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On Simulating the Effect of Sodium Channel Block on Cardiac
Electromechanics

Noha Shalaby"’, Nejib Zemzemi*”, Khalil Elkhodary’

Abstract— Objective: The purpose of this paper is to investigate computationally the
influence of sodium ion channel block on cardiac electro-mechanics. Methods: To do so, we
implement a myofiber orientation dependent passive stress model (Holzapfel-Ogden) in the
multiphysics solver Chaste to simulate an imaged physiological model of the human ventricles.
A dosage of a sodium channel blocker was then applied and its inhibitory effects on the electrical
propagation across ventricles modeled. We employ the Kirchhoff active stress model to generate
electrically excited contractile behavior of myofibers. Results: Our predictions indicate that a
delay in the electrical activation of ventricular tissue caused by the sodium channel block
translates to a delay in the mechanical biomarkers that were investigated. Moreover, sodium
channel block was found to increase left ventricular twist. Conclusion: A multiphysics
computational framework from the cell level to the organ level was used to predict the effect of
sodium channel blocking drugs on cardiac electromechanics. Significance: There is growing
interest to better understand drug-induced cardiovascular complications and to predict
undesirable side effects at as early a stage in the drug development process as possible.
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1 Introduction

Cardiac muscle cells, or myocytes, are among a class known as excitable cells. That is, they
actively respond to an incident electrical stimulus that induces a flow of ions across the cell
membrane, which ultimately results in myocytes contraction associated with a heartbeat.
Specifically, ions of sodium (Na"), potassium (K") and calcium (Ca®") naturally flow through
cardiac cell trans-membrane ion channels, for normal cardiac behavior to arise (1). However,
when chemicals or drugs are administered, they often interact with these ion channels and partial
or full inhibition to ionic flow could result, disrupting the electrophysiology and mechanical
function of the heart (2). In fact, one of the foremost reasons for drug discontinuation at all
phases of their development is cardiotoxicity, in both cardiac and non-cardiac pharmaceuticals
(3). Cardiotoxicity can be defined as the occurrence of an electrophysiological dysfunction of the
heart or a mechanical abnormality of cardiac muscular behavior as a result of the intake of toxic
matter (4). Cardiovascular safety concerns have been responsible for almost 19% of drug



withdrawals in the United States alone, over the past 40 years and for 9% of worldwide
withdrawals (3).

Drug development and approval takes extensive time, money and effort and is subject to high
failure rates (3). In fact, many promising drugs pass the initial cytotoxicity (toxic to regular cells)
screening only to turn out to be highly cardiotoxic in preclinical trials (5). Often, adverse drug
effects on cardiac function appear only after completion of clinical trials, or after drug release in
the market (6). Detecting adverse drug interactions at such a late stage could undoubtedly cause a
negative impact on public health. Thus, there is growing interest to better understand drug-
induced cardiovascular complications and to predict undesirable side effects at as early a stage in
the drug development process as possible.

To minimize potential risks from cardiotoxicity, much research has been directed towards the
development of accurate cardiac modeling and simulation platforms, as an increasingly popular
supplement to clinical and experimental (in-vitro) studies on the human heart. Modeling and
simulation, or in-silico testing, promises a new predictive capability of clinical biomarkers, for
the rigorous evaluation of cardiotoxicity. In-silico methods are especially sought for, due to their
greater safety and their ability to shed light on the basic underlying phenomena, which arise from
the chemistry, biology, electrophysiology and mechanics of the heart (7).

In recent years, various models have been put forward to relate drug effects to cardiac
electrophysiology and these models are rapidly growing in sophistication; having evolved from
single cell predictions, to large scale models embedded in the torso, to even whole-body
geometries with body surface potentials, where drug-induced single and multiple channel blocks
can be recorded, analyzed and compared (8—12). Recently, these advanced electro-physiological
models have been integrated with cardiac mechanics simulators, within a multiphysics
computational framework. Several studies have thus been published, aiming to capture the
interactions that characterize human cardiac electromechanics, from the cell levels to the organ
level (multiscale) (7,13,14). Some studies are now focused on building a model for the complex
fiber orientation of the cardiac walls, in order to properly capture that rotation and twist of the
left ventricle (LV) and use the quantification and interpretation of LV torsion as a potential tool
of clinical relevance (15,16). Other models aim to develop the most accurate material law
describing the mechanical properties of cardiac tissue, both active and passive (with respect to
electrical excitation) and to accurately predict corresponding stresses, strains and volume change
from cardiac contraction (17,18).

