability is good. Additionally, myocardial slices may be 
produced from a range of animal models but more impor-
tantly, from human biopsies obtained from patients undergo-
ing cardiac surgery which can reduce animal model usage 
and enhance clinical translation. Real-time assays are fea-
sible within the platform due to high temporal and spatial 
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resolution. Specifically relevant in the light of disease mod-
eling is the option to produce heart slices from diseased 
individuals evading the absolute need of disease induction 
while facilitating personalized medicine. On the contrary, 
artificial disease induction may be established tuning the 
micro-environment of the bioreactor that holds the model 
[67]. Slices can be prepared from specific heart regions as 
desired by the researcher, including the ventricles, atria [68], 
endocardium, epicardium and with or without sections that 
carry the conductive system [69, 70]. In addition, they pro-
vide a means to explore regenerative applications [70] and 
more specifically, research on transplanted cardiac specimen 
[71, 72].

Drawbacks associated with myocardial slice models relate 
to the technical difficulty and skills required to produce 
high-quality slices, as well as the lack of current technique 
standardization which leads to notable variability between 
research groups. In addition, slice models may be surpassed 
by other in vitro models considering cost-effectiveness 
and tissue availability. The latter is tied to limited access 
to human heart specimen, complicating the use of human-
based cardiac slice models on larger scales. Furthermore, 
when employing human-derived cardiac slices for disease 
modeling, control slices are usually taken from healthy unre-
lated individuals [73]. Non-matched samples will inevitably 
display outcome differences appertaining to inherent vari-
ations that are not related to the disease condition or inter-
ventions imposed. Additionally, slices are generated trans-
murally from endocardium to epicardium, enhancing the 
heterogeneity of cardiac samples. This should be accounted 
for when designing experiments as myocardial properties 
differ across the thickness of the heart muscle [67]. And 
although cardiac slices present great overall resemblance 
to in vivo myocardium, they are limited regarding the lack 
of capillary flow. Slices fully rely on diffusion, thus miss-
ing relevant endothelial cell interaction. Moreover, slices 
constitute an isolated myocardial unit, devoid of neuronal, 
hormonal as well as inflammatory impact or external influ-
ences. The heart slice model thus offers a valuable plat-
form for researching isolated myocardial disease but lacks 
resources to examine complex heart disease or conditions 
that are significantly affected by either other organ systems 
or external cues. Nevertheless, slices do hold great promise 
in most faithfully mirroring human cardiophysiology and 
disease phenotypes, especially when incorporated into chip 
systems and multi-organ platforms.

Ex Vivo Models

An ex vivo model refers to modeling of and experimentation 
on living tissues that are maintained in an artificial envi-
ronment outside the body, by dint of perfusion and close 

mimicry of natural conditions, such as myocardial tissue 
wedges and ex vivo perfused hearts.

Myocardial Wedges

Tissue wedges are three-dimensional cardiac specimen, 
typically derived from the ventricle wall which offer advan-
tages regarding in vivo-like 3D architecture, multicellularity, 
ECM resemblance and adult myocardial phenotypes. They 
fall short however regarding studying subacute and chronic 
disease conditions as they only remain viable for several 
hours. This also limits their suitability as drug screening 
platforms for long-term efficacy and toxicity evaluation. In 
addition, throughput for wedges is relatively low due to low 
sample yield per heart, the complexity of preparation and 
limited tissue availability. One heart can typically only pro-
vide one wedge and one or two papillary muscles [74].

Ex Vivo Heart Perfusion

Isolated whole heart perfusion was established by Elias 
Cyon in 1866 using frog hearts, which in time founded the 
base for the mammalian heart perfusion method in 1895 by 
Oscar Langendorff [75]. Langendorff mainly worked with 
extracted hearts from cats, dogs, and rabbits for which the 
overarching principle was to deliver blood through a cannula 
retrogradely in the ascending aorta, subsequently closing the 
aortic valve and forcing blood to enter the coronary arter-
ies, hence facilitating myocardial perfusion [76]. Although 
the approach has been subject to numerous modifications 
over past years, current ex vivo heart perfusion models still 
display the pillars that were once shaped by the Langendorff 
principle or the more complex and later developed working 
heart method by Neely which employs ventricular filling via 
the left atrium and ejection via the aorta as occurs in vivo 
[75, 76].

