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Death due to ventricular fibrillation (VF) can occur over a relatively short time period.

During the first stage, an irregular heartbeat or arrhythmia of the heart may occur.

Therefore, studying arrhythmia could reveal important insights relevant to the prevention

of VF. One of the factors known to cause arrhythmia is the generation of mutations

in the ion channels of myocytes. The current experimental methods to monitor and

observe subjects with arrhythmia are invasive, and could possibly harm the subject with

no guarantee of obtaining good results. These limitations could be overcome by using

an extensively validated computational simulation study. This study aims to enhance

our understanding of the effect of the V241F mutation on electromechanical behavior

in the heart. We simulated three conditions; wild-type (WT), heterozygous/intermediate

V241F, and pure V241F conditions in an electrophysiological single cell model and

three-dimensional electro-mechanics ventricular model. The electro-mechanics model

is a one-way coupling of the electrical compartment to the mechanical compartment

by Ca2+ transient concentration. Consistent with a previous study, the V241F mutation

significantly shortened the action potential duration at 90% repolarization (APD90) under

pure V241F mutation conditions, due to the gain of function of the slow delayed

rectifier potassium (IKs) channel. This APD90 shortening is associated with a short

electrical wavelength, which shortens the Ca2+ activation time as well. The hemodynamic

responses showed that the V241F mutation lowered ventricular contraction under

normal sinus rhythm conditions by decreasing the stroke volume, stroke work, and

ejection fraction. During reentry, the V241F mutation significantly reduced the ventricular

contractility comparedwith theWT condition. In conclusions, the effect of the two variants

of V241F (intermediate and pure) mutation not only disturbed the electrophysiological

events but also affected the mechanical behavior significantly. The result of this study

can be used as a reference for the cardiovascular expert to decide the appropriate

pharmacology of IKs conductance block for the patient.
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INTRODUCTION

Recent data from the American Heart Association showed that
cardiovascular diseases are the primary causes of death
worldwide [1]. Sudden cardiac death and ventricular fibrillation
(VF) are associated with a <11% chance of survival. VF
occurs when the heart quivers instead of performing a normal
contraction. This results in a reduction of blood distribution
within the circulatory system [2]. VF causes death within a short
period (<1 h) in the absence of any observable symptoms [3]. In
the last two decades, the number of deaths from VF worldwide
has reached 300,000 per year [3–5]. Since VF is initiated by
ventricular arrhythmia [5–7], the study of arrhythmia is of great
of importance. Over the last few decades, researchers have found
that disturbance in the electrical activity of the heart is due to ion
channel mutations, also known as ion channelopathies [8, 9].

Ion channels are protein complexes that act as gates in
the cardiomyocytes membrane and sarcolemma, regulating the
permeability of specific ions through the membrane [10]. The
ion channels in myocytes dynamically control the ionic currents
that orchestrate action potentials (APs). Changes in the electrical
properties of myocytes directly affect their mechanical activation
[11]. Hence, changes in the properties of ion channels due to
mutations will presumably change the AP shape, as well as
alter the myocytes. In addition, mechanical activation of the
myocytes will also affect the electrophysiological events related
to stretch-activated channels (mechano-electric feedback) [12].
Understanding the mechanism of electrical disturbance in the
early stages of VF could help clinicians make decisions regarding
the optimal therapies.

In 2014, a novel mutation in the slow delayed rectifier
potassium (K+) channel (IKs) was found. The mutation
p.Val241phe (V241F) occurs in the S4 transmembrane domain
of the KCNQ1 gene in Korean families with a history of
atrial fibrillation and bradycardia [13]. IKs are composed of
both KCNQ1 (KVLQT1) channel subunits and KCNE1 (minK)
subunits in myocytes and are involved in the repolarization of the
AP during the plateau phase and refractory period [14]. V241F is
a gain of functionmutation of KCNQ1 that abbreviates the action
potential duration at 90% repolarization (APD90). A short APD90

results in short QT syndrome and is one of the primary causes
of VF [15]. Our previous study enhanced understanding of the
electrophysiological activity of the V241F mutation by using an
image-based three-dimensional (3D) cardiac model [16]. In this
study, we observed the contribution of the V241F mutation to
ventricular pumping of the heart by using a 3D electro-mechanic
ventricular model.