Such advances in electromechanical models are increasing their readiness for application in
the treatment of cardiac disease, by better poising them to reproduce the effects of various
pathologies, simulating full surgical interventions, predicting relevant stress and strain fields and
quantifying changes in tissue material parameters (19). Nevertheless, linking these state-of-the-
art electromechanical methods to drugs and the assessment of drug safety has not taken root (20).



This points to a fertile ground for a computational multiphysics exploration, to lend a reliable
hand to the safe advancement of drug development.

It is thus the objective of this work to investigate the drug-induced effect of Na' channel
blockage on cardiac electro-mechano-physiology, by implementing and integrating an improved
model of (passive) cardiac myofiber mechanics in a suitable multiphysics framework that
couples directly to the applied drug dosage. Specifically, in this paper an imaged physiological
model of the human ventricles (21,22) is studied by the finite element method, on the
multiphysics solver Chaste (Cancer, Heart and Soft Tissue Environment) (23,24). Chaste is an
open source software package that presently integrates nanoscale ionic flow from myocytic
currents with macroscale electrical propagation across ventricular tissue and contractile tissue
behavior (active and passive), to accurately predict associated electrical and mechanical
biomarkers of the heart. However, Chaste presently features two rather restrictive (passive)
material laws to describe cardiac tissue electro-mechanics. As such, an improved (passive)
material law was herein implemented, based on the work of Holzapfel and Ogden (18) then used
in the analysis of Na' channel blocking drug-induced effects.

2 Methodology

Electrophysiology

To model the flux of ions and associated electrical activity of an individual myocyte in
humans, the Ten Tusscher and Panfilov (TP06) action potential model (25) is used. TP06
combines the 15 major ionic channels that allow the flow of Na”, K™ and Ca”" ions in and out of
the human ventricular cardiac myocyte. It is one of the most widely used ionic models in the
literature (8,11,12,26) and has thus been verified as an efficient model that produces reliable
results which relate well to experimental data (27,28). The following conductance formula is
used to model the inhibitory effect of a specific drug dosage on the ionic channels, by setting the
Hill coefficient n =1 (10,11),

g;([D]) = g;( 2 [1]

1+ (o)
By equation [1], the degree of an ionic channel blockage is dependent on the dosage [D] and

the ICsy (half-maximal inhibition) of the investigated drug, assumed known a priori. Index j
labels the targeted ion channel of a myocyte, which in this work will be Na".

Using the altered ionic channel conductance from [1], the sum of all the trans-membrane
ionic currents (lion) 1s computed from TP06. The resultant current is then passed to the
monodomain reaction-diffusion equation, which characterizes the propagation of electrical
activity across the cardiac domain (29). It is less computationally intensive than the bidomain
model and gives sufficiently accurate results with respect to electrical propagation and ionic
channel blocking (30). The governing monodomain equation can be expressed as:
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where y is the surface-area-to-volume ratio, V,, is the trans-membrane voltage, ¢ is the time, C,, is
the capacitance across the membrane, /,,,ii.a1s the applied stimulus and /j,, is the value passed on
from the TP06 ionic model, representing the sum of all the trans-membrane ionic currents. Dy, is
the effective conductance tensor expressing the anisotropic electrical properties of the cardiac
tissue.

Hence, once an external electrical stimulus is applied to cardiac tissue, a corresponding
change in trans-membrane potential is communicated from the monodomain equation [2] to the
TPO06 ionic model, to solve for the associated ionic flow through myocyte channels and update
calcium and other ionic concentration as state variables. The resulting TP06 ionic current is then
fed back to the monodomain equation, which updates cell membrane voltage, thus providing for
a two-way coupling scheme between myocyte chemistry and cardiac electrophysiology. For
further details on the electrophysiological model used herein, the reader is referred to (31).

