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Abstract— The efficiency of heart pump function greatly
depends on synchronized contraction of myocardial muscle. In
this work, contraction simulation of an excitable ventricular
tissue cable was constructed to study the influence of excitation
patterns on tissue contraction. The tissue cable is composed of
elements which contract when excited by an external stimulus.
In each calculation step, contraction force of each element
is determined by a ventricular cell model. The mechanical
deformation is then solved by finite element method and states
of cells are updated accordingly. Several factors such as the
starting position of the stimulation signal and the conduction
velocity of gap-junctions affect contraction behavior. Simulation
results show that the activation time, i.e. the time period the
stimulation signal needs to spread over the tissue, is a dominant
parameter for determining tissue contraction force. Contraction
force of myocardial tissue increases monotonically with a de-
crease in activation time. This result suggests that minimization
of activation time might be important for achieving effective
tissue contraction.

Index Terms— myocardial tissue contraction, activation time,
heart simulation, bio-simulation

I. INTRODUCTION

Blood circulation in the human body is the result of a

rhythmic contraction and expansion of the myocardial mus-

cle. For an efficient pump function, all ventricular cells must

contract in a synchronized way. Therefore, it is important

to clarify the relationship between the contraction force

of myocardial tissue and the degree of synchronization of

ventricular cell contraction. However, to properly control

excitation propagation of myocardial tissue in biological

experiments is very difficult. To our knowledge, there is

no experimental report at tissue level about the relationship

between contraction force and the synchronization degree.

System biology [1], [2], which uses model based simula-

tion techniques to achieve in-depth understanding of biolog-

ical functions, is attracting increasingly attention especially

in the field of complex organ functions such as human

heart. Due to dificulties in performing experiments, it is

even more important to construct a computational cellular

model including activation and contraction behaviors for

analyzing the relationship between contraction force and

synchronization. Several ventricular cell models are now

available for excitation and contraction research [3], [4], [5],

[6]. However, excitation propagation [7], [8] and mechanical

contraction [9], [10], [11], [12] are mainly studied indepen-

dently. The influence of excitation on mechanical contraction

is still an open question.

In this work, a one dimensional myocardial tissue was

constructed using elements arranged in an end-to-end line

style. Each element consists of several cells, however the

behaviors of all cells in one element was assumed to be iden-

tical so that one element contracts like one cell. Mechanical

deformation of tissue was calculated based on contraction

force of each element using the finite element method.

Contraction forces under different activation conditions were

analyzed. We show that activation time (AT), i.e. the time

period that the stimulation signal needs to spread over the

tissue, is an important factor for the determination of the

contraction force. Contraction force of myocardial tissue

increases monotonically with a decrease in AT. How an

increase in stimulating points effects the contraction force

of tissue cable is also demonstrated.

II. METHOD

The tissue cable model is composed of elements each con-

tracting according to a cell model. First, a brief explanation

of the cross-bridge dynamics of the cell contraction model

is given. Then the detailed description of the calculation for

the coupling of mechanical tissue deformation and biological

cell behavior follows.

A. Ventricular Cell Contraction Model

The behavior of each ventricular cell of the tissue cable

is calculated by the Kyoto Model (KM) [6]. KM combines

membrane excitation with ventricular contraction and in-

cludes many important ion channels and transporters. Here

we give a brief overview of the contraction model (NL

model) [9] included in KM.

When a cell is activated by an external stimulating current,

the intracellular Ca2+ concentration increases rapidly. Ca2+

induced formation of cross-bridges (xb) causes the ventric-

ular cell to contract. Fig. 1 shows the four-state diagram of

the contraction model. First, Ca2+ binds to troponin (TnC)

on thin filament to form TCa. This allows myosin heads of
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Fig. 1. 4-state contraction model
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Fig. 2. Cable tissue model consisting of N elements

the thick filament to attach to thin filament sites to form

strong xbs (TCa*). T* represents a strong xb with Ca2+

being released from TnC. Each strong xb (TCa* and T*)

acts as an independent force generator. The active contraction

force is determined as

F = A ([TCa∗] + [T ∗]) h (1)

where A is a scaling constant and h is the xb elongation

which is related to the half sarcomere length (L) as

h = L − X, (2)

where X is the inextensible part of L besides h. When

mechanical deformation takes place, an instant change in h
causes the cross-bridge out of its steady state hc. The return

to steady state is a much slower process expressed by the

following differential equation:

dX/dt = B(h − hc) (3)

where B is the speed parameter.

B. The Cable Tissue Model

A tissue cable of hexahedral elements in an end-to-end

arrangement is used to investigate isometric contractions

(Fig. 2). The initial size of one hexahedral element is

0.1x0.1x0.1mm. Each element is a set of ventricular cells,

and the long axis of each cell is assumed to be in the

direction of the cable. The behaviors of all cells in one

element are assumed to be identical. When one element

is activated, excitation propagates to the adjacent elements

on both left and right sides. The conduction velocity (CV)

of the excitation depends on the state of the gap-junctions

connecting adjacent cells. In this model, several elements are

stimulated first and the excitation times of the other elements

are determined according to the CV and their distances from

the element where the stimulation has started. The AT of a

myocardial tissue is defined as the time period between the

excitation of the first and the last element. Ventricular cells

are assumed to contract and elongate only in the long axis

when they are excited. To simulate isometric contractions,

both ends of the cable were fixed. The Neumman bound-

ary condition which assumes the spatial difference of the

electrical potential to be zero was used in the finite element

model. Young’s modulus of each element was set to 20kPa
according to experiments [13].

