
doi: 10.1098/rsta.2011.0127
, 4205-4232369 2011 Phil. Trans. R. Soc. A

 
Jesús Carro, José Félix Rodríguez, Pablo Laguna and Esther Pueyo
 
conditions
cardiac arrhythmias under hyperkalaemic 
A human ventricular cell model for investigation of
 
 

Supplementary data

369.1954.4205.DC1.html 
http://rsta.royalsocietypublishing.org/content/suppl/2011/09/16/

 "Data Supplement"

References

related-urls
http://rsta.royalsocietypublishing.org/content/369/1954/4205.full.html#

 Article cited in:
 
l.html#ref-list-1
http://rsta.royalsocietypublishing.org/content/369/1954/4205.ful

 This article cites 49 articles, 26 of which can be accessed free

Email alerting service  herein the box at the top right-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up

 http://rsta.royalsocietypublishing.org/subscriptions
 go to: Phil. Trans. R. Soc. ATo subscribe to 

This journal is © 2011 The Royal Society

 on October 3, 2011rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/content/suppl/2011/09/16/369.1954.4205.DC1.html 
http://rsta.royalsocietypublishing.org/content/369/1954/4205.full.html#ref-list-1
http://rsta.royalsocietypublishing.org/content/369/1954/4205.full.html#related-urls
http://rsta.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=roypta;369/1954/4205&return_type=article&return_url=http://rsta.royalsocietypublishing.org/content/369/1954/4205.full.pdf
http://rsta.royalsocietypublishing.org/subscriptions
http://rsta.royalsocietypublishing.org/


Phil. Trans. R. Soc. A (2011) 369, 4205–4232
doi:10.1098/rsta.2011.0127

A human ventricular cell model for
investigation of cardiac arrhythmias under

hyperkalaemic conditions
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2CIBER in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN ),
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In this study, several modifications were introduced to a recently proposed human
ventricular action potential (AP) model so as to render it suitable for the study of
ventricular arrhythmias. These modifications were driven by new sets of experimental
data available from the literature and the analysis of several well-established cellular
arrhythmic risk biomarkers, namely AP duration at 90 per cent repolarization (APD90),
AP triangulation, calcium dynamics, restitution properties, APD90 adaptation to
abrupt heart rate changes, and rate dependence of intracellular sodium and calcium
concentrations. The proposed methodology represents a novel framework for the
development of cardiac cell models. Five stimulation protocols were applied to the
original model and the ventricular AP model developed here to compute the described
arrhythmic risk biomarkers. In addition, those models were tested in a one-dimensional
fibre in which hyperkalaemia was simulated by increasing the extracellular potassium
concentration, [K+]o. The effective refractory period (ERP), conduction velocity (CV)
and the occurrence of APD alternans were investigated. Results show that modifications
improved model behaviour as verified by: (i) AP triangulation well within experimental
limits (the difference between APD at 50 and 90 per cent repolarization being
78.1 ms); (ii) APD90 rate adaptation dynamics characterized by fast and slow time
constants within physiological ranges (10.1 and 105.9 s); and (iii) maximum S1S2
restitution slope in accordance with experimental data (SS1S2 = 1.0). In simulated tissues
under hyperkalaemic conditions, APD90 progressively shortened with the degree of
hyperkalaemia, whereas ERP increased once a threshold in [K+]o was reached ([K+]o ≈
6 mM). CV decreased with [K+]o, and conduction was blocked for [K+]o > 10.4 mM.
APD90 alternans were observed for [K+]o > 9.8 mM. Those results adequately reproduce
experimental observations. This study demonstrated the value of basing the development
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of AP models on the computation of arrhythmic risk biomarkers, as opposed to joining
together independently derived ion channel descriptions to produce a whole-cell AP
model, with the new framework providing a better picture of the model performance
under a variety of stimulation conditions. On top of replicating experimental data at
single-cell level, the model developed here was able to predict the occurrence of APD90
alternans and areas of conduction block associated with high [K+]o in tissue, which is of
relevance for the investigation of the arrhythmogenic substrate in ischaemic hearts.

Keywords: electrophysiology; cardiac arrhythmias; human ventricular cell model;
hyperkalaemia

1. Introduction

Mathematical modelling and simulation of the heart’s electrical activity (so-called
cardiac electrophysiology) and signal processing of bioelectrical signals provide
an ideal framework to combine the information from clinical and experimental
studies with the understanding of their underlying mechanisms. Tools capable
of testing different hypotheses and predicting potential abnormalities in the
heart’s behaviour can be produced within that framework. In the relatively
near future, it is not unlikely that those tools might even be used in clinical
practice as complementary instruments to help in the prevention of cardiac
diseases and the improvement of their diagnosis and therapy. Specifically, for the
study of ventricular arrhythmias, it remains essential to have an action potential
(AP) model able to reproduce experimentally and clinically observed arrhythmic
behaviours at cell and tissue level. This would allow simulation of the electrical
activity of the heart from the cell to the body surface and a total in silico
reconstruction of the most well-known bioelectrical signal, the electrocardiogram,
to be used for investigation of the mechanisms and manifestations of ventricular
arrhythmias at different scales.