Tissue Mechanics

The heart has a complex structure; one composed of a multitude of myofibers that follow
different orientations across the cardiac domain, and which are crucial in defining directional
electrical propagation (21) and mechanical contraction of the heart (32). In the ventricles,
myofibers evolve continuously from a right-handed helix in the sub-endocardium to a left-
handed helix in the sub-epicardium. Such reversal in myofiber orientation induces complex
contraction patterns across the ventricular wall. The larger radius associated with the outer wall
layers permits them to dictate the final direction of ventricular rotation and its overall twisting
pattern. The opposing orientation of myofibers in the endocardium magnify shearing strains
throughout the cardiac wall and amplify strain energy storage in the contraction phase that serves
for diastolic recoil (33).

Cardiac tissue mechanics is thus strongly dependent on the non-uniform alignment of
myofibers across the cardiac domain. Indeed, models of the ventricles that have not captured
myofiber orientation lead to incorrect distributions of strain (and stress), a decrease in cardiac
energy efficiency and an overall compromise in the accuracy of the predicted cardiac
electromechanical phenomena (33,34). To properly account for myofiber orientation, therefore,
models have been put forward for single myofiber mechanics in its natural coordinates and then
generalized to accommodate arbitrary orientations.

In particular, in its natural orientation, each myofiber may be seen to be composed of a
multitude of parallel myofibrils, each myofibril being built up in series by cylindrical sarcomeres.
An electrical excitation of the sarcomeres releases active forces, which induce collective
myofiber contraction and/or relaxation while following the force-extension curves depicted in



Figure 1. Maximum active force is produced when a sarcomere is at its intermediate length (b, c,
d), while no active force results at either extreme of sarcomere length (a, €). On the other hand, a
passive force may be present in the myocyte, irrespective of electrical excitation, due to the
(nonlinear) elasticity of its connecting filaments and the collagen surrounding each myofiber.
The mechanisms of active and passive force generation are thus independent. Hence, it is typical
to model active and passive forces (or stresses) as superimposed (additive) as indicated in Figure
1 (35).

Myofibrillar Mechanics
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Figure 1: Total contractile force developed during contraction generated by active and passive forces.

Within this framework, the active response to electrical excitation is herein defined via the
second Piola-Kirchhoff (PK2) stress tensor, T,, whose tensorial form will render the active stress
orientation dependent. In particular, the Kirchhoff model is used to simulate the parabolic
behavior shown in Figure 1. Its predictions depend on the time elapsed since electrical
depolarization and some mechanical properties of the contracting myofibers (36). We adopt its
use for its comparative numerical stability, computational efficiency and its ability to capture the
effect of Na' channel block. The active PK2 stress may thus be written as (31),

T, = 22 f,®f, 3]

Tz

In equation [3], J is the determinant of the deformation gradient F and f, is the fiber
orientation vector referred to the initial configuration of the ventricles. g, is the coefficient of
active Cauchy stress (31) , and 4 is the stretch experienced by the deforming myofiber.

As for the passive stress, hyperelasticity is assumed (18,37). Viscoelastic and poroelastic
effects are thus ignored and the myofiber is deemed incompressible. An isochoric strain energy
function is thus introduced (38);

Wiso = W(u) _p([3 - 1) [4]



In equation [4], p is a Lagrange multiplier, interpreted as a hydrostatic pressure that penalizes
any volume change while enforcing isochoric deformation. /5 is the third invariant of the right
Cauchy-Green strain C. W(u) is a strain energy density function of displacement gradient u,
which describes the passive response to both volumetric and isochoric deformation.

On Chaste, there are two alternative definitions for W(u) for cardiac electro-mechanics. The
first stems from the work of Mooney (39) and Rivlin (40) on the large elastic deformation of
rubber-like isotropic materials. The second model is due to Nash and Hunter (17). It involves a
transversely isotropic material law, calibrated against biaxial tests that were performed on thin
sections of passive myocardium tissue. These models have been found to give weaker
predictions of ventricular volume change and ejection fraction than the Holzapfel and Ogden
(18) implemented in this study on Chaste, as shown in the comparative study in Appendix A.
The comparative predictions also validated the need for a proper fiber orientation definition.
Therefore, the Holzapfel and Ogden model we herein implemented was essential for the proper
investigation of the effects of Na' channel blocking drugs on cardiac mechanics.

