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Abstract

Myocardial hypertrophy is the result of sustained perturbations to the mechanical and/or
neurohormonal homeostasis of cardiac cells and is driven by integrated, multiscale biophysical and
biochemical processes that are currently not well defined. In this brief review, we highlight recent
computational and experimental models of cardiac hypertrophy that span mechanisms from the
molecular level to the tissue level. Specifically, we focus on: (i) molecular-level models of the
structural dynamics of sarcomere proteins in hypertrophic hearts, (ii) cellular-level models of
excitation-contraction coupling and mechanosensitive signaling in disease-state myocytes, and (iii)
organ-level models of myocardial growth kinematics and predictors thereof. Finally, we discuss
how spanning these scales and combining multiple experimental/computational models will
provide new information about the processes governing hypertrophy and potential methods to
prevent or reverse them.
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Introduction

Ventricular hypertrophy develops in response to environmental demands that alter the
mechanical and biochemical loading on the myocardium, and it often increases the risk of
heart failure [1]. The progression of remodeling is mediated by a combination of tissue-,
cellular-, and molecular-level regulatory processes involving the mechanobiology of
cardiomyocytes, the surrounding extracellular matrix (ECM), and cardiac fibroblasts. Thus,
understanding the multiscale mechanisms involved in cardiac hypertrophy is a major
challenge with the inherent need for a multiscale approach.

Perturbations in the mechanical homeostasis of cardiomyocytes that trigger a hypertrophic
signaling response range from chronic systemic hypertension, aortic stenosis, ischemia, and
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genetic cardiac disorders. In particular, hypertrophic and dilated cardiomyopathy (HCM and
DCM, respectively) are typically associated with genetic mutations related to the
contractility of the myocardium. HCM and DCM manifest as anatomical and histological
changes as well as a wide range of clinical manifestations. For instance, the overall cardiac
mass in both HCM and DCM is increased due to ventricular growth, whereas the left
ventricular chamber volume is diminished substantially in HCM and increased in DCM.
HCM hearts typically display diastolic dysfunction due to thicker and stiffer ventricular
walls, while DCM hearts typically have systolic dysfunction due to weak dilated ventricular
walls. Histopathologically, the alignment of myocytes which characterizes the normal
myocardium becomes distorted by the hypertrophic growth, which can produce enlarged and
misshapen myocytes as well as disorientation of adjacent cells. These findings, collectively
termed myocyte disarray, can be focal and juxtaposed beside normal-appearing myocardium
or can be widespread throughout the ventricle. Cardiac fibroblast activation and remodeling
of the associated ECM further contribute to the distortion in myocardial cell architecture

Thus, major efforts have been made to understand the multiscale mechanisms by which
HCM and DCM develop with the ultimate goal of advancing preventative or restorative
therapeutic discovery. In the following sections, we highlight computational models and
experimental studies that have revealed important biophysical and biomechanical
underpinnings of cardiac hypertrophy, and we speculate on the types of combinatorial
modeling approaches that will be most informative in future studies.

Structural dynamics of the sarcomere in HCM hearts

Molecular and Brownian dynamics simulations of sarcomere proteins

Molecular dynamics (MD) simulations can be a powerful tool for exploring the effects of
contractile protein mutations as altered atomic interactions cascade through the molecule
and affect overall contractile mechanisms. By studying HCM mutations through the
computational lens of MD, it is possible to answer fundamental questions regarding
nanosecond-scale alterations to protein electrostatics and atomic interactions which can be
combined with higher-order models and experiments to predict long term phenotypes.

