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Abstract The human heart is subject to highly variable amounts of strain during day-to-day
activities and needs to adapt to a wide range of physiological demands. This adaptation is
driven by an autoregulatory loop that includes both electrical and the mechanical components.
In particular, mechanical forces are known to feed back into the cardiac electrophysiology system,
which can result in pro- and anti-arrhythmic effects. Despite the widespread use of computational
modelling and simulation for cardiac electrophysiology research, themajority of in silico experiments
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ignore this mechano-electric feedback entirely due to the high computational cost associated
with solving cardiac mechanics. In this study, we therefore use an electromechanically coupled
whole-heart model to investigate the differential and combined effects of electromechanical
feedback mechanisms with a focus on their physiological relevance during sinus rhythm. In
particular, we consider troponin-bound calcium, the effect of deformation on the tissue diffusion
tensor, and stretch-activated channels. We found that activation of the myocardium was only
significantly affected when including deformation into the diffusion term of the monodomain
equation. Repolarization, on the other hand, was influenced by both troponin-bound calcium
and stretch-activated channels and resulted in steeper repolarization gradients in the atria. The
latter also caused afterdepolarizations in the atria. Due to its central role for tension development,
calcium bound to troponin affected stroke volume and pressure. In conclusion, we found that
mechano-electric feedback changes activation and repolarization patterns throughout the heart
during sinus rhythm and lead to a markedly more heterogeneous electrophysiological substrate.

(Received 14 May 2023; accepted after revision 11 December 2023; first published online 5 January 2024)
Corresponding author T. Gerach: Institute of Biomedical Engineering, Karlsruhe Institute of Technology (KIT),
Kaiserstr. 12, 76131, Karlsruhe, Germany. Email: publications@ibt.kit.edu

Abstract figure legend Whole-heart electrophysiology is affected in several ways by mechano-electric feedback.
Incorporating themechanical deformation gradient into themonodomain equation alters tissue conductivity, ultimately
resulting in a depolarization pattern that is more heterogeneous and leads to steeper repolarization gradients.
Non-selective stretch-activated channels lead to a more heterogeneous diastolic transmembrane voltage and delayed
repolarization or afterdepolarizations depending on the amount of stretch the tissue experiences. Accounting for calcium
bound to troponin extends repolarization time, leading to an increase in calcium availability and larger stroke volumes.
These mechanisms, when combined, may have implications for arrhythmogenesis relating to triggers and substrate.

Key points
� The electrophysiological and mechanical function of the heart are tightly interrelated by
excitation–contraction coupling (ECC) in the forward direction and mechano-electric feedback
(MEF) in the reverse direction.

� While ECC is considered in many state-of-the-art computational models of cardiac electro-
mechanics, less is known about the effect of different MEF mechanisms.

� Accounting for calcium bound to troponin increases stroke volume and delays repolarization.
Geometry-mediatedMEF leads tomore heterogeneous activation and repolarization with steeper
gradients. Both effects combine in an additive way.

� Non-selective stretch-activated channels as an additional MEFmechanism lead to heterogeneous
diastolic transmembrane voltage, higher developed tension and delayed repolarization or after-
depolarizations in highly stretched parts of the atria.

� The differential and combined effects of these three MEF mechanisms during sinus rhythm
activation in a human four-chamber heart model may have implications for arrhythmogenesis,
both in terms of substrate (repolarization gradients) and triggers (ectopy).

Introduction

The main function of the heart is that of a mechanical
pump, supplying blood to all parts of the body. This
pump, composed of billions of individual cells, is
orchestrated electrically by electrophysiological excitation
waves travelling through the myocardium. Once a cell is
activated electrically and undergoes an action potential,
calcium enters the cytosol both from the extracellular
space as well as from the sarcoplasmic reticulum and
initiates mechanical activation, a process known as
excitation–contraction coupling (ECC) (Bers, 2002). In

the reverse direction, mechano-electric feedback (MEF)
describes the acute effects of the heart’s mechanical
status on its electrophysiology (Quinn & Kohl, 2021).
The mechanisms by which MEF affects electrophysiology
include effects on intracellular calcium handling, on
conduction properties as well as activation or modulation
of ion channels (Peyronnet et al., 2016). MEF has been
shown to be involved in arrhythmogenesis in the atria
and the ventricles, as reviewed by Quinn and Kohl (2021).
The heart as an electromechanical system can adapt to
different physiological demands in a remarkable range.
In humans, for example, the blood volume pumped per

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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minute can increase from around 5 l at rest to up to 35 l
during very intense exercise. The electromechanical auto-
regulatory loop comprising ECC and MEF is an essential
contributor to this adaptation capacity.

In recent decades, computational modelling and
simulation have evolved to become a frequently used
research tool in cardiac electrophysiology with first
clinical applications (Trayanova et al., 2020). However,
the temporally dynamic and spatially varying effect of
mechanical function on electrophysiology is mostly
neglected. So far, in silico studies have considered
only selected MEF mechanisms without a systematic
comparison (Augustin et al., 2016; Fedele et al., 2023;
Moss et al., 2021; Zile & Trayanova, 2018) or have been
limited to single-cell simulations (Balakina-Vikulova
et al., 2020; Bartolucci et al., 2022; Healy & McCulloch,
2005; Hu & Sachs, 1997; Kohl & Sachs, 2001; Sachs, 1994;
Timmermann et al., 2017), tissue slabs (Costabal et al.,
2017; Margara et al., 2020) or (bi-)ventricular geometries
(Petras et al., 2023; Salvador et al., 2022).

However, many aspects of the mechanical environment
that cardiac tissue senses can only be reproduced
in a whole-heart setting; for example, the spatially
heterogeneous stretch in the atria during ventricular
systole when the valve plane is being pulled towards
the apex. In this study, we thus use our established
four-chambermodel of cardiac electromechanics (Gerach
et al., 2021) to systematically assess the influence of
three MEF mechanisms and their combinations on
cardiac electrophysiology during physiological excitation
(sinus rhythm): the reduction of free intracellular
calcium due to binding to troponin C, the effects of
deformation on tissue conductivity, and the integration
of stretch-activated ion channels. Since the goal is to
reproduce the entire mechano-electric regulatory loop
with the model, changes in the electrical signal will
also affect the mechanical response. Therefore, we also
investigate how the integration of these MEFmechanisms
affects the development of tension.

Materials and methods

We first introduce the anatomical model and the base-
line electromechanical model used in this study. Building
on this modelling framework, the threeMEFmechanisms
are detailed before describing the concrete in silico
experiments.