In the last few years, a number of mathematical models of electrical and ionic
homeostasis in human ventricular myocytes have been proposed. One of the most
extensively used models is the one proposed by ten Tusscher & Panfilov [1]
(TP06), which is an improved version of the model described by ten Tusscher
et al. [2] (TNNP04), where the calcium dynamics, the slow delayed rectifier
potassium current (IKs) and the L-type calcium current (ICaL) were reformulated.
Both the TNNP04 and the TP06 models are based on experimental human
data for most of the main ionic currents. One of the major advantages of the
TP06 model against previous human ventricular models is that it accurately
reproduces restitution of the AP duration (APD90), as will be illustrated in §3 of
this paper. On the other hand, the TP06 model has the major shortcomings
of being insensitive to changes in certain ionic current densities [3] and of
inadequately representing the rate dependence of intracellular calcium levels [4],
which will also be verified in the present study. Another relevant model of human
ventricular cells was proposed by Iyer et al. [5] (IMW04). That model provides
a detailed description of calcium homeostasis and reproduces diverse aspects of
the excitation–contraction coupling (ECC). However, important limitations have
been reported for this model, including the fact that it is extremely sensitive to
variations in the sodium–potassium pump (INa,K) and inward rectifier potassium
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(IK1) current densities [3] and that it produces very long APs and relatively
flat restitution curves in tissues [6]. On top of that, the most relevant ionic
currents in the IMW04 model are described using Markovian chains, with the
consequent increase in complexity (more than 60 state variables), which imposes
serious restrictions on the size of the time step required for stability and increases
the overall computational time when using this model in tissue simulations [6].
Recently, a new model of human ventricular AP has been proposed by Grandi
et al. [7] (GPB). The development of that model departs from the rabbit ECC
model proposed by Shannon et al. [8], which includes the subsarcolemmal and
junctional compartments in the formulation of the currents and provides a
detailed description of calcium handling. The GPB model includes new definitions
of ionic current densities and kinetics according to recent experimental data
on human myocytes. This model is defined for two types of cells, namely
endocardial and epicardial. The definitions of those two cell types differ only
in the maximal conductivity of the fast and slow components of the transient
outward potassium current (Ito). The GPB model improves the AP response to
frequency changes and offers a better performance against blockades of potassium
currents (IK1, IKs and the rapid delayed rectifier potassium current IKr) with
respect to the TP06 model. The major drawback of the GPB model is that
it does not adequately reproduce S1S2 restitution properties nor APD90 rate
adaptation dynamics, as will be illustrated in this study. Those drawbacks can
be attributed to the fact that the GPB model was developed from a rabbit
ventricular model, and the characteristics of S1S2 restitution and APD90 rate
adaptation are notably different in the two species. Table 1 presents a summary
with the main differences between the three models described above, i.e. TP06,
IMW04 and GPB.

Despite the fact that the human ventricular AP models currently available
in the literature are able to reproduce certain electrophysiological properties,
they fail in representing other relevant aspects, as pointed out above. In order
to obtain a model suitable for the study of ventricular arrhythmias, in this
study a human ventricular AP model was developed that departs from the
GPB model. The methodology followed for model development was based on
the computation of well-established arrhythmic risk biomarkers and the results
of a sensitivity analysis of the modulation of those biomarkers by variations
in the main ionic currents. Using that methodology, key limitations of the
GPB model were unravelled and inadequacies in the definitions of specific
ionic current characteristics were identified. Based on those findings, gating
kinetics of the ICaL current were reformulated by introducing both fast and
slow voltage-dependent inactivation gates [1], maximal INa,K was reduced to best
match the experimental APD90 rate adaptation data and the IK1 current was
redefined by accounting for recent experimental data published in the literature
[9]. The new model, developed by Carro et al. in this paper (CRLP), was
tested and compared with the original GPB model and with the widely used
TP06 model. The IMW04 model was left out of the comparison because of
the limitations pointed out above. Model comparison was based on 12 cellular
arrhythmic risk biomarkers computed using five different stimulation protocols,
as in Romero et al. [4]. Our results show that the introduced modifications
brought most biomarkers into the physiological range, and considerably improved
others with respect to the GPB and the TP06 models. In addition, the CRLP
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Table 1. Differences between human ventricular cell models. Data are obtained from Niederer et al.
[3], Romero et al. [4] and Bueno-Orovio et al. [6] and from simulations performed in this study.

TP06 IMW04 GPB

state variables 20 67 38
computation time short very long long
cell types endo, mid, epi epi endo, epi
steady-state AP

properties
physiological APD

values, very low
triangulation

physiological APD
values and
triangulation

physiological APD
values and
triangulation

steady-state calcium
levels

low diastolic and
systolic values

low diastolic and
systolic values

very low diastolic and
systolic values

APD90 adaptation to
abrupt heart rate
changes

very fast very slow rabbit characteristics

sodium and calcium
rate dependence

very sensitive to
increasing
stimulation
frequency

physiological
behaviour

physiological
behaviour

APD sensitivity to
variations in ionic
current densities

less sensitive to INa,K,
INa,Ca, IKs, IK1, ICaL,
IKr and INa

highly sensitive to
INa,K and IK1

less sensitive to IKr
and highly sensitive
to IK1

model was tested by simulating hyperkalaemic conditions in tissues. Under
those conditions, potassium starts to pour out of ischaemic myocardial cells,
causing depolarization of the myocardium at rest, slowing conduction and
decreasing excitability. Recovery of excitability is known to outlast repolarization,
a phenomenon termed post-repolarization refractoriness. Our results show that
under hyperkalaemia APD90 progressively decreased with the level of extracellular
potassium, [K+]o, whereas the effective refractory period (ERP) increased after a
threshold in the level of [K+]o was surpassed. Conduction velocity (CV) decreased
with [K+]o and conduction was blocked above [K+]o = 10.4 mM. Additionally,
APD90 alternans appeared for [K+]o > 9.8 mM. These results suggest that the
model is suitable to represent areas of inhomogeneities of resting potential and
dispersion in the recovery of excitability corresponding to different hyperkalaemic
levels within the tissue. Those areas of inhomogeneities could provide a setting
for unidirectional block that could become the substrate for arrhythmias in
ischaemic hearts.