A number of myosin binding protein C (cMyBPC) mutations have been associated with
HCM development. An MD study of HCM-associated cMyBPC mutation Y235S
demonstrated that the mutation critically alters intermolecular contacts and the electrostatic
surface region within the C1 domain which is important for myosin interactions [7]*. These
results were combined with mechanical myofilament experiments to suggest that the
mutation leads to increased crossbridge attachment rates and overall increased calcium
sensitivity, leading to hypercontractile behavior of the muscle as a whole. Another study
which investigated C1 domain mutation E258K and C2 domain mutation E441K, both as
single mutations and a double mutation, demonstrated that these mutations increase
hydrogen binding in the C1-m-C2 complex of the molecule, leading to a more rigid overall
structure and slower unbinding of the complex compared to wildtype simulations [8].
Overall electrostatic potential and phosphorylation site changes due to these mutations, and
exaggerated in the double mutation, were also predicted to affect the actin binding
mechanism of cMyBPC, which may result in declined diastolic function [9]. An earlier
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study of the C1 domain in isolation investigating mutations R177H, A216T and E258K
demonstrates the diverse changes to hydrogen bonding and electrostatic surfaces that can
occur due to different mutations associated with the same hypertrophic end stage phenotype
[10].

Troponin | (Tnl) mutations have also been associated with HCM. An MD study of inhibitory
peptide mutation R146G and N-teminus mutation R21C found that these mutations
strengthen interactions between the Tnl switch peptide and Troponin C (TnC) by hindering
the ability for PKA to phosphorylate Ser-23/Ser-24 in Tnl [11]. Tnl I-T arm mutation P83S
has also been shown to stabilize the Ca2* binding region of TnC and improve flexibility of
TnC as a whole, which may lead to increased Ca2* in mechanical experiments of mutated
myofilaments [12]. A more recent study on N-terminal TnC mutations A8V, L29Q, and
A31S used umbrella sampling to demonstrate that all three mutations cause lower free
energy of hydrophobic patch opening of TnC, which precedes TnC-Tnl interaction, leading
to faster thin filament activation and higher Ca2* sensitivity [13]**.

An ambitious study modelled a full-length Tropomyosin (Tin) dimer in complex with 15
actin monomer to explore HCM-associated Tin mutations E62Q, A63V, K70T, V95A,
D175N, E180G, L185R, and E192K [14]*. 20-ns simulations found that these mutations
weaken Tm-actin interactions in the Tin Blocked (inactivated) state, potentially favoring the
transition of Tm into the Closed and Open states required for activation of the thin filament
[14]. A 30 ns study of Tm mutation E62Q strengthens the argument for reduced Tm-actin
affinity in the Blocked state by finding a loss of negative charges on the actin-binding
surface of Tm and a movement of Tm away from the actin thin filament [15]. These studies
confirm predictions of an electrostatic Tm-actin interaction study by Orzechowski et al
which found that interactions are weakened by Tm mutations E62Q, R160H, D175N,
E180G, L185R, E192K, and others [16]. In addition to electrostatic differences, a study on
persistence length of Tm with mutations D175N and E180G shows greater flexibility of the
molecule near residue 180 in the mutated cases, which is a critical region for actin binding
and may allow for enhanced myosin binding access to the actin filament [17].

The MD studies outlined above provide important insights into short timescale, local effects
of HCM-associated mutations on contractile protein function. However, the computational
expense of such simulations make it difficult to recreate larger protein systems and
experimentally-relevant timescales. Therefore, it is important to contextualize MD findings
using experimental work as well as larger-scale modeling frameworks in order to resolve the
impact a single residue can have on whole cell function.

models of healthy and disease-state sarcomeres

Mechanistic models of the sarcomere have been developed over the past 50 years aiming to
understand the thin filament physiology and the pathogenesis of thin filament-linked HCM
cardiomyopathies. Some of these models have proven useful in answering/interpreting a
variety of specific muscle contraction questions, but are often lacking sufficient detail to
explain the complex disorders in sarcomeric cardiomyopathies and the associated impaired
energetic metabolic activities during contraction. A commonly used model of thin filament
activation and cross-bridge cycling is given in [5]. This model allows for a quick and
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efficient of solving a set of ODEs describing the cross-bridge cycling, but it lacks details of
the spatial nearest-neighbour interactions of the myofilament. A more spatially resolved
ODE-based model which was then developed to explicitly account for nearest-neighbour
interactions of tropomyosin molecules can be found in [18]. Other models use Markov chain
Monte Carlo (MCMC) processes to refine spatial detail, but these simulations can become
computationally expensive too due to small time steps and the large number of repetitions/
realizations needed to acquire statistically significant and smooth curves [3, 19]. In general,
these low-level mechanistic models have limited predictive capability and rely on parameter
optimization tools to fit mutation data.