The rat heart is by far the most popular animal species to 
be used for ex vivo preparations as it constitutes the perfect 
compromise between cardiac size, material costs, ease of 
handling and complexity of the experimental set-up [77]. 
In addition, they require lesser amounts of blood or per-
fusates and demonstrate smaller variability between indi-
viduals compared to larger animals, rendering them more 
affordable and reproducible candidates. Yet, larger animals 
present better mimicry to human hearts, but necessitate a 
blood-based or other oxygen-carrying perfusate, complicat-
ing the model use.

Ex vivo heart preparation typically exists of the following 
steps. First, the heart is excised under general anesthesia and 
immersed in cold perfusion solution (4 degrees Celsius) to 
reduce ischemic injury. Restoration of vascular perfusion 
should occur as soon as possible hereafter through aor-
tic cannulation and coupling to a perfusion system. Once 
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cannulation is completed and coronary perfusion is initiated, 
regular heart rhythm and contractile function will usually 
return within a few seconds [77]. When the heart is to be 
paced, electrodes may be placed within or onto the ventricle. 
Basic measurements include registration of heart frequency 
and contractile function, usually by means of an intraven-
tricular balloon. In both methods, contractile function slowly 
deteriorates over time with a loss of 5-10% in cardiac output 
per hour. This may however be improved by periods of hypo-
thermic arrests which has shown to preserve tissue function 
up to 24 hours or longer, the use of hemodialysis [78], or 
other methods that use blood conditioning such as plasma 
exchange [79–81].

The ex vivo heart model is particularly suited to study 
disease conditions involving ischemia and hypoxia, affect-
ing the heart globally or regionally. Various grades of 
global ischemia can be incited through complete or partial 
clamping of perfusion lines or reducing fluid flow veloci-
ties [82]. Regional ischemia is usually instituted via ligation 
of specific coronary arteries after which reperfusion can be 
established by removing the ligature. The model provides 
a powerful tool for assessing these events in a continuous 
manner rather than sampling at set time points which would 
normally jeopardize the survival of an in vivo subject [77]. 
Additionally, the isolated heart serves as an ideal model for 
examining heart rhythm disorders [75] and arrhythmogenic 
effects of drug agents as well as for inventing strategies to 
improve ex vivo heart preservation [75, 83]. Lastly, cell-
based therapy is gaining popularity in recent years, wherein 
cells are delivered into the heart to proliferate, differenti-
ate into CMs, and induce angiogenesis within injured heart 
regions [75]. The end goal is to improve cardiac function, 
rendering proper assessment of these features vital. As iso-
lated hearts are invaluable tools to evaluate cardiac function-
ality, several researchers have long been laying their focus 
on ex vivo heart preparations for studying such incentives 
[84, 85].

Definite perks associated with ex vivo heart perfusion 
concern good resemblance to in vivo heart anatomy, his-
tology, and physiology as the platform is provided with an 
in vivo-like vasculature, furnishing fluid flow and shear 
stress, mechanical loading involving preload and afterload, 
electrical flow through the heart’s native conductive system 
and biochemical cues delivered by the perfusate. Impor-
tantly, research in this field occurs on organ levels rather 
than on tissue or cellular scopes. This renders simulation 
of inter-organ interplay more feasible compared to in vitro 
modalities as the perfusate can be finely tuned to mimic 
certain (patho)physiological conditions and deliver drug 
agents in in vivo-like manners. Dose-response studies may 
be well performed in perfused hearts with the option to per-
form washouts of administered drugs. Aside from examining 
hearts from healthy subjects, diseased hearts with known 

cardiac conditions could also be used for ex vivo heart prep-
arations, possibly eliminating the need for artificial disease 
induction [75]. In comparison with in vivo models, it is also 
a relatively cheap, quick, and reproducible model to work 
with that offers great availability in case of animal-derived 
specimen, especially when working with smaller animal spe-
cies [75].

