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ABSTRACT

Background and objective: Structural and electrical remodeling in heart failure predisposes the heart to
ventricular arrhythmias. Computer modeling approaches, used to complement experimental results, can
provide a more mechanistic knowledge of the biophysical phenomena underlying cardiac pathologies. In-
deed, previous in-silico studies have improved the understanding of the electrical correlates of heart fail-
ure involved in arrhythmogenesis; however, information on the crosstalk between electrical activity, in-
tracellular Ca?* and contraction is still incomplete. This study aims to investigate the electro-mechanical
behavior of virtual failing human ventricular myocytes to help in the development of therapies, which
should ideally target pump failure and arrhythmias at the same time.
Methods: We implemented characteristic remodeling of heart failure with reduced ejection fraction by
including reported changes in ionic conductances, sarcomere function and cell structure (e.g. T-tubules
disarray). Model parametrization was based on published experimental data and the outcome of simula-
tions was validated against experimentally observed patterns. We focused on two aspects of myocardial
dysfunction central in heart failure: altered force-frequency relationship and susceptibility to arrhythmo-
genic early afterdepolarizations. Because biological variability is a major problem in the generalization of
in-silico findings based on a unique set of model parameters, we generated and evaluated a population
of models.
Results: The population-based approach is crucial in robust identification of parameters at the core of
abnormalities and in generalizing the outcome of their correction. As compared to non-failing ones, fail-
ing myocytes had prolonged repolarization, a higher incidence of early afterdepolarizations, reduced con-
traction and a shallower force-frequency relationship, all features peculiar of heart failure. Component
analysis applied to the model population identified reduced SERCA function as a relevant contributor to
most of these derangements, which were largely reverted or diminished by restoration of SERCA function
alone.
Conclusions: These simulated results encourage the development of strategies comprising SERCA stimu-
lation and highlight the need to evaluate both electrical and mechanical outcomes.
© 2023 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

SERCA

Abbreviations

AP action potential

APD action potential duration
CaT Ca%* transient

CaTA Ca2* transient amplitude
DevF developed force

EAD early afterdepolarization
EMw electro-mechanical window
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FFR force-frequency relationship
HF heart failure

SR sarcoplasmic reticulum

TTP time to peak force

RT recovery time.

1. Introduction

Cardiovascular diseases are the leading cause of mortality
worldwide and the incidence of heart failure (HF), eventually their
common fate, is increasing due to population aging. Reduced ejec-
tion fraction and electrical instability are the most damaging con-
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sequences of HF; ideally, treatments should address them both.
However, therapeutic efficacy can vary between patients due to
genotype differences, suggesting the need to consider intrinsic
variability in studies.

The complexity of biological systems makes integration of spe-
cific experimental findings into disease patterns very difficult. Cur-
rently, mathematical biophysical models are widely used to fill
this gap; they provide a powerful tool for mechanistic interpreta-
tion and prediction, the latter including the virtual test of phar-
macological compounds. Most previous in-silico investigations fo-
cus on electrophysiology [1-3], however, excitation and contraction
closely interact and abnormalities in both coupled processes in HF
determine the disease pattern. The development of myofilament
contraction models [4,5], and more recently with human data [6],
allows the integration of cellular mechanics with the electrical
part. Indeed, this electro-mechanical approach has contributed to
the understanding of arrhythmogenesis triggered by oscillations in
action potential duration, alternans, or drugs [7-10], but not in the
setting of HE.

Both structural and functional changes contribute to the
propensity for ventricular arrhythmias in HF. Altered transcription
and/or post-transcriptional modification (e.g. phosphorylation) ac-
count for abnormality of channel and transporters function, which
are also affected by disruption of membrane microdomains [11].
Among them, the loss of transverse tubules (T-tubules) has re-
markable consequences on Ca?t dynamics because of loss of the
spatial relationship between L-type calcium channels (LTCC), ryan-
odine receptors (RyRs), and Nat/Ca?t exchangers (NCX). Models
incorporating all these factors allow to reproduce the observations
in failing myocytes more accurately and obtain more realistic pre-
dictions.

Cardiac contractile reserve assures myocardial contraction with
changes in heart rate, however it is impaired in HF. The relation-
ship between heart rate and developed force (force-frequency re-
lationship, FFR) depends on the competition between several Ca%*
fluxes; thus, its steepness (“slope”) integrates the function of the
main cellular Ca2* transports and buffers. Normally positive in the
human heart, FFR slope is reduced, or even inverted, in HF [12,13].
Interestingly, increased susceptibility to arrhythmias has been cor-
related with negative FFR [14]. Early afterdepolarizations (EADs)
are a frequent arrhythmogenic mechanism in HF and they are an
integrated phenomenon as well, resulting from the crosstalk be-
tween sarcolemmal conductances and intracellular Ca%+ dynamics.

We used, for the first time, a comprehensive electro-mechanical
single-cell model to assess which among the abnormalities de-
scribed in HF may mostly contribute to contractile deficit, FFR
depression and arrhythmogenesis by EADs. The “electromechani-
cal window” (EMw) a clinically measurable parameter reported to
quantify arrhythmogenic risk [15] was also considered. Computa-
tional simulations were performed using a population-based ap-
proach, wherein a population of models is obtained by implement-
ing variability of input parameters to produce a spectrum of phe-
notypes recapitulating biological variability. Variability of model
output (electro-mechanical responses) allowed identification of in-
fluential input parameters by using statistical criteria, which would
be impossible with a fully deterministic approach.