The need for higher-resolution mechanistic insight was recently illustrated based on
evidence from both patients and animal models [20]. Although the classical focus on
hypotheses related to hyper-hypo contractile and force Ca2* sensitivity has proven useful in
many cases, there are significant limitations to this approach. Therefore, novel sarcomeric
techniques coupled with a more modern understanding of the nature of sarcomeric
cardiomyopathies are indeed required. Improved mechanistic models at the myofilament
level can be coupled with robust data from animal models and intact in vitro systems to
result in improved cardiac translational medicine power [21].

The direct mechanistic links between myofilament mutations, abnormalities in myocellular
energetics and the early activation of myofilament signaling cascades remain unclear. The
integration of high-level mechanistic models of the sarcomere and HCM-associated protein
mutations remains a challenging problem in cardiac mechanics.

Revealing pathologic myofilament structure associated with cardiomyopathies

In addition to mechanistic spatiotemporal models of the sarcomere, structural models of the
disease-state sarcomere have been developed by coupling experimental measurements with
computational models to inform how HCM- and DCM-associated mutations affect
sarcomere ultrastructure. Myosin mutations that are associated with hypertrophic and dilated
cardiomyopathies are particularly prime candidates for studying the structural basis of the
relationship between genotype, sarcomere ultrastructure, and myocardial hypertrophy.
Advances in X-ray diffraction have enabled the characterization of the cardiac myosin
filament structure in hearts with dilated or hypertrophic cardiomyopathy. Similar to skeletal
muscle, the cardiac myosin filament in healthy hearts has a distinct relaxed state in which
myosin motors are helically arranged on the thick filament backbone with ~ 14.3 nm
periodicity [22]. The molecular interactions that stabilize this ‘sequestered’ state of the
myosin motors, or the ‘OFF’ state of the thick filament, are not well understood in cardiac
muscle but may involve myosin head-tail interactions [23], myosin-titin interactions [24], or
interactions between myosin and MyBP-C [25, 26]. Consequently, recent focus has been on
how cardiomyopathy-associated mutations in myosin might disrupt the diastolic structure of
the thick filament, dysregulate contractility, and promote pathological remodeling.

Anderson et al. combined molecular structural models of myosin harboring HCM-causing
mutations and X-ray diffraction analysis of myofilament structure, and demonstrated that a
mutations that cause HCM indeed destabilize the resting conformation of myosin [27].
Moreover, work by the same group has led to the observation that a number of mutations
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associated with HCM are clustered in the so-called “myosin mesa”. A region of the myosin
motor domain that is highly conserved in cardiac myosin isoforms across species [28]. A
potential underlying mechanism of the destabilized resting conformation of myosin may be
a mutation-induced disruption of myosin-MyBP-C interactions for mutations in the myosin
mesa [29]**.

Conversely, Yuan and colleagues used X-ray diffraction techniques on permeabilized cardiac
muscle from transgenic mouse hearts to find that a DCM-associated myosin mutation in the
myosin regulatory light chain had little effect on the radial position of myosin motors or
interfilament lattice spacing in the absence of calcium, but reduced the number of actin-
interacting heads at submaximal calcium [30]. It may be that a reduction in the force-
generating capacity of the sarcomere drives changes in myofibril structure and lattice
geometry, exacerbating contractile dysfunction and the progression of ventricular dilation.

Taken together, structural models of the myofilaments harboring myosin-based mutations
from both HCM and DCM hearts point towards a similar pathomechanism involving a
perturbation in the structure of the thick filament. Future work using X-ray diffraction
techniques and molecular modeling further will elucidating the structural basis of
cardiomyopathies and may inform new therapeutic interventions that target the structure of
the thick filament.