Drawbacks concern the frequent need for interspecies 
extrapolation in case of animal-derived hearts as well as the 
ethical concerns that are tied to animal experimenting. A 
solution could be the use of slaughterhouse hearts, facilitat-
ing large amounts of hearts of animals sacrificed for food 
industry [78, 86]. The availability of human hearts is limited 
and although ex vivo perfusion of large animal hearts such 
as dogs, pigs and monkeys have been reported, they are less 
frequently used on account of logistic hindrances (high costs, 
need for large volumes of perfusion fluids etc.). Notably, 
isolated hearts undergo constant deterioration, limiting high-
quality study of acute disease conditions to several hours. 
Moreover, control patients cannot be genetically matched 
to test subjects, leading to inevitable deviations between the 
test and control group results that do not derive from the 
disease condition or invention used. Ex vivo preparations are 
additionally limited due to the need of high coronary flow 
when using cell free perfusates to ensure sufficient oxygen 
delivery. This, in addition to the common insufficiency of 
oncotic proteins in the perfusate, renders the model prone 
to edema formation. Alternatively, blood-perfusion meth-
ods require large blood volumes, usually originating from 
a donor animal of a different species with the risk of con-
tamination and immunogenic blood responses. This obstacle 
may be partly overcome by using crystalloid perfusion solu-
tions supplemented with red blood cells [75]. However, the 
lack of blood-derived antioxidants and glucocorticosteroids 
would still render the preparation vulnerable to exogenous 
contamination, which would in turn elicit tissue responses 
that affect cardiac physiology. Other disadvantages include 
long learning curves and technical difficulties associated 
with model handling, the frequent occurrence of aortic valve 
insufficiency due to cannulation of the aortic root and retro-
grade perfusate flow, flow characteristics deviation of per-
fusate flow compared to in vivo coronary blood flow as well 
as the lack of the normal humoral background and extrinsic 
neuronal regulation of the heart. Lastly, the isolated perfused 
heart typically averts the presence of systemic disease con-
ditions that commonly accompany cardiac disease, such as 
hypertension, diabetes mellitus and systemic atherosclerosis. 
These disease features affect the cardiac system to significant 
extents in vivo but are usually not simulated ex vivo [77]. 
Nevertheless, much of the limitations the model suffers from 
are outweighed by its benefits for specific research queries, 
including those broaching the field of cardiac physiology 
and pharmacology.
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In Vivo Models

