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Abstract

Asynchronous activation of the ventricles deteriorates

cardiac function acutely, followed by further worsening

over time. In a multi-scale model we tested the hypoth-

esis that the second phase is due to mechano-electrical

coupling (MEC), mediated by remodeling of ionic mem-

brane currents. Our model describes hemodynamic in-

teraction between the left and right ventricle as well as

mechanical interaction of three wall segments. At cellu-

lar level, excitation-contraction coupling is described by

a cascade of physiological models. At the organ level,

pressure-volume relations are obtained by simulating the

pulmonary and systemic circulation. MEC is incorporated

by local adaptation of L-type Ca2+ current to local me-

chanical load. Our model predicts that MEC has no effect

on cardiac function in the heart with normal conduction,

but leads to reduced pump function in the asynchronous

heart. We conclude that MEC may aggravate the conse-

quences of abnormal electrical activation in the long run.

1. Introduction

Heart failure patients often suffer from conduction dis-

turbances such as left bundle branch block (LBBB), which

leads to asynchronous contraction of the ventricles. Ver-

nooy et al. [1] found in dogs that inducing LBBB leads to

immediate reduction in ejection fraction (EF), followed by

a gradual further reduction in EF and an increase of left

ventricular (LV) wall mass over a period of 16 weeks [1].

Since LV hypertrophy cannot explain progressive deteri-

oration of cardiac function during LBBB, it is likely that

other remodeling mechanisms, such as changes in ionic

membrane currents, play a role.

Long-term LV epicardial pacing leads to T-wave

changes in the electrocardiogram (ECG) when sinus

rhythm is restored [2]. This phenomenon is known as ”T-

wave memory” and has been linked to changes in mem-

brane currents, including the L-type calcium current [3,4].

Evidence is growing that mechanical stimuli are involved

in the mechanisms behind T-wave memory [5–7]. More-

over, during ventricular pacing (asynchronous activation),

mechanical work is significantly reduced near the stimula-

tion site and almost doubled in later-activated regions [8].

On the basis of these experimental observations, we hy-

pothesized that deviation from normal work load triggers

electrical remodeling in the LV. In particular, it was as-

sumed that local changes in expression of L-type calcium

channels aim at a uniform distribution of work load. By in-

corporating this assumption in a multi-scale model of the

human heart and circulation, the effects of electrical re-

modeling were assessed both in the normal (synchronous)

and in the LBBB (asynchronous) heart.

2. Methods

Our mathematical model was based on the CircAdapt

model of mechanics and hemodynamics of heart and cir-

culation from Arts et al. [9]. Hemodynamic interaction

between the ventricles was established by modeling the

systemic and pulmonary circulation. Mechanical interac-

tion of the left and right ventricle through the interventric-

ular septum was incorporated as described by Lumens et

al. [10]. Global ventricular pump mechanics (pressure-

volume relation) was related to myofiber mechanics (my-

ofiber stress-strain relation) on the basis of the principle of

conservation of energy.

In the CircAdapt model, active force generated by the

myofibers was related to time of excitation, sarcomere

length, and sarcomere shortening velocity using an em-

pirical model. In the present study, the empirical model

was replaced by a cascade of physiological models de-

scribing ionic membrane currents, calcium handling, and

excitation-contraction coupling. An overview of the model

is presented in Figure 1.

In our model, three ventricular wall segments were dis-

tinguished (Figure 1): right ventricular free wall (RVfw),

septum, and left ventricular free wall (LVfw) [10]. Elec-

tromechanical behavior for each wall segment was de-

scribed by a single fiber composed of 150 basic segments
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Figure 1. Schematic overview of the model. For each ventricular wall segment, electromechanics was described by a

single fiber composed of 150 segments. Ventricular pressure and volume were related to fiber stress and strain. Cardiac

hemodynamics was modeled by placing the ventricles in a systemic and pulmonary circulation including atria, valves,

arteries, organs, and veins. Electrical activation was started by activating the fiber of each wall segment at one end.