Cardiomyocyte dysfunction: EC coupling, mechanosensing, and

remodeling

Mathematical EC coupling models in HCM

Cardiac cells can be considered as a coupled electromechanical network in which the action
potential (AP) triggers an increase in intracellular Ca* concentration and contraction of the
myofilaments that allows the heart to pump blood in a process called excitation-contraction
(EC) coupling. In principle, the contractile force production by cardiac muscles depends on
the relative sliding of the thick-thin filaments within sarcomeres. This sliding motion and the
developed force are regulated by several mechanochemical-enzymatic mechanisms,
including ATP hydrolysis, crossbridge cycling of myosin heads, and troponin-tropomyosin-
actin interactions. The contraction-relaxation interplay of cardiac muscle is controlled
sterically by the tropomyosin protein, which covers myosin binding interaction sites on the
actin subunits to inhibit crossbridge formation during relaxation. Therefore, tropomyosin is
believed to play a critical role not only in controlling the strength and duration of
contraction, but also in promoting the following activation events and cooperativity. The
dynamic motions of tropomyosin as governed by a multi-well energy landscape on thin
filaments is influenced by both Ca?* binding to troponin-C and myosin binding to actin [4,
31-34], but the effects of hypertrophy-causing mutations in these proteins on this energetic
landscape have not yet been examined.

There are many different mathematical myofilament models that have been developed by
several groups trying to understand mechanisms and responses of length-dependent cardiac
muscle activation, thin filament regulation, myosin (thick) filament function, and ventricular
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mechanics [35]. The vast majority of these models couple a mechanistic myofilament
activation model to a crossbridge cycling model and include length-dependent active force
and passive tissue properties. Some of these myofilament models include phenomenological
representations of crossbridge cycling [5], while others account for cooperative activation/
nearest-neighbor interaction between troponin/tropomyosin units [3, 18]. Although several
approximations were used in these models, the overall model structure attempts to agree
well with the underlying biophysics. In addition, other simplified filament scale contraction
models [35] were integrated into larger EC tissue scale models and have also been used as
the basis of a multiscale electromechanical model of left ventricle simulation [36]. Although
simulated responses using these models have been compared with a wide range of
experimental measures, their applicability to study myocardial diseases are limited. For
example, simplified contraction models can not be used to describe the link between
sarcomeric point mutations and the HCM phenotype. Instead, multiscale atomistic-to-tissue
type models are required, for reasons we outline below.

Sarcomeric point mutations alter cardiac muscle contractility and can lead to HCM. The
majority of these mutations are distributed on residues located on the Tm-actin interface,
which can modify the Tm-actin interaction and affect Tm positioning and mobility on the
surface of actin filaments. These mutations and post-translational modifications influence
not only Tm dynamics, but they also affect myofilament Ca2* sensitivity and alter
cooperative interactions between actin, Tm, troponin-complex and myosin [37, 38].
Therefore, the exact molecular-to-filament mechanism by which these alterations provide
the trigger for disease progression and remodeling is still poorly understood. Because
mutations can perturb the interaction energy landscape between Tm and actin, their effects
cannot be explained by a filament-scale model that is either based on the mean-field
approximation theory or relies purely on Markov type simulations.

Accurate modeling of the myofilament biophysics problem requires a multi-scale approach
to modeling thin filament activation that can link atomistic molecular simulations of protein-
protein interactions in the thin filament regulatory unit to sarcomere level activation
dynamics, and to the tissue/whole organ level (see Figure 1). Nevertheless, several attempts
using Markov Chain Monte Carlo (MCMC) type of myofilament models with parametric
optimization were used to investigate and predict the effects of point mutations on sarcomere
contractility [3, 39]. None of these models have directly addressed the thin filament
activation process based on the detailed atomisitic dynamics of the Tm-coil on the surface of
actin filaments. However, they are still attractive and flexible methods where the
cooperativity due to the nearest-neighbour interactions among the thin filament RUs can be
included explicitly in the system [3, 18].

Although myocardial contraction research has reached a point where detailed separate
information about the molecular, cellular, and tissue-level mechanisms that drive and
regulate contraction is available, the integration of this information in a single big-data
modeling approach remains a challenging problem. The Brownian ratchet theory coupled
with the Langevin dynamic principle could offer a solution to this problem using a coarse-
grained mechanistic approach to bridging the molecular-to-filament scales [2, 34, 40]. The
essence of this approach lies in computing the interacting Tm-actin energy landscape from
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atomistic Brownian dynamics simulations and integrating into a sarcomere level activation
dynamics [2]. Moreover, we also agree with the recent opinion by K. Campbell et al [41],
which points out that it is time for myofilament researchers to emphasizing on leveraging the
available knowledge to a potential applied approach based on multiscale computer modeling
and simulation to improve HCM cardiac patient care.

