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Abstract 

The heart consists of myocytes, vasculature cells and 

connective tissue cells. In this study, two ventricular 

electromechanical models were coupled with the 

fibroblast model. At the cellular level, Niederer-Smith 

(NS) model of rat ventricular myocyte and ten Tusscher 

model of human ventricular myocyte and the passive 

fibroblast model are combined with Rice model of 

contraction and cooperativity mechanisms. At the tissue 

level, excited conduction is integrated with elastic 

mechanics. Numerically, the finite difference method 

solves the excitation equations, and the finite element 

method settles the equations governing tissue mechanics. 

The results showed that fibroblasts slow down wave 

propagation and increase mesh contraction. The 

influence of fibroblasts on cardiac excitation and 

contraction should be pursued in future heart modeling 

studies 

 

1. Introduction 

Researches on cardiac electrophysiology at the cellular 

level are very numerous. Along with the development of 

patch clamp technique and computer, studies based on the 

model framework developed gradually mature. They were 

widely used for the diffusion of excitation in tissue and 

cell-cell interaction (1-3). In mechanical models of 

myocardial cells, the typical model is Rice model of 

contraction and cooperativity mechanisms (4). The model 

exhibits the mechanism of myofilament dynamics clearly 

and provides complete parameters to describe the process 

of contraction and relaxation of myocytes. The heart 

consists of myocytes, vasculature cells and connective 

tissue cells (5). Recent studies have documented that 

fibrosis causes cardiomyocyte decoupling, predisposing 

the tissue to conduction block and reentry (6-8). Effects 

of fibroblasts on cardiac electrophysiology and mechanics 

should not be ignored. There are two different 

electrophysiological models of ventricular fibroblasts: the 

"passive" model (9) and the "active" model (10). 

In this study, two strongly coupled myocardial-

fibroblastic electromechanical models were proposed, 

which integrated the fibroblast model with the myocardial 

electrophysiological model and mechanical model at 

cellular level, excitation conduction and elastic mechanics 

at tissue level. To realize the cellular electromechanical 

coupling, the calcium buffer was introduced in ten 

Tusscher model. With the proposed model, the effects of 

fibroblasts on cardiac excitation conduction and 

contraction were investigated in normal and pathological 

situations. 

 

2. Materials and methods 

2.1. Cellular electromechanical coupling 

model 

Two cellular models were used here, ten Tusscher 

model of human ventricular myocyte(11) and the 

Niederer-Smith (NS) model of rat ventricular myocyte 

(12). One remarkable thing is that, ten Tusscher model is 

cellular electrophysiological model, while the NS model 

is cellular electromechanical coupling model. In order to 

be coupled with cellular mechanical model (Rice model), 

we rewrite the equation of the concentration of Ca2+ by 

adding Ca2+ buffers to Ca2+ dynamics to achieve cellular 

electromechanical coupling. The equations of Ca2+ 

buffers are given by: 

( )Ca
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In this way, the equation of the concentration of Ca2+ in 

the ten Tusscher model turns into, 
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where k0=24.6. Thus it can be related to equations of 

mechanics.  
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2.2. Passive model of cardiac fibroblast 

The cardiac fibroblast models have two types, the 

passive model (9) and the active model (10). Here we use 

the passive model, that is, 

( )f f f fI G V E= −  (3) 

where If is the current of fibroblast, Vf is the membrane 

potential of fibroblast, Gf is the membrane conductance 

and Ef is the reversal potential. According to experiments, 

Gf ranges from 0.1 to 4 nS (13), and Ef ranges from -50 to 

0 mV(14-18). In this study, we use Gf =0.5nS, Ef =-20mV.  

 

2.3. Mechanical model of cardiac myocyte 

In this study, Rice mechanical model of cardiac muscle 

(4, 19) was chosen to be coupled with ten Tusscher model. 