Heart geometry

We used a previously developed whole-heart geometry
(Gerach, 2022) based on magnetic resonance imaging
(MRI) data of a 32-year-old healthy volunteer provided by
Heidelberg University Hospital. The dataset was acquired

using a 1.5T MR tomography system (Philips Medical
Systems) and consists of a static whole-heart image at
diastasis as well as time-resolved MRI in two-, three-
and four-chamber long-axis views and 12 time-resolved
short-axis slices with 10 mm spacing. As shown in
Fig. 1, the heart was segmented, labelled, and partitioned
into left ventricle (LV), right ventricle (RV), left atrium
(LA), right atrium (RA), tricuspid valve (TV), mitral
valve (MV), pulmonary valve (PV), aortic valve (AV),
pulmonary veins, superior vena cava and inferior vena
cava (combined as VEN), aorta and pulmonary artery
(combined as ART), orifices (OR) of the atrial cavities,
and the pericardium. The pericardium was further
divided in an apical (AP) and basal (BP) section. The
mechanical mesh was discretized with 128,976 linear
tetrahedral elements using Gmsh (Geuzaine & Remacle,
2009). For electrophysiological simulations, a subset of
the mechanical domain consisting only of the RA, LA,
RV and LV was used and resolved with 7,363,776
linear tetrahedral elements. Additional subregions were
annotated to account for transmural heterogeneity in the
ventricles (endo, mid, epi) and fast conducting bundles
in the atria (including crista terminalis, Bachmann’s
bundle and pectinate muscles). Myofibre orientationQ =
{ f0, s0,n0} was included using rule-based methods in the
atria (Wachter et al., 2015) and the ventricles (Bayer et al.,
2012; Schuler, 2021). Fibre angles were modelled as 66° on
the endocardial and −41° on the epicardial surface based
on diffusion tensor MRI data by Lombaert et al. (2012).

Computational model

The mathematical description and numerical solution of
the electromechanically coupled heart model is based on
our previously published and validated work (Gerach,
2022; Gerach et al., 2021). Therefore, we only summarize
the most important parts here and focus on changes from
the previous work in more detail.

Active and passive mechanics

The deformation of the heart during contraction and
relaxation can be modelled by

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ρ
∂2d
∂t2

− ∇ · FS = 0 in �0 × (0,T ] ,

FSN = fC on �0
C × (0,T] ,

FSN = −pi (t ) JF−�N on �0
i × (0,T] ,

d = 0 on �0
D × (0,T] ,

(1)

with the density ρ, the displacement d, the deformation
gradient F, its determinant J = det(F), the surface normal
direction N, and the second Piola–Kirchhoff stress S. The

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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4 T. Gerach and A. Loewe J Physiol 0.0

second Piola–Kirchhoff stress combined the passive and
active mechanical properties of myocardial tissue in an
additive way:

S
(
d,Ta

([
Ca2+

]
i, λ, λ̇

))

=

⎧⎪⎨
⎪⎩

∂W (F)
∂F

+ Ta
([
Ca2+

]
i, λ, λ̇

) f0 ⊗ f0√
Ff0 · Ff0

in �0
myo ,

∂W (F)
∂F

in
{
�0 \ �0

myo

}
.

(2)

The passive behaviour of the myocardium �0
myo =

�0
LA∪ �0

RA∪ �0
LV∪ �0

RV was defined by the orthotropic
constitutive law of Usyk et al. (2000) with an additional
volumetric term to enforce quasi-incompressibility:

W (F) = B
2
(ln (J))2 + C

2
(
exp (Q) − 1

)
,

Q = bffE2
ff + bssE2

ss + bnnE2
nn + bfs

(
E2
fs + E2

sf
)
(3)

+ bfn
(
E2
fn + E2

nf
)+ bns

(
E2
ns + E2

sn
)
,

where Ekl = Ek0 · l0 for k, l ∈ { f , s, n} (fibre, sheet,
normal directions) are the entries of the Green–Lagrange
strain tensor E = 1

2 (FTF − I). Tissue outside of the
myocardium was defined by the hyperelastic energy
potential

W (F) = μ

2
(
J−2/3F : F − 3

)+ κ

2
(J − 1)2, (4)

of a neo-Hookean material with the shear modulus
μ and the bulk modulus κ . The active tension
Ta([Ca2+]i, λ, λ̇) produced by the contractile units of
the sarcomere acted only in fibre direction f0 and was

computed using the force model by Land et al. (2017);
Land and Niederer (2018). It depends on the intra-
cellular concentration of calcium [Ca2+]i, fibre stretch
λ = √

Ff0 · Ff0, and fibre stretch rate λ̇ = dλ
dt .

The movement of the heart is naturally constrained by
the pericardial sac and other nearby organs. To model
the effect of these constraints at the contact surface �0

C =
�0
M ∪ �0

S, we assumed a frictionless and permanent
contact between the epicardium �0

M and the surrounding
tissues �0

S represented by the domain �0
P. The contact

forces fC can be interpreted as a linear spring between
�0
M and �0

S with spring stiffness K⊥ and act on the current
surface normal of both surfaces butwith opposite sign. For
more details, we refer the reader to the original publication
by Fritz et al. (2014). On the endocardial surface �0

i , we
applied normal stress boundary conditions to model the
pressure pi exerted by the blood on the chambers i ∈
{LA,RA, LV,RV}. The pressure p was calculated using
a lumped parameter model of the circulatory system
including heart valve dynamics as described previously
(Gerach, 2022) with the parameters listed in Table B4.
Finally, we imposed Dirichlet boundary conditions on the
distal ends of the truncated pulmonary veins and venae
cavae �0

D, since we assumed little to no movement of the
heart outside of the pericardium. All mechanical model
parameters are given in Tables B2 and B3.

Electrophysiology

The spatio-temporal propagation of the transmembrane
voltage Vm in the deformed heart is modelled by the
monodomain equation:

Figure 1. Heart model used for the electromechanical simulations
The left panel shows the surfaces� of the different anatomical structures. In themiddle panel, the heart was clipped
in the long-axis four-chamber view to reveal the labelled materials of the diastolic configuration of the volumetric
mesh �̃ used to compute deformation. In the electrophysiology mesh �̃EP (right panel), the myocardium was
additionally labelled to account for transmural heterogeneity in the ventricles and fast-conducting bundles in the
atria.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 5

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Jβ
[
Cm

∂Vm

∂t
+ Îion (Vm, u1, u2, λ) + Iext (t )

]
= ∇ · (JF−1DFF−T∇Vm

)
in �0

myo,

∂u1
∂t

− U1 (Vm, u1, λ) = 0 in
{
�0

RA ∪ �0
LA
}
,

∂u2
∂t

− U2 (Vm, u2, λ) = 0 in
{
�0

RV ∪ �0
LV
}
,(

JF−1DFF−T∇Vm
) · N = 0 on ∂�0

myo,

(5)

where β is the membrane surface-to-volume ratio, Cm is
the specificmembrane capacitance, andDF is the diffusion
tensor in the deformed configuration. The anisotropy of
cardiac tissue due to its preferential myocyte orientation
(‘fibre structure’) is represented in the diffusion tensor