In particular, the Holzapfel and Ogden model features orthogonal components of energy,
calibrated using both shear and biaxial tests that were performed on a cube of passive
myocardium tissue. It distinguishes responses in the fiber (f), sheet (s) and normal (n) directions.
In it, the strain energy density W (u) is given by,

a z a a
W) = o exp(b[l; — d]) + —21;_ [exp (bi[léhi — 1]2) _ 1] + 2;: exp(bfslg‘fs — 1)
1 S

i=fs

[5]

where a, as, as, ar, b, bs, bs and bg are material parameters, and d = 3 for three-dimensional
models. 7, I4 and I3 are invariants of the right Cauchy-Green Strain C. [; is the sole isotropic
term, considered to characterize the behavior of the non-muscular, non-collagenous part of the
tissue (18).

Orientation dependence in equation [5] appears by specifying the /4 invariants in fiber and
sheet directions, according to I4; = i-C-i, where i € {f,, sy} is a unit vector pointing in the
corresponding reference direction, defined in the undeformed configuration. The exponential
function applied to the fiber (/45) and sheet directions (/45) is a good reflection of the high
stiffening and energy storage behaviors of muscle fibers and connecting collagen fibers,
respectively. A coupling invariant (/3¢ = fo*C-so) is also included, for a better account of cardiac
tissue in-sheet shearing. Appendix B shows how to obtain the PK2 stress and the corresponding
Jacobian from equation [5].



This model can be reduced to a transversely isotropic one by limiting the parameters to only
four; a, b, ar and br (setting all others to zero). Indeed, in this study these four parameters were
selected from a study by Baillargeon et al. (41), which showed improved predictions of blood
ejection fractions than using the same model with all eight parameters (38,42).

3 Model Setup

Geometric Model and Mesh

The geometrical model used in this work was derived from Computerized Tomography (CT)
scan data (21,22) of the human ventricular chambers. The mesh of the LV and right ventricle
(RV) is composed of approximately 238,000 elements. For the electric problem, these elements
are linear tetrahedra, which correspond to approximately 50,000 nodes. For the mechanics
problem, quadratic elements that avoid pressure instabilities associated with material
incompressibility (43) were used, corresponding to approximately 350,000 nodes.

Generating Myofiber Orientations

The mathematical model presented by Potse et al. (30) which is based on the experimental
data collected by Streeter et al. (37) was employed to generate fiber and sheet orientations in the
walls of our geometric ventricle model. This model accounts for the continuous change of fiber
angle through the ventricular wall. The model was built from histological datasets and is known
to relate well to the observed physiology of the ventricles. It thus remains to date the most widely
used fiber orientation model in cardiac simulations, in spite of its simple form (44). These fiber
and sheet directions informed both the electrophysiological and the mechanical problems in this
study.

Electro-mechanical Solver

A patch of endocardium tissue where the ventricular electrical excitation begins, highlighted
in Figure 2, was stimulated by a current of -10,000 pA, for the duration of 1 ms. For the
mechanical model, Dirichlet boundary conditions were applied to a small cluster of nodes at the
bottom of the LV apex, fixing them in all 3 directions, leaving the remainder of the mesh to
deform freely. The monodomain reaction-diffusion equation (for electrical propagation) was
solved for 500 ms, to ensure complete activation and repolarization of the ventricles, i.e. to
simulate ventricular behavior over one cardiac cycle. The corresponding solver on Chaste was
called with a time step of 0.05 ms. The Ten Tusscher cell model (i.e. ionic flow model) was
called with a time-step of 0.01 ms, using the default parameters in Chaste (25). The Kerchoff
active stress model was called with a time-step of 0.01 ms, also using default parameters (36).
Material parameters used for the passive stress models are listed in Baillargeon et al. (41) for the
Holzapfel and Ogden passive stress model, which was developed in C++ and integrated on
Chaste as part of this study. The mechanical equations of equilibrium were solved once per ms,
since the mechanics evolves more slowly than the electrical signal can propagate.
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Figure 2: Basal view of ventricular model at time 1 ms highlighting the area of applied stimulus on the endocardium
in (A) the left and (B) the right ventricles

Finally, all simulations were performed on an AMD Opteron server with 256 GB of memory,
on an Ubuntu 14.04 operating system. Post-processing of the results was performed on MATLAB,
while mesh visualization, with its electro-mechanical variables, on Paraview.