2. Methods

(a) Model development

In this study, a human ventricular cell model was developed that departs from
the recently proposed GPB model. Before describing the modifications introduced
into the new model, a brief description of the GPB model is in order.
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(i) The GPB model

The GPB model describes the AP of endocardial and epicardial human
myocytes. For both cell types, the total transmembrane ionic current, Iion, is
given by

Iion = INatot + ICltot + ICatot + IKtot ,

where each of the individual currents denotes the current generated on passing
sodium, chlorine, calcium and potassium ions through the cell membrane,
respectively.

Sodium current. Following the approach of Shannon et al. [8], the sodium
current was divided into two components: (i) a subsarcolemmal component and
(ii) a junctional component, which correspond to the cell compartments where
the current is generated. Both components are formed by the same subcurrents:

INatotjunc
= INajunc + INaBkjunc + 3Incxjunc + 3INa,Kjunc + ICaNajunc

,

INatotsl
= INasl + INaBksl + 3Incxsl + 3INa,Ksl + ICaNasl

and INatot = INatotjunc
+ INatotsl

,

where INa is the fast sodium current, INaBk is the background sodium current,
Incx is the current of the sodium–calcium exchanger, INa,K is the current of the
sodium–potassium pump and ICaNa is the sodium current through the L-type
calcium channels.

Chlorine current. The chlorine current, which is not present in the TP06 model,
is described in the GPB model by

ICltot = IClCa + IClBk,

where IClCa is the calcium-activated chlorine current, and IClBk is the background
chlorine current.

Calcium current. The calcium current, as in the case of the sodium current,
has two components, junctional and subsarcolemmal:

ICatotjunc
= ICajunc + ICaBkjunc + IpCajunc − 2Incxjunc ,

ICatotsl
= ICasl + ICaBksl + IpCasl − 2Incxsl

and ICatot = ICatotjunc
+ ICatotsl

,

where ICa is the calcium current through the L-type calcium channels, ICaBk is
the background calcium current, IpCa is the sarcolemmal calcium pump current
and Incx is the current of the sodium–calcium exchanger.

Potassium current. The potassium current is defined as

IKtot = Ito + IKr + IKs + IK1 − 2INa,K + ICaK + IKp,

where Ito is the transient outward potassium current (decomposed into a fast
and a slow component), IKr is the rapidly activating potassium current, IKs
is the slowly activating potassium current (decomposed into junctional and
subsarcolemmal components), IK1 is the inward rectifier potassium current, INa,K
is the current of the sodium–potassium pump (decomposed into junctional and
subsarcolemmal components), ICaK is the potassium current through the L-type
calcium channels (decomposed into junctional and subsarcolemmal components)
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and IKp is the plateau potassium current. In the GPB model, differentiation
between endocardial and epicardial cells is set by assigning different contributions
to the fast and slow Ito components.

(ii) The CRLP model

Taking the GPB model as a starting point, the CRLP model was built by
reformulating two ionic currents (ICaL and IK1) and redefining a number of model
parameters, including GNa (maximum INa conductance) and GNa,K (maximal
INa,K value). Those changes were motivated by the poor performance exhibited
by the GPB model on two particular aspects: (i) the shape and slope of the
S1S2 APD90 restitution curve, and (ii) the response of the APD90 to abrupt
changes in heart rate (see below). The failure of the GPB model in reproducing
experimental data on those two aspects could be attributed to an inheritance
from the Shannon rabbit ventricular model from which the GPB model was
developed. In this regard, the development of the CRLP model from the GPB
model was made by considering human data only [3]. The following paragraphs
describe the introduced modifications, as well as the data and criteria used in the
development process. A full description of the CRLP model along with a CellML
implementation of it can be found in the electronic supplementary material.

In order to maintain as much consistency as possible with the original GPB
model, the CRLP model was developed for the same type of myocardial cells as
the GPB model, namely endocardial and epicardial. Differentiation between the
two cell types was based on the definition of the Ito fast and slow components, in
the same way as previously described for the GPB model.

L-type calcium current (ICaL). In order to obtain an APD90 adaptation response
to abrupt changes in cycle length (CL) in better concordance with experimental
data, the L-type calcium current was reformulated. The voltage-dependent
inactivation gate f of the GPB model was replaced with the product of a fast, f ,
and a slow, f2, inactivation gate, as in ten Tusscher et al. [1]. The new equations
for the L-type current in the CRLP model are

ICajunc = FjuncCaL
× Ī Caj × d × f × f2(1 − fCaBj

),

ICasl = FslCaL
× Ī Casl × d × f × f2(1 − fCaBsl

),

ICaNajunc
= FjuncCaL

× Ī Naj × d × f × f2(1 − fCaBj
),

ICaNasl
= FslCaL

× Ī Nasl × d × f × f2(1 − fCaBsl
),

ICaK = Ī K × d × f × f2(FjuncCaL
× (1 − fCaBj

) + FslCaL
× (1 − fCaBsl

)),

ICa = ICajunc + ICasl ,

ICaNa = ICaNajunc
+ ICaNasl

and ICaL = ICa + ICaK + ICaNa .