The goal of this study was to computationally predict
the electrical activity and mechanical responses of human
ventricles with the V241F mutation under conditions of normal
sinus rhythm and VF. The experimental study of arrhythmia
has many limitations because it is difficult to measure the
electrical and mechanical activity of the heart non-invasively;
furthermore, only the surface can be observed. Hence, we used
an extensively validated computational model as an alternative
to uncover the effect of the V241F mutation on the electrical
and mechanical activity of the heart. To the best of our

knowledge, no study has observed the contribution of the
V241F mutation to the electrophysiological activity of the
heart and the mechanical responses of the ventricle. Here, we
simulated an electrophysiological single cell model, and a 3D
electromechanical model of a failing ventricle under wild-type
(WT), intermediate V241F, and pure V241Fmutation conditions.

MATERIALS AND METHODS

In this study, we used an electromechanical model of failing
ventricle based on magnetic resonance imaging with finite
element combined with the lumped-parameter model, similar to
our previous study [17]. The methods for the electromechanical
coupling we used in this study are based on those described
by Gurev et al. [18, 19]. The present electromechanical
model consists of electrical and mechanical properties that
were weakly coupled by intracellular calcium (Ca2+) transient.
Physiologically, the electrical propagation in the ventricular
tissue represents depolarization of each cell throughout the
ventricle. The depolarization in the myocytes activates the Ca2+

channel of the sarcoplasmic reticulum, releasing Ca2+ into the
cytosol. The Ca2+ then binds to troponin C, causingmyofilament
sliding to occur. This event also called cross-bridge contraction,
which generates active tension resulting in deformation of the
ventricles. The intracellular Ca2+ transient acts as the trigger to
convert the electrical activation into a mechanical phenomenon.
In our simulation, we obtained the Ca2+ information from the
electrophysiological model from each myocardial cell and input
it into the contractile myofilament dynamics model.

Electrical Model
The electrical mesh consists of 241,725 nodes with 1,298,751
elements forming in a tetrahedral shape. The mesh was
embedded with Purkinje networks model, based on the study
of Berenfeld and Jalife, on the endocardial boundary [20]. The
Purkinje fiber was constructed from 2D line mesh, which then
mapped onto the endocardial surface of the 3D ventricular
mesh. The attachment of the Purkinje network was used only
in the simulation under normal sinus rhythm condition. The
electrical simulation includes multi-level electrophysiological
activity: single cell activation and the propagation of the electrical
signal in the ventricle tissue. The electrical propagation is
expressed by solving a mono-domain partial differential equation
which presented the current flow in the ventricles composed of
myocytes connected by gap junctions. The single cell activation
is expressed by solving a set of the ordinary differential equation
which expressed the current flow through ion channels, pumps,
and exchanger in the membrane and the sarcoplasmic reticulum.
The electrophysiological cell model incorporated into our model
was based on the work of ten Tusscher et al. [21] which
includes epicardium,M-cell, and endocardium elements. The cell
membrane is represented as a capacitor, and the ion channels are
represented as the resistance. Ions traversing the cell membrane
are represented as an electrical current passing through the
capacitor and resistors. The electrophysiological behavior of this
model can be described using the following differential equation
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from Hodgkin and Huxley [22]:

Cm
dVm

dt
=−(Iion+Istim)

WhereV is voltage, t is time, Iion is the sum of all transmembrane
ionic currents, Istim is the external current stimulus, and Cm is
the cell capacitance per unit surface area. The total ionic current
Iionis represented by:

Iion = INa+IK1+Ito+IKr+IKs+ICa,L+INa,Ca+INa,K+Ip,Ca

+ Ip,K+Ib,Ca+Ib,Na

Where INa is the fast sodium current, IK1 is the inward rectifier
potassium current, Ito is the transient outward potassium current,
IKr and IKs are rapid delayed rectifier and slow delayed rectifier
potassium current, respectively, ICaL is the L-type inward calcium
current, INaCa is the sodium-calcium exchanger current, INaK
is the sodium-potassium pump current, IpCa is the plateau
calcium current, IpK is the plateau potassium current, IbCa is
the background calcium current, and IbNa is the background
sodium current. Based on the single cell model, the equation
was modified to model the electrophysiological phenomena in
3D space. The 3D electrical propagation phenomenon can be
described with the following partial differential equation:

dV

dt
=−

Iion+Istim

Cm
+

1

ρxSCm

∂2V

∂x2
+

1

ρySCm

∂2V

∂y2
+

1

ρzSCm

∂2V

∂z2

where ρ is the cellular resistivity with respect to the x, y, and z
directions, and S is surface to volume.