DF = σ f
Ff0 ⊗ Ff0
‖Ff0‖2

+ σs
Fs0 ⊗ Fs0
‖Fs0‖2

+ σn
Fn0 ⊗ Fn0

‖Fn0‖2
, (6)

by means of the tissue conductivities σ f , σs, and σn in the
fibre, sheet and normal directions, respectively. The ionic
current Îion(Vm, u1, u2, λ) on the cellular level is defined
by the vector valued functions U1(Vm, u1, λ) (atria)
and U2(Vm, u2, λ) (ventricles) and the respective gating
variables and ionic concentrations u1 and u2. In this work,
we used the model by Courtemanche et al. (1998) for the
atria. For the ventricles, we used the model by O’Hara
et al. (2011) and modify the h- and j-gate as proposed
by Passini et al. (2016) and Dutta et al. (2017). Since no
dedicated model of pacemaker cells was included in the
model, an external current Iext(t ) at the junction of the
right atrial appendage and the superior vena cava was
applied to mimic the sinoatrial node as well as five sites of
earliest activation in the ventricles based on observations
by Durrer et al. (1970) and simulation results obtained by
Cardone-Noott et al. (2016) and Gillette et al. (2021). All
parameters of the electrophysiological model are given in
Table B1.

Mechano-electric feedback

MEF was included in our model on different scales. First,
we implemented a MEF loop for the intracellular calcium
concentration [Ca2+]i into the ionic model equation
U1(Vm, u1, λ) and U2(Vm, u2, λ) (Gerach et al., 2021;
Levrero-Florencio et al., 2020; Margara et al., 2020). This
feedback loop considers the binding of calcium ions to
troponin C units

∂CaTRPN
∂t

= kTRPN

[( [
Ca2+

]
i

[Ca2+]T50

)nTRPN

(1 − CaTRPN)

−CaTRPN] , (7)

with the binding rate kTRPN, the cooperativity of the
binding rate nTRPN, and the half activation point of
calcium [Ca2+]T50 as described by Land et al. (2017).
Since the calcium sensitivity of troponin C depends on the
stretch state of the cell, we let [Ca2+]T50 be dependent on
tissue stretch:[

Ca2+
]
T50 = [

Ca2+
]
T50 (λ) = [

Ca2+
]ref
T50+ β1 (min (λ, 1.2) − 1) ,

(8)

which effectively shifts the half activation point of calcium
around a reference value [Ca2+]refT50 based on the stretch
λ and the sensitivity to stretch β1. As a result of this
MEF mechanism, the calcium bound to troponin during
tension development is not available in the cytosol, thus
lowering the intracellular concentration of calcium.
Second, we considered the effects of the deformation

gradient F on the tissue level. Since F is dependent on the
displacement d computed by the mechanics model eqn
(1), the diffusion term ∇ · (JF−1DFF−T∇Vm) in eqn (5)
accounts for the variations in the electrical properties due
to the deformation of the tissue and the rotation of the
fibres. As a matter of fact, if no deformation is present, i.e.
F = I and J = 1, themonodomain eqn (5) returns to its
standard formandMEF in the formulation of the diffusion
tensor eqn (6) is neglected.
Finally, we considered the presence of non-specific

stretch activated ion channels Isac(Vm, λ) in the ionic
current of the cellular models

Îion (Vm, u1, u2, λ)

=
{
Iion (Vm, u1) + Isac (Vm, λ) in

{
�0

RA ∪ �0
LA
}
,

Iion (Vm, u2) + Isac (Vm, λ) in
{
�0

RV ∪ �0
LV
}
.
(9)

We used a simple representation of a stretch-activated
channel first introduced by Sachs (1994) that successfully
reproduced experimental observations in single-cell
experiments:

Isac (Vm, λ) = Gsac (Vm − Esac)
1 + Kexp (−α (λ − 1))

, (10)

with the stretch-activated conductance Gsac = γ �/Cm
as a product of the single channel conductance γ

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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6 T. Gerach and A. Loewe J Physiol 0.0

and channel density �, the reversal potential Esac, the
equilibrium constant K, and the stretch sensitivity α.
Isac did not affect ion concentrations. Finding physio-
logical parameters for Isac in 3D tissue simulations is not
straightforward as reports in the literature suggest a large
variation in both their properties and their effect on action
potential duration and morphology (Healy & McCulloch,
2005). The reversal potential Esac has been measured in a
wide range between −75 mV and 10 mV and measured
conductance ranges from 10 pS to 200 pS (Hu & Sachs,
1997). The most commonly used parameters are γ = 25
pS, � = 0.3 μm−2, Esac = −20 mV, K = 100, and α = 3
(Kohl & Sachs, 2001; Tavi et al., 1998; Zabel et al., 1996).
However, with this parameterization, a stretch-activated
current is present regardless of stretch, since the effective
channel conductance is never zero. To avoid this, we
increased the stretch sensitivity parameter to α = 20,
which effectively closes the channel at stretches <1. At
higher stretches, this change in isolation would increase
the current by a factor of 10 to 30 across the normal range
of the transmembrane voltage. Therefore, we reduced the
channel density (� = 0.015 μm−2, 5% of the original
value (Tavi et al., 1998)) and increased the equilibrium
constant (K = 150). The parameters were mainly chosen
such that Isac does not trigger action potentials for λ

≤ 1.2. This is supported by the sensitivity study pre-
sented in Appendix A. The effective channel conductance
and current–voltage relationship of the stretch-activated
channel used in this study is shown in Fig. 2.

Reference configuration and initial displacement

MRI data are typically acquired during the early diastolic
state of the heart cycle when movement and chamber

pressure are minimal. Because this diastolic pressure is
non-zero, the mesh reconstructed from the MRI data
corresponds to a pre-stressed configuration in diastole �̃

(Fig. 1). However, residual stress in the tissue cannot be
measured with standard imaging techniques. Therefore,
a pressure-free reference configuration �0 as the best
estimate of the stress-free configuration of the heart has to
be inferred to accurately model biomechanical function.
We used the method proposed by Marx et al. (2022)
to simultaneously identify passive tissue parameters and
recover the stress-free reference configuration �0 such
that the end-diastolic pressure–volume relationship of the
LVmatches the data byKlotz et al. (2006). Sincewe did not
have any invasive pressure measurements available for the
heart used in this study, we assumed diastolic pressure to
be p̃RV = 3.75mmHg, p̃RA = 4.5mmHg, p̃LV = 7.5mmHg,
and p̃LA = 8.25 mmHg. The initial displacement d0 was
calculated by applying the diastolic pressure values to
the stress-free reference configuration �0. It immediately
becomes clear that in the diastolic configuration, the
displacement d is non-zero and thus F �= I. Therefore,
the electrical properties of the tissue change even without
active contraction of the heart muscle.