The present study is mainly investigate the impact of 

fibroblast on cardiac contraction, we therefore chose the 

typical mechanical model (4) to represent the force 

generation in cardiac myofilament. 

 

2.4. Fibroblast-myocyte coupling 

According to (9), equations of the myocyte-fibroblast 

coupling model are defined by: 

1

( )
n

k k

ion gap

k

dV
C I G V V

dt =
= − + −∑   

(4) 

where C is Cm or Cf, Iion is Im or If, n is the number of 

coupled neighbors (either myocytes or fibroblasts), and 

Gk
gap is the gap junction conductance between a cell 

(either a myocyte or a fibroblast) and its kth neighbor 

(either a myocyte or a fibroblast) (9). Based on 

experiments, it was recorded that Cf ranges from 6.3 to 

75pF (10, 20), Ggap ranges from 0.3 to 8nS in cultured 

cells (15). Here we use Cf =50pF, Ggap=0.6nS.  

 

2.5. Cardiac tissue mechanics 

We present briefly the formulae according to (21) 

including stress equilibrium, the finite element 

approximations and the uniform isotonic boundary loads. 

The formulae were written as, 

( ) 0MN j

N

M

T F
X

∂ =∂  

1
( )

2

MN MN

a

MN NM

W W
T T C

E E

∂ ∂= + +∂ ∂
 

0
0

MN j jn
N n

V
M

T F dV f
X

ψ∂ =∂∫  

2

j

n n j
S

f p n dsψ= ∫  

 

 

 

(5) 

where {Xm} are material coordinates, TMN is the second 

Piola-Kirchhoff stress tensor of finite elasticity theory, Fn
j 

is the deformation gradient tensor, W is a scalar strain 

energy density function, EMN is Green's strain 

components, CMN are components of the contravariant 

metric tensor, ょn are the geometric interpolation 

functions, V0 is the undeformed volume, S2 is the portion 

of the boundry subject to external tractions, Fn
j are the 

external nodal traction forces, nj are the coordinates of a 

vector normal to the boundry, p is the uniform load. The 

boundry conditions in the two-dimensional (2D) model 

are two main types. The central node and the edge nodes 

were completely fixed in space to prevent rigid-body 

translations. 

Since the mechanical properties of fibroblasts have not 

been well studied so far, and the flexibility of the heart 

fibrous connective tissue is poor (22), we assume that all 

the mechanical grid nodes containing fibroblasts to be 

fixed in space. 

The basic process of models calculation is as follows: 

All derivatives in equations of myocardial cells and 

fibroblasts are evaluated using finite difference 

approximations. Following each time integration step, all 

parameters of these cells are updated, Ta are interpolated 

at finite element Gauss points. Stresses of these active 

Gauss points serve as inputs to govern the tissue 

mechanics model. Non-linear Newton iterations are used 

to solve the stress equilibrium equations. Deformation 

tensors are then updated to govern equations of the 

electrical conduction. 

In this study, we considered isotropic conduction. The 

2D model parameters are the following: finite difference 

approximations are computed using a time integration 

step of 〉t=0.01ms (millisecond) and a apace integration 

step of 〉x=〉y=0.1mm(millimeter). The mechanics mesh 

is defined containing 11×11 finite elements. Each 

mechanical element includes 7×7 electrical grid points. 

Thus, the whole area has 61×61 grid points and the 

distance between every two elements is 0.6mm. The time 

integration step of mechanics is 2ms. Full details of the 

model are given in (21). 

 

3. Results 

3.1. Electromechanical coupling at cellular 

level 

Figure 1(a) shows the electromechanical coupling of 

NS model, which has no plateau phase and notch. Figure 

1(b) shows an AP and force generated by Tusscher and 

Rice coupling model. According to the modified calcium 

transient, the active stress Ta is calculated. The resting 

potential is -86.2mV, maximum plateau potential is 

19.0mV, Vmax=361mV/ms, and maximum force is 

0.02kPa. 