4 Drug Induced Effects

There are two basic ways certain drug molecules can cause ionic flow inhibition when
binding to ion channels. The first is when binding occurs near a channel’s opening, which results
in a physical barrier in the path of ionic flow. The second is a structural change induced in ion
channel proteins due to drug binding, which also leads to ionic flow restriction (2). Both cases
usually correspond to inhibitory effects on Na' channels in myocytes.

For instance, Class I antiarrhythmics, or non-cardiovascular drugs such as antipsychotics and
anticonvulsants, can induce Na' channel blocks (45). Copper Oxide (CuO) was also found to
affect cellular Na* concentrations, due to their inhibitory effect on the Na channels (46). Zinc
oxide (ZnO) at a concentration of 10-4 g/ml or more has also been shown to activate Na"
channels and affect intracellular ion concentrations and cell excitability (47). In nanomedicine,
literature identifies increased concentrations of silver nanoparticles (AgNPs) to have an
inhibitory effect on the Na" channel altering cellular electrophysiology (48). Simulations of Na"
channel blocks thus relate to a multitude of chemical sources and aim to be relevant to the drug
development industry.

Electrophysiology

Cardiac electrophysiology is typically accessed via the electrocardiogram (ECG) which
records the cardiac electric potential on the body surface. To develop a precise ECG, a solution
to the expensive problem of a coupled heart-torso model would be needed. In this work, we
instead make an approximation through an averaging scheme for an electrode hypothetically
placed at a specified distance from the cardiac domain (22). This approximation produces a
pseudo-ECG and a Chaste in-built post-processing tool (23) can be used to calculate it.



A pseudo-ECG for drug-free cardiac conditions (control) of a 500 ms cardiac cycle is shown
in Figure 3. Since the model is of the ventricles only, the P-wave representing the electrical
activity of the atria at the start of the cycle does not appear in the plot. Instead, the plot is traced
from the beginning of a QRS complex to the end of a T-wave (i.e., the QT interval), to assess
ventricular activation and repolarization over the cardiac cycle (49).
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Figure 3: Pseudo-ECG plot of a single cardiac cycle under normal conditions and sodium channel block

Figure 3 superimposes the corresponding pseudo-ECGs predicted for a Na' channel blocker
which exhibits clear prolongation to its QRS complex, explained by a decreased rate of
depolarization. Even though such blockage does not affect repolarization, the T-wave
experiences a shift forward as a result of delayed activation. It also causes an increase in the T-
wave amplitude. These alterations to the QT interval are consistent with the literature (9,12).

Tissue Mechanics

To model the drug-affected simulations, a 50% Na™ channel blockage was applied and
compared to the control run, in terms of the predicted mechanical biomarkers. We note that Na"
channel blockers cause depolarization delay (9). Hence, drug-induced mechanical differences are
expected to be pronounced at the beginning of an affected cardiac cycle (at ventricular
contraction) with Na" channel blockers. To quantify such cardiac mechanical differences, several
clinically relevant biomarkers are here investigated: 1) LV torsion, 2) LV basal circumferential
strain, 3) ventricular volume change, and 4) blood ejection fraction. The comparative findings
based on these biomarkers are discussed next.

1) Left Ventricle Torsion:

The LV torsion is the difference between the twist at the ventricle’s apex and base during the
cardiac cycle. The normal heart LV torsion is about 12° at rest and could reach 25° during



exercise and is measured at the end of the LV ejection period (50). Table 1 shows the clinical
range for LV torsion along with the model’s prediction under normal conditions and under the
influence of Na' channel block. The control is found to underpredict the LV torsion while the
drug-affected model increases the torsion to within the clinical range. This prediction is new to
the literature and as yet unexplained.