As indicated in Niederer et al. [3], the replacement of one current component by
another one is not a simple task. Splitting the f gate in the GPB model into two
new gates required the readjustment of the time constants tf2 associated with the
slow voltage-dependent inactivation gate f2 and the time constant td associated
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Figure 1. Characteristics of ICaL and IK1 in simulations and experiments. (a) Simulated ICaL
voltage-dependent inactivation time constants ti as a function of voltage, where i ∈ {f , f2}.
Experimental data, represented by symbols, were taken from [10–14] (blue full line, tf CRLP; green
dashed line, tf2 CRLP; red dashed line, tf GPB; filled light blue circles, inactivation; filled dark
blue squares, slow inactivation; filled green triangles, fast inactivation). (b) ICaL current density
versus voltage, with experimental data taken from [14–16] (red dashed line, GPB; green full line,
CRLP; open blue circles, [15]; open blue squares, [14]; crosses, [16]). (c) IK1 current density versus
voltage, with experimental data taken from [9] (red dashed line, GPB; green full line, CRLP;
blue dotted line, [9]). To compare simulated and experimental data under the same conditions,
[K+]i = 138 mM and [K+]o = 4 mM were used for the curves shown in (c), with [K+]i denoting the
intracellular potassium concentration. (Online version in colour.)

with the activation gate d in order to obtain a meaningful ICaL current–voltage
curve (splitting the f gate without readjusting the time constants would have led
to a current–voltage curve having two relative minima).

Readjustment of tf2 was based on available experimental data [10–14].
Figure 1a depicts tf and tf2 along with experimental data [10–14]. Since the
experimental data do not cover the entire voltage range, the readjustment was
performed by best fitting the tail of the tf2 curve while obtaining a current–
voltage curve within the range of experimental data. The other voltage-dependent
inactivation time constant, tf , was kept as in the study of ten Tusscher et al. [1].
The equations describing f and f2 are:

fss = 1
1 + e(Vm+20)/7

,

af = 1102.5 e−((Vm+27)/15)2 ,

bf = 200
1 + e(13−Vm)/10

,
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gf = 180
1 + e(Vm+30)/10

+ 20,

tf = af + bf + gf ,

df
dt

= fss − f
tf

,

f2ss = 0.67
1 + e(Vm+35)/7

+ 0.33,

af2 = 300 e−(Vm+25)2/170,

bf2 = 31
1 + e(25−Vm)/10

,

gf2 = 16
1 + e(Vm+30)/10

,

tf2 = af2 + bf2 + gf2

and
df2
dt

= f2ss − f2
tf2

,

where Vm denotes transmembrane voltage.
Readjustment of td was based on the description provided in ten Tusscher

et al. [1]:

dss = 1
1 + e−(Vm+5)/6

,

ad = 1.4
1 + e(−35−Vm)/13

+ 0.25,

bd = 1.4
1 + e(Vm+5)5

,

gd = 1
1 + e(50−Vm)20

,

td = adbd + gd

and
dd
dt

= dss − d
td

.

The definitions of the calcium-dependent inactivation gates, fCaBj
and fCaBsl

,
were taken as in the GPB model:

dfCaBj

dt
= 1.7 Caj(1 − fCaBj

) − 11.9 × 10−3 fCaBj

and
dfCaBsl

dt
= 1.7 Casl (1 − fCaBsl

) − 11.9 × 10−3 fCaBsl
.

Additionally, based on the results of the sensitivity of APD90 to variations
in the maximal ICaL conductivity and the actual APD90 value in the GPB model
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(see later tables), the relative permeabilities of the L-type calcium channels were
set to:

pCa = 1.9887 × 10−4 cm s−1,

pK = 5.4675 × 10−8 cm s−1,

pNa = 3.0375 × 10−9 cm s−1,

Ī Caj = pCa × Vm × Frdy × FoRT(Caj × e2Vm×FoRT − Cao)
e2Vm×FoRT − 1

,

Ī Casl =
pCa × Vm × Frdy × FoRT(Casl × e2Vm×FoRT − Cao)

e2Vm×FoRT − 1
,

Ī Naj = pNa × Vm × Frdy × FoRT(Naj × eVm×FoRT − Nao)
eVm×FoRT − 1

,

Ī Nasl =
pNa × Vm × Frdy × FoRT(Nasl × eVm×FoRT − Nao)

eVm×FoRT − 1

and Ī K = pK × Vm × Frdy × FoRT(Ki × eVm×FoRT − Ko)
eVm×FoRT − 1

,

where Frdy is Faraday’s constant, FoRT is the ratio between Faraday’s constant
and the product of the gas constant and the absolute temperature, Ī km is
the maximal current for ion k in the compartment m, and pk is the relative
permeability of ion k.