Experimental cellular models of sarcomerogenesis and hypertrophy

Cardiomyocyte growth and remodeling is typically characterized by increased protein
synthesis and sarcomere formation. However, hypertrophy can either be concentric (reduced
length-width ratio) or eccentric (increased length-width ratio). Concentric hypertrophy at the
myocyte level is the result of sarcomeres added in parallel, and manifests as a thickening of
the ventricular walls with diastolic dysfunction. As such, this type of cellular hypertrophy is
typically seen in HCM hearts. Conversely, eccentric hypotrophy at the cellular level is the
result of sarcomeres added in series and normally is associated with dilated ventricles and
systolic dysfunction, and is typically associated with DCM. While each type of hypertrophy
has been well documented, the molecular determinants of each type remain largely unknown
(see Figure 2).

In-vitro and in-vivo models of mechanically induced hypertrophy have been helpful in
identifying structural and genetic responses to different loads. Neonatal rodent
cardiomyocytes that are cultured under static load applied longitudinally (i.e., along the
myofibrillar axis) respond with serial addition of sarcomeres and eccentric hypertrophy [42,
43], while myocytes under transverse load respond with parallel sarcomere formation and
concentric hypertrophy [44]. Differential gene regulation in response to transverse and
longitudinal load suggests that the structural adaptations are driven by unique
mechanosensitive gene expression [45]. Furthermore, concentric and eccentric myocyte
hypertrophy is typically associated with HCM and DCM, respectively [46], and defining the
molecular regulators of concentric versus eccentric hypertrophy in each case remains an
important problem in cardiopathology.

Because the sarcomere has a putative role in the mechanosensing and mechanotransduction
of the heart [for a more comprehensive review on this subject, see Reference [47]], the vast
number of mutations associated with HCM and DCM in genes that encode sarcomere
proteins strongly implicates sarcomere mechanics in determining the type of cardiac
hypertrophy. Functional experimental assays using human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) are useful for elucidating mechanisms of hypertrophy
in healthy hearts and in hearts containing patient-specific, pathogenic sarcomere protein
mutations. For example, Leonard et al. highlighted the mechanosensitivity of hiPSC-CMs by
demonstrating that engineered heart tissues (EHTs) made from hiPSC-CMs that were
cultured in high-afterload conditions exhibited greater cellular growth and expression of
hypertrophic biomarkers [48]. Also using EHTs with hiPSC-CMs, Hinson and colleagues
were able to characterize the effects of truncating mutations associated with DCM in the
giant sarcomere protein titin on sarcomerogenesis, cardiac contractility, and hypertrophic
biomarker signaling [49]. The authors demonstrated that DCM-associated titin-truncating
mutations blunt sarcomerogenesis, which may be an underlying cause of DCM in patients
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with titin truncations [49]. Titin also may play a role in stress-dependent sarcomerogenesis
[50]**. Experimental models using EHTS such as these may help lead to a precision
medicine model for preventing or reversing HCM and DCM phenotypes.