Table 1: LV Torsion for normal clinical range, control model and Na™ channel blocked model

Clinical Range Control Na" Channel Block

~12°-25° ~10° ~13°

2) Left Ventricle Basal Circumferential Strain:

Advances in speckle-tracking echocardiography and magnetic resonance imaging have
enabled strain measures to be used as clinical indicators of cardiac change in dimensions and
thus left ventricular functional assessment (51). Table 2 shows the LV circumferential strain
measured at the ventricle base for the normal clinical range, the model control predictions and
the Na' channel block model prediction.

Table 2: LV basal circumferential strain for normal clinical range, control model and Na" blocked model

Clinical Range Control Na' Channel Block

-21 to -28% -32% -31.5%

The model over-predicts the clinical strain measure which can be explained by the fact that
the deformation at the base of the ventricles should be limited by their attachment to the atria,
which are not included in this model. The Na" channel block model exhibits slightly less strain
with about 20 ms delay from the control consistent with the delay in volume change. Moreover,
the LV circumference of the Na' channel block model does not recover by the end of the
simulation indicating that the block leads to a longer cardiac cycle.

3) Ventricular Volume:

At each time step an irregular-shaped volume is enclosed by the left and right ventricles. This
volume is accurately calculated using alpha-volumes, as implemented in MATLAB (52). The
volumes of the left and right ventricles are plotted in Figure 4 under normal conditions and under
the influence of a Na™ channel blocker. Even though the HO model somewhat under predicts the
minimum systolic volume, which could reach as low as 24 cm’ for the LV and 40 cm’ for the
RV, the trends are very similar to clinical volume change. The Na’ channel blocked model falls
behind the control in left and right ventricle volume evolution. This lag not only affected the
contractile phase, but also volume restoration. Hence, the cardiac mechanical cycle has been




prolonged as a result of Na' channel blockage and associated activation time delay predicted by
the electrophysiology (11,12,51).
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Figure 4: Volume change through time of (a) LV and (b) RV for control model and Na* channel blocked model
4) Ejection Fraction:

The ejection fraction (EF) is the percentage of blood ejected from the ventricles during
contraction. It is a very good indicator of how healthy the heart is, by virtue of how well it
pumps blood. It is calculated from the formula (53);

[6]

EF = 100 (EDV—ESV)’

EDV

where EDV is the end diastolic volume and ESV is the end systolic volume. The normal range of
EFs obtained from the Magdi Yacoub Aswan Heart Center (AHC), the control values produced
by the HO model and the predicted EFs for Na' channel block are listed in Table 3. It is clear
that the values produced by the model are below the clinical range but looking at the effect of the
Na' channel block on EFs compared to the model control, it is found to be very mild. Hence, we
have found no evidence in our study that these blockers can significantly influence EFs. We have
been unable to find reports in the literature to compare with our predictions.

Table 3: EF values for the normal clinical range, the control model and the Na* channel blocked model

Clinical Range Control Na" Channel Block
LV RV LV RV LV RV
56 - 78% 47 - T4% 38% 28.79% 37.91% 28.77%

5 Conclusion

This study modeled on the multiphysics solver Chaste a ventricular contraction-relaxation
cycle that incorporate an improved passive stress model (Holzapfel and Ogden model), to
investigate the electromechanical effects induced by Na' ion channel blocking drugs. Our
implementation of the Holzapfel and Ogden passive model was used after it was compared to the
transverse isotropic Pole-Zero model and the isotropic Mooney-Rivlin model under control




conditions (no drugs) to establish its advantages in cardiac electromechanical modeling where it
exhibited the least stiff mechanical response of the three models.

A 50% Na" channel block was applied on the ventricular model and its electromechanical
effects investigated within the coupled multiphysics framework. Our predictions indicate that a
delay in the electrical activation of ventricular tissue caused by a Na" channel blocker translates
to a delay in the ventricular contraction indicated by the investigation of the LV volume change
through time. There was also a cumulative delay effect on the ventricular muscle’s return to its
relaxed state, prior to the next depolarization cycle. Other than the time delay, there was no
significant impact of the drug induced model on the EF or the basal circumferential strain when
compared to the control model. However, the Na“ channel block was found to increase left
ventricular twist. Clinical verification of this prediction would be of interest for future work.