2. Methods
2.1. Electro-mechanical model of heart failure

A widely accepted human action potential model, the ToR-ORd
model [16], which includes 14 ionic currents for electrophysiol-
ogy and intracellular Ca%t dynamics, was selected to be coupled to
an active force (sarcomere) model [6] to fully simulate excitation-
contraction (EC) coupling and mechano-electrical feedback, exactly
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as recently done in [10], where some mechanical parameters were
re-adjusted to improve the outputs of the human model. When
integrating both models, intracellular Ca2* acts as the intermedi-
ate agent between the electrical and the mechanical activity. The
model includes the dyadic subspace, an intracellular microenviron-
ment resulting from contiguity of the sarcolemmal and sarcoplas-
mic reticulum (SR) membranes, essential in the interaction be-
tween the effectors of EC-coupling. The dyadic space (defined by
the subscript ‘ss’) and the bulk cytosolic compartment (defined
by the subscript ‘i’) were analyzed separately, an approach that
proved essential in mechanism interpretation (see below). Stretch-
activated sarcolemmal channels were also included in the model
for completeness; however, they are inconsequential in the present
work because the simulations were performed under isometric
conditions. MATLAB code of ToR-ORd model [16] was used as the
basis to implement all the modifications.

The electro-mechanical model was applied to generate vir-
tual “control” (considered healthy) and “failing” myocytes. The
HF myocyte was obtained by introducing in the healthy one the
electrophysiological remodeling changes detailed by Gomez et al.
[17] (Supplementary Table S1), molecular changes observed in fail-
ing myocytes extracted from hearts with reduced ejection fraction.
In brief, SERCA maximal flux velocity was downregulated by 55%
and NCX one upregulated by 60%, Ca%* leak from the SR compart-
ment (SR leak) increased by 30% and RyRs channel sensitivity to
SR Ca?* increased (K c, was reduced by 20%). lon currents were
also affected by HF: the conductance of Iy, (represented as an in-
dependent component), was upregulated by 30% and its time con-
stant t,; was increased by 80%, Iy, Ix; and Iy, conductances were
downregulated by 60%, 32%, and 30%, respectively. Finally, CaMK
activity was increased by 50%.

Furthermore, loss of T-tubules, a functionally relevant feature
of cellular remodeling, was introduced in the HF model accord-
ingly to Sanchez-Alonso et al. observations [18]. T-tubular struc-
ture reduction partially disrupted the dyadic space, redistributing
part of LTCC and NCX proteins from the dyadic sarcolemma to that
delimiting the bulk cytosolic space. As a consequence, part of the
Ca%* release units (LTCC-RyR pairs) were uncoupled, thus increas-
ing the proportion of “orphaned” RyR channels. In addition, based
on experimental findings in myocytes with dilated cardiomyopathy
[18], LTCCs located in the sarcolemma were maximally phosphory-
lated by CaMKII. Exact details about the implementation of these
changes in the myocyte model can be found in the Supplementary
Material.

Heart failure remodeling also affects the contractile apparatus,
being the elevation of myofilament Ca2*t sensitivity the most com-
mon alteration. According to experimental observations [19,20],
this change in Ca2t sensitivity was modeled by reducing by 30%
the Ca%* concentration required for half-maximal Troponin C bind-
ing ([Calrso in Land et al. [6]).

All simulations were performed in MATLAB (R2020b, Math-
Works) and were run on endocardial-type cells at steady state
stimulation (i.e. after 500 beats in each condition). Active force
was obtained under isometric conditions, i.e. with no changes in
sarcomere length.

2.2. Population of models

To account for biological variability and experimental uncer-
tainty, our analysis was based on the comparison between pop-
ulations of “myocytes” (i.e. models). To this end, an initial popu-
lation of 1000 healthy myocytes was generated by randomly ap-
plying scaling factors to a total of 29 parameters (18 of chan-
nels/transporters and 11 of sarcomeric proteins, see Supplemen-
tary Tables S2 and S3) to the baseline model, so that each myocyte
had a different set of randomly combined parameters. We assumed
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that parameters were normally-distributed and they had the same
standard deviation to control variability across parameters. Setting
a standard deviation of 0.15 for all parameters was necessary to
obtain a sufficiently large model population with both electrical
and mechanical features compatible with experimentally observed
features. The scaling factors followed thus a normal distribution
with a mean equal to 1 and a standard deviation of 0.15. System
complexity led to a large number of interactions between param-
eter changes, which add to parameter variability in determining
output variability. As a consequence, the chosen range of param-
eter variability led to a very broad population of outputs, whose
boundaries exceeded experimentally observed values. Thus, model
refinement was performed by eliminating profiles out of bound-
aries for healthy myocytes, leading to a population of 190 models
whose output matched experimentally observed values of electro-
physiological and mechanical properties listed in Tables S4 and S5.
See supplementary material for additional details. The HF myocyte
population was generated from the healthy one by changing the
parameters scaling factors as detailed in the previous paragraph.
Model refinement was applied to this population by eliminating
profiles characterized by values exceeding & 3 SD from the popula-
tion mean. The remaining 190 models had electrophysiological and
mechanical properties consistent with the heterogeneities among
experiments (Tables S6-S8).

As opposed to comparison between fully deterministic models,
the comparison between model populations allows to extract sig-
nificant parameters by statistical methods. This makes simulations
outcome robust with respect to natural variability, thus increasing
its predictive value.