Models of mechanical and biochemical regulatory signaling networks

Cardiomyocytes undergo tremendous mechanical and geometrical dynamics during systole-
diastole cycles yet maintain the ability to acutely sense abnormalities in the mechanical
microenvironment. Prolonged exposure to abnormal mechanics generally causes myocyte
remodeling and hypertrophy that often translates to organ-level dysfunction. Precise
molecular links that provide intracellular mechanosensing and translate mechanical signals
into genetic responses that promote myocyte remodeling and heart failure are far from being
completely understood, but correlations between mechanical stimuli, hypertrophic agonists,
and molecular signaling have been identified through experimental and computational
models of hypertrophy pathways (see Reference [51] for a comprehensive review of
mechanosensitive gene regulation in the heart). Key signaling pathways in cardiac
hypertrophy have been identified in recent in-vitro and in-vivo experimental models. Among
these, major pathways that have emerged involve calcium-dependent interactions between
the transcription factor Nuclear Factor of Activated T-cells (NFAT), calcineurin, and the
mitogen-activated protein kinase 1 (MAPK1). These regulators of hypertrophy also regulate
other signaling pathways, such as activation of transcription factors like GATA4 or factors
involved in regulating the actin cytoskeleton [52]. Interestingly, a critical relationship was
recently identified between O-linked B-N-acetylglucosamine (O-GIcNAC), a carbohydrate
involved in posttranslational modifications of serine and threonine residues, and NFAT
signaling [53]. Facundo et al. demonstrated that NFAT activation associated with pressure
overload-induced hypertrophy in mice requires O-GIcNAc signaling, suggesting a key
metabolic-based regulatory mechanism of hypertrophy [53]. Future investigations of
mitochondrial function in response to altered myocyte mechanics may be quite informative
in the context of metabolic signaling in cardiac hypertrophy. More generally, the cross-talk
between the various signaling pathways and other downstream effectors of cardiac
hypertrophy quickly creates a complex regulatory landscape that will require a highly
integrated modeling approach to elucidate. Recent efforts to synthesize the extensiveness of
biochemical signaling in cardiomyocytes in response to mechanical stretch have generated a
systems-level predictive network of mechanosensitive gene regulation pathways [54, 55].
Tan and colleagues developed a systems-level computational model of mechanosensitive
signaling networks in cardiomyocytes that accurately predicts stretch-induced changes in
gene expression and cellular growth [55]. The model uses a system of logic-based
differential equations coupled with experimental observations from published literature to
construct a signaling cascade initiated by cardiomyocyte stretch and was validated against
in-vitro assessments of stretch-induced gene regulation and cell growth in isolated neonatal
rat cardiomyocytes. Other experimental efforts have focused on the transcriptome of hearts
in hypertrophic heart failure [56, 57], but combining these experimental observations with a
predictive genetic model in future studies will provide a more comprehensive understanding
of these pathomechanisms.
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Cellular- and tissue-level models of the kinematics of myocardial growth
and remodeling

Strain and tension-based predictive growth models
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Understanding the mechanical stimuli that produce a particular hypertrophic phenotype
(eccentric versus concentric) is a major challenge. As discussed, cardiac growth and
remodeling at the cellular and tissue level is often the result of altered mechanical load, and
in-vitro experiments have shown that myocytes tend to respond with growth in the same
direction as the applied stretch. However, it is difficult to apply these experiments to
understand the pathogenesis of inherited genetic-based cardiomyopathies as it is unknown
whether intrinsic mechanical abnormalities (e.g., altered sarcomere contractility) trigger a
similar mechanosignaling cascade as extrinsic mechanical loading. As such, multiscale
models that combine phenomenological stress- and strain-based growth with genetic
sarcomere mutations would provide a powerful tool for predicting pathological remodeling
and designing new preventative or restorative treatments.

To date, several models have been developed based on growth laws derived from pressure or
volume overloading (see Reference [58] for a comparison of different growth models).
Goktepe et al. have employed mathematical models of the kinematics of concentric and
eccentric growth based on pressure and volume overload from the myofibril level to the
ventricular level [59]. Similarly, Kerckoffs and colleagues developed a nonlinear finite
element model of the right and left ventricles superimposed with realistic fiber alignment
[6]. The proposed strain-dependent growth law stated that the maximum strain in the fiber
direction stimulates cardiomyocyte lengthening and maximum cross-fiber strain stimulates
cardiomyocyte thickening, and it was able to predict growth due to pressure and volume
overload [6], postnatal hemodynamic loading [60], and asymmetric hypertrophy in response
to ventricular pacing [61].