To implement the properties of the V241F mutation into the
signal cell and three-dimensional electrophysiological model, we
modified the IKs of the ten Tusscher cell model with the equation
of V241F mutation. We implemented the V241F mutation
equation by Ki et al. which has been validated with experimental
data [13].

Mechanical Model
The contraction and deformation of the ventricles were simulated
according to the mechanical properties. To initiate myocytes
contraction, Ca+2 arising from the electrical simulation under
the V241F mutation was used as the input. Contraction of
the ventricle was the result of active tension, as represented
by the myofilament dynamics model of Rice et al. [23].
Ventricular deformation is described by the stress equilibrium
equations of passive cardiac mechanics, with the myocardium
assumed to be an orthotropic, incompressible, and hyperelastic
material that has passive properties defined by an exponential
strain energy function [24]. The mechanical mesh consists
of 356 nodes with 172 Hermite (non-linear) elements. The
ventricular contraction was calculated by solving the active
myofilament model equations simultaneously with passive
cardiac mechanics equation on each node of the finite-
element mesh. The Rice et al. model is well-known to have

a very good understanding describing excitation-contraction
coupling phenomenon. The mechanical ventricular model was
integrated with the lumped parameter model. The lumped
model represented the systemic and pulmonic circulatory
system based on a study by Kerckhoffs et al. [25]. The ATP
consumption presented here is based on the rates of ATP
consumed for myofilament contraction. The ATP consumption
rate (E) is the outcome of cross-bridge detachment rate
(gxbT) and the single overlap fraction of thick filaments
(SOVFThick):

E=gxbT×SOVFThick

Simulation Protocol
For the single cell simulation model, we applied a stimulus to the
cell 30 times with a basic cycle length (BCL) of 1 s. The strength
of the stimulus was 52 pA/pF and it was applied for 0.2ms. After
the cell reached a steady-state condition, we obtain the APD90,
IKs current, and APD restitution curve toward BCL and diastolic
interval (DI) under WT, intermediate V241F, and pure V241F
mutation conditions. APD90 was defined as the interval between
the depolarization and repolarization at 90% of the AP upstroke,
measured from the top.

Using a 3D electromechanical model, we analyzed the
electrical propagation wave under two conditions: normal
sinus rhythm and reentry/arrhythmia. We decreased the CV
of the electrical propagation to 60 cm/s, and in the finite
element model, we multiplied the constant of passive scaling
level by 5 in the strain energy function to increase the
stiffness of the myocardium tissue. During normal sinus
pacing, the electrical stimulation was applied using a Purkinje
network model with BCL of 600ms for all three cases. The
electrical signal propagation comes from the Purkinje networks
is expressed by solving one-dimensional wave propagation
equation which triggered the ventricle tissue activation. The
simulation lasted for 42 s in order to reach a steady state was
reached.

To simulate the reentry condition in 3D ventricular model,
we used the standard S1-S2 protocol. S1 is an electrical stimulus
which applied three times at the apex with 600ms BCL. The S1
stimulus generated three planar wave-forms toward the base of
the ventricle. The S2 is the protocol which reset the membrane
potential in half of the ventricular medium to resting state. The
S2 was applied just before the head of the third planar wave reach
the base area. This protocol will allow the reentry to be generated
toward the resting potential state nodes. The simulation time for
the reentry conditionwas 10 s under theWT, intermediate V241F,
and pure V241F mutation conditions.

Next, we coupled the transient Ca2+ data from the electrical
simulation with those of the mechanical simulation. The
mechanical simulation results for the normal sinus rhythm
condition was taken from the last cycle of the simulation/steady-
state. For the reentry, we used all 10 s data to compare the
mechanical responses among the WT, intermediate V241F,
and pure V214F mutation conditions during reentry. See
the Supplementary Material regarding the electro-mechanical
coupling technics.
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FIGURE 1 | Cardiac single cell response of WT and variants of intermediate and pure V241F mutation condition in 3 type of cell: (A) Slow delayed rectifier K+ current

(IKs) in endocardial cell (B) Slow delayed rectifier K+ current (IKs) in mid-myocardial cell (C) Slow delayed rectifier K+ current (IKs) in epicardial cell (D) APD profile in

endocardial cell (E) APD profile in mid-myocardial cell (F) APD profile in epicardial cell (G) APD according to BCL in endocardial cell (H) APD according to BCL in

mid-myocardial cell (I) APD according to BCL in epicardial cell (J) APD according to DI in endocardial cell (K) APD according to DI in mid myocardial cell (L) APD

according to DI in epicardial cell.