2.3. Biomarkers in model output

The following electrophysiological, Ca?* handling and mechani-
cal properties (biomarkers) were measured during stimulation at
steady-state in each condition: action potential duration at 90%
of repolarization (APDgg), cytosolic Ca%* transient (CaT) amplitude
(CaTA) and developed force (DevF), calculated as the difference
between systolic and diastolic Ca?t and force values respectively,
time to peak force (TTP), and times at 50% and 90% recovery from
peak force (RTsg and RTgg). CaT duration was measured at 80%
of decay (CaTDgp); total duration of the force twitch, including
contraction and relaxation, was calculated as TDgy=TTP+RTgy. For
quantification of the electromechanical window (EMw), i.e. the dif-
ference between the duration of the mechanical and electrical sys-
toles, we used TDgy and APDgy (EMw=TDgy-APDgg). The total net
charge transferred during repolarization (Qg,,) was obtained by
integrating the total membrane current (algebraic summation of
individual currents) after the AP upstroke. Qgq, Was normalized to
APDgg (Qrota/APD), thus obtaining an index corresponding to the
mean value for net membrane current over repolarization.

We used vulnerability to EADs as a marker of electrical insta-
bility. The protocol to this end included an EAD-inducing “pertur-
bation” consisting of a lower stimulation frequency (0.25 Hz) and
decreased Iy, conductance (to simulate the effect of dofetilide), as
in Margara et al. [10] study. A 40% reduction in Iy, emulating the
decrease caused by 0.01 pM dofetilide, provided the suitable con-
ditions to induce EADs in failing myocytes but not in the healthy
ones.

3. Results

3.1. From an in silico heart failure electro-mechanical cellular model
to a virtual population

The integration of cellular mechanics in the action potential
model of a ventricular myocyte allowed to explore the whole
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excitation-contraction coupling process that starts with the elec-
trical activation of cell membrane and leads to a contraction force,
being Ca%* the intermediate agent. Fig. 1 compares action poten-
tial (AP), Ca?* transient (CaT) and active force in healthy (black)
and failing (red) cardiomyocytes at 1 Hz. The three upper pan-
els represent the output with the mean value of parameters in
each condition (baseline models). HF myocytes had prolonged APD,
smaller and slower CaT, leading to smaller and slower contrac-
tion/relaxation. Notably, the reduction in force did not match the
one of CaT, reflecting the increment in myofilament sensitivity to
Ca2*, These differences observed between healthy and failing my-
ocytes at 1 Hz were more relevant at larger heart rates, particularly
in developed force (see next section).

Fig. 1B compares the healthy population of 190 myocytes with
the failing one, i.e. it includes variability in profiles. Albeit the
same parameter variability was applied to both model populations,
profiles variability differed between the healthy and HF population.

Firstly, within each condition, variability was larger for mechan-
ical than for electrophysiological outputs (Supplementary Fig. S2).
Indeed, mechanical constraints dominated in restricting the initial
population of 1000 models to that producing outputs within the
physiological range. Notably, there was not a specific range of me-
chanical parameters leading to physiological phenotypes; mechan-
ical responses varied instead as a consequence of multiple interac-
tions between model parameters. This suggests that the excitation-
contraction coupling process has a higher degree of non-linearity
(complexity) as compared to excitation itself.

APDgy, CaTDgg, and TDgqq values, represented in Fig. 2, were
larger in failing than in healthy myocytes and variability within the
population increased in the HF one. The EMw was also prolonged
in HF because the force transient was more prolonged than APD.
EMw variance, contributed by both TD and APD variabilities, was
large and it strongly increased in HF. The increased variances in the
HF model result from an increased sensitivity of the model to per-
turbations; experiments have also shown a larger APD variability
in HF [21-23].

3.2. Rate-dependency of electro-mechanics

Consistent with experimental observations, the response of
healthy myocytes to an increase in heart rate was APD shorten-
ing and an increase of CaT amplitude (CaTA) to generate a larger
developed force (DevF) (Fig. 3), the latter effect defining a positive
FFR slope.

In HF, the reverse APD rate-dependency was steeper (Fig. 3A),
thus APD difference with healthy myocytes decreased as rate in-
creased. At low frequencies, APD difference between both condi-
tions was so elevated that reflected an increased sensitivity of fail-
ing myocytes, with longer APDs, to perturbations [24].

The rate-dependency of CaTA, positive and steep in healthy my-
ocytes, was almost completely lost in HF ones (Fig. 3B). Accord-
ingly, the FFR slope was markedly depressed in HF, with a ten-
dency to become negative between 1.5 and 2 Hz (Fig. 3C). The flat
HF DevF curve intersected the healthy one at about 0.7 Hz, sug-
gesting that contractile deficit in failing myocytes may be minimal,
or even reversed at very slow rates. A flat curve was also observed
with CaTA (Fig. 3B) in failing myocytes but it did not intersect the
healthy one; this implies that factors other than Ca?t availability
may account for the peculiar rate-dependency of DevF.

At this point, it is important to remark that blunted HF curves
in CaT and force were not observed when we used the electro-
physiological O’Hara model [25] instead of the most updated ToR-
ORd [16] version (Supplementary Fig. S1). One of the main differ-
ences between the two AP models is Ic, formulation. In addition,
LTCC are distributed between T-tubular and sarcolemmal subspaces
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Fig. 1. Comparison between healthy (H) and heart failure (HF) myocytes at 1 Hz for action potential, Ca** and force transients. A) mean of the two myocyte populations; B)
individual myocytes in the two populations.
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Fig. 4. Impact of frequency on mechanics in the population. A) Force-frequency relationship (FFR) curves of all the cell models, B) Comparison of FFR slopes in frequency
intervals between healthy and failing cells. C) Effect of frequency on twitch contraction biomarkers: diastolic force (DiastF), time to peak force (TTP), time from peak force
to 90% relaxation (RTgg). Data points represent means + SD of the population of models (H: healthy cells, HF: cells with heart failure).

only in ToR-ORd model, which facilitated the implementation of
detubulation for the HF model.

