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Abstract 

Heart failure (HF) induces remodeling in cellular 
ionic channel kinetics, calcium and sodium cycling in the 
ventricle. In the present study, we investigated the effects 
of late Na+ current (INaL) on rate-dependent electrical 
activity of failing human ventricle by characterizing rate-
dependent INaL and [Na+]i, action potential duration 
(APD) prolongation, and early afterdepolarizations 
(EADs). Transmural ventricular APD dispersion and 
conduction velocity restitution (CVr) of 1-D virtual tissue 
were also investigated. In addition, the developed model 
was used to simulate ventricular electrocardiograms 
(ECG) under normal and HF conditions by using a 2-D 
idealized model. The results were in good accordance 
with experimental observations: under the HF condition, 
enhanced INaL contributed to the reverse rate-dependent 
(RRD) effects, APD prolongation and EADs generation in 
cells, and increased dispersion of APD and slowed down 
conduction in 1-D tissue. ECGs under normal and HF 
conditions were compared, demonstrating the importance 
of enhanced INaL which could be responsible for the 
increased arrhythmia susceptibility in human HF. 

1. Introduction

Patients with congestive HF are prone to develop 
complex ventricular tachyarrhythmias, which may lead to 
sudden death. Thus, understanding the mechanisms of 
initiation of cardiac arrhythmias is of great importance for 
practical cardiology. Unfortunately, the exact 
mechanisms by such arrhythmias occur in the failing 
human heart are incompletely understood yet. 
Experimental studies conducted with animal models of 
HF have shown that ventricular arrhythmias are mainly 
due to non-reentrant mechanisms, most likely due to 
triggered activity arising from afterdepolarizations [1]. It 
has been postulated that abnormal cellular electrical 
activities may give rise to arrhythmias in heart failure, but 
the proof for this hypothesis remains lacking. 

Recent studies have found that the increase of INaL 

constitutes an important factor in APD prolongation, 
variability and EADs generation [2-4]. However, it is still 
unclear how INaL affects the rate-dependent electrical 
activity and thus ventricular excitation conduction in 
failing human. The INaL is normally small in normal heart, 
but can be proarrhythmic when enhanced or when cardiac 
repolarization reserve is reduced by IKr blockers [5]. In 
this study, we investigated rate-dependent properties of 
INaL and its impact on arrhythmic risk under HF 
conditions. 

2. Methods

We simulated HF in cells and a 1-D transmural 
ventricular strand using an existing OVVR model for 
human ventricular action potentials [6]. To simulate HF, 
the OVVR model for endo- cardial cells was modified to 
incorporate HF-induced ion channel remodeling 
following the study of Trenor et al. [7], which were based 
on experimental data observed in failing human hearts. 
To simulate the effects of enhanced INaL in human HF, the 
OVVR model was further modified to incorporate data 
used in the formulation of INaL from Maltsev et al. [8], the 
mean time constant (τh,L>600ms) and the current density 
increase by 200% and 23% in failing human hearts[9].  

The cell models were then incorporated into a reaction 
diffusion partial differential equation (PDE) of 1-D 
virtual tissue, which takes the form: 
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where D is the diffusion constant with value 0.1171 
(mm2/ms) to give a conduction velocity of 38.2 cm/s for a 
solitary wave in a 1-D endo- tissue. A time step 0.02 (ms) 
and a space step 0.15 (mm) were taken to obtain stable 
numerical solutions. The virtual ventricular strands were 
taken to be 15 mm in length in accordance with the 
physiological thickness of the ventricular wall. The ratio 
is 25:35:40 for endo-, mid- and epi- cells in the model. 

The ECG (pseudo-ECG) formulation was computed as 
the followings [11]: 
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where V is the area of 2D ideal tissue, r


 the vector from 
the recording electrode (x0, y0) to a point in the tissue (x, 
y), and r the distance of the two points. (x0, y0) is the 
coordinates of the electrode. In this paper, we placed the 
virtual electrode in the middle of the model at the right 
side, 2 cm distance off the epi- layer. 