Animal Models

Animal models have granted a significant contribution to 
our comprehension of the cardiac system. As of today, they 
still represent a cornerstone in preclinical research, includ-
ing small animals (Drosophila, Zebrafish, Xenopus, mice, 
and rats), middle sized animals (Guinea pigs, rabbits, cats) 
and large animals (dogs, pigs, sheep, and non-human pri-
mates). However, criticism towards animal-based platforms 
is growing as inevitably, animal models represent imperfect 
facsimiles of human diseases and disorders with different 
genetic backgrounds and manners in which diseases develop 
[87]. Cardiac diseases are typically artificially induced in 
healthy animal subjects, an induction that occurs through 
either genetic, pharmacological, or surgical manipulation. 
Certain animal species prove better fits for certain induction 
methods. Mice have the ideal ability to make genetic mod-
els whereas surgical treatment is usually applied to larger 
rodents and larger animals such as rats, rabbits, and dogs 
[88]. Importantly, artificial disease induction never recapitu-
lates the pathophysiological journey as it occurs in humans 
in vivo. It takes a short-cut and frequently, via another trig-
ger than the original trigger in vivo. The goal of disease 
induction is to match the model phenotypically, a concept 
referred to as face validity. This dismisses the importance of 
the genetic and pathophysiological factors that created that 
disease, termed construct validity [4]. Suboptimal construct 
validity is most often present in animal disease models and 
has been a major bottleneck in the drug discovery process. 
In addition, research animals reside in specific, constant, 
and finely tuned laboratorial environments, devoid of any 
exposure to cues which human patients are dynamically 
exposed to in real life, such as microbes, weather changes, 
dietary varieties, and social events as well as variety in food, 
fluids, temperature, and humidity. Although this roots for 
controllability and reproducibility, it also renders true emu-
lation of multifactorial disease more difficult. Compared to 
in vitro platforms, in vivo modalities are more time consum-
ing, labor intensive and expensive but also variable and thus 
less reproducible. In addition, research intended on studying 
the long-term effects of disease or drugs is often challeng-
ing due to high costs and ethical objections, the latter of 
which mainly restricts the use of large animals that serve 
better models to study these events. Occasionally, subjective 
assessments of animal behaviors are necessary to investi-
gate disease features or evaluate drug efficacy and toxicity 
such as pain, fear or discomfort, an aspect that relies on the 
interpretation of an observer rather than on objective meas-
urements. Lastly, the majority of small animals including 
rodents have short life spans compared to humans. In these 
animals, the process of aging may be deemed relevant at 

20 months and chronic disease may be redefined to weeks 
versus months or years in humans. Therefore, accumula-
tion of age-related events as it occurs in humans may not be 
similarly present in smaller animal species. No ideal animal 
model exists that has proven superior for all cardiac research 
incentives. As a general principle, the larger the animal, the 
greater biological resemblance to humans with better trans-
lational applicability, but the more expensive, time consum-
ing, labor intensive the research set-up becomes with logisti-
cal challenges being posed in addition to ethical issues being 
raised [4, 88]. Therefore, small animal models are generally 
deemed fit for proof of principle studies. Then, as insights 
expand, researchers convert to the application and validation 
of these concepts in larger animal models on smaller scales 
until translation to human clinical trials is deemed feasible.

Animal species can be matched rather meticulously 
depending on the cardiac process being studied accord-
ing to the evolutionary correspondence to human counter-
parts. There are key publications [8, 87, 89–96] that intri-
cately define these model types, and providing an extensive 
description is beyond the scope of this review. Nevertheless, 
it merits attention to underscore few of the most significant 
applications per species.

Small Animals

Drosophila melanogaster, commonly known as the fruit fly, 
occupies a vital niche in cardiac research owing to its genetic 
tractability and well-characterized genome. Researchers 
typically leverage Drosophila to explore questions related 
to cardiac morphogenesis, as their simple cardiac tube in 
fact displays developmental and functional resemblance to 
the vertebrate heart [89, 97, 98]. Furthermore, genetic stud-
ies occupy a prominent role in its application, as numerous 
genes, signaling pathways, and cellular processes involved 
in cardiac development exhibit a high degree of conservation 
and alignment with vertebrates, including humans [89, 99].

The transparent embryonic zebrafish (Danio rerio) addi-
tionally serves as a valuable asset, enabling real-time visu-
alization of cardiac morphogenesis, encompassing the for-
mation of the cardiac tube, chambers, and the establishment 
of the cardiac conduction system [100]. Notably, zebrafish 
possess a remarkable regenerative capacity for cardiac tis-
sue following injury, a trait not shared by mammals [90]. 
Studying cardiac regeneration in zebrafish provides insights 
with potential implications for therapeutic strategies aimed 
at enhancing cardiac repair and regeneration in humans 
post-cardiac injury [101]. Additionally, zebrafish find appli-
cations in the investigation of congenital heart diseases 
through the induction of specific mutations, capitalizing on 
their genetic tractability [102]. They also facilitate efficient 
drug screening through high-throughput assays and support 
functional studies, thanks to their easily observable cardiac 
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anatomy, enabling the comprehensive assessment of the 
effects of genetic mutations and drug treatments [90, 103].