The current–voltage curve obtained with the new definition of the ICaL current
was compared with the experimental data [14–16] and with the original definition
of the GPB model. Figure 1b shows the different current–voltage curves, where
it can be observed that the new definition of ICaL is in good agreement with the
available experimental data [14–16], with the additional benefit of contributing
to physiological model response in terms of S1S2 APD90 restitution and APD90
rate adaptation dynamics.

Inward rectifier K current (IK1). The IK1 current was redefined using recent
experimental data from human ventricular cells published in the literature [9].
The new definition for IK1 is as follows:

aK1 = 4.094
1.0 + e0.1217(Vm−EK−49.934)

,

bK1 = 15.720 e0.0674(Vm−EK−3.257) + e0.0618(Vm−EK−594.31)

1.0 + e−0.1629(Vm−EK+14.207)
,

K1ss = aK1

aK1 + bK1

and IK1 = 0.5715

√ [K+]o
5.4

× K1ss(Vm − EK),

where EK is the [K+] reversal potential. Figure 1c shows the modified IK1 current
compared with the experimental data from [9] and with IK1 from the GPB model.
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Na/K pump current (INa,K). In order to improve the APD90 adaptation
response to abrupt changes in CL, maximal INa,K was reduced by 45 per cent with
respect to its value in the GPB model. That reduction was set based on the results
of the sensitivity analysis for the tslow biomarker that will be described below.

[K+]i and GNa. A more physiological value for [K+]i of 138 mM was used in our
model. Considering this value for [K+]i makes the model more excitable when
compared with the original GPB model because of the increased availability
of sodium channels. Therefore, in order to obtain physiological values for the
maximal upstroke velocity, dV /dt, in tissue, the maximum conductance of the
sodium current, GNa, was reduced to 18.864 mS mF−1. This modification led to
a maximal upstroke velocity of 228 mV ms−1 in the simulated one-dimensional
tissue (see below), which is in good agreement with the experimental results
from [17].

(iii) Numerical methods and implementation

The cell membrane was modelled as an electrical circuit [18]. Mathematically,
the transmembrane voltage Vm was described by the following ordinary
differential equation:

Cm
dVm

dt
= −(Iion − Istim), (2.1)

where t is time, Iion is the sum of all transmembrane ionic currents, Istim is the
externally applied stimulation current and Cm is the cell capacitance per unit
surface area.

Propagation of the electrical activity in a one-dimensional fibre was described
by the following parabolic reaction–diffusion equation [19]:

Cm
vVm

vt
= −(Iion − Istim) + v

vx

(
s

vV
vx

)
, (2.2)

where s is the diffusion coefficient of the tissue and x denotes the coordinate
along the fibre.

Physical units in the model are as follows: time t is given in milliseconds,
transmembrane potential Vm in millivolts, current densities in picoamperes per
picofarad, and ionic concentrations in millimoles per litre.

The GPB and CRLP models were implemented in Fortran based on the original
codes provided by Eleonora Grandi. The TP06 model was also implemented in
Fortran from the original C codes available at Kirsten ten Tusscher’s web page:
www-binf.bio.uu.nl/khwjtuss. A CellML implementation of the CRLP model is
available in the electronic supplementary material.

Cells and tissues were stimulated with square transmembrane current pulses
twice the diastolic threshold in amplitude and 1 ms duration. For single-cell
simulations, forward Euler integration with a time step Dt = 0.002 ms was used
to integrate the system of differential equations governing the cellular electrical
behaviour. For the one-dimensional simulations, a homogeneous 4 cm long fibre
composed of epicardial cells was considered. A semi-implicit operator-splitting
scheme [20] was used to solve equation (2.2) with a space discretization of
Dx = 0.1 mm and a time step of Dt = 0.002 ms. A value of s = 0.0013 cm2 ms−1

was used, corresponding to a maximum CV of 74 cm s−1, which is in agreement
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with experimentally reported CV values [21]. The cell capacitance was set to
Cm = 1 mF cm−2. Five positions within the fibre were selected for further analysis
in each simulation. Those positions were located at 1.5, 1.75, 2, 2.25 and 2.5
cm from the stimulation end of the cable. Reported APD90 and CV values were
computed as mean values over those positions. In all cases, the Rush and Larsen
integration scheme [22] was used to integrate the Hodgkin–Huxley type equations
for the gating variables of the various time-dependent currents (m, h and j for
INa; xtof , xtos , ytof and ytos for Ito; xkr for IKr; xks for IKs; and d, f and f2 for ICaL).

In order to test the sensitivity of the numerical solution to the time and space
discretization indicated above, simulations were performed using a time increment
of 0.5 ms and a spatial discretization of 0.05 mm. Differences of less than 0.2 per
cent for the steady-state biomarkers computed in isolated cells were obtained
when compared with the default time and space steps used in this study. In
tissues, CV and APD90 varied by less than 1.5 and 0.02 per cent, respectively.
Also, other stimulus durations (from 1 to 3 ms) and amplitudes (from 1.5 to 2
times the diastolic threshold) were tested and confirmed to provide very similar
results (differences in terms of APD90, maximal upstroke velocity as well as CV
in tissues were in all cases below 0.2%, 1.6% and 0.8%, respectively).

(b) Arrhythmic risk biomarkers and stimulation protocols

Arrhythmic risk biomarkers were used in this study to guide the modifications
applied to the GPB model to produce the CRLP model. Specifically, biomarkers
related to S1S2 restitution and APD90 rate adaptation dynamics were identified
as not being adequately reproduced by the GPB model, and appropriate
modifications (described in the previous section) were performed. Those and other
biomarkers were also used to evaluate the performance of the CRLP model and
compare it with that of the TP06 and GPB models.