Biomarkers were measured and calculated from 
endo- cellular and transmural strand simulations under 
different conditions, which included: APD90, as the APD 
at 90% repolarization, spatial gradient of APD90, as the 
change rate of two adjacent cells’ APD90, conduction 
velocity (CV), as the wavefront propagation velocity.  

Rate-dependent INaL curves were obtained by varying 
PCL. Rate-dependent [Na+]i curves were generated at 
various stimulation rates under different conditions by 
using a staircase protocol. CV restitution curves were 
obtained by varying PCL and plotting CV against PCLs. 

All measurements were analyzed after achieving 
steady state conditions, with a BCL of 1000 ms. 

 
3. Results and discussion 

3.1. Cell simulation 

Rate-dependent INaL and [Na+]i: The QT interval 
represents electrical depolarization and repolarization of 
the ventricles. A lengthened QT interval is a marker for 
the potential of ventricular tachyarrhythmias like torsades 
de pointes and a risk factor for sudden death. In order to 
reveal the ionic basis that INaL contributed to the QT 
lengthening, particularly at the slow rate, we calculated 
the INaL current of the endo- cell at different BCLs under 
the normal condition. As showed in Figure 1, with an 
increased BCL, the INaL’s peak was increased and its 
activation duration during the time course of action 
potential was prolonged. Such a rate-dependent effects on 
INaL became more significant when INaL was enhanced 
(INaL was doubled with CL=4000ms). 

 
 

 
(A)  Rate-dependent INaL (B) Rate-dependent [Na+]i 

Figure 1. INaL (A) and [Na+]i (B) representation of rate-
dependent effects in different BCLs are compared. 

Time course of [Na+]i under HF conditions at various 
stimulation rates were also investigated using a staircase 
protocol. In the HF condition, the computed [Na+]i had 
higher concentration as compared to the control condition 
regardless of the stimulation rate, as shown in Figure 
1(B). This was consistent with experimental data of 
Pieske et al. [12] obtained in failing human myocardial 
cells. Higher [Na+]i limits forward-mode and favors 
reverse-mode Na-Ca exchanger (NCX), which disturbed 
Ca2+ handling in the failing heart. 

APs in failing human: APD prolongation is 
considered a hallmark change in the failing myocardium 
[15]. Our simulation data showed that APDs in the HF 
condition were significantly longer than those in the 
control condition (Figure 2(A)). Such APD prolongation 
was further augmented with an increased INaL, especially 
under the HF condition. As shown in Figure 2(C), 
enhanced INaL or reduced IKr resulted in a marked APD 
prolongation. In the HF condition, an integral action of 
enhanced INaL and 50% inhibition of IKr produced EADs, 
which could be proarrhythmic[13]. Note that under the 
HF condition, APD prolongation in the mid- cell was 
significantly greater than other two type cells (Figure 
2(B)), which may result in increased transmural 
heterogeneity. In addition, in the mid-cell, EADs were 
generated when INaL was four-fold increased without IKr 
inhibition (Figure 2(D)), suggesting it was more prone to 
EAD genesis as compared to endo- and epi-cells. 

 

(A)  APs of endo- cells (B)  APs of three cells 

(C)  EADs of endo- cells (D) EADs of mid- cells 
Figure 2. Simulated EADs with enhanced INaL. (A) APs 
were prolonged with increase of INaL (B) Simulated APs 
for endo-, mid- and epi-cardial cells in control and HF 
conditions. HF produced the largest APD prolongation in 
the mid-cell. . (C) Integral effect of HF-induced ion 
channel remodelling, IKr blocking (by 50%) and 
augmented INaL on APs. EADs was generated when INaL 
was four-fold of its original value.  (D) EADs was 
produced in the mid-cell under HF+4xINaL conditions in 
the absence of inhibition of IKr. 
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3.2. 1-D transmural strand simulation 