Xenopus laevis (African clawed frog) and Xenopus tropi-
calis (Western clawed frog), are recognized for their large 
and robust embryos, which undergo external fertilization 
and ex utero development. Xenopus is a preferred animal 
model for the investigation of cardiac development and the 
associated molecular signaling pathways due to the ease 
with which gene expression can be manipulated in Xeno-
pus embryos [104]. Similar to Drosophila and zebrafish, 
Xenopus embryos possess transparency, enabling real-time 
monitoring of cardiac function, encompassing parameters 
such as heart rate and contractility [105].

Transitioning to mammalian models, Mus musculus 
(mice) and Rattus norvegicus (rats) take central stages in 
animal modeling of cardiac disease, with both species offer-
ing unique advantages. Mice have genetic and physiological 
similarities to humans and genetically engineered murine 
models are considered instrumental to investigating spe-
cific cardiac genes and signaling pathways. For instance, 
researchers have developed mouse models to study the role 
of genes like MYH7 in cardiomyopathies [106] and genes 
related to ion channels in arrhythmias [107]. Rats, with their 
larger stature compared to mice, facilitate surgical interven-
tions, enabling researchers to faithfully replicate human car-
diac maladies such as ischemic heart disease and hyperten-
sion through techniques like coronary artery ligation [108, 
109]. Their anatomical similarity allows for the investigation 
of surgical procedures and interventional therapies relevant 
to human patients.

Middle Sized Animals

Animals of intermediate size including cats, guinea pigs and 
rabbits are less commonly employed in animal experimen-
tation; however, their utilization is species-dependent and 
characterized by distinct and specific applications. Cats, 
specifically domestic cats (Felis catus), have primarily been 
used in cardiac research to investigate cardiac conduction 
disorders, with a particular focus on ventricular arrhythmias 
[110]. This choice is attributed to the similarity in ventricu-
lar arrangement between feline and human hearts as well 
as the ease of induction of arrhythmias through methods 
such as electrical stimulation, surgical intervention or drug 
administration [111]. In a similar vein, the conduction sys-
tem and electrophysiological characteristics of guinea pigs 
(Cavia porcellus) closely resemble those of humans. Con-
sequently, they stand as optimal candidates for investigating 
cardiac electrophysiology and assessing the impact of anti-
arrhythmic medications. Guinea pigs are preferred models 
for conducting studies related to prolonged QT intervals 
[112] and research on Torsades de Pointes [113].

Rabbits (Oryctolagus cuniculus) find specialized roles 
in research focused on atherosclerosis, lipoprotein metabo-
lism, and the evaluation of how dietary factors and inter-
ventions influence cardiovascular health [114, 115]. This 
is primarily due to the heightened susceptibility of rabbits 
to diet-induced atherosclerosis, leading to the development 
of atherosclerotic plaques within arteries.

Large Animals

Canine models particularly permit the study of conductive 
physiology and rhythm disorders as well as studies based 
on heart rate, oxygen consumption and contractility due 
to key similarities with human physiology [95]. Specifi-
cally, they have served as suitable candidates for long QT 
syndrome (LQTS) research [116] and studies of Duchenne 
muscular hypertrophy [117], Brugada syndrome [118] and 
heart failure [119].

Porcine models (Sus scrofa domesticus) are distin-
guished for their anatomical congruity with the human 
coronary circulation [95, 120], which designates them as 
preeminent models for the investigation of myocardial 
ischemia and infarction [121]. Their utility extends to the 
examination of post-infarction remodeling [122], regen-
erative therapeutic modalities [123], and interventional 
cardiology procedures [124].

Ovine models (Ovis aries) chiefly play roles in the 
advancement of cardiac surgery, cardiovascular inter-
ventions, medical device testing, hemodynamic studies, 
pharmacological research, and cardiovascular imaging 
[125–127] due to their anatomical and physiological simi-
larities to humans, combined with their manageable size.