Under the reentry condition, the spiral wave will be induced
to the ventricular tissue. The altered activation of the electrical
signal desynchronized the contractility of the ventricle. Hence
the chaotic condition was exhibited, and quivering of the heart
altered the LV pressure, aortic pressure, blood volume in the
ventricles, and ATP consumption rates.

RESULTS

Single Cell Responses
Figure 1 compares cellular responses among the WT, V241F
intermediate V241F, and pure V241F mutation conditions
including IKs (Figures 1A–C), AP shape (Figures 1D,E), APD
toward BCL (Figures 1D,E), and APD toward Di (Figures 1J–L).
Figures 1A–C shows that V241F pure mutation has the highest
IKs density compared to intermediate andWT conditions. Notice
that the IKs current was activated during the depolarization
for both intermediate and pure V241F conditions. This early
activation of the IKs is consistent with the findings of Ki et al. in

the atrium cell endowed with the V241Fmutation [13]. Normally
the IKs activated during repolarization. The pure V241F current
was deactivated earlier compared to that under the intermediate
and WT conditions. Figures 1D–F shows that the APD90 of
the pure mutation was 100 and 200ms under the intermediate
conditions in endo, M-cell, and epicedial cell, respectively. In
the ten Tusscher model, they differentiate the conductance of IKs
and Ito to generate the AP shape for endo, M, and epicardium
cell. Under the intermediate and pure V241F conditions, the
IKs was activated in the earlier phase of AP, leaving its role at
the repolarization time. As the result, the shape of AP for endo,
M, and epicardium under intermediate and pure V241F become
uniform. This means that the IKs has more significant impact
than the Ito to compose the endo, M, and epi AP shape. In the
comparison of APD toward the BCL, the alternant was observed
in theM-cell under intermediate and V241F pure mutation at the
150 and 175ms BCL, respectively.

Figure 2 shows the CV restitution curves under WT,
intermediate and pure V241F mutation conditions. At BCL 700,
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FIGURE 2 | Conduction velocity restitution curves obtained from a cable

shape mesh by pacing at the left side of the mesh for 100 time under WT,

intermediate (notified by Het.), and pure V241F mutation conditions.

600, and 500, the CV was all the same for the three conditions,
59 cm/s. The CV of the pure V241F mutation was decreased to
42 cm/s until BCL 150ms. The CV of the pure V241F mutation
was unstable at BCL 100ms. The CV of the intermediate was
remained to decrease until BCL 250ms. However, the CV of the
intermediate was increased at BCL 200. The CV of the WT was
decreased steadily until BCL 300ms. The CV was increased at
BCL 290ms. The increased BCL at the last point was due to
alternant during the stimulation. The cell failed to generate action
potential at the even stimuli. In results, the AP generation was
skipped one cycle and exhibiting double BCL from what it is
supposed to.

Three-Dimensional Ventricular Responses
During Normal Sinus Rhythm
Figure 3 represents the transmembrane potential propagation
in the 3D ventricular model during one cycle (600ms) of
sinus pacing. Even though all stimulations started at the same
time, the pure V241F mutation condition showed a faster
repolarization phase compared with the intermediate V241F and
WT conditions. After the Purkinje firing the electrical signal to
the ventricular tissue, under the V241F pure mutation condition,
the membrane potential already in the repolarization phase at
140ms indicated by the yellow color. Under the intermediate
condition, the wavelength completely gone at the 340ms. Under
the WT condition, the wavelength was sustained to more than
340ms.

Figure 4 shows the electrical activation time (EAT) that was
put into our electromechanical model of ventricular heart failure
(Figure 4A) and electrical deactivation time (EDT) (Figure 4B)
for WT, V241F intermediate and pure mutation during one cycle
of sinus rhythm. The EATwas the same under all three conditions
(see Figure 4A). However, the EDT under the WT condition
was longer compared with that of the intermediate V241F and

pure V241F mutation conditions (Figure 4B). The pure V241F
mutation condition had the lowest EDT which is associated with
the short wavelength. The EDT results indicated that the pure
V241F mutation had faster repolarization than the intermediate
V241F and WT conditions. The maximum and minimum EAT
and EDT values for all three conditions are given in Figure 4C.