Numerical simulations

The goal of this study is to isolate the effects of the different
MEF mechanisms on activation and repolarization
patterns as well as on tension development. Therefore,
we performed a total of five simulations. In all of them,
we solved the electromechanically coupled system given
by eqns (1) and (5) in a segregated and staggered scheme
(Gerach, 2022; Gerach et al., 2021) with different extents
of MEF:

Figure 2. Stretch dependent behaviour of Isac
Left: effective channel conductance with respect to stretch. Right: current–voltage relationship for different static
stretches.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 7

(i) We ran the baseline simulation without any MEF.
This is the standard case in the majority of cardiac
electrophysiology and electromechanics studies and
only involves ECC, i.e. the activation of tension
development mediated by an increase of cytosolic
calcium. Furthermore, this means eqn (5) is solved
on the diastolic configuration �0

myo = �̃myo with
F = I and λ = 1.

(ii) The cellular feedback of calcium binding to troponin
C units described in eqns (7) and (8) was included
in the simulation. Again, eqn (5) was solved
on the diastolic configuration �0

myo = �̃myo with
F = I. However, λ is variable in this setup and
was interpolated using the shape functions of the
elements in themechanicsmesh before every electro-
physiological compute step. This required setting up
a linear mapping operator between the two meshes
once before the simulation started.

(iii) We included the deformation gradient F in the
diffusion term of the monodomain eqn (5) and the
diffusion tensor (eqn 6).

(iv) We combined scenarios (ii) and (iii).
(v) Finally, we added the stretch-activated channel

(eqn 10) to simulation scenario (iv).

In all cases, we simulated a total of three heartbeats
which was sufficient to reach a limit cycle. Before that,
the ionic models were stimulated for a total of 1000
cycles at 0.8 s basic cycle length in single-cell setups
using λ = 1. To obtain a good initial approximation of the
limit cycle of the circulatory systemmodel, we performed

purelymechanical simulations using local activation times
from the solution of eqn (5) with F = I on �̃myo. For
these preliminary simulations, tension development was
triggered at the time of activation by a static calcium trans-
ient extracted from the solution of eqn (5). Even though
this simplified biophysical approach is more controllable
than using a purely data-driven emulator (Regazzoni &
Quarteroni, 2021), it is still a lot cheaper than letting every
full electromechanical simulation converge to a limit cycle
by itself from a less tailored initial state.

Results

Asdescribed above, five simulationswith different levels of
MEF were performed. The first simulation (i) considered
no MEF and served as the baseline for the rest of the
study. Figure 3 shows pressure–volume loops during the
last heartbeat of each simulation. Additionally, the spatial
fibre stretch distribution at four specific time steps is
shown in Fig. 4 to demonstrate the large variations in
strain during the different phases of the heartbeat. The
baseline simulation reached an ejection fraction of about
50% in the LV, which corresponds to a stroke volume of
around 100 ml. In diastole, the average fibre stretch in all
four chambers was 1.07± 0.06. During atrial contraction,
ventricular fibre stretch increased to around 1.15 with
slightly higher values at the endocardium, while atrial
fibre stretch reduced to around 0.8. This corresponds
to a relative shortening of the fibres of up to 27%. The
ventricles contracted to a much higher degree than the
atria, since they started contraction in a pre-stretched

Figure 3. Pressure–volume loops for all simulations
The black star indicates the beginning of the heart cycle just before atrial contraction.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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8 T. Gerach and A. Loewe J Physiol 0.0

position and finished at around the same stretch of 0.8. At
the same time, the atria were stretched towards the atrio-
ventricular valve plane. During this time frame of 200 ms
to 300 ms, atrial fibres went from the fully shortened
position to a full stretch at around 1.2.
Electrical activation of the atria and ventricles took

around 100 ms each (Fig. 5). Repolarization to 90% of the
peakVm (APD90) was heterogeneous and lasted between
210 ms and 310 ms (Fig. 6). Areas with higher APD90
close to 300 ms include the crista terminalis and the
subendocardial layer of the LV and RV. In particular,
APD90 decreased gradually from subendocardial to the
subepicardial layer in the ventricles.
For the second scenario (the simulation with troponin

feedback (ii)), changes in the activation times of the

myocardium were <1 ms. However, APD90 changed
markedly. Especially in the atria, repolarization was
prolonged by up to 50 ms. In the ventricles, the increase
in APD90 was present as well but significantly less
pronounced (<10 ms) and spatially more homogeneous.
With this feedback mechanism, an additional increase
in the intracellular calcium concentration during later
times of the action potential was observed. The cross-
over point at which the calcium concentration of the
baseline simulation dropped below that of scenario (ii)
was later in ventricular cells than atrial cells (Fig. 7).
Both atrial and ventricular calcium transients became
more action potential shaped due to the buffering in the
contraction model including a faster rise of the intra-
cellular calcium concentration (Fig. 7). Additionally, when

Figure 4. Deformation during sinus rhythm
Spatial distribution of fibre stretch and deformation of the heart in diastole, end of atrial contraction, end of
ventricular contraction, and end of isovolumetric relaxation (baseline simulation, scenario (i)).

Figure 5. Activation times of scenarios (i) to (iv)
In scenarios (ii), (iii) and (iv), activation time differences with respect to the baseline simulation (i) are shown. Blue:
activated later than baseline; red: activated earlier than baseline. Activation times were shifted by 160 ms (earliest
ventricular activation). The colour scale was normalized per scenario.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 9

compared with the baseline simulation, the simulation
with troponin feedback produces higher tension for a
longer time, resulting in overall higher stroke volumes in
all four chambers (Fig. 3).

In scenario (iii), only the deformation feedback on
the diffusion term of the monodomain eqn (5) was
considered. In terms of activation times, deviations
from the baseline simulation of ±15 ms were observed.
Compared with the baseline simulation, predominantly
shorter APD90 values around the apex and the LA were
observed, whereas APD90 was shorter in parts of the LV
(Fig. 6). In general, changes were smaller than in scenario
(ii), although much more heterogeneous.

The combination of scenarios (ii) and (iii) was
simulated in scenario (iv). Activation times were very
similar to scenario (iii) (Fig. 5), while APD90 mostly
combined the effects of simulations (ii) and (iii) (Fig. 6).
The heterogeneities introduced by the deformation feed-
back (iii) were present together with the shortenedAPD90
around the apex. The increased repolarization times in the
atria matched those in scenario (ii).