Less frequently used models, including non-human 
primates such as macaques and baboons are frequently 
reserved for atherosclerosis research focused on the effects 
of dietary interventions [128], novel drug therapies and 
cardiac imaging studies [129].

Cardiac research endeavors often necessitate the use 
of diverse animal models, there is no single model that 
universally fits all research needs. It therefore seems fit to 
reiterate two questions before selecting an animal species 
for cardiac modeling: which (patho)physiological process 
is being studied and in what phase does the study reside 
(fundamental exploring versus more clinically invested 
research aimed at translation)?

Despite their shortcomings, animals do still play vital 
roles [87] in bridging the bench science to clinical practice 
for therapeutic drug development, clinical device testing 
and investigating complex disease biology as long as other 
preclinical modalities insufficiently grasp the intricacies 
of in vivo biological systems.
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In Silico Models

In silico or computational modeling represents an innovative 
addition to the myriad of preclinical research modalities and 
has been an expanding field in recent years. Experimental 
data is used to digitally recapitulate key features of the car-
diac system in order to gain new insights into the complexity 
and dynamic interplays the heart is abundant in. Several sci-
entists allege that in silico models hold promise for replacing 
the majority of in vitro and in vivo experimentation in the 
future as techniques gradually sophisticate [130].

The theory underlying computational modeling is com-
plex and generally requires specific knowledge in digital 
data processing and analysis. Concisely, cardiac disease 
evolves through processes and cues that occur at different 
length scales as well as time scales. Referring to the first, 
the cardiac system could be layered in different orders of 
magnitude, from individual cells to the order of the pumping 
heart. Times scales refer to the system’s status and specifics 
at different points in time, during the heart’s pumping cycle. 
Computer models are able to concurrently integrate a mul-
titude of different scales. This allows the model to evaluate 
the effects that changes in lower scales have on the system 
at higher scales, whereas in vitro modeling usually involves 
only one length scale and a set time frame at once. Gen-
erally, computer models can be classified into two catego-
ries, continuous and discrete models. Discrete models, also 
referred to as particle-based models, build up the subject 
particle by particle and thereby enable precise modeling on 
smaller scales with more detail, e.g., a specific heart region. 
Continuous models usually model on larger scales in which 
the cardiac system is composed of a multitude of differ-
ent layers, with each layer owing its own specific features. 
These models simulate by way of using averages that can 
be applied to one whole model layer and are thus character-
ized by a lesser degree of meticulousness. Recently, hybrid 
approaches are being developed to model cardiac disease in 
attempt to merge the strength of both systems [130].

In silico models benefit from being generally human 
based and being able to grasp the intricacy of the cardiac 
system as well as to integrate (hemo)dynamic factors, inter-
organ system influences and environmental cues. In addition, 
they allow for studying the heart on different levels simul-
taneously, e.g., subcellular scales to individual levels [131] 
and tuning (patho)physiological circumstances to meticulous 
degrees. Logistically, computational modeling is cost-effec-
tive, quick, accessible, highly reproducible, non-invasive, 
and fit for many research queries.

Drawbacks tie to the ever-required input of data obtained 
from real-life experiments. The model only produces new 
data shaped and based on predictions using existing data and 
thus the model requires prescience on physiology, material 
characteristics, fluid dynamics and biochemistry, obtained 

from in vitro, ex vivo and in vivo modeling. Since knowl-
edge acquired from in silico models is in essence assump-
tion-based, it still needs to be validated in in vivo subjects.

In silico models have enabled research with four distinct 
objectives: modeling the impact of genetic mutations on cel-
lular and organ function, establishing connections between 
molecular drug effects and resultant cellular and organ func-
tion, simulating cardiac pathology such as acute ischemia, 
and bridging the gap between molecular and preclinical 
physiological studies to clinical outcomes [132].