In the following subsections, the cellular arrhythmic risk biomarkers used in
this study are presented, and the protocols used to compute them are described.

(i) Selected biomarkers

— APD90: APD has been traditionally considered as the main preclinical
marker of drug cardiotoxicity. APD prolongation has been linked to long
Q–T syndrome and increased risk of developing torsades de pointes [23,24].
APD90 is used in this study to denote AP duration at 90 per cent
repolarization (figure 2a).

— Triangulation: this biomarker quantifies the shape of the final part of the
AP, and is calculated as the difference between APD at 50 and 90 per
cent repolarization (figure 2a). Low triangulation values indicate square
APs, while high values indicate triangular APs. Triangulation has been
proposed as a marker of pro-arrhythmia [23], with long APD90 values
without triangular APs considered as anti-arrhythmic, and triangular APs
considered as pro-arrhythmic in general.

— Systolic and diastolic intracellular calcium ([Ca2+]i) levels: calcium
transient properties evaluated at different frequencies have been reported
as risk markers [25,26]. In this study, diastolic (level at rest) and systolic
(level at peak) calcium transient levels were evaluated at 0.5 and 1 Hz,
respectively (figure 2b).
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Figure 2. Graphical description (using simulation results) of the biomarkers of arrhythmic risk
used in this study: (a) steady-state AP properties (APD90, AP triangulation); (b) steady-state
[Ca2+]i properties (systolic ‘sys’ and diastolic ‘dia’ values); (c) APD90 adaptation to abrupt
changes in CL (from 1000 to 600 ms and again to 1000 ms), characterized by time constants
tfast and tslow; (d) APDR curve computed using the S1S2 protocol; (e) APDR curve computed
using the dynamic protocol; and (f ) normalized rate dependence of systolic concentrations, with
normalization performed with respect to the lowest tested frequency, i.e. 0.25 Hz. For a better
understanding of the protocols used to compute the biomarkers shown in (a–f ), see the description
provided in §2b(ii). (Online version in colour.)

— Time constants of APD90 adaptation to abrupt changes in CL: adaptation
of ventricular repolarization duration to abrupt changes in CL has been
proposed as an arrhythmic risk marker [27]. In this study, the dynamics of
APD90 adaptation to abrupt changes in CL were fitted by two exponentials
with associated time constants tfast and tslow (figure 2c), following the
methodology proposed in Pueyo et al. [28].

— Maximum slope of APD90 restitution curves: the maximum slope of the
APD90 restitution (APDR) curve has been suggested as an arrhythmic
risk marker [29,30]. The APDR curve describes the relationship between
APD90 and the diastolic interval (DI) (figure 2d–e). In this study, APDR
was evaluated using the S1S2 and the dynamic protocols (see §2b(ii)).
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— Rate dependence of Na+ and Ca2+ concentrations: the importance of
intracellular sodium, [Na+]i, and intracellular calcium, [Ca2+]i, dynamics
in arrhythmogenesis has been extensively reported [31,32]. In this study,
systolic [Na+]i and [Ca2+]i levels were evaluated for increasing stimulation
frequencies (figure 2f ).

(ii) Stimulation protocols

Five stimulation protocols were applied to evaluate the risk biomarkers
presented in §2b(i).

— Steady-state protocol : a train of 3000 stimulation pulses was delivered
and steady state was guaranteed to be reached. Simulations were carried
out using two different CL values (1000 and 2000 ms). The evaluated
biomarkers were: APD90 at 1 Hz, triangulation at 1 Hz, systolic [Ca2+]i
at 0.5 and 1 Hz and diastolic [Ca2+]i at 0.5 and 1 Hz (figure 2a,b).

— Abrupt changes in CL protocol : the cell was stimulated with a CL of
1000 ms for 8 min, then with a CL of 600 ms for an additional 8 min and
finally with a CL of 1000 ms for 8 min (figure 2c). The APD90 dynamics
after the first abrupt CL change were fitted by two exponentials with
time constants tfast and tslow. APD90 adaptation dynamics after the second
abrupt CL change provided very similar results to those obtained for the
first CL change, in accordance with earlier studies [4,28], and are not
reported.

— S1S2 protocol : a train of 10 basic stimulations (S1) were applied to the cell
or tissue at a CL of 1000 ms followed by an extra stimulus (S2) delivered
at coupling intervals (CI) ranging from 1000 to 250 ms in variable steps
(100 ms for DI > 300 ms, 5 ms for 150 < DI < 300 ms and 1 ms for 5 < DI <
150 ms). The S1S2 restitution curve was obtained by plotting the APD90
corresponding to the extra stimulus versus the previous DI for each of the
tested CI values (figure 2d).

— Dynamic protocol : in this protocol, 100 stimulations were applied at a
given CL, with the CL ranging from 1000 to 50 ms. The APDR curve was
obtained by plotting the steady-state APD90 (corresponding to the 100th
stimulus of each CL) versus the corresponding steady-state DI (figure 2e).