Table 1 shows the ventricular mechanical responses during
normal sinus pacing (one cycle) under the WT, intermediate
V241F, and pure V241F mutation conditions. The stroke volume
(SV), stroke work (SW), and ejection fraction (EF) were
decreased under intermediate V241F mutation condition and
further decreased under the pure V241F mutation condition.
The SV reach 44mL under the WT condition, and 36 and
32mL under the intermediate V241F and the pure V241F
mutation conditions, respectively. SW indicates the performance
of ventricle during contraction. The SW of WT condition was
4,566 mmHg mL. In the case of pure V241F mutation, the
SW indicated the lowest performance, having a value of 3,315
mmHg mL. The contractile adenosine three phosphate (ATP)
consumption rates under the intermediate V241F mutation and
WT conditions were 92 and 166 s−1, respectively. Under the
pure mutation condition, the ATP consumption rate dropped to
84 s−1.

Three-Dimensional Ventricular Responses
During Reentry
Figure 5A shows the snapshot view of arrhythmia under theWT,
intermediate V241F, and pure V241F mutation conditions. In
our simulation, the reentry wave was sustained until the end of
simulation for all three condition. Nevertheless, the center of
rotation of the spiral wave appeared in a different place for each
conditions. However, from the snapshot, we can see that pure
V241F mutation condition had the shortest wavelength among
all three conditions. This accorded with the APD90 of the pure
V241F mutation also being the shortest APD90 (Figure 5B).

Figure 6 illustrates the mechanical responses, including the
LV pressures (Figure 6A), the LV volume (Figure 6B), LV
pressure-volume relation (Figure 6C), and contractile ATP
consumption rates (Figure 6D) during 10 s of reentry under the
WT, intermediate V241F, and pure V241F mutation conditions.
The figures on the right-hand side correspond to the last 1 s
of the mechanical responses, i.e., the steady state condition.
According to the LV pressure data, the peak ventricular pressure
was 30 mmHg for the pure V241F mutation, 35 mmHg for
the intermediate V241F condition, and 42 mmHg for the WT
condition. The short APD90 under the mutation conditions
resulted in reduced calcium activation in the myocytes; thus,
the mutation conditions showed poorer contractility. A short
wavelength under the mutation conditions caused faster reentry
and increased the electrical activation rate, thus producing a
more chaotic condition. We can see from the LV pressure
graph that the pure V241F mutation condition had the highest
ventricular beating frequency over 1 s (right side of Figure 6).
The ventricular beat rate was 420 bpm for the pure V241F
mutation, 300 bpm for the intermediate V241F mutation, and
240 bpm for the WT condition.
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FIGURE 3 | Snapshots of transmural distribution of membrane potential during one cycle of sinus pacing. (A) WT, (B) V241F Intermediate, (C) V241F Pure conditions

in the 3D ventricular tissue model.

FIGURE 4 | EAT during one cycle of sinus pacing for WT, V241F intermediate and Pure Condition. (A) EAT mapped on ventricle model, (B) EDT mapped on ventricle

model. (C) Comparison graph of minimum EAT, maximum EAT, and maximum EDT.

According to LV volume graph (Figure 6B), the pure V241F
mutation had the highest blood volume in the LV. The
pure V241F mutation had a blood volume of 55mL when it
reached the steady-state of reentry. However, the intermediate
V241F and WT conditions had similar steady state blood
volumes of 34 and 33mL, respectively. The larger volume in
the pure V241F mutation condition was related to the LV
pressure (Figure 6A); under this condition, the ventricle had
the lowest contractility, which was insufficient for ejecting the
blood.

Figure 6C shows the LV pressure-volume relation under
reentry condition for all three cases. As the figure shows, the
pure V241F mutation condition had the highest volume, while
its LV pressure was the lowest compared to the intermediate
V241F mutation and WT conditions, representing a very weak
contraction. Thus, under a steady state of reentry condition
(Figure 6C right side), it shows that the pure mutation has the
smallest amount of SV and SW. The LV pressure under the

intermediate V241F mutation condition ranged at 24–35 mmHg
with LV volume ranged at 32–34mL. Under the WT condition,
the LV pressure ranged at 21–42 mmHg with the LV volume
ranged at 31–33 mmHg.