Fig. 4A displays the rate-dependency of DevF of the different
cells from the population. Although all the curves essentially re-
produced the mean FFR differences between healthy and HF, we
can observe the variability in curve steepness in each frequency
range. The derivative of the FFR curves (“local” slope) was statisti-
cally smaller in HF than in healthy myocytes at all rates with more
significant differences at intermediate ones (Fig. 4B). This figure
also shows that FFR derivative decreased at higher rates in both
populations, as expected from the “saturating” effect of rate; how-
ever, saturation was achieved at lower rates in HF.

Diastolic force, the minimum component of DevF, increased
with rate (Fig. 4C, left panel) and more steeply in HF. At the high-
est frequency of stimulation (2 Hz), the marked increase of dias-
tolic force in HF caused an average difference of 2.6 kPa (nine-fold
larger) between failing and healthy myocytes. Rate-dependency
of diastolic Ca?* was also steeper in HF myocytes (Supplemen-
tary Fig. S4), but the difference at 2 Hz amounted to a maxi-
mum of 60%. The disproportionate increase of diastolic force at
fast rates in HF is the consequence of increased sarcomere CaZ+
affinity, as the simulation of HF without the increased sarcom-
ere affinity confirms (Fig. 4C, dotted line). While enhancing con-
traction at slow rates, the latter may limit Ca%?* reuptake by
the store and relaxation when diastolic intervals are critically
shortened.

Besides DevF, force transient duration parameters were quan-
tified at different rates (Fig. 4C). TTP decreased with rate and
the effect was more marked in HF myocytes, which had longer
TTP compared to healthy cells. Similarly, RTgy was longer in HF

and it also decreased with stimulation rate in both myocyte
types.

3.3. Mechanisms determining CaTA and DevF changes

To understand the factors underlying the HF-related changes in
contraction and its rate-dependency (FFR), we started from the HF
model and systematically restored one input parameter at a time
to its healthy (pre-remodeling) value. In this analysis we focused
on functions relevant to Ca?+ handling (SERCA, NCX, RyRs, SR leak,
T-tubules and [Calrsg) because CaTA and DevF rate-dependency
were correlated. The term “restoration” here means correction of
the change induced by HF; i.e. enhancement if function was lost
and vice versa.

The effect of some parameters was similar at all rates; other pa-
rameters also changed rate-dependency (curve steepness) (Fig. 5).
Parameters restoration similarly affected CaTA and DevF (Fig. 5A
and B), with the exception of [Ca]rsg. The latter offset the CaTA
curve upward and the DevF one downward, as expected from a
decrease in sarcomere Ca?t buffering power and thin-filament ac-
tivation respectively. To highlight modulation of FFR, curves were
normalized for the value at 0.5 Hz (Fig. 5C). SERCA restoration was
most effective in recovering CaTA and DevF rate-dependency to-
ward the healthy condition, followed by restoration of NCX and
[Calrsg (Fig. 5C). The effect of restoring other parameters was sim-
ilar at all rates (no change in slope). T-tubule restoration changed
both CaTA and DeVF slightly, rate-independently and, unexpectedly,
in the negative direction. However, at the dyadic level, CaTA in-
creased and TTP decreased after T-tubule restoration as expected
(Supplementary Fig. S5).
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myocyte. A) intracellular Ca2* transient amplitude (CaTA), B) Force-frequency rela-
tionship of absolute developed force (DevF) and C) normalized to DevF at 0.5 Hz.
Six parameters were restored, one at a time, taking into account that, in the HF
model, myofilament Ca2+ sensitivity is increased ([Ca]rso reduction by 30%), 46% of
T-tubules are lost, SERCA maximal activity is downregulated by 55%, NCX is upreg-
ulated by 60%, RyRs channel sensitivity to SR Ca?* is increased (K c, reduction by
20%), and Ca®* leak from the SR compartment (SR leak) is increased by 30%.

3.4. Susceptibility to EADs

Under the conditions used to facilitate EADs (dofetilide + low
rate), the latter never occurred in the healthy model population.
The same conditions induced EADs in 59 out of 190 cells of the HF
population. Under these conditions, I, was reduced by 40% and
parameter variability within the failing population contributed to
further decrease the already reduced repolarization reserve in HF
and increased EAD vulnerability. Fig. 6A shows the output of the
model population; EADs occurred at the transition between phase
2 and 3 of the action potential and were consistently associated
with secondary Ca?t and force transients. There were small differ-
ences in maximum DevF between cells with and without repolar-
ization abnormalities, but aftercontractions concomitant with EADs
might be compromising lusitropy and cellular relaxation.

Myocytes within the HF population were classified in two
groups, according to EAD development or not, to compare their in-
put parameters. Whereas sarcomere properties did not differ be-
tween the two subpopulations (not shown) a panel of ionic con-
ductances set the conditions for EADs to occur. Fig. 6B compares
vulnerable and resistant myocytes to EADs for the scale factors of
electrophysiological input parameters because this classification di-
vided each parameter distribution of the population into two new
subpopulation distributions (Supplementary Fig. S3). To better ex-
plore the difference between groups, a statistical analysis was per-
formed with the Wilcoxon rank sum test by MATLAB and p < 0.05
was considered significant. However, as the use of statistical sig-
nificance tests to interpret simulation results are considered in-
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appropriate, we also focused on the magnitude of the differences
observed [26]. Vulnerable myocytes were characterized by signif-
icantly larger Ic,, Inae and NCX, and smaller Ig;, Inax and SERCA
activity.

