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Abstract 

Inotropic drugs, such as Omecamtiv Mecarbil (OM), 
are a promising treatment option for patients with heart 
failure with reduced ejection fraction. However, there are 
limited computational models available of fully coupled 
electromechanics (EM) and OM. We present a 3D EM 
model to simulate inotropic drug effects to assess 
pharmacological mechanisms and effects on human 
cardiac tissue. This fully coupled 3D EM open-source 
solver (SimCardEMS) was used to simulate healthy and 
failing tissue slabs. A model of OM behaviour was created 
by using experimental data to parametrize the cell model 
to replicate stabilisation of the pre-powerstroke state of 
myosin. 

The OM model replicates experimentally observed 
concentration dependent drug effects such as increased 
active tension with minimal effect on calcium transient. 
Therapeutic concentration of OM (0.2 µM) increased 
active tension by 33% in heart failure tissue. Total 
displacement was reduced in heart failure, but was 
partially recovered in the presence of 0.2 µM OM. 
However, the characteristic delay in time to peak 
contraction was not reflected in these results. These 
simulations enable detailed assessment of drug 
mechanisms and indicate that the model of OM in tissue 
EM requires further development to better represent the 
pharmacological effect. 

 
 

1. Introduction 

Development of new pharmacological treatments for 
cardiovascular diseases is an expensive and time-
consuming process. Computational models can contribute 
and potentially improve the process of drug development 
and regulatory decision making. However, due to the 
complex nature of the heart, this requires detailed models 
that include multiple aspects of cardiac function. 
Currently, pharmacological assessment in computational 
models is often performed using cardiac electrophysiology 

models, lacking the contribution of active contraction.  
Meanwhile, heart failure is a disease mainly affecting 

contraction of the heart, resulting in reduced pumping 
capacity. Yet the contraction of the heart is an 
underrepresented component in computational modelling 
for drug safety. Testing for drug safety and efficacy for 
heart failure patients would ideally include both 
contraction and electrophysiological mechanisms of the 
heart, as well as coupling between these models in a 
physiological manner. 

We have developed a fully coupled electromechanical 
(EM) model and used it to examine the inotropic drug 
Omecamtiv Mecarbil (OM). OM selectively targets 
cardiac contraction, resulting in improved contractility in 
heart failure patients by increased systolic ejection time 
and stroke volume while decreasing ventricular diameter 
[1]. Experimental data shows a lack of effect on 
electrophysiological biomarkers such as calcium transient 
and action potential, but improved contractility [2–5]. To 
simulate these effects in more detail, we used our OM 
model in a 3D simulation of cardiac tissue to assess its 
effect on electrophysiological and contraction biomarkers. 
 
2. Methods 

A fully coupled 0D ODE based EM model of 
endocardial ventricular tissue was developed by coupling 
a modified version of the O’Hara-Rudy 
electrophysiological model [6] and the Land model [7] for 
active contraction. Modifications were based on model 
calibration [8] and experimental data of drug effects [9]. 
This coupled model used a monodomain representation 
[10] for electrophysiology and a PDE continuum 
mechanics model representing cardiac tissue. Passive 
material properties were described by the Holzapfel model 
[11] based on biaxial tension data. The final 3D EM solver, 
SimCardEMS (version 2022.2.0) [12], was implemented 
by combining existing solvers for electrophysiology [13] 
and cardiac mechanics [14], which are both based on the 
open-source framework FEniCS [15] for finite element 
simulations.  
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A geometry of 10x2x2 mm was simulated with free 
movement in the fibre direction on one side. The fibre 
direction was uniformly aligned along the major axis of the 
geometry. The mechanical model used a spatial 
discretization of 1.0 mm as shown in figure 1, and used P2-
P1 Taylor Hood elements and a hydrostatic pressure field 
to enforce incompressibility. The electrophysiology solver 
requires a finer spatial resolution, and the mechanics mesh 
was uniformly refined once, resulting in a discretization of 
0.5 mm.  

A 2 ms stimulus was applied to the entire mesh at 1 Hz 
frequency. The electrophysiological model was solved 
with a temporal resolution of 0.05 ms, and adaptive time 
stepping applied for solving the mechanics. This adaptive 
scheme monitored the ODE model states representing 
cross-bridge cycling and solved the nonlinear mechanics 
problem when a threshold in these states was reached.  

 

 
Figure 1: Geometry for EM simulations with spatial 
discretization for mechanics model. Colour indicates 
magnitude of displacement, with the unloaded geometry in 
grey. 