More recently, Davis and colleagues introduced a new paradigm for myocardial growth
based on a ‘tension index’ generated by computational models of cardiac twitches for
various disease conditions [62]. The authors demonstrated a strong correlation between the
change in the impulse of a cardiac twitch (i.e., the tensiontime integral) for HCM or DCM
hearts compared to healthy hearts and the type and severity of myocardial remodeling—a
large positive impulse relative to healthy hearts correlated with concentric hypertrophy and
the HCM phenotype while a large negative impulse relative to healthy hearts correlated with
eccentric hypertrophy and the DCM phenotype [62]. An interesting question that stems from
this work is whether the altered contractility investigated in the work by Davis and
colleagues causes abnormal fiber and cross-fiber strain, or if altered contractility has unique
mechanosignaling pathways associated with the resulting growth. Future work that
combines a stress- and strain-based growth laws at the myocyte and ventricle levels will be
informative in deciphering the mechanical signals initiated by HCM- and DCM-associated
mutations.
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Finite elements models for variations in ventricular HCM morphology

The vast majority of the current cardiac finite element modeling (FEM) uses
phenomenological models of myofibril contraction. This simplification in the dynamics of
contractile apparatus adds limitations on using such FEM approaches to simulate, for
example patient-specific cardiac mechanics problems. Moreover, the mathematical
formalization of these models makes it difficult to scale up from atomistic-to-organ level,
which adds extra challenge to simulate mechanical responses of hearts under diseased state,
e.g., mutations-linked HCM. However, a left ventricular FEM study [63] has recently been
proposed to overcome this limitation, where the model was developed based on integrating a
filament-level model of contraction [64].

Another limitation of classical cardiac FEM approaches is, the use of semi-empirical
methods to describe the growth and remodeling of heart cells triggered by cardiac disease.
Most of the current implementations of cardiac growth and remodeling algorithms within
FEM have focused on geometrical representations (parallel/serial filling approach) of the
sarcomeres [65]. Unfortunately, these models are too simplistic for clinical use because they
don’t account for the patient specificity disease factors. Nevertheless, more advanced
algorithms have recently been proposed to better integrate continuum growth and
remodeling models into morphic finite element simulations that can change and evolve in
time [6, 66, 67]. More specifically, these models couple element-level mechanics to long
term changes in tissue-level structure and function [68]**.

Modern cardiac FEM can be a useful approach to study the mechanics of variations in
ventricular morphology due to HCM. For instance, FEM should have the capability to
integrate experimental and clinical data, so it can help in both therapeutic and diagnostic
phases. In other words, FEM could help clinicians draw better quantitative understanding of
cardiac disease state, which in turn will inspire rational therapies.

Conclusion

In this review, we presented current experimental and computational models of cardiac
mechanics spanning multiple spatial and temporal scales that are aimed at understanding the
pathomechanisms of cardiac hypertrophy. Models of cardiac hypertrophy agonists that span
mechanisms from the molecular level to the tissue level were also given. In particular, we
focused on atomistic-level models of the structural dynamics of sarcomere proteins in
hypertrophic hearts, cellular-level models of excitation-contraction coupling and
mechanosensitive signaling in disease-state myocytes, and organ-level models of myocardial
growth and remodelling. Because of the complex combination of molecular
mechanobiology, genetic signaling, cardiomyocyte and ECM remodeling, as well as tissue
mechanics involved in myocardial hypertrophy, a multiscale approach is required to
elucidate genotype-to-phenotype mechanisms. We finally discuss how spanning these scales
will provide new information about the processes governing hypertrophy and potential
methods to prevent cardiomyopathies or generate novel therapeutics.
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Figure 1:
Schematic illustrating the scope of cardiac multi-scale mathematical modeling techniques,

spanning spatial and temporal scales. For example, pannel A shows tha molecular and
Brownian dynamics simulations can be used to study thin filament action at the molecular
scale [2]. Panel B shows that Markov Chain Monte Carlo (MCMC) technique can possibly
integrate the molecular scale results to study the sarcomere protein interactions at the
filament scale [3, 4]. Panel C shows that an organelle-cellular scale model can be then used
to calculate contraction force [5]. Finally, this contraction force can be then integrated in an
tissue-organ-scale FEM model to study growth and remodeling in hypertrophic
cardiomyopathies [6].
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Figure 2:
Various hypertrophic agonists acting on normal myocardium trigger multiscale regulatory

pathways that ultimately produce either eccentric or concentric hypertrophy. The precise
molecular mechanisms involved in translating the mechanical stimuli into changes in gene
expression that lead to either eccentric or concentric hypertrophy and remodeling remain
unresolved. This illustration is made using biorender application (www.biorender.com).
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