Whereas the pattern of sarcolemmal conductances in vulner-
able myocytes is fully consistent with the notion of reduced re-
polarization reserve, that reduced SERCA activity should promote
EADs was less obvious and raises the question, of therapeutic rel-
evance, of whether SERCA enhancement may be expected to pre-
vent EADs in the context of HF. Thus, we tested whether a 2-fold
SERCA enhancement in vulnerable HF myocytes would, on its own,
reduce the incidence of EADs. The number of HF models develop-
ing EADs was reduced by 71% after increasing SERCA activity by
a factor of 2 (Fig. 7A). The incidence and amplitude of secondary
force transients (aftercontractions) was consequently reduced. No-
tably, the amplitude of the main force twitch was barely affected
by this level of SERCA enhancement, only a bit smaller and shorter,
at least at low stimulation frequencies. At faster heart rates, dou-
bling SERCA increased force as a consequence of the prominent in-
crease in intracellular Ca2* (Supplementary Fig. S6), highlighting
that the effect of SERCA modulation is frequency-dependent.

A further question concerns the mechanism by which SERCA
enhancement may suppress EADs developed in failing myocytes. To
address it, we analyzed in detail the time course of membrane po-
tential, subsarcolemmal (ss, left) and bulk cytosolic (i, right) Ca%*
concentrations and relevant membrane currents in one represen-
tative HF myocyte before (red) and after (blue) EADs suppression
by SERCA enhancement (Fig. 7B). Furthermore, Fig. S8, discussed
in the Supplement, shows the contribution of individual fluxes (to
and from the cytosol) to the [Ca?t]; balance at steady-state (total
influx=total efflux) in HF myocytes just before the EAD, after the
perturbation induced by an EAD and at steady-state after SERCA
enhancement (EADs inhibited).

A close analysis of the timing and direction of events during the
AP plateau (insets of Fig. 7B) indicates that the EAD was triggered
by I, reactivation; indeed, the maximal dV/dt of the EAD coin-
cides with the secondary I, ¢ peak and, because of its outward
direction, the Iycx change must be voltage-driven (i.e. an EAD con-
sequence) as opposed to Ca2t-driven.

An increment in SERCA activity enhanced cytosolic Ca2t clear-
ance (decreased [Ca2*];) and elevated SR Ca?t content (increased
[Ca%*]nsr), thus boosting the release flux during the action po-
tential plateau. Because of their delayed equilibration, the net ef-
fect of SERCA enhancement differed between the two subcom-
partments: [Ca2*]ss was increased and [Ca2*]; was decreased. The
higher [Ca’?*]ss increased the proportion of Ca?t-bound (inacti-
vated) Ic,. channels, thus preventing the secondary rise in Icy . On
the other hand, the decrease in [Ca?*]; reduced forward-mode NCX
operation (less inward Incx) in the non-dyadic sarcolemma. As a
consequence of both these events, SERCA enhancement alone abol-
ished Ic,. reactivation, and the resulting EAD in a significant pro-
portion of cells.

Despite the comprehensive explanation presented with Fig. 7,
the close-loop system hampers the understanding of the real con-
tribution of some parameters. Breaking the loop, possible by means
of computer simulations, confirmed the relevant role of Ic, . The
Ica. computed with the HF model until the time of EAD takeoff
was fed to the SERCA enhanced model and then switched to the
usual computation mode. Unlike EAD suppression obtained with
SERCA enhancement, clamping a less inactivated I, contributed
to EAD development (Supplementary Fig. S7).

Myocytes in which the 2-fold SERCA enhancement alone was
not enough to suppress EADs had a different protein expression
and function than those in which SERCA enhancement had a pos-
itive effect. In a first attempt to analyze which parameters con-
tributed to make the cell EAD-prone even after SERCA stimulation,
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Fig. 6. Effect of 0.01 uM dofetilide on cellular electro-mechanics of the failing population stimulated at 0.25 Hz. A) Action potential, intracellular Ca** transient (CaT) and
force time courses, displaying early afterdepolarizations (EAD) and aftercontractions. B) Comparison between vulnerable (EADs) and resistant (no EADs) myocytes in terms

of the scale factors (distributions) applied to the ionic conductances.

no individual parameter stood out as significantly influential; this
pointed to the influence of multiple parameter combinations in-
stead. The effect of combinations of parameters on the AP can be
assessed by quantifying the “repolarization reserve”. To this end,
we considered the Qgy,/APD ratio which is, by definition, positive
(outward) during monotonic repolarization. With the aim to test its
predictive power, Qro/APD was compared between EAD-resistant
HF myocytes (without EADs), EAD-vulnerable ones in which SERCA
enhancement suppressed EADs (EAD suppression), and those in
which EADs persisted even after SERCA enhancement (EADs). Be-
cause EADs occurrence would strongly bias the index, in this anal-
ysis myocytes were stimulated at 1 Hz and without Iy, block to
prevent EADs occurrence in all groups.

Fig. 8 shows that the largest Qg /APD was in EAD-resistant HF
myocytes, the smallest when EADs persisted even after SERCA en-
hancement and it was intermediate when EADs occurred but could
be suppressed by SERCA enhancement.

4. Discussion
4.1. Main findings

This study approaches HF contractile and electrical abnormali-
ties by a model integrating remodeling-induced changes in mem-

brane electricity, intracellular Ca2* dynamics, sarcomere function
and disruption of the T-tubule sub-compartment.