C. Calculation for the Coupling of the Cell Model and the
Mechanical Deformation

The mechanical deformation of each element is calculated

as follows,

F = Ku (4)

where F is the external force vector, K the material matrix,

and u the result displacement vector. Since the force-length

relation of myocardial cell show different contraction forces

at different sarcomere lengths, the calculation of the cell

model and the mechanical deformation must be coupled with

each other. For a cable of N elements, the calculation steps

are as follows:

1) Obtain the contraction force for each element i (i =
1, 2, . . . , N) from the ventricular cell model.

2) Solve the mechanical deformation according to equa-

tion ( 4).

3) Calculate the new sarcomere length of each cell model

proportional to the mechanical deformation of the

corresponding element as follows,

L′
e = Le + uc L′ = LL′

e/Le (5)

where Le, L
′
e are the length of elements, L,L′ the sar-

comere length of the corresponding cell models before

and after deformation respectively, uc the displacement

in long axis.

4) Update the cell model using the new sarcomere value

L′.
5) Iterate the step 1) and 4) till specified time duration is

reached.

The differential equations of the ventricular cell model

(KM) are solved using the Euler method with fixed time

step. The time step was determined to be 0.025ms by trial.

Further decrease in time step resulted in little improve-

ment. To activate the cells, an external stimulating current

of −4000pA was applied for 2ms for each cycle period

of 400ms. DynaBioS [14], a platform for multiphysical

simulator development, was used in the implementation

of the coupled calculation of KM model and mechanical

deformation. simBio [15], a java package of ventricular cell

modeling, was used to calculate the ventricular model. For

the finite element solver the commercial software Marc was

used.
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III. RESULTS

A. Analysis of Peak Force with Varied CV and Cable Length

In this simulation study the stimulating current was always

applied to the element on the left end of the cable. Excitation

propagated from the left to the right end. The AT of the

cable was determined by the ratio of cable length and the

CV of the excitation. First, simulation was performed with

a normal CV as found in human myocardial tissue which is

around 0.5m/s. Then simulations at CV= 0.2m/s and CV=
0.1m/s were also performed to study the effect of delayed

CV on tissue contraction. Fig. 3 shows the membrane action

potential, half sarcomere length and contraction force of

element 1, 25 and 50 at CV= 0.1m/s employing a cable

with 50 elements. Contraction force of the cable is also

shown in Fig. 3C. The excitation starts at element 1 and

propagates from left to right, i.e., the action potential of

element 50 is delayed for almost 50 ms compared to element

1 (Fig. 3A). Elements stimulated late are slightly stretched

before they start contracting (Fig. 3B). For example element

50 is stretched during the initial 100 msec by elements

stimulated earlier and attains a stronger contraction force

(Fig. 3C). This result is in agreement with the force-length

relation for myocardial tissue, i.e. a ventricular cell of longer

initial sarcomere length produces stronger contraction forces.

To further evaluate the influence of AT on the contraction

force, cables of different lengths were used for three different

CVs. Starting from a 3 element cable (0.3mm in length), for

every simulation one element was added until a 50 element

cable (5mm in length) was reached. A total of 48 results were

obtained for each CV. Fig. 4A shows the peak force (PF) and

Fig. 4B the half duration (HD) of each contaction time course

at 3 different CVs respectively. HD is the time duration in

which contraction force is above the half of peak force. PF

values are normalized to the maximum value measured for all

simulations (3 element cable at 0.5m/s), and HD values to the

minimum value (3 element cable at 0.5m/s). As elucidated

in Fig. 4, AT determines PF and HD regardless of the cable

length and CV. For a cable of 50 elements, when the CV

decreases from a normal value of 0.5m/s to 0.1m/s, AT

increases from 9.8ms to 49.0ms, PF decreases by 3.4%,

and HD increases by 1.1%.

B. Effect of Multisite Stimulation

In the following simulation, the number of stimulation

site was increased from 1 to 4, and PF of the isometric

contraction was evaluated. For a given number of stimulation

sites (n), the position for the initial stimulation was chosen so

that the AT of the tissue cable was minimized. For example,

in case n = 2, elements of number 25 and 75 were initially

stimulated. Fig. 5 shows the results. PF value was normalized

by the PF at n = 1. With an increasing in number of

stimulation sites, AT of the tissue cable decreases and PF

increases.

C. Discussion

Many parameters concerning muscle activation are known

to influence contraction. However, simulation results in sec-
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Fig. 3. Simulation results of A. membrane action potential, B. half
sarcomere length , and C. contraction force of different ventricular cells.

tion III-A and III-B show that the AT is a dominant

modulator. It suggests the importance of shortenning the AT

in order to obtain an efficient contraction in artificial pacing.

Under the assumption that the force of individual elements

remains unchanged with different stimulation conditions,

the cable contraction force decreases with increasing AT.

However as shown in Fig. 3C, the force of a stretched

element increases. This results suggest that the negative

effect of asynchronous contraction is more dominant under

this condition. Though the efficiency of tissue contraction

dependents on many factors, this simulation provides a new

point of view from the AT of tissue excitation.

IV. CONCLUSION

In this work, the influence of different stimulation condi-

tions on contraction force was estimated using a myocardial

tissue cable of excitable and contractible elements. Simula-

tion results revealed that the activation time of a myocardial
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Fig. 4. Contraction force peak and half duration versus activation time: A.
peak force decreases and B. half duration increases when activation time
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Fig. 5. Contraction force increases with the number of stimulation sites.

tissue is an important factor concerning contraction force

which increases monotonically with a decrease in activation

time. Future work includes the implementation of such a

simulation on a three dimensional heart model to examine

the effect pacing sites have on heart pump function.
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