Transmural ventricular APD dispersion: Further 
simulations were performed to characterize the effects of 
HF-induced ion channel remodeling on transmural 
ventricular APD dispersion and the temporal vulnerability 
of tissue for genesis of unidirectional conduction block in 
response to a premature stimulus [16]. Figure 3 showed 
the computed spatial distribution of APD90 (top panel) 
and the spatial gradient of APD90 (bottom panel). 
Compared with the Control condition, HF increased the 
APD across the strand, as well as the APD gradient, 
suggesting a markedly increase in the APD dispersion 
across the transmural strand, which is potentially pro-
arrhythmic. 

 
 

 
 
Figure 3. Spatial distribution and actual spatial gradient of 
APD90 in a 1-D transmural strand model of human 
ventricle for Control (black) and HF (red) conditions. 
Vertical dotted lines indicate the boundary between 
different cell types along the strand. 
 
 
 

Restitution curve of CV: Abnormal activation delay at 
rapid activation rate could increase dispersion of 
conduction and repolarization. To determine the 
conduction abnormality in the failing human, the rate-
dependence of conduction velocity of ventricular 
excitation waves (CV-R) was computed by using a 1-D 
endo- strand. Results were shown in Figure 4. It was 
shown that across the whole range of diastolic interval 
(DI), the computed CV was dramatically smaller than that 
in the control condition. This suggested that HF impaired 
ventricular excitation wave conduction. Such abnormal 
CV has been shown to contribute to the susceptibility to 
arrhythmia [14], as conduction delay can cause 
conduction block leading to the formation of re-entry.   

 
Figure 4. Computed CV-R under control (black) and HF 
(red) conditions 
 

 
3.2. ECGs simulation 

Clinical studies have suggested in HF patients the ECG 
has an increased QT dispersion and prolonged interval 
between the peak and the end of the T-wave, which is 
associated with dispersion of ventricular repolarization 
and arrhythmias [14]. To establish the causative link 
between HF-induced ion channel remodeling and 
increased repolarization dispersion, we simulated pseudo-
ECG waveforms in control and HF conditions by using a 
2D idealized model. Results were shown in Figure 5. 
Compared to the control condition, HF-induced ion 
channel remodeling caused an increase in the QT 
dispersion and a prolonged time interval between the 
peak and the end of T-wave. Our simulation data 
suggested that the clinical observed changes in the ECG 
in HF patients can be attributable to the HF-induced ion 
channel remodeling. 

 
 

 
Figure 5. Simulated ECGs in control and HF conditions. 
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4. Conclusion 

In this study, we examined the effects of an enhanced 
INaL on ventricular repolarization and conduction of 
excitation waves in human ventricular models in HF 
conditions. It was shown that HF produced APD 
prolongation and slowing down of conduction. It also 
augmented APD dispersion, which together with impaired 
ventricular conduction may contribute to increased tissue 
susceptibility for arrhythmogenesis. Specifically our main 
findings are: (i) INaL increased significantly at slow pacing 
rates and contributed to higher [Na+]i as observed in HF 
condition. High [Na+]i limits forward-mode and favors 
reverse-mode of NCX, which may cause disturbed Ca2+ 
handling as seen in HF [12]; (ii) an increased INaL is an 
important factor for APD prolongation, which increases 
cell’s susceptibility to genesis of EADs (reduced IKr 
50%); (iii) an enhanced INaL increased APD dispersion 
and APD gradient at some local regions across the 
transmural strand, which may lead to an increased tissue’s 
vulnerability to the genesis of uni-directional conduction 
by a premature excitation; (iv) HF produced an abnormal 
CV restitution curve with a steeper slope, which has been 
shown to contribute to the susceptibility to arrhythmia; 
(v) HF increased the QT dispersion and the time interval 
between the peak and the end of the T-wave. This 
established a causative link between the increased QT 
dispersion and HF remodeling as seen in HF patients.  
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