— Rate-dependence protocol : the systolic values of both [Na+]i and [Ca2+]i
concentrations were measured at different frequencies (0.25, 0.5, 1, 1.5, 2,
2.5 and 3 Hz) and normalized to the level of the minimum frequency. For
each frequency, the cell was stimulated during 10 min to reach steady state
and [Na+]i and [Ca2+]i were measured at the end of the 10 min period.
The maximum normalized concentration value was computed and used as
a biomarker (figure 2f ).

(c) Conducted simulations

(i) Sensitivity analysis

A sensitivity analysis was performed using the original GPB model following
the methodology described in Romero et al. [4]. The aim was to elucidate
how different ionic current properties modulate the investigated arrhythmic risk
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biomarkers. In the sensitivity analysis, each parameter was varied one at a time by
±30%. Also, variations of ±15% were considered to assess biomarkers’ response to
different degrees of variation. These percentages are in agreement with variability
levels reported in experiments performed in human ventricular tissue [9,14,33–37].

The following parameters were considered in the sensitivity analysis.

— GCaL: maximal conductance of the L-type calcium current (ICaL).
— tf : time constant of the fast voltage-dependent inactivation gate (f ) of the

ICaL current.
— tf 2: time constant of the slow voltage-dependent inactivation gate (f2) of

the ICaL current.
— GKr: maximal conductance of the rapidly activating potassium current

(IKr).
— GKs: maximal conductance of the slowly activating potassium current

(IKs).
— txs: time constant of the activation gate (xKs) of the IKs current.
— GK1: maximal conductance of the inward rectifier potassium current (IK1).
— GNa,K: maximal value of the sodium–potassium pump current (INa,K).
— Gncx: maximal value of the sodium–calcium exchanger current (Incx).
— Gto: maximal conductance of the transient outward potassium current

(Ito).

For each biomarker c and parameter p, the percentage of change (Dc,p,a) and
sensitivity (Sc,p,a) was calculated as follows [4]:

Dc,p,a = Cp,a − Ccontrol

Ccontrol
× 100

and
Sc,p,a = Dc,p,a − Dc,p,−a

2a
× 100,

where Cp,a is the value of biomarker c when the parameter p is varied
by the percentage a, and Ccontrol is the value of biomarker c under control
conditions. As shown above, sensitivity (Sc,p,a) was calculated as the ratio of the
difference between the percentage of change (Dc,p,a − Dc,p,−a) and the interval of
change (2a). In this study, we used this definition particularized for a = 30%:

Sc,p,30 = Dc,p,+30 − Dc,p,−30

0.6
.

Larger percentages of variation (±60% and ±90%) in model parameters were
additionally investigated to confirm the validity of the sensitivity analysis results
under more severe ionic alterations.

(ii) Potassium current blocks

The following cases of total and partial potassium current blocks were
simulated.

— IKs: to simulate the effect of 1 mM of HMR-1556, IKs was completely
blocked.

— IKr: to simulate the effect of 50 nM of dofetilide, IKr was completely blocked.
— IK1: to simulate the effect of 10 mM of BaCl2, IK1 was reduced by 50

per cent.
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Figure 3. APs computed with the TP06, GPB and CRLP models for (a–c) isolated cells and
(d–f ) one-dimensional fibre tissue at CL = 1000 ms: (a) TP06 cellular AP; (b) GPB cellular AP;
(c) CRLP cellular AP; (d) TP06 tissue AP; (e) GPB tissue AP; and (f ) CRLP tissue AP. (Online
version in colour.)

(iii) Restitution in tissue

CV and APD90 restitution were additionally investigated in tissue by applying
the S1S2 protocol described in §2b(ii), with the only difference that the extra
stimulus (S2) was in this case decreased in steps of 5 ms.

(iv) Hyperkalaemic conditions

Hyperkalaemic conditions were simulated by increasing [K+]o from 4 to 15 mM.
For each [K+]o value, the diastolic threshold used to compute the stimulus
amplitude was determined as follows: The model was first stabilized until the
product of the gates h × j reached 99 per cent of the steady-state value hss × jss.
Stimulation current pulses of variable amplitude were applied at one end of the
cable, and the diastolic threshold was defined as the minimum amplitude required
for an AP to propagate along the fibre. With the model initialized at 1 Hz steady
state, ERP was determined by stimulating the tissue with a train of 10 basic
stimulations (S1) delivered at a CL of 1000 ms, followed by an extra stimulus
(S2) delivered at different times taken in 1 ms steps. Steady-state CV and APD90
were measured after the last S1 stimulus.

3. Results

(a) Results for control conditions

(i) APs in cell and tissue

Figure 3 presents APs computed from the TP06, GPB and CRLP models for an
isolated epicardial cell and for an epicardial cell coupled in tissue. In all cases, APs
correspond to steady-state pacing at CL = 1000 ms. As can be appreciated from
the figure, the AP duration is of the same order in the three models. However, the
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Table 2. Results of the sensitivity analysis applied to the GPB model. The blue scale indicates
relative sensitivity for each biomarker. White colour indicates maximum relative sensitivity and
dark blue colour indicates that property and parameter are independent. Percentages in the
white boxes indicate the absolute sensitivity of the property. A minus sign in a box indicates
that biomarker and model parameter vary inversely. ‘sys’ stands for systolic and ‘dia’ stands for
diastolic. (Online version in colour.)
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AP shape is notably more triangular for the GPB and the CRLP models when
compared with the TP06 model, which presents a flatter plateau phase. Also,
phase 1 of the AP substantially differs from one model to another, particularly
when comparing TP06 with the other two models. Those differences are to some
extent attenuated when comparing APs measured in tissue. It is also clear from
the figure that maximal upstroke velocity is considerably reduced for tissue APs
when compared with cell APs. While for the GPB and CRLP models, maximum
voltage occurs at the upstroke peak in both cell and tissue, for the TP06 model,
the maximum voltage at the plateau is even larger than at the upstroke peak in
tissue AP, as previously noted by Bueno-Orovio et al. [6] for the TNNP04 model
from which the TP06 model was developed.