Future work will also consider implementing an active stress model that can unveil additional
dependency on ionic concentrations, e.g. (54), to further investigate the mechanical effects of K
and Ca’" channel blockage, as well as combined channel block effects.
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Appendix A
Passive Stress Model Comparison

Our implementation of the Holzapfel and Ogden (HO) model was run under the same
conditions and compared against the Pole-Zero (PZ) and the Mooney-Rivlin (MR) models. Side-
by-side maps are shown in Figure A1, for deformed cardiac tissue at mid-cycle, as predicted by
the HO, the PZ and the MR models. The maps are colored by effective deviatoric PK2 stress

(Tor = %T': T') predicted at mid-cycle. The PZ model clearly exhibits higher stress levels than

the HO model for comparable deformation, specifically in the left ventricular tissue, which
indicates stiffer cardiac tissue behavior from the PZ model. The MR model exhibits the highest
effective stresses and least deformation across the cardiac domain, thus features even stiffer
cardiac tissue.

Figure Al: Effective deviatoric PK2 stress maps mid-cycle in kPa for (a) Holzapfel and Ogden Model, (b) Pole-Zero
Model, (c¢) Mooney-Rivlin Model

Both the MR and PZ models are thus expected to under-predict the mechanical function of
the ventricles for a cardiac cycle, compared to the newly implemented HO model. To further
quantify such cardiac mechanical function ventricular volume change and blood ejection fraction
were investigated. These comparative findings based on these biomarkers are discussed next.

Ventricular volume: Figure A2 plots the current volume of the left and right ventricles for a
cardiac cycle, as predicted by the three models and relevant volume information is summarized
in Table Al. As indicated in Table Al, of all three passive models, the HO model predicts the
strongest ventricular contraction for the given electrical excitation, which is desirable.
Nonetheless, all three models under predict minimum systolic volumes, which should reach as
low as 24 cm” for the LV and 40 cm’ for the RV.
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Figure A2: Current volume plot over a cardiac cycle for (a) LV and (b) RV, according to the three passive models

Ejection Fraction: The values of the ejection fraction (EF) predicted by the HO, the PZ and
the MR models are shown in Table Al. As expected, the HO model exhibits a larger EF than
either the PZ or the MR model, due to the larger change in volume. While these values remain
smaller than clinical data, they are consistent with the various computational models in the
literature (41) and are thus deemed sufficient for our purpose of detecting the change in a heart’s
performance under drug influence. In particular, the newly implemented HO model provides a
considerable improvement to the ones on the multiphysics solver Chaste.

Table A1: Summary of the LV and RV volumes and ejection fraction values for the three passive models

) Initial Volume (cm3) | Minimum Volume (cm3) | Ejection Fraction
Passive Model LV RV LV RV LV | RV
HO 96.7 96.6 59.9 68.8 38.1% | 28.8%
PZ 96.7 96.6 67.7 73.6 29.9% | 23.8%
MR 96.7 96.6 80.5 85.4 16.8% | 11.6%




Appendix B

The derivative of the energy function W with respect to C is taken to obtain the PK2 stress,
T(C, p), with

T=22C0_pct [B1]

yielding;

ow (u[]
T = Zexp(b(I, - 3))I

+ag(lyr — Dexp(br(lor — 1)) ®f
+as(14,s - 1)exp(bs(14,s - 1)2)50®SO
+afsl8,fsexp(bst§,fs - 1)f0®50
[B2]

where I is the identity tensor.

When this model is setup for implicit finite element solvers, the corresponding Jacobian
(iteration matrix) is needed and we derive it in this work as follows;

LT O n(b(ls — 3))I@
49E  oc 2 P\
2 2
+ (2be(lag = 1)° + 1) (arexp (b(Ls = 1)°) (o ®F o ®F ®fo)
2 2
+ (2bs(las = 1) + 1) (agexp (by(lss — 1)°) ) (50®50@50@s50)
+ (2bgstGgs + 1) (ags exp(bgsligs — 1)) (F®s,®F®s,) + pC* K €*
[B3]
where E is the Green-Lagrange strain tensor and is the strain measure of choice in Chaste, which
employs the total Lagrangian formulation, wherein E is energetically conjugate to PK2 and

(C_l |Z C_l)ijmn = Cr_nlicj;11



