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Abstract

The use of experiments for studying cardiac arrhyth-
mias, the effect of drugs, or pathologies on cardiac elec-
trophysiology is very limited. This has made mathemat-
ical modeling and simulation of heart’s electrical activ-
ity a fundamental tool to understand cardiac behavior. In
this study several modifications were introduced to a re-
cently proposed human ventricular cell model. Four stimu-
lation protocols were applied to the original and improved
models of isolated cell, and a number of cellular arrhyth-
mic risk biomarkers were computed: steady-state action
potential (AP) and [Ca**] transient properties, AP dura-
tion (APD) restitution curves, APD adaptation to abrupt
changes in heart rate, and intracellular [Ca®*)| and [Na™]
rate dependence. Our modifications led to: a) further im-
proved AP triangulation (78.1 ms); b) APD rate adapta-
tion curves characterized by fast and slow time constants
within physiological ranges (10.1 s and 105.9 s); ¢) maxi-
mum S1S2 restitution slope in accordance with experimen-
tal data (Ss.s, = 1.0).

1. Introduction

Ventricular arrhythmias can have their origin in dis-
eases, genetic disorders, drug cardiotoxicity, and a num-
ber of other causes. Research in this field has identi-
fied a number of potential biomarkers of arrhythmic risk
related to cellular electrophysiological properties. How-
ever, performing experimental and clinical studies involv-
ing human hearts to quantify these biomarkers is very
difficult. On the other hand, animal hearts used for ex-
perimental studies may differ significantly from human
hearts. In addition, ventricular cardiac arrhythmias are
three-dimensional phenomena whereas experimental ob-
servations are still largely constrained to surface record-
ings. Under this circumstances, mathematical models of
myocardial cells and computer simulations of cardiac ac-
tivity in the human heart can overcome some of these prob-
lems.
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Recently, a new model has been proposed by Grandi
et al. [1] (GR) that improves the response to frequency
changes and has a better performance against current
blocks with respect to the model proposed by ten Tusscher
and Panfilov [2] (TTP06). This article introduces several
modifications to the GR model by accounting for recent
experimental measurements of potassium currents [3] and
the introduction of fast and slow inactivation of L-type cal-
cium current [2]. The performance of the proposed model,
herein denoted by CRR, has been tested against the GR
and TTP0O6 models by applying four stimulation protocols
and computing twelve cellular arrhythmic risk biomarkers
following the methodology proposed in [4]. The results
show that the introduced modifications have brought most
biomarkers into the physiological range, and considerably
improved others with respect to the GR and TTP06 models
of AP.

2. Methods

2.1. Biomarkers of arrhythmic risk

Four stimulation protocols have been applied and twelve
cellular biomarkers of arrhythmic risk have been computed
as in [4]:

Steady-state AP and intracellular [Ca**] concentration
properties. Systolic and diastolic [Ca®*]; levels under
steady-state pacing at frequencies of 0.5 and 1 Hz and
APD and AP Triangulation at 1 Hz have been calculated.
These biomarkers have been proposed as arrhythmic risk
biomarkers in the literature [5-7].

APD restitution (APDR) curves. APDR curves have
been obtained using the S1S2 and the dynamic restitution
protocols as in [4]. In both cases, the maximum slope,
suggested as a risk marker in the literature [8, 9], has been
computed.

APD rate adaptation to abrupt changes in cycle length
(CL). APD rate adaptation dynamics have been proposed
as a clinical marker in [10]. Dynamics have been fitted to
two exponentials with time constants 774 and 7g00 [11].

Rate dependence of steady-state [Na™t); and [Ca**];.
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Figure 1. I, characteristics in simulations and exper-
iments: a) Inactivation time constants; b) current density
versus voltage. Markers: experimental data.