 
Heart failure in the electrophysiological model was 

modelled as presented by Gomez et al. [16]. Calcium 
sensitivity in the contraction model (Ca-T50) was reduced 
to 60% based on experiments [17,18] and heart failure 
remodelling on late sodium current was set to 130% due to 
scaling applied in the model of healthy tissue.  

OM was modelled to increase cardiac myocyte 
contractility without changing the calcium transient [2]. 

Data from human engineered heart tissues [3] was used to 
build the model of concentration dependent OM effect, and 
was validated by comparison with human primary 
cardiomyocytes [4]. The model simulated a stabilization of 
the pre-powerstroke state by increasing parameter kuw and  
decreasing parameter kws in the corresponding ODEs in 
the contraction model. Both parameters were scaled with a 
Hill equation:  

𝑠𝑓 = 1 +
𝑎

1 + 0.47
[𝑂𝑀]

!.# 

 
with a=3.1554 and a=0.0875 for kuw and kws 

respectively. 
All quantitative analysis was performed on traces from 

the centre node of the geometry. The following biomarkers 
were analysed in simulation results of healthy tissue, heart 
failure tissue, and heart failure tissue in presence of OM in 
range 0.1-2 µM: action potential duration at 90% 
repolarization (APD90), action potential triangulation, peak 
[Ca2+]i, peak active tension (Ta), peak displacement, time 
to peak displacement (ttpdisplacement) and displacement 
duration at 90% repolarization (twitchD90). 
 
3. Results 

SimCardEMS simulated the EM tissue model 
successfully, and increased efficiency by two methods: 1) 
reduced number of elements for mechanics by 8-fold, and 
2) adaptive time stepping for the contraction model 
resulting in 3.5-fold speedup. 

Bidirectional coupling of cardiac electrophysiology and 
mechanics alters electrophysiological traces such as 
voltage and calcium transient as shown in figure 2. In 
addition, the simulations provided a new set of biomarkers 
on contraction to assess drug effects. The heart failure 
model shows expected changes in endocardial 
electrophysiological biomarkers [16], such as increased 
APD90 and decreased peak [Ca2+]i.  

Experimental data on OM show that it has no effect on  
calcium transient in rat myocytes [2] or action potential  
 

Figure 2: Voltage, [Ca2+]i and active stretch traces extracted from the center of a tissue slab, highlighting the impact 
of bidirectional coupling with the mechanical model. 
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as measured in canine ventricular cardiomyocytes [5]. The 
model of OM in failing tissue replicates the trends 
observed in experimental and clinical data in a 
concentration dependent manner. Table 1 and figure 3 
show a lack of effect on all electrophysiological 
biomarkers of the heart failure model. In contrast, the 
biomarkers describing contractility (peak Ta, peak 
displacement, ttpdisplacement and twitchD90) increased with 
[OM]. The ttpdisplacement and twitchD90 increase with 
increasing concentration of OM, and move further from the 
values simulated in healthy tissue. Peak Ta and peak 
displacement decreased from healthy to heart failure 
tissue, but were recovering back to healthy biomarker 
values with increasing concentration of OM. Therefore, 
these simulations showed that failing tissue contractility 
could be increased with OM in a concentration dependent 
manner, matching increased contractility of heart failure 
patients upon application of OM [1]. 

 
Table 1: Biomarker values from traces extracted at centre 
of 3D tissue slab. 

Biomarker  Healthy HF HF+0.2 µM OM 
APD90 (ms) 256 309 310 
AP triangulation 76.4 95.0 95.2 
peak [Ca2+]i (µM) 0.521 0.213 0.213 
peak Ta (kPa) 5.17 2.53 3.36 
peak displacement 0.886 0.707 0.780 
ttpdisplacement (ms) 124 259 262 
twitchD90 (ms) 438 746 756 

 
 
 
4. Discussion and Conclusion 

We present a solver for fully coupled 3D cardiac EM to 
simulate drug effects and assess drug safety. In agreement 
with experimental data, the application of OM to in silico 
heart failure tissue did not affect electrophysiological 
biomarkers, but selectively increased contraction. 
However, the model of OM did not induce the delay in 
peak contraction as typically seen in experiments at the 
sarcomere and cell level. A better fit to the experimental 
data would cause additional delay in contraction of the 
already delayed heart failure tissue. Therefore, the model 
of OM requires further validation to match experimental 
data at the sarcomere and cell level, as well as predict the 
effect of OM in this 3D cardiac tissue model of heart 
failure. 

The bidirectional coupling facilitates further 
investigation into the multifactorial effect of 
pharmacological compounds on in silico human heart 
tissue. This enables simulation of both mechanical and 
physiological function of the heart to aid mechanistic 
understanding and development of safe and efficient 
treatment. 
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