Mechano-electrical coupling (MEC) was incorporated by regulating L-type calcium current (ICaL) such that a uniform

distribution of work was obtained.

placed in series as described previously [11–13]. Ionic

membrane currents and calcium handling were modeled

by the 2006 model of Ten Tusscher et al. [14, 15]. Me-

chanical behavior of a segment was modeled by three el-

ements [16]. Active stress was generated by the con-

tractile element (CE) together with the series elastic el-

ement (SE). The parallel elastic element (PE) described

the stress-length relation when the segment was not stim-

ulated. Excitation-contraction coupling was modeled by

model 5 of Rice et al. [17] and depended on the intracel-

lular concentration of free calcium, sarcomere length, and

velocity of sarcomere shortening. By electrical stimulation

of the fiber at one end, an action potential was generated

which propagated to the other end of the fiber. The normal

(synchronous) heart was simulated by simultaneous acti-

vation of the three fibers and the LBBB (asynchronous)

heart was simulated by delaying the activation of LVfw

with 80 ms. Furthermore, fiber conductivity of septum and

LVfw was reduced for the LBBB heart. This resulted in

the following activation times for the three fibers:

Wall segment Normal LBBB

RVfw 0 – 30 ms 0 – 30 ms

Septum 0 – 30 ms 0 – 54 ms

LVfw 0 – 30 ms 80 – 134 ms

Mechano-electrical coupling (MEC) was incorporated

as follows. After simulation of one cardiac cycle, my-

ofiber external work was computed for each segment by

integrating the myofiber stress-strain loop. In case exter-

nal work of a segment was below a reference value (in this

case 8.5 kJ/m3 at a heart rate of 72 bpm), L-type Ca2+

current (ICaL) was upregulated by increasing maximum ICaL

conductance (GCaL) for that segment. In case external work

was above the reference value, GCaL was decreased. On

the basis of experimental observations [4], GCaL could vary

between 80% and 120% of the default value. Simulations

were performed for 300 cardiac cycles to ensure that the

final value of GCaL was reached for each segment.

To investigate the effect of remodeling of ICaL on local

mechanical function as well as on global LV pump func-

tion and filling hemodynamics, the following simulations

were performed:

1. Normal Init:

Simultaneous activation of RVfw, septum, and LVfw; de-

fault value of GCaL for all fiber segments.

2. Normal MEC:

Simultaneous activation of RVfw, septum, and LVfw;

Adaptation of GCaL for all fiber segments.

3. LBBB Init:

Delayed activation of LVfw (80 ms) with respect to RVfw
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Figure 2. Membrane potential (Vmem), calcium transient

([Ca2+]i), isometric contractile force (Fnorm), and sarcom-

ere length (ls) for normal activation (initial and MEC) and

for LBBB (initial and MEC). Results are shown for an

early-activated segment (activation time tact = 0 ms) of

septum (solid lines) and a later-activated segment (tact = 30

ms for normal and tact = 134 ms for LBBB) of LVfw

(dashed lines).

and septum; Conductivity reduced for septum and LVfw;

default value of GCaL for all fiber segments.

4. LBBB MEC:

Delayed activation of LVfw (80 ms) with respect to RVfw

and septum; Conductivity reduced for septum and LVfw;

Adaptation of GCaL for all fiber segments.

3. Results

In Figure 2, membrane potential (Vmem), calcium tran-

sient ([Ca2+]i), normalized isometric force (Fnorm), and sar-

comere length (ls) are shown for an early-activated seg-

ment (activation time tact = 0 ms) of septum and a later-

activated segment (tact = 30 ms for normal and tact = 134

ms for LBBB) of LVfw. Initially, the two segments had

similar action potentials and calcium transients. In the

normal heart, MEC increased action potential duration

(APD
−60mV) by 14 ms for the septal segment and decreased

APD
−60mV by 7 ms for the LVfw segment. In the LBBB

heart, MEC increased APD
−60mV by 26 ms for the septal

segment and decreased APD
−60mV by 27 ms for the LVfw

segment. Increase and decrease of APD was accompanied

by an increase and decrease of the calcium transient.