Finally, a stretch-activated channel was introduced into
the ionic models in both the atria and the ventricles.
Compared with the other simulations, the resting
membrane voltage increased by about 5 mV in the
ventricles and 6 mV in the atria. Overall, resting
membrane voltage became much more heterogeneous
throughout the entire heart. This highly heterogeneous
behaviour correlated directly with the distribution of
fibre stretch as shown in Fig. 8. In particular, the base
of the ventricles, the lateral free wall of the RA, and the
posterior LA between the right and left pulmonary veins
experienced large strain during diastole. These regions
showed a depolarized resting membrane voltage by up to
13 mV. This particular change generally affected the atria

more than the ventricles. With less than 3 ms difference,
activation times did not change significantly compared
with scenario (iv). Regarding repolarization, the general
trend was a further increase of APD90. Some regions,
predominantly in the atria, experienced large strain
during ventricular contraction and exhibited delayed
repolarization or afterdepolarizations (one location is
shown in Fig. 7) before APD90 was reached leading to
marked APD prolongation. The repolarization times of
scenarios (i), (iv) and (v) are shown in Fig. 9. For scenario
(iv), steeper repolarization gradients were observed on
the anterior side of the LA, on both sides of the crista
terminalis, and between the left inferior pulmonary
vein and the MV. In scenario (v), this effect was even
more pronounced with very steep gradients between the
superior vena cava and the right atrial appendage, which
coincides with the region of increased resting membrane
voltage (Fig. 8).

Discussion

In this paper, we studied the effect of three different MEF
mechanisms, individually and combined, in whole-heart
simulations using our electromechanically coupled finite
element framework. We analysed our findings with
respect to activation and repolarization times as well as
tension development.
The highly dynamic and spatially heterogeneous

distribution of stretch during a sinus rhythm cycle
in the human heart (Fig. 4) led to a number of
heterogeneous effects mediated by the three MEF
mechanisms considered in this study (reduction of
free intracellular calcium due to binding to troponin C,
effects of deformation on tissue conductivity, integration
of stretch-activated ion channels).

Figure 6. Action potential duration (APD90) of scenarios (i) to (iv)
In scenarios (ii), (iii) and (iv), APD90 differences with respect to the baseline simulation (i) are shown. Blue: longer
APD90 than baseline; red: shorter APD90 than baseline.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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10 T. Gerach and A. Loewe J Physiol 0.0

Calcium feedback increases stroke volume and delays
repolarization but not activation

Including the effect of calcium binding to troponin
C on electrophysiology leads to longer APD90 and
later repolarization times (Fig. 6). Since in scenario
(ii) the calcium transient amplitude is reduced and the
plateau phase of the action potential is the consequence
of calcium influx into the cell mostly balancing
potassium efflux, these observations are expected and
in line with previous reports. During repolarization,
in contrast, the calcium concentration in the intra-
cellular space is higher in scenario (ii) than in (i),
which explains delayed repolarization. In our model,
this effect was more pronounced in atrial cells than in
ventricular cells. Augustin et al. (2016) coupled the Land
tension model to the Grandi–Pasqualini–Bers model of

myocyte electrophysiology, which led to longer APD90,
lower calcium transient amplitude and slower calcium
transient upstroke. Length-dependent calcium-binding
affinity of troponin C led to higher calcium trans-
ients in the ventricles but reduced active stress. Atrial
tension development was not considered in that study.
Our simulations confirm these findings. Including
the troponin bound calcium feedback in our model
increased APD90 globally with a much larger increase
in the atria (Fig. 6) and lowered the calcium transient
amplitude (Fig. 7). Even though the peak calcium trans-
ient amplitude was lower, the calcium concentration
remained higher for a longer time and resulted in a longer
tension development. As a consequence, we observed
larger stroke volumes in all four chambers (Fig. 3) while
activation times were not affected by this feedback
mechanism (Fig. 5).

Figure 7. Transmembrane voltage Vm (top) and intracellular calcium concentration (middle) transients
and active tension (bottom) for scenarios (i) to (v) at selected locations in the heart
RA: free wall right atrium; LAwAD: left atrium with the occurrence of an afterdepolarization/delayed repolarization
in scenario (v); RV: free wall of the right ventricle; LV: middle of free wall left ventricle.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 11

Diffusion MEF leads to more heterogeneous
activation and repolarization

The geometrical deformation in the monodomain
diffusion tensor (scenario (iii)) affected the excitation
propagation and led to altered activation times in the
range of ±15 ms. Thus, some regions were activated
earlier while others experienced delayed activation, which
introduced a spatially more heterogeneous activation

pattern. In particular, we observed earlier activation
in the RA and in septal regions between the LV and RV
(Fig. 5). Additionally, the geometrical feedbackmodulated
APD90 (±10 ms) in a spatially heterogeneous manner.
Shorter APD90 was observed around the ventricular
apex and RV free wall as well as the LA, thus in regions
with smaller diastolic stretch (Figs 4 and 6). Longer
APD90 occurred mainly around the LV base and RA
free wall, thus in regions with higher diastolic stretch.

Figure 8. Fibre stretch and resting membrane voltage during diastole for scenarios (iv) and (v)
The top row shows the top-down perspective with view of both atria. The bottom row shows the bottom-up
perspective with view of both ventricles.

Figure 9. Repolarization times for scenarios (i), (iv) and (v)
Times in the ventricles were shifted by 160 ms (earliest ventricular activation) for better visualization. In scenario (v),
the white patches are regions where afterdepolarizations occurred leading to repolarization times beyond 460 ms.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP285022 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 T. Gerach and A. Loewe J Physiol 0.0

The combined effects on activation and APD led to
spatially heterogeneous modulation of repolarization
time gradients (Fig. 9). These were steeper in the RV
towards the septum, likely favouring the occurrence
of unidirectional block and thus facilitating re-entry
(Cluitmans et al., 2023). However, in most parts of
the heart, the repolarization gradients were reduced by
geometry-mediatedMEF (repolarization isochronesmore
separated from one another in Fig. 9, particularly in the
RA and the LV), which could be a relevant physiological
mechanism for preventing the initiation of arrhythmia in
the heart following a sinus rhythm activation.
It is important to understand that the impact of

this feedback mechanism is highly dependent on
the stress-free configuration and thus on the passive
mechanical properties of the myocardium.
If the myocardium is stiffer, it will deform less when

going from the stress-free reference configuration to the
pre-stressed diastolic configuration as a baseline for the
simulations. Compared with less stiff regions, diastolic
tissue stretchwill be smaller and therefore also the changes
of the diffusion tensor due to the geometry-mediatedMEF
(eqn 6). Including the pericardial boundary conditions
and potentially residual active tension when estimating
the pressure-free reference configuration as demonstrated
by Fedele et al. (2023) might alter the heterogeneous
distribution of stretch as well. However, it is not clear yet
how residual stress and the surrounding tissue alter stress
and strain in the myocardium, since these can currently
not be measured in vivo without the measurement
affecting these quantities (Rodriguez et al., 1993).
The combined effects of calcium binding to troponin

and geometrical deformation influencing the diffusion
tensor (scenario (iv)) appear to affect MEF in an additive
way.