Figure 2 shows the effect of coupling three passive 

fibroblasts to a ventricular myocyte with a Ggap=20nS. 

Ggap ranges from 0 to 100nS in modeling studies (10, 23-

24). In contrast to Figure 1, coupling passive fibroblasts 

to the simulated myocyte lengthened the ventricular APD 

(90% repolarization) from 193ms to 227ms, and the peak 

of the AP is decreased from 36.0mV to 26.8mV. 
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Figure 1. Active potential (V) and active stress (Ta) 

generated by the proposed electromechanical coupling 

model. (a) NS model, (b) ten Tusscher and Rice coupling 

model. 

 

 
Figure 2. Active potential of myocyte (Vm) and fibroblast 

(Vf) after coupling.  

 

3.2. Point stimulus in 2D cardiac tissue 

Figure 3 shows the effects of central point stimulus on 

2D human(a) and rat(b)cardiac tissue. Each top line has 

no fibroblast and each bottom line has three areas of 

fibroblasts, distributed as the upper right(2×2 finite 

elements, including 13×13 grid points), the lower right 

(2×2 finite elements, including 13×13 grid points) of the 

central point and the mid left(4×2 finite elements, 

including 31×13 grid points), respectively. Stimulate 

period is 250ms and 100ms. 

From Figure 3(a) and (b), we can see that the 

propagation of excitation wave on the bottom line is 

slower than that on the top line. In a pure myocyte sheet 

without fibroblasts, the activation front is circular under 

isotropic conduction, while in the complex sheet it is 

deformed. Besides, Contraction around fibroblast areas is 

obvious. This means fibroblasts reduce conduction 

velocity and aggravate contraction. 

 

 
Figure 3. Electromechanical coupling in human (a) and 

rat (b) cardiac tissue. No fibroblast on each top line and 

three areas of fibroblasts on each bottom line. 

 

4. Discussion 

In this study, we present a 2D electromechanical model 

composed of cardiac myocytes and fibroblasts to 

investigate effects of fibroblasts on cardiac excitation and 

contraction. The present study adds fibroblasts to the 2D 

electromechanical model to reflect more realistic 

mechanisms of heart and explore possible influences of 

fibroblasts on cardiac electrophysiology and mechanics. 

The results show that fibroblasts may reduce 

conduction velocity and aggravate contraction. In this 

study, we use material electrophysiological and 

mechanical models of cardiac muscles rather than 

simplified formula and have considered properties of 

fibroblasts to improve the authenticity of simulation.  

Except above results, this study also has some limiting 

assumptions. Firstly, conduction in myocytes and 

fibroblasts in this model is set to be isotropic. Secondly, 

only fibroblast is considered as the mechanism of 

electromechanical coupling. The other two, stretch 

activated ionic channels and second messengers/Ca
2+ 

handling in cardiomyocytes are not considered. Finally, 

the mechanisms of fibroblast mechanics 

deserve further study. Researches on fibroblast mechanics 

are mainly on the basis of experiments (22). In this 

simulation, we consider that when the fibroblast points 

reach to a certain number, the elasticity of the fibroblasts 

area will drop rapidly. Therefore, the grids of mechanical 

elements in the fibroblasts area are set to be fixed. In this 

assumption, fibroblasts can only concentrate in one 

region, rather than random distribution. If a handful of 

fibroblasts are distributed randomly to the mesh grid, the 

element still has some flexibility, and the grid should not 

be supposed as fixed. If the detailed model of fibroblast 

mechanics has been fully worked out, it can be coupled to 

the myocyte mechanics model to simulate the more 

precise mechanisms of cardiac electromechanical 

coupling. 
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5. Summary 

In conclusion, we have used two composite models to 

show real heart tissues. The simulation results suggest 

that fibroblasts will slow down wave propagation and 

increase mesh contraction. The effect prove that 

fibroblasts is a key mechanism in electromechanical 

coupling and should be valued in cardiac 

electromechanical modeling. 
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