Figure 6D shows the ATP consumption rate for all three cases
during reentry. The contractile ATP consumption rate for the
pure V241F mutation was the lowest, which accord with the
PV curves results (see Figure 6C) showing that, because of pure
mutation condition relatively little energy could be consumed,
the pressure of the ventricle was insufficient to pump the blood
efficiently.

During reentry or fibrillation, because of the chaotic electrical
events, the hemodynamics of the heart was seriously altered
under the WT, intermediate, and pure V241F mutation
conditions (Figure 6). All three conditions showed poor
pumping contraction capabilities with the pure V241F being the
worst condition. The frequency of the LV pressure was very high
with the blood remaining steady in the LV.
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DISCUSSION

Using a single cell and three-dimensional electromechanical
model of human ventricle, this study investigated the effect of
the V241F KCNQ1 mutation during normal sinus rhythm and
reentry using a computational method. Themethod to couple the
electrical and the mechanical compartment as well as the lumped
circulatory model is based on the study of Gurev et al. [18,
19]. This is the first study to implement a finite element-based
electromechanical model for the heart to investigate cardiac
electrophysiology and the mechanism underlying the V241F
KCNQ1 mutation. The major findings of our research are as
follows:

1. Similarly to the atrial cell by Ki et al. [13], in a single cell
simulation that was applied to three types of ventricle cellular
model (endo, M-cell, epi), V241F mutation activates the IKs
channel during depolarization phase (activated early) and it

TABLE 1 | Ventricular mechanical responses during sinus rhythm under WT,

V241F intermediate, and V241F pure mutation conditions.

Variant type WT V241F intermediate V241F pure

End diastolic volume (mL) 76 83 85

End systolic volume (mL) 32 47 53

Stroke volume (mL) 44 36 32

LV systolic pressure (mmHg) 125 127 127

Stroke work (mmHg mL) 4,566 3,693 3,315

ATP consumption rate (s−1) 163 92 84

Mean left atrial pressure (mmHg) 14 13 15

Mean aortic pressure (mmHg) 99 99 102

Ejection fraction (%) 58 43 38

increased the IKs density (Figures 1A–C). This is the caused
for the short APD90.

2. Under the 3D model of normal sinus rhythm condition,
repolarization showed faster acceleration during sinus pacing
under the V241F pure mutation condition compared with the
intermediate V241F mutation and WT conditions (Figure 3).
With the same CV, the EAT of the three cases were the
same except for the EDT (Figure 4). The SV, SW, and EF
under sinus rhythm were lowered under the intermediate
condition, even worst under that V241F pure mutation
condition (Table 1).

3. During the reentry phase, the pure V241F mutation
generated the shortest membrane potential propagation wave
(Figure 5A) among all three conditions.

4. The mechanical response of pure V241F mutation has the
lowest LV pressure, highest LV volume, and lowest ATP
consumption rates during reentry.

The single cell electrophysiological responses showed that the
KCNQ1mutation activates the IKs channel during depolarization
time with a high density of current. This early activation force the
vast amount of positive ions to leave early out of the myocytes
abbreviated the APD during repolarization time significantly
(Figure 1). These results are consistent with the study by Ki et al.
which of the mutation was occurred in the atrium cell [13]. The
APD90 shortening due to the V214F mutation makes the short
wavelength hence short QT wave. This increases the fatal effect
since the short QT syndrome is associated with VF which could
lead to sudden cardiac death [15]. The wavelength shortening
owing to the mutation was observed under normal sinus rhythm
and reentry conditions (Figures 3, 5).