Biological variability was reproduced by random scaling of indi-
vidual input parameters to generate a population of models, each
representing a virtual myocyte with properties dictated by the in-
teraction among its unique set of components. This approach al-
lows for robust assessment of the principal determinants of sys-
tem’s response through statistical analysis applied to the popula-
tion of virtual myocytes.

The average model output reproduced well known features
of the failing myocardium, including depressed contraction and
slowed relaxation, flat FFR and increased vulnerability to EADs.
Systematic recovery of Ca?t-related input parameters identified
SERCA depression as the main determinant of FFR flattening in
HF, followed by NCX upregulation and increased Ca%* affinity of
sarcomeres. SERCA depression (reducing force) and increased Ca%*
affinity of sarcomeres (increasing force) were most influential in
this condition.

Statistical analysis applied to the population of virtual my-
ocytes allowed to identify which input parameters significantly
correlated with EADs vulnerability in HF. As expected, conduc-
tance changes leading to an inward shift of the net membrane
current at plateau potentials (Ic;;, Ina. and Incx increments, ke
and Iy,x decrements) positively correlated with EADs incidence.
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Fig. 7. SERCA enhancement effect on failing cells with early afterdepolarizations (EADs). A) Action potentials (AP) with EADs (first panel) that lead to aftercontractions in
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Fig. 8. Comparison of Qg /APD among the 3 groups of HF cells classified ac-
cording to their response to SERCA enhancement: those without EADs (left), with
EADs suppressed by SERCA enhancement (middle), with persistent EADs (right).
Qrotal/APD was quantified in “unperturbed” conditions (1 Hz, no I blockade) and
before SERCA enhancement.

Less expectedly, SERCA depression was also associated with a
larger EADs incidence. The sequence and direction of events just
preceding an EAD identifies re-activation of I, (in the dyadic
space) as the triggering mechanism, Ca?* and Iycx transients be-
ing the consequence of membrane depolarization. Recovery of
SERCA function increased systolic Ca%+ concentration in the dyadic
space, thus preventing Ic, re-activation and the consequent EADs.
Based on these findings, SERCA enhancement in heart failure pro-
vides both electrical and mechanical benefits and we suggest that
the development of therapies targeting this protein would be
valuable.

4.2. Model validation

The electrophysiological component of the HF model has been
validated previously [1,21]; however, the increased complexity in-
troduced by the sarcomeric dynamics and T-tubular changes de-
mands additional validation. The first verification confirmed that
the electro-mechanical model in healthy myocytes reproduced
rate-dependency of contraction features (DevF, TTP and RT90) fully
consistent with measurements in human myocardium [27-29].
Secondly, the HF model reproduced the main features of HF. In
terms of electrophysiology an average APD prolongation of 45%,
increased APD variability and vulnerability to EADs agreed with
experimental observations [21,30]. The aberrant changes in intra-
cellular Ca2t dynamics and force transients were also reproduced
[31,32], with an average 50% depression in Ca?t transients and
slow kinetics. The model output was quantitatively accurate in
terms of force depression (50% to 80% healthy myocytes) but de-
spite changing kinetics accordingly, transient delays could be over-
estimated [33-36]. Small differences in developed force between
healthy and HF myocytes have also been observed and we found
that it can occur around 0.7 Hz, where both FFR curves intersect.
This crossing between healthy and HF FFR curves at low pacing
rates has been experimentally observed in right ventricular tissue
and ischemic hearts [29,37].

4.3. Electrophysiological consequences of HF

Repolarization delay is a well-known consequence of myocar-
dial remodeling in HF [38]. Because it tends to increase intracellu-
lar Ca2*+ content, APD prolongation might be seen as compensatory
(to the contractile defect); however, it entails a proarrhythmic in-
crease in APD variability [39], in which Iy, is usually involved [40].
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This variability, which was clearly captured by the model (Fig. 1),
may be largely accounted for by the increase in APD [21]; nonethe-
less, a contribution of instability in intracellular Ca%* dynamics
should be considered [32]. Analyzing such a hypothesis in detail
was not among the aims of the present work, however, it may rep-
resent a future use of the model.

A decrease (or negativization) in the EMw reportedly correlates
with the risk of arrhythmias [15], possibly because of perturbation
of the physiological mechano-electric feedback [41]. However, in
the present HF model, the EMw was increased instead (i.e., TDgq
prolonged more than APDgg). While EMw shortening has been pro-
posed as a promising biomarker to classify drugs in the torsado-
genic risk group, our results imply that conditions promoting EADs
may be present in HF even if the EMw positivity is increased. Thus,
as an arrhythmia predictor, the EMw might be less sensitive in HF
than in primary repolarization abnormalities.

HF patients have a predisposition to develop ventricular ar-
rhythmias, which may end in sudden cardiac death, and EADs are
considered a major trigger in their initiation [42,43]. A negative
FFR has been associated experimentally to arrhythmias [14], so we
took advantage of the results provided by the electro-mechanical
HF model to draw conclusions on the cause of EADs.

Because EADs mechanism is not unique, in the present HF
model, no initial assumption was made about the mechanisms fa-
cilitated by the abnormalities simulating HF. EADs may be primar-
ily “electrical”; i.e., they may reflect the abnormal interplay be-
tween membrane potential trajectory (repolarization slowing) and
Ica. gating (recovery and reactivation within “window” potentials)
[44]. Under some conditions, EADs are associated instead with
early spontaneous Ca2* release (SCR) events, thus reflecting SR in-
stability [45].