Isac leads to heterogeneous diastolic states and can
favour ectopy

The inclusion of non-selective stretch-activated channels
caused a spatially heterogeneous depolarization of resting
membrane voltage (Fig. 8). The atria were more affected
than the ventricles due to the reversal potential of
−20 mV. The transmembrane voltage of the atrial model
by Courtemanche et al. (1998) spends proportionally
more time below this voltage than the ventricular action
potential modelled according to O’Hara et al. (2011).
As a result, the current Isac is more depolarizing than
repolarizing the atrial cells. In the ventricular model,
the entire plateau phase is above the reversal potential
and the resting membrane voltage is generally more
negative than in the atria. Due to the direct correlation
of the stretch-activated channel current with fibre stretch,
this leads to a heterogeneous distribution of the resting

membrane voltage, particularly in the atria with likely
implications for excitability and conduction velocity due
to effects on sodium channel availability as well as for
ectopy.
The changes in the calcium concentration due to Isac

were rather small, but still affected the developed tension.
In particular, ventricular calcium transients were reduced
in amplitude upon inclusion of Isac and thus less tension
was developed while atrial calcium transients showed a
small increase in amplitude leading to equal or more
tension (Fig. 7).
Due to the depolarizing current at negative voltages

below the reversal potential, Isac delayed repolarization in
the atria. Since repolarization in the atria is temporally
linked with ventricular contraction, atrial tissue
experiences large amounts of strain during systole (Varela
et al., 2020). This increase in strain leads to larger Isac.
In our simulation, we observed several regions with
afterdepolarizations or markedly delayed repolarization
(Fig. 7) in the left and right atrium during ventricular
contraction. Because entire groups of cells in a region
with large strains experience this environment, this effect
could be sufficient to overcome the source-sink mismatch
(Xie et al., 2010) and initiate a stimulus that is captured by
the surrounding myocardium. While we did not observe
ectopic beats in our simulations, they are likely to occur in
situations of enhanced Isac conductance, enhanced strain,
electrolyte imbalance, modulation of atrial APD, and in
interplay with the spatially heterogeneous modulation of
the resting membrane voltage (Fig. 8).
Ultimately, the stretch-activated channel led to

markedly steeper repolarization gradients in some
regions (Fig. 9). This behaviour was especially
prominent in the LA and RA. As regions with higher
repolarization gradients are linked to an increased chance
of unidirectional block, Isac might not only have a role
in modulating arrythmia initiation via the likelihood
of ectopic beats as discussed above but also have direct
effects on the vulnerability of the substrate, thus on the
full ‘circle of re-entry’ (Cluitmans et al., 2023).
Relating our findings to other previous work, Petras

et al. (2023) showed that early depolarizations in the
ventricles are possible with higher stretch sensitivity
of Isac. Additionally, they reported early repolarization
areas in the subendocardial layer of both ventricles
and the septum when including Isac combined with
a stretch and stretch rate dependent force generation
model. In the absence of Isac they did not observe
any difference. Although early depolarization was not
very pronounced in our study (<3 ms difference),
the general trend points towards earlier depolarization
when including the stretch-activated channel. However,
we generally observed later repolarization times in the
ventricles when including Isac. Potentially this is caused
by the use of different ionic models for the ventricles,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 13

different parameterizations of Isac, different stretch in the
biventricular canine vs. four-chamber human anatomical
model or any combination of the former.

Salvador et al. (2022) reported an effect
of geometry-mediated MEF and non-selective
stretch-activated channels on ventricular tachycardia
cycle length in a left ventricular model of electro-
mechanics. In addition, the inclusion of stretch-activated
channels led in some cases to transition from stable
to unstable re-entrant dynamics or vice versa. Given
the highly dynamic and nonlinear nature of re-entrant
arrhythmias, it appears likely that the MEF-induced
changes we observed during sinus rhythm could lead
to similar qualitative changes during ventricular tachy-
cardia. Considering that during re-entry, excitation
can not only be driven by sodium currents but also by
calcium (Nieuwenhuyse et al., 2017), the consequences
of troponin bound to calcium might have additional
significance beyond the pure APD prolongation (Fig. 6).

Limitations

Most of the limitations pertaining to the baseline model
(Gerach et al., 2021) are also relevant for the investigation
of MEF in this study. In addition, a number of specific
limitations should be considered.

The change of the monodomain diffusion term in
eqn (5) depending on the deformation gradient F is
mathematically required for a correct solution. However,
it is less clear how the baseline tissue conductivities D
might be different during stretch. Considering that the
number of cell-to-cell transitions per unit length will
remain constant during acute stretch, the chosen approach
might overestimate the effect. Using cell cultures on a
polydimethylsiloxane substrate, Imboden et al. (2019)
found a linear dependence of conduction velocity on
strain (conduction velocity increases by 7% for a strain
amplitude of 10%) in line with cable theory, assuming an
axial to gap junction resistance ratio of 0.29:0.71. Globally,
we saw a similar effect with activation time delays of
around 10% (Fig. 5) in areas with diastolic stretch of
around 10% (Fig. 4).

The parameters chosen for the stretch-activated
channel formulation Isac carry uncertainty. First, we
limited this study to non-selective stretch-activated
channels. Second, non-selective stretch-activated
channels are well characterized in many aspects
(Peyronnet et al., 2016) but their effective conductance
in intact human tissue and its spatial heterogeneity (e.g.
ventricles vs. atria) is unsatisfactorily constrained by
experimental data. The afterdepolarizations observed
in scenario (v) in highly stretched regions of the atria
(Fig. 7) are a surprising finding and might on the one
hand indicate an overestimation of the maximum channel

conductance Gsac or other Isac-related parameters. On the
other hand, it could be a relevant contributor to ectopy
in the atria involved in the arrhythmogenesis of, for
example, atrial fibrillation (Quinn & Kohl, 2021). Based
on these results, further experimental characterization
of their role in intact human myocardium is warranted.
The sensitivity study presented in Appendix A shows that
the chosen parameters support the possibility of Isac to
trigger action potentials during high stretch (λ ≥ 1.24)
events as reported in the literature (Kohl & Sachs, 2001;
Sachs, 1994). However, the atrial cell model is much more
sensitive to the depolarizing stretch-activated current
than the ventricular cell model. This may indicate a need
for different parameterizations of atrial and ventricular
cells. Given the mostly negative transmembrane voltage
of the atrial cell model, a natural choice could be a
more negative reversal potential such that Isac has both
depolarizing and repolarizing properties.
In this work, active stress was only applied in fibre

direction (considering its change due to deformation).
Some experimental results suggest that smaller shares
of active stress also act directly in sheet and normal
direction. Without MEF, cross-fibre active stress leads
to more efficient pumping function; however, with a
reduced twisting motion (Gerach et al., 2020). Future
studies could evaluate whether these results are affected
by geometry-mediated MEF.
Lastly, this study is limited to purely acute MEF

effects during sinus rhythm. Additional mechanisms like
long-term modulation of gene expression or structural
remodelling as well as arrhythmias were not considered.