The low performance of ventricular contractility under sinus
rhythm condition is described in Table 1. The pure V241F
mutation showed the lowest SV, SW, EF, and ATP consumption

FIGURE 5 | Reentrant dynamics wave in the 3D ventricular tissue model for WT and V241F mutation conditions. (A) Snapshot of trans mural distribution of wt

condition (top), Snapshot of trans mural distribution of V241F Intermediate (center), Snapshot of trans mural distribution of V241F Pure (bottom) of membrane

potential; and (B) time traces of action potentials (AP) in 1 s.
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FIGURE 6 | Ventricular mechanical responses of reentrant dynamics wave in the 3D ventricular tissue model for WT, V241F intermediate and pure condition. (A) LV

pressure waveforms, (B) LV volume waveforms, (C) LV pressure-volume curves and (D) ATP curves for WT, V241F Intermediate, and Pure mutation conditions.

rates compared to the intermediate V241F mutation and WT
conditions. The poor activation of the mechanical responses is
related to the APD abbreviation. Short APD means the time for
Ca+2 activation was also decreased. Since the Ca+2 is the trigger
for myofilament sliding or cross-bridge activation, short Ca+2

activation time would decrease the ventricular pumping efficacy.
During reentry, the V241F mutations (intermediate and pure)

shortened the electrical propagation wavelength (Figure 5A) and
increased the frequency of the electrical activation especially to
the nodes close to the center of the rotor (Figure 5B). Under the
WT condition, the wavelength was two times longer to that under

pure mutation condition. The AP shape and the frequency of the
activation at specific node were aligned in Figure 5.

To compare the hemodynamic responses under the WT,
intermediate, and pure V241F mutation during reentry, we
present the LV pressure waveform, LV volume waveform, LV
Pressure-Volume (PV) curve, and contractile ATP consumption
rate. Our results showed that the V241F mutation (intermediate
and pure) decreased the LV pressure (Figure 6A) and ATP
consumption rate (Figure 6D) during reentry. Because the
pressure of the LV was low, there was insufficient strength
to pump the blood out of the ventricles, resulting in the
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accumulation of blood inside the ventricles (Figure 6B). The
relationship between the pressure and volume waveforms of the
LV is described by the PV curve. The pure V241F mutation
condition showed the smallest loop during reentry (Figure 6C).
The pressure’s waveforms vary with the ATP consumption rate
among all three conditions (Figure 6D).

Our results show that the electrophysiological activation
is strongly related to the ventricular pumping under both
sinus rhythm contraction and reentry scenarios under WT,
intermediate, and V241F pure mutation conditions. The
alteration to the electrical activation would cause abnormality
of the hemodynamics of the heart. In this case, the shortening
of APD90 due to the V241F mutation lowered the pumping
performance of that under the intermediate condition and even
more with that under pure mutation condition.

This study demonstrated mechanistically the effect of the
V241F mutation on the electrical activation and also mechanical
pumping behavior under sinus rhythm and reentry condition.
The gain of function of the IKs channel lowers the pumping
efficacy by altering the APD90, thus shortened the electrical
activation wavelength. The clinical impact of this study is that
the ratio of the APD90 shortening in the myocytes by the V241F
mutation can be used as a reference for the cardiologist expert
to decide the appropriate pharmacology of IKs conductance
block for the patient. Previous studies indexed pharmacological
substances related to voltage-gated potassium channels [26, 27].
Although further investigation, such as in vivo or in vitro test
should be conducted.

LIMITATIONS

There were several limitations to this study that should be
addressed. We used isotropic conductivity for the electrical
propagation through tissue. The electromechanical model we
used is a one-directional coupling model. We coupled the
electrical activation to the mechanical contraction by giving the
mechanical model the information of the Ca2+ transient from the
electrical simulation. The mechano-electrical feedback was not
considered in this study. For example, stretch-activated channel
[28] was not implemented and the information of contractile
energy consumption was not fed back to the electrical model. The
energy consumption was calculated to quantify the mechanical
activity of the ventricle. The experimental study about the V241F

mutation on the ventricle, to our best knowledge, is not available
yet. Hence it becomes a constraint to explicitly validate this
computational prediction.

In conclusions, the effect of the two variants of V241F
(intermediate and pure) mutation not only disturbed the
electrophysiological events but also affected the mechanical
behavior significantly. Within a single cell, the pure V241F
mutation shortened the ventricular APD90 of M-cell by 73
and 45% under the pure and intermediate V241F mutations,
respectively. In the 3D electrical model of normal sinus rhythm
and reentry, the APD of the intermediate and pure V241F
mutation conditions was significantly shortened vs. the WT,
which prone to VF situation. As a result, the mechanical
responses associated with a normal sinus rhythm under the
V241F mutation conditions consumed less ATP, and showed
a decreased EF, SV, and SW. Hemodynamic function during
reentry was impaired by the V241F mutation, resulting in
very weak heart contractility and an accumulation of blood in
the LV.
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