The timing and direction of events during the AP plateau (insets
of Fig. 7B) indicates that the former mechanism supported EADs
in this model. Indeed, whereas an SCR-triggered EAD would have
been aligned with an inward surge in Iycx, the opposite was true
(Fig. 7). The question then arises of which, among HF-associated
abnormalities, facilitated I, reactivation during the action poten-
tial plateau. Fig. 7 inset shows that, just prior to EAD takeoff, repo-
larization was slightly slowed in HF, but the difference was small;
therefore, a faster Ic, recovery from inactivation may also be cru-
cial. An interpretation of its mechanism is suggested by the effects
of SERCA enhancement as follows.

Ica. channels largely reside in T-tubules (Icyss), thus being ex-
posed to the Cat levels peculiar of the dyadic space ([Ca?t]ss).
SERCA enhancement substantially increased SR Ca%* content, CaT
amplitude and, thus [Ca?*]ss during the plateau phase (Fig. 7 left
panels), agreeing with the well-known role of SERCA on Ca’*
homeostasis [46]. This, in turn, delayed the recovery of I¢,; ¢ from
Ca%*-induced inactivation, hence suppressing the EAD. According
to this interpretation, SERCA depression, with the resulting reduc-
tion of SR Ca?t content, would be an important determinant of
EADs vulnerability in HF.

Although still compatible with SERCA depression, events occur-
ring in the non-dyadic intracellular space (Fig. 7 right) are not
easily related to EAD triggering. For instance, EAD suppression by
SERCA enhancement coincided with lowering of [Ca%*]; and a siz-
able increase in Ic,;;, both unsuitable to suppress EAD triggering.
Nonetheless the reduction in (inward) Iycx; resulting from SERCA
enhancement might still contribute to set the stage for EAD sup-
pression. Indeed, it has been pointed out that the generation of
EADs in a myocyte may requires two conditions: the presence of a
“bistable” behavior of membrane potential plus a triggering “oscil-
lator” [47]. In tissue, either EADs synchronization across multiple
cells, or reduced intercellular coupling, is further required to pre-
vent EAD quenching by surrounding myocytes [43]. While I, re-
activation accounts for the latter, an inward shift of net membrane
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current may add an “equilibrium” point at plateau potentials, as
required for membrane potential bistability.

To summarize, at least in the HF setting of the present model,
EADs facilitation resulted from: 1) an inward shift of net mem-
brane current (Iycxi and Iy, enhancement, Iy, and Iy, reduc-
tion) and 2) premature reactivation of Iy . Accordingly, SERCA
enhancement may reduce HF EAD incidence by: 1) decreasing Iycx;
and 2) enhancing Ca%*-dependent inactivation of I¢,ss, both con-
sequences of improved Ca?* compartmentalization within the SR.
The antiarrhythmic effect of SERCA enhancement has been previ-
ously attributed to improved Ca* compartmentation within the
SR, which may stabilize RyRs and prevent the organization of CaZt
sparks into waves, as reviewed in [48]. Instead of focusing on SR
stability, the interpretation suggested by the present results points
to modulation of membrane electrophysiology (i.e., increased Ic,;.
inactivation). Both mechanisms may contribute to the antiarrhyth-
mic effect of SERCA enhancement, i.e., the two interpretations are
not mutually exclusive.

A 2-fold increase in SERCA activity was not enough to sup-
press EADs in all cell models, which suggests that suitable com-
binations of the other HF-induced abnormalities, all concocting
to shift Qgqai/APD inward, destabilized repolarization beyond re-
versibility. The correlation between Qo /APD and EADs inducibil-
ity illustrates this concept. Genetic differences in the conductances
contributing to mean Qg /APD may support interindividual vari-
ability in arrhythmia susceptibility.

Overall, the analysis of the factors leading to EADs generation
and its suppression by SERCA enhancement supports the validity
of a conceptual scheme, proposed by Qu et al. [47], borrowed from
the theory of non-linear dynamics.

The beneficial effects of SERCA stimulation are known for im-
proving intracellular Ca?+ clearance and consequently enhancing
contraction [49,50]. Although the analysis of SERCA enhancement
did not revealed an increase in force under EAD conditions, other
conditions such as an increase in heart rate showed that improve-
ment. Our results suggest additional benefits of SERCA enhance-
ment by reducing ventricular arrhythmias generated by EADs, al-
though restoring deficient SERCA might also reduce arrhythmo-
genic cardiac alternans as explored by Cutler et al. [51].

4.4. Contractile consequences of HF

As mentioned in the model validation section, the main con-
tractile features of HF were reproduced by the model. Of particular
interest is the rate-dependency of developed force (FFR). A positive
FFR, observed within physiological ranges in all species and which
is more pronounced in large mammals [52], represents the com-
ponent of cardiac adaptation to stress intrinsic to the myocardium,
i.e. independent from neurohumoral regulation. Along with APD
shortening, it is important in the preservation of stroke volume at
high heart rates [27] and its loss contributes to the HF syndrome
[29,37]. The changes responsible for FFR may also lead to an accel-
eration of the force transient, including its development (TTP) and
decay (RT90) [27-29]; all these aspects were reproduced by the
healthy myocyte model and were impaired in the HF one. Rate-
dependencies of force and force kinetics are not necessarily linked.
Indeed, Mashali et al. [29] reported FFR changes but no significant
differences in TTP over the whole frequency range nor differences
between healthy and failing myocardium. However, TTP differences
between detubulated cells and cells with a dense t-system have
been experimentally observed [28], which suggests that elevated
TTP results from CaT rise delay because of impaired SR Ca?* re-
lease provoked by the loss of the T-tubular structure. In fact, we
demonstrated by means of computational simulations that FFR is
highly related to Ca?t dynamics and that it can be modulated by
ionic mechanisms.