Conclusion

The in silico setting of this study allowed us to
disentangle the differential and combined effects of
different MEF mechanisms during sinus rhythm in a
human whole-heart model. The spatially heterogeneous
modulation of cardiac excitation conduction velocity
and activation is mostly mediated by the effect of
deformation on the diffusion term of the monodomain
equation. In contrast, repolarization is also influenced
by troponin-bound calcium and stretch-activated
channels. While geometry-mediated MEF reduces
repolarization gradients in many parts of the heart
and can thus be considered an anti-arrhythmic physio-
logical mechanism, troponin bound to calcium and,
in particular, stretch-activated channels increased
repolarization gradients. As the latter also led to delayed
repolarization and afterdepolarizations in the atria,
it seems that stretch-activated channels can exhibit
pro-arrhythmic effects and favour re-entry both via
increased probability for ectopy and for unidirectional
block and are potential actionable targets clinically. Our

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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14 T. Gerach and A. Loewe J Physiol 0.0

results suggest that MEF mechanisms can be essential for
studies which crucially depend on the heterogeneity of
the electrophysiological substrate in terms of activation,
conduction, or repolarization.

APPENDIX A: Isac sensitivity study

To understand the impact of the different parameters
given in the formulation of Isac (eqn 10), we performed
a sensitivity analysis on the single-cell level for both the
atrial and ventricular cell model. The effective channel
conductance depends on the parameters Gsac, K and
α. Therefore, we first looked at the influence of these
parameters on the effective channel conductance by
varying them one at a time by ±25%, ±50% and ±75%
of the baseline values given in Table B1. The results
are shown in Fig. A1 and indicate that Gsac determines
the maximum channel conductance at high values of λ,
while K shifts the curve to lower (−25/50/75%) or higher
(+25/50/75%) values of λ. α, on the other hand, changes
how fast the effective channel conductance approaches the
value ofGsac, whichmay not be possible for smaller values
of α in the physiological range of λ. In particular, higher
values of α will increase the channel conductance faster
than lower values.
Since Gsac is the only parameter with a physiological

meaning and single channel conductance and channel
density are constrained well by other studies, we decided
to keep the baseline value for this parameter. In the inter-
val of λ = [1.0, 1.3], the parameter α had the largest
impact on the effective channel conductance. Therefore,
we continued to test the influence of Isac on the trans-

membrane voltage Vm by only varying α with the
following protocol: Startingwith the cell at rest (λ = 1), we
subjected the cell to 8/12/16/20/24/28% stretch for 50 ms
each with 450 ms of rest in between the stretch intervals.
No external stimulus current was applied during this time.
The results are shown in Fig. A2(A) for the ventricular
model and Fig. A2(B) for the atrial model. Using base-
line parameters, a stretch of 24% or higher resulted in
a fully developed action potential. Less stretch resulted
in an elevation of the transmembrane voltage for the
duration of the applied stretch and returned to previous
values immediately. This elevation of Vm during stretch
was more pronounced in the atrial model (Fig. A2(B))
with approximately twice as much elevation as observed
in the ventricular model (Fig. A2(A)). For all values of
α, a stretch of 12% or less was not sufficient to induce
an action potential. After increasing the value of α, the
threshold of when an action potential was induced was
lowered to 16% stretch (50% and 75% increase of α) or
20% stretch (25% increase of α). At smaller values of
α compared with baseline, the produced current of Isac
was not sufficient to trigger an action potential in this
setup.
Depending on the transmembrane voltage, the

stretch-activated current can be either depolarizing
or repolarizing (see Fig. 2). At which voltage the switch
between depolarization and repolarization happens is
determined by the reversal potential Esac. Values reported
in the literature for the reversal potential range from
−75mV to 10mV (Hu& Sachs, 1997). Therefore, we used
the same stretch protocol as before to evaluate how Esac
changes the cellular response to stretch using the baseline

A B C

Figure A1.
The dependency of the effective channel conductance on the parameters (A) Gsac, (B) K, and (C) α.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Effects of mechano-electric feedback in whole-heart simulations 15

A B

Figure A2.
The transmembrane voltageVm as a result of continuously increasing stretch intervals (8/12/16/20/24/28% stretch)
is shown for a ventricular cell (A) and an atrial cell (B)
The first row shows the stretch protocol. Additionally, the response of the cell model to the stretch protocol while
varying α (second row) and Esac (third row) is shown.

parameters in Table B1 and Esac = [0,−20,−40,−60] mV.
The results are shown in the bottom row of Fig. A2. A
reversal potential closer to 0 mV results in proportionally
more depolarizing current, which is why Esac = 0 mV
and Esac = −20 mV both trigger an action potential for
stretches above 24%. If the reversal potential was more
negative (−40mV and−60mV), thus closer to the resting
membrane potential of the cell, the stretch-activated
current was predominantly repolarizing and was no
longer able to trigger action potentials.