Single Cell Simulations

At the cellular level, computational models are harnessed 
for investigations into molecular mechanisms that lie at the 
base of cardiac pathology [132, 133]. In particular, action 
potentials of CMs may be simulated based on ion channel 
kinetics, calcium handling, and the interplay of subcellular 
components [134]. In recent years, mathematical models that 
encompass  K+,  Na+, and  Ca2+ channels, in conjunction with 
various physiological processes like pH regulation and adr-
energic stimulation have emerged. These models aim to fore-
cast how mutations, medications, and physiological adjust-
ments affect cellular and organ function. By example, Meier 
et al. [135] used highly detailed computational models to 
simulate the specific behaviour of Kv11.1-channel traffick-
ing in CMs, shedding light on how mutations and tempera-
ture variations impact cellular function. Another illustration 
is provided by the investigation of cardiac arrhythmias, such 
as long QT syndrome, where in silico modeling allows simu-
lation of ion channel dynamics in CMs affected by genetic 
mutations associated with this arrhythmia [136–138]. Lastly, 
the study of genetic mutations in silico is also applied for 
cardiomyopathies, including hypertrophic cardiomyopa-
thy (HCM) [97], where computer simulations facilitate the 
analysis of how genetic mutations in myosin or troponin 
influence contractile function at the single cell level [139].

Multilayer Simulations

Single cell models can be advanced to larger structures, such 
as the myocardial wall and related tissue structures. This 
includes simulation of CM-CM coordination [140], electri-
cal conduction [141], and contractile function [141] as well 
as cardiac substructures such as the atrioventricular (AV) 
node [142]. In research by Li et al., rabbit AV node tissue 
was stained to record electrical activity and visualize struc-
tural features. A precise 3D computer model of the AV node 
facilitated electrical behaviour simulations and was validated 
through experimental data comparisons, establishing its reli-
ability for investigating cardiac dynamics. Another illustra-
tive application for myocardial simulations is the study of 
myocardial infarction and post-infarction remodeling, in 
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which in silico models replicate the spatial and temporal pro-
gression of ischemic damage to the heart [132, 143]. Com-
puter simulations allow researchers to subsequently consider 
factors such as alterations in tissue geometry, fibrotic scar 
formation, and changes in electrical conductivity. In addi-
tion, computer models at the tissue level are instrumental in 
the examination of cardiac electrophysiology and arrhyth-
mias. Researchers can simulate the propagation of electrical 
impulses through myocardial tissue and assess how struc-
tural abnormalities, such as fibrosis, affect conduction and 
the emergence of arrhythmias [138, 144]. These models help 
elucidate the arrhythmogenic substrates in conditions like 
atrial fibrillation [145] and ventricular tachycardia [146].

Whole Heart Simulations

While computational modeling of single-cells or specific 
cardiac regions and myocardial tissue structures offer valu-
able insights, significant potential of in silico models is har-
nessed through the orchestration of multi-scale simulations, 
founded on models at each of these hierarchies [132, 147]. 
This layered approach commences with the modeling of sim-
ple single-cell behaviours. Micro-level insights can then be 
seamlessly integrated into broader models, characterizing 
the behaviours of myocardial layers and substructures. These 
models, in turn, converge with those forecasting the dynam-
ics of entire cardiac chambers, exemplified by the atria and 
ventricles [148]. The development of patient-specific elec-
trophysiological heart models became possible through the 
availability of cardiac images from patients, usually MRI 
or CT, and was substantially propelled by the movement 
towards personalized medicine. In the study by Zheng et al. 
[149], a comprehensive whole-heart computer model was 
developed, using inputs based on patient data and realistic 
electrophysiological properties. This in silico model ena-
bled the exploration of ventricular fibrillation (VF) mecha-
nisms by incorporating factors like action potential duration 
restitution and conduction velocity restitution. It provided 
valuable insights into VF organization and the impact of 
electrophysiological variations on arrhythmia patterns. Gao 
et al. [150] built a computer model of the mitral valve (MV) 
and left ventricle (LV) using real-life patient data, includ-
ing LV and MV geometry from cardiac magnetic resonance 
imaging (CMR). The model allowed simulations of cardiac 
function to explore MV-LV interactions and their relevance 
to cardiac disease. Additionally, in silico models are highly 
effective tools for simulating cardiac contractions during 
the cardiac cycle and comprehending the dynamics of blood 
flow within the heart chambers. These models faithfully rep-
licate changes in myocardial tissue tension and deformation, 
providing valuable insights into the mechanics of effective 
cardiac pumping. Furthermore, they illuminate the interplay 
between hemodynamic processes, valvular function, and the 