10

Computer Methods and Programs in Biomedicine 230 (2023) 107350

Although impaired Ca?* handling and abnormal FFR are clearly
related [27], there are still some controversies about the mecha-
nisms primarily involved, which would represent the best targets
to restore normal cardiac function in the failing myocardium. This
model incorporates all the elements known to be involved in mod-
ulating FFR, thus allowing to test their relevance in the HF dys-
function. T-tubules define the dyadic space, where Ca*-induced
Icar inactivation mostly occurs. The latter, in turn, is crucial in
maintaining the Ca?t influx/efflux balance at various rates. RyRs
CaZt+-sensitivity sets the gain of EC-coupling. The buffering effect
of sarcomeres strongly affects the rates of cytosolic Ca2* clear-
ance and mechanical relaxation, clearly relevant to cope with rate-
dependent changes in the electrical and mechanical “duty cycles”
(systole/cycle length). The balance between SERCA, leak and NCX
fluxes sets the SR Ca%* content and is rate-dependent.

The analysis shown in Fig. 5 allows to identify which among
these elements, if restored by therapy, i.e. correction of the change
induced by HF, would afford the largest improvement in FFR.
Restoration of SERCA activity was most effective in recovering FFR,
followed by restoration of NCX and of [Calrsg. Modulation of the
other elements changed force development at all rates, but failed
to affect FFR appreciably. Cytosolic Ca?* is needed to activate my-
ofilament contraction and SERCA and NCX restoration improved
FFR by increasing free cytosolic Ca%t. Although it is known that
detubulation alters Ca* release [53], our results do not highlight
recovery of either T-tubules or RyR facilitation as major factors in
the recovery of FFR. Notably, this contrasts with experimental ob-
servations in rats [54]. The direction of changes fits with logic for
all the elements except T-tubules restoration. Whereas the latter
was expected to increase CaTA, DevF and restore FRR [54], in the
non-dyadic space CaTA was slightly reduced and force (DevF and
FFR) remained almost unchanged. However, in the dyadic space T-
tubular recovery increased CaTA and shortened TTP, which is more
in line with the experimental observations [28,54]. This suggests
that the role of the T-tubular dyadic compartment in setting overall
myocyte contractile function may be underestimated in the present
model. Because the impact of dyadic space crucially depends on
the interaction among multiple variables the system response may
be difficult to interpret and predict and extrapolate across different
species. Thus, while some discrepancies suggest to interpret these
particular results with caution, it does not argue against the model
predictivity in general.

Rate-dependency of diastolic force has been recently mea-
sured in human trabeculae and found to be similar between non-
failing and failing muscles [29]. However, our results show a rate-
dependent increase in diastolic force in HF as in intracellular Ca%+.
Diastolic force build-up at faster heart rates reflects incomplete
diastolic relaxation as diastolic time shortens. Two factors, both
represented in the model, contribute to rate-dependent diastolic
dysfunction: slower Ca?t reuptake into the SR (due to SERCA
dysfunction and increased SR leak) and slower Ca2* dissociation
from sarcomeres (with increased Ca2*t affinity). In agreement with
[55,56], our results show elevated diastolic Ca** due to SERCA
downregulation but also due to NCX upregulation, both peculiar
of HF remodeling.

4.5. Practical relevance

Possibly the finding of greater practical relevance in the present
work is that recovery of SERCA function alone may, albeit through
different mechanisms, improve contractile performance and re-
duce EADs-triggered arrhythmogenesis in the failing heart. How-
ever, this finding does not imply that SERCA is the only contributor,
as the present study focused on SERCA to exploit the potential of
this factor. SERCA enhancement has been initially attempted in HF
by gene therapy and failed because of difficulties in construct de-
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livery [50]. Nonetheless, recently developed small-molecule SERCA
activators are endowed with significant ino-lusitropic effect in
acute HF patients [49,57], notably in the absence of proarrhythmia.
This provides a realistic opportunity of pharmacological SERCA en-
hancement.

4.6. Limitations

Active force has been measured under isometric conditions (no
sarcomere shortening), thus it represents the maximal force de-
veloped at the specified sarcomere length (or maximal elastance,
Frank-Starling law). Isometric force has the advantage of being in-
dependent of mechanical load, thus allowing direct comparison
of data among different experimental settings. However, this ap-
proach does not take into account the many consequences of sar-
comere shortening, which also contribute to muscle performance
during physiological operation. Especially in HF, prestretch effect
on force generation and duration may change and the mechano-
electrical feedback might show important effects on the EMw at
the organ level.

Despite the attempt to model the characteristic detubulation in
HF, the approach used showed some flaws in the mechanistic anal-
ysis of T-tubules effect. However, the model as a whole firmly re-
produced the electromechanical profiles of failing myocytes.

Nonetheless, once validated, a cellular HF electro-mechanical
mode can be applied to a wider range of conditions and imple-
mented within tissue and organ models. The latter are required to
include the role of passive forces, which largely depend on tissue
components providing stiffness (e.g. collagen content) and cham-
ber geometry. Although we did quantify diastolic active force, pas-
sive force importantly contributes to diastolic behavior.

Despite these limitations, results of the present study highlight-
ing the benefits of SERCA stimulation are helpful to guide future
investigations, especially those targeting SERCA protein to improve
cardiac output.
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