APPENDIX B: Model parameters

Here, we provide the parameters of the numerical
model in more detail. Parameters related to the
electrophysiological model are given in Table B1.
Anisotropic scaling of tissue conductivities and regional
heterogeneities of ion channel conductances in the atria
were taken from Loewe (2016). For the ionic models in
the atria and ventricles, we used the original parameters
reported in Courtemanche et al. (1998) and O’Hara et al.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table B1. Parameters of the electrophysiological model

Parameter Value Unit Description

(σf, σs, σn) (0.28, 0.182, 0.098) S/m Conductivities in ventricular myocardium
(σf, σs, σn) (0.84, 0.546, 0.294) S/m Conductivities in ventricular subendocardial layer
(σf, σs, σn) (0.68, 0.182, 0.182) S/m Conductivities in atrial myocardium
(σf, σs, σn) (1.89, 0.212, 0.212) S/m Conductivities in Bachmann’s bundle
(σf, σs, σn) (1.28, 0.121, 0.121) S/m Conductivities in pectinate muscles
(σf, σs, σn) (1.19, 0.182, 0.182) S/m Conductivities in crista terminalis
β 140,000 1/m Membrane surface-to-volume ratio
Cm 0.01 F/m2 Specific membrane capacitance
tRA 0 ms Initial time of stimulus current in RA
tLV (160, 160, 160) ms Initial time of stimulus current in LV
tRV (165, 172) ms Initial time of stimulus current in RV
BCL 0.8 s Basic cycle length (= 1/heart rate)
Regional heterogeneities of ion channel conductances
(ĝto, ĝCa,L) (1.0, 1.67) – Scaling in crista terminalis
(ĝto, ĝCa,L) (0.68, 1.06) – Scaling in atrial appendages
Stretch-activated channel
α 20 – Stretch sensitivity
γ 25 pS Single channel conductance
� 0.015 μm−2 Channel density
K 150 – Equilibrium constant
Esac -20 mV Reversal potential

Table B2. Parameters of the active tension model

Parameter Value Unit Description

kTRPN 0.1 – Binding rate
nTRPN 2 – Cooperativity of binding rate
β0 0.7 – Stretch dependence of tension
β1 -1.2 – Stretch dependence of calcium
[Ca2+]refT50 0.805 μM Half activation point of calcium in ventricles
[Ca2+]refT50 0.86 μM Half activation point of calcium in atria
ξ 2 – Scaling factor for all crossbridge cycling rates in atria
Tref 440 kPa Reference tension in right ventricle
Tref 400 kPa Reference tension in left ventricle
Tref 160 kPa Reference tension in right atrium
Tref 220 kPa Reference tension in left atrium

(2011), respectively. Transmural heterogeneity in the
ventricles was adopted from O’Hara et al. (2011) with
changes proposed by Dutta et al. (2017). Parameters
for the active tension model are based on Land et al.
(2017); Land and Niederer (2018) and shown in Table B2.
We modified the reference tension in each chamber of
the heart to achieve physiological contractile behaviour
and reduced the effect of stretch dependence to more
reasonable levels. Passive mechanical properties are given
in Table B3. Parameters Cscale and bscale are the result
of the simultaneous identification of myocardial tissue
properties and the stress-free reference configuration

based on the algorithm proposed by Marx et al. (2022)
for the left ventricle. Due to a lack of data, we assumed
that the overall material properties of myocardial tissue
relate similarly in all chambers and applied the identified
scaling parameters everywhere. Nevertheless, the base
material stiffness of the right atrium and ventricle was
increased by a factor of 1.66 and the left atrium by a factor
of 2 (compared with the base value of C given in Table B3)
to account for the higher amount of collagen present in
these chambers (Oken & Boucek, 1957). The parameters
of the lumped element circulatory systemmodel are given
in Table B4.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table B3. Parameters of the mechanical model

Parameter Value Unit Description

B 650 × 103 Pa Bulk modulus in the myocardium �myo

C 880 Pa Base material stiffness in the myocardium �myo

bff 8 – Fibre strain scaling in the myocardium �myo

bss 6 – Radial strain scaling in the myocardium �myo

bnn 3 – Cross-fibre in-plain strain scaling in the myocardium �myo

bfs 12 – Shear strain in f-s plane scaling in the myocardium �myo

bfn 3 – Shear strain in f-n plane scaling in the myocardium �Myo

bsn 3 – Shear strain in s-n plane scaling in the myocardium �myo

CLV
scale 0.042 – Scaling for parameter C in domain �LV

CRV,RA
scale 0.07 – Scaling for parameter C in domains {�RV ∪ �RA}
CLA
scale 0.084 – Scaling for parameter C in domain �LA

bscale 3.55 – Scaling for parameters bxx in domain �myo

μMV,TV,AV,PV 1 × 106 Pa Shear modulus in the valves
κMV,TV,AV,PV 650 × 103 Pa Bulk modulus in the valves
μOR 7.45 × 103 Pa Shear modulus in the domain �OR

κOR 650 × 103 Pa Bulk modulus in the domain �OR

μART,VEN 15.18 × 103 Pa Shear modulus in the domains {�ART ∪ �VEN}
κART,VEN 650 × 103 Pa Bulk modulus in the domains {�ART ∪ �VEN}
μAP,BP 1 × 104 Pa Shear modulus in the pericardial domains {�AP ∪ �BP}
κAP 650 × 103 Pa Bulk modulus in the apical pericardial domain �AP

κBP 1 × 103 Pa Bulk modulus in the basal pericardial domain �BP

ρ 1082 kg −3 Tissue density in the entire domain �

K⊥ 1 × 107 Pa Contact penalty in normal direction on �M

Table B4. Parameters of the circulatory system model

Parameter Value Unit Description

Pulmonary and systemic circulation
RSysArt 0.05 mmHg · s · ml−1 Systemic arterial resistance
CSysArt 2.5 ml · mmHg−1 Systemic arterial compliance
VSysArtUnstr 800.0 ml Unstressed systemic arterial volume
RSysPer 0.6 mmHg · s · ml−1 Systemic peripheral resistance
RSysVen 0.03 mmHg · s · ml−1 Systemic venous resistance
CSysVen 100.0 ml · mmHg−1 Systemic venous compliance
VSysVenUnstr 2850.0 ml Unstressed systemic venous resistance
RPulArt 0.02 mmHg · s · ml−1 Pulmonary arterial resistance
CPulArt 10.0 ml · mmHg−1 Pulmonary arterial compliance
VPulArtUnstr 150.0 ml Unstressed pulmonary arterial volume
RPulPer 0.07 mmHg · s · ml−1 Pulmonary peripheral resistance
RPulVen 0.03 mmHg · s · ml−1 Pulmonary venous resistance
CPulVen 15.0 ml · mmHg−1 Pulmonary venous compliance
VPulVenUnstr 200.0 ml Unstressed pulmonary venous volume
ρBlood 1060 kg/m3 Blood density
Atrioventricular valves
ARef 15.0 cm2 Reference area
Mmax 0.7 – Maximum area ratio
Mmin 0.001 – Minimum area ratio

(Continued)

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table B4. (Continued)

Parameter Value Unit Description

Ko 20.0 mmHg −1 · s−1 Opening rate coefficient
Kc 6.0 mmHg−1 · s−1 Closing rate coefficient
Semilunar valves
ARef 7.0 cm2 Reference area
Mmax 0.95 – Maximum area ratio
Mmin 0.001 – Minimum area ratio
Ko 10.0 mmHg−1 · s−1 Opening rate coefficient
Kc 6.0 mmHg−1 · s−1 Closing rate coefficient
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