In the normal heart, the initial amplitude of Fnorm was

larger in the LVfw segment compared to the septal seg-

ment, which is explained by the larger sarcomere length

in the LVfw segment at onset of contraction. MEC in-

creased Fnorm for the septal segment and decreased Fnorm

Figure 3. Overview of cardiac function. Top: LV pressure-

volume relation. Bottom: Cavity volume of LV (solid) and

LA (dash-dotted). Results are shown for normal activation

(initial and MEC) and for LBBB (initial and MEC).

for the LVfw segment, such that similar maximum values

were obtained. MEC led to an increased amount of short-

ening and a longer duration of contraction for the septal

segment, indicating increased external work. The opposite

was observed for the LVfw segment. In the LBBB heart,

the difference in initial amplitude of Fnorm between the two

segments was larger. As in the normal heart, MEC led to

similar Fnorm in the LBBB heart. Furthermore, MEC led to

an increased shortening (and external work) for the septal

segment and a decreased shortening for the LVfw segment.

In the LBBB heart, the maximum sarcomere length was in-

creased by 0.05 µm for the septal segment. Due to the fact

that GCaL could not become more than 120% of the default

value, the early-activated septal segments could not reach

the reference value for external work. Therefore, the aver-

age amount of external work delivered by the LBBB heart

was lower after adaptation of ICaL.

In Figure 3, pressures and volumes are shown for all

four simulations. In the normal heart, pump function was

not influenced by MEC. End diastolic function (EDV) and

ejection fraction (EF) did not change. In the LBBB heart,

MEC led to worsening of function as indicated by an in-

crease in EDV and a decrease in EF from 62.5% to 52.5%.

Furthermore, LV diastolic pressure (LVPmin) was increased

from 3.5 mmHg to 5.1 mmHg due to MEC. Worsening of

function in the LBBB heart due to MEC is explained by

the fact that the decrease in external work delivered by the

LVfw was not entirely compensated by the increase in ex-

ternal work delivered by the septum (Figure 2).
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4. Discussion and conclusions

We developed a multi-scale model that links the se-

quence of electrical activation at the organ level and

excitation-contraction coupling at cellular level to pump

function of the entire heart. Moreover, long-term adapta-

tion to abnormal mechanical load implemented as adjust-

ment of ICaL affected ventricular pump function, thus cre-

ating a mechano-electrical feedback loop.

Our simulation results indicate that remodeling of ICaL

has little effect on cardiac function in the normal (syn-

chronous) heart. However, in the asynchronous (LBBB)

heart, MEC-induced electrical remodeling may lead to

worsening of heart function. This process may explain

the findings of Vernooy et al. [1] that EF showed acute

and more gradual reduction in canine hearts with isolated

LBBB. Yu et al. [18] observed that cardiac resynchroniza-

tion therapy (CRT) in LBBB patients results in an acute

and a delayed improvement of function. Acute and grad-

ual improvement with CRT was also observed in exper-

iments with LBBB dogs [19] and may be explained by

MEC-induced electrical remodeling as well.

In conclusion, MEC may lead to derangements when

electrical activation becomes asynchronous. Moreover,

since MEC affects action potential duration, also repolar-

ization is affected, potentially evoking arrhythmias. Al-

though these effects may explain derangements during

long-term asynchrony, they also may lead to improvement

of function with resynchronization therapy.

References

[1] Vernooy K, Verbeek XAAM, Peschar M, Crijns HJGM,

Arts T, Cornelussen RNM, Prinzen FW. Left bundle branch

block induces ventricular remodelling and functional septal

hypoperfusion. Eur Heart J 2005;26:91–98.

[2] Rosenbaum MB, Blanco HH, Elizari MV, Lazzari JO, Davi-

denko JM. Electrotonic modulation of the T wave and car-

diac memory. Am J Cardiol 1982;50:213–222.

[3] Plotnikov AN, Yu H, Geller JC, Gainullin RZ, Chandra P,

Patberg KW, Friezema S, Danilo Jr P, Cohen IS, Feinmark

SJ, Rosen MR. Role of L-type calcium channels in pacing-

induced short-term and long-term cardiac memory in canine

heart. Circulation 2003;107:2844–2849.

[4] Aiba T, Hesketh GG, Barth AS, Liu T, Daya S, Chakir

K, Dimaano V, Abraham T, O’Rourke B, Akar FG, Kass

DA, Tomaselli GF. Electrophysiological consequences of

dyssynchronous heart failure and its restoration by resyn-

chronization therapy. Circulation 2009;119:1220–1230.

[5] Jeyaraj D, Wilson LD, Zhong J, Flask C, Saffitz JE, De-
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