The importance of [Na*t]; and [Ca?T]; dynamics in ar-
rhythmogenesis has been reported [12, 13]. The systolic
values of both concentrations have been measured at dif-
ferent frequencies (0.25, 0.5, 1, 1.5, 2, 2.5 and 3 Hz) and
normalized to the level of the minimum frequency. The
maximum value has been computed and used as biomarker.

2.2. Modifications of the model

Two ionic currents have been reformulated and some
model parameters have been redefined in the GR model:

L-Type Calcium Current (I, ). The voltage-dependent
inactivation gate f has been replaced with the product of a
fast, f, and a slow, f,, inactivation gates as in [2]. Based
on available experimental data, the value of the opening
rate ay,, associated with fo, has been modified to:
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where V,,, denotes the transmembrane potential.

Figure la depicts 77 and 74, along with experimen-
tal data [2].The time constant (74) of the activation gate
d has been replaced with the description given in [2].
The relative permeabilities of the L-type calcium chan-
nels have been adjusted to: p., = 1.458 - 10~4 cm/s,
pe = 7.290 - 1078 em/s, py, = 4.050 - 1072 em /s.

This new definition of I, is compared against experi-
mental data and the original definition of the GR model in
Figure 1b. Experimental data is from [14—-16].

Inward Rectifier K Current (Iy,). This current has been
re-adjusted based on experimental data from [3]. The re-
adjusted current is formulated as follows:

Ve, = Vi — Ei
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Figure 2. Maximum I, versus voltage and experimental
data. [Kt]; = 138 mM and [K ], = 4 mM. Blue dots:
experimental data.
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where [K], denotes the extracellular K+ concentration,
and Ef is the K reversal potential. Figure 2 shows the
modified I, compared against the experimental data from
[3] and I, from the GR model. Note that Figure 2b is a
zoom from Figure 2a.

Iy.x: Na/K Pump Current. Maximal I,x conductance
has been reduced by 45%.

[KT]; and Gy,. A more physiological value of [K];
(138 mM) has been used in the model. In this regard, in
order to get physiological values for the maximal upstroke
velocity, dV/dt, the maximum conductance of the sodium
current, Gy,, has been reduced to 18.86 m.S/uF.

2.3. Blocking Currents

We have also studied the behavior of the model under
total and partial block of potassium currents, comparing
the results against those reported in [17]:

Iy,: To simulate the effect of 1 uM of HMR-1556, I,
has been completely blocked.

I.: To simulate the effect of 50 nM of dofetilide, I,
has been completely blocked.

Iy,: To simulate the effect of 10 uM of BaCls, Iy, has
been blocked at 50%.

24. Numerical implementation and simu-

lation

Model differential equations were implemented in For-
tran. Cells were stimulated with square transmembrane
current pulses twice the diastolic threshold at CL = 1000
ms and 1-ms duration. Forward Euler integration with a
time step At = 0.002 ms was used to integrate the sys-
tem of differential equations governing the cellular elec-
trical behavior. The Rush and Larsen integration scheme
was used to integrate the Hodgkin-Huxley type equations
for the gating variables of the various time-dependent cur-
rents.



Biomarker TTP0O6 GR CRR Physiolo.
AP Dgyg 301.2 285.0 306.1 271-366
Triangulation 284 515 78.1  44-112
Sys [Ca®t]; 1Hz  0.886 0.383 0.602 1.59-2.01
Sys [Ca®*]; 0.5Hz 0.199 0.345 0.522 0.71-1.68
Dia [Ca®T]; THZ 0.104 0.089 0.097 0.20-0.33
Dia [Ca®t]; 0.5Hz 0.068 0.085 0.091 0.14-0.32
Smazsiss 1.3 0.2 1.0 0.79-4.25
Smazpyx 1.0 1.1 09 —
Tfast 13.3 — 10.1 —
Tslow 1248 563 1059 70-110
Max. sys. [Ca®F]; 1157 178 147 130-170
Max. sys. [Na™]; 217 132 134 145

Table 1. Biomarkers of arrhythmic risk for the TTPO6,
GR and CRR human models. Green color indicates within
physiological range. Blue color indicates out of physio-
logical range but better than previous models. Red color
indicates out of physiological range.