interactions among blood and the structural components of 
the heart and conditions such as congestive heart failure 
[132, 146].

Ultimately, the power lies in blending interrelated sub-
models on different magnitude scales into one super sim-
ulation, like putting together a complex puzzle. This aids 
researchers to predict cardiac behaviour more accurately 
in response to an array of stimuli, including well-defined 
pathological triggers. For instance, it allows researchers to 
explore the cascade of pathological events, examining the 
molecular, cellular, and tissue-level responses involved, as 
well as the overarching pumping pattern of the entire heart 
[147, 151, 152]. Similarly, it affords the opportunity to scru-
tinize the consequences of a specific mutation, such as in a 
sarcomeric protein, and predict the effects of targeted inter-
ventions. However, it is crucial to emphasize that while these 
models offer great promise, their reliability and applicabil-
ity hinge on the quality of the data and the accuracy of the 
underlying assumptions and mathematical representations.

In due course, as in silico models, including whole heart 
simulations, continue to evolve and align with the advance-
ments in data quality and model accuracy, they are poised 
to provide invaluable insights into the complex world of car-
diac dynamics and aid in the exploration of new therapeutic 
strategies.

Summary

The scope of preclinical cardiac models is wide-ranging 
and characterized by a significant variety in model fea-
tures and fields of application. This diversity underscores 
a pivotal attribute of preclinical research on a more general 
note: the perfect model does not exist, and a well-designed 
model or disease platform does not need to be optimally 
adequate for every research question in cardiac research. 
Every model furnishes approaches to a specific set of 
research aims, which may be either molecular-, organ- or 
individual-level. In addition, different models may be fit 
for examining distinct cardiac conditions, and for various 
fields of research, such as arrhythmias and heart failure 
or for examining disease etiology, developing diagnostic 
tools and novel therapeutic agents or the generation of 
prognostic data. This emphasizes yet another feature of 
preclinical research: it is inevitable to use multiple types 
of preclinical platforms in a step-like manner to acquire an 
optimal understanding of physiology and disease, prior to 
application in human clinical trials. These platforms range 
from cheaper and more accessible models that are used 
on large scales (high throughput) to more complex and 
expensive models that are used on smaller scales to con-
firm research findings in experimental set-ups with better 
biological mimicry. Another yet principal note concerns a 
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model’s degree of complexity. Preclinical model systems 
vary greatly in this regard, in which in vitro models are 
deemed simpler retractions of biology compared to in vivo 
models, whereas ex vivo models occupy an intermediate 
level of complexity, bridging the gap between in vitro and 
in vivo. In turn, in vitro platforms and in silico models 
present their own array of complexity, due to differences 
in cell types used, scaffold choices, architecture degree 
of factor integration and the intricacy of the mathemati-
cal algorithms and the parameters used in the simula-
tions respectively. The more complex a model system 
becomes, the more reliable and accurate it generally is, 
but the harder it will be to determine cause-effect relation-
ships. Attaining maximum in vivo resemblance is there-
fore not always the goal when designing an experimental 
set-up. Alternatively phrased, a more complex model is 
not necessarily a better research model. It will remain the 
researcher’s responsibility to carefully investigate which 
model features are essential to answer their research aim 
and to outweigh their individual benefits and drawbacks 
(Table 1).
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