3. Results

3.1. Biomarkers of arrhythmic risk

Table 1 shows the computed biomarkers for the modi-
fied model, CRR. Results are compared against those ob-
tained with previous models (TTP06 and GR) and against
a variety of physiological data described in [4].

These results indicate that the GR model performs bet-
ter than the TTPO6 model, with respect to the following
biomarkers: triangulation, systolic and diastolic [C'a®*];
at 0.5 Hz and rate dependence of steady-state [Na™]; and
[Ca?T];. However, according to other analyzed biomark-
ers, the GR model renders worse results than the TTP06
model. Particularly, in [18] two phases of APD rate adap-
tation curve were reported: a first phase with a rapid time
constant and a second phase with a slower time constant.
The GR model does not present this first phase. Also, the
S1S2 restitution curves of the TTP0O6 model (Figure 3c)
are in better agreement with experimental data.

For the CRR model, most of the twelve analyzed
biomarkers are within the physiological range or otherwise
closer to the physiological range as compared to GR and
TTPO6 models, except for systolic and diastolic [C'a®*];
levels at 0.5 Hz where TTPO6 outperforms CRR.

3.2.  Blocking Currents

Table 2 summarizes the effect of current block on the
different models. Results are given as percentage of vari-
ation of the APD value in control conditions. In those
cases where more than one current is blocked, the varia-
tion refers to the APD obtained when the first current is
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Figure 3. Biomarkers of arrhythmic risk from TTP06, GR
and CRR models: a) AP for CL = 1000 ms; b) APD rate
adaptation to abrupt changes in CL (From 1000 ms to 600
ms); ¢) S1S2 restitution protocol curve; d) Dynamic resti-
tution protocol curve; e) rate dependence of steady-state
[Nat];; f) rate dependence of steady-state [Ca®*];

blocked. Experimental values have been taken from [17].

4. Discussion and conclusions

This study introduces several modifications to the GR
model by accounting for recent experimental measure-
ments of potassium currents, and by reformulating the
L-type calcium current so as to introduce fast and slow
voltage-dependent inactivation. All the modifications have
been made with the aim of maintaining the advantages that
the GR model presents over previous models while im-
proving the performance on other electrophysiological as-
pects.

For the proposed CRR model, the introduction of fast
and slow I, inactivation has led to a more physiologi-
cal rate adaptation response as compared to the original
GR model. The other modifications have rendered most
biomarkers to be within the physiological range or other-
wise closer to the physiological range as compared to the
GR and TTP06 models, except for systolic and diastolic
[Ca®*]; levels at 0.5 Hz where TTP06 outperforms CRR.
These modifications, however, have altered the behavior of
the model against current blocks minimally.

The results of the analysis conducted in this study points
out the importance that calcium dynamics have over differ-



Current Ref. TT GR CRR  Exper
Iy, 0% Control 749 0.7 0.6 <28
Iy, 0% Control 159 18.6 14.1 44+4
Iy, 0%

L. 0% Iy, B. — 14 08 9

I, 50% Control 36 115 146 4.8+1.5
Iy, 0%

L. 50% Iy, B. 89 156 21.1 33

Table 2. Percentages of variation in the APD caused by
blocking different currents. Green color indicates within
physiological range. Blue color indicates out of physio-
logical range but better than previous models. Red color
indicate out of physiological range.

ent biomarkers. This suggests the need for continuing with
the development of more reliable calcium dynamic models
that allow improving the performance of whole cell AP
models.

Further developments of the proposed model will in-
clude conducting a sensitivity analysis of the studied
biomarkers to changes in model parameters as proposed in
[4], as well as testing the performance of the model under
pathological conditions such as hyperkalemia.
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