(ii) Sensitivity analysis

The results of the sensitivity analysis applied to the epicardial version of
the GPB model are presented in table 2. This table shows the dependence of
a large number of arrhythmic risk biomarkers on the ICaL current. Not only
biomarkers related to systolic and diastolic [Ca2+]i levels, but also APD90 and
S1S2 restitution slope are mostly sensitive to variations in ICaL. Also, table 2
shows the importance of the IK1 current for AP triangulation. INa,K is determinant
for [Na+]i rate dependence as well as for the time constant of the slow phase of
APD90 rate adaptation. Note that APD90 rate adaptation dynamics computed
from the GPB model do not present a characteristic biphasic behaviour as
reported in experimental studies [38], but adaptation is completed in only one
slow phase. For that reason, the biomarker tfast described in §2b(i) is not shown
in table 2. Finally, Incx is relevant for [Ca2+]i rate dependence. Table 2 together
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Table 3. Biomarkers of arrhythmic risk for the TP06, GPB and CRLP human models. Normal font
indicates within physiological range. Bold font indicates out of physiological range but better than
previous models. Italic font indicates out of physiological range. Experimental data are from earlier
studies [14,17,25,38–43].

biomarker TP06 GPB CRLP physiological

APD90 (ms) 301.2 285.0 305.6 271–366
triangulation (ms) 28.4 51.5 78 44–112
sys [Ca2+]i 1 Hz (mM) 0.886 0.383 0.602 1.59–2.01
sys [Ca2+]i 0.5 Hz (mM) 0.199 0.345 0.523 0.71–1.68
dia [Ca2+]i 1 HZ (mM) 0.104 0.089 0.097 0.20–0.33
dia [Ca2+]i 0.5 Hz (mM) 0.068 0.085 0.091 0.14–0.32
SmaxS1S2 (—) 1.3 0.2 1.0 0.79–4.25
SmaxDYN (—) 1.0 1.1 0.9 —
tfast (s) 13.3 — 10.2 —
tslow (s) 124.8 56.3 105.6 70–110
max. sys. [Ca2+]i (%) 1157 178 147 130–170
max. sys. [Na+]i (%) 217 132 134 145

with the validation analysis presented in the following subsection were the road
map to carry out the various model improvements proposed in this work, which
were described in §2a.

To confirm that the results of the sensitivity analysis presented in table 2 were
not dependent on the limit (30%) considered for parameter variations, simulations
were performed considering larger percentages of variations of up to 90 per cent.
Despite the fact that, in some cases, a highly nonlinear modulation of specific
risk biomarkers by certain ionic mechanisms was observed (e.g. triangulation
modulation by GK1, systolic [Ca2+]i modulation by GCaL or tslow modulation by
GNa,K), the results corroborated the mechanisms identified as determinant for the
investigated risk biomarkers in the sensitivity analysis.

(iii) Arrhythmic risk biomarkers

Table 3 shows the values of the computed biomarkers for the epicardial versions
of the three models analysed in this study (TP06, GPB and CRLP). Simulation
results were compared against a variety of experimental data taken from earlier
studies [14,17,25,38–43].

Results indicate that the GPB model performs better than the TP06 model
with respect to the following biomarkers: AP triangulation, steady-state systolic
and diastolic [Ca2+]i levels at 0.5 Hz, and rate dependence of [Na+]i and
[Ca2+]i. Those biomarkers are illustrated for the three analysed models in
figure 4a–g. However, according to other analysed biomarkers, the GPB model
renders worse performance than the TP06 model, as is the case for the S1S2
restitution curve and the APD90 adaptation to abrupt changes in CL. Regarding
the APD90 adaptation, two phases of APD90 rate adaptation were experimentally
reported in the study of Franz et al. [38]: a first phase with a short time constant
and a second phase with a longer time constant. As described in §3a(ii), the
APD90 rate response in the GPB model does not present the first fast phase
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Figure 4. Biomarkers of arrhythmic risk from TP06, GPB and CRLP models: (a) steady-state
AP for CL = 1000 ms; (b) steady-state [Ca2+]i transient for CL = 1000 ms; (c) APD90 rate
adaptation to abrupt changes in CL (from 1000 ms to 600 ms); (d) S1S2 restitution curve; (e)
dynamic restitution curve; (f ) normalized [Ca2+]i rate dependence; and (g) normalized [Na+]i
rate dependence. (f,g) Normalization is performed with respect to the lowest tested frequency, i.e.
0.25 Hz. Red dashed line, GPB; green full line, CRLP; blue dashed-dotted line, TP06. (Online
version in colour.)

(figure 4c). For the S1S2 restitution curves (figure 4d), the TP06 model is in
better agreement with the experimental data of earlier studies [38,42] than the
GPB model.

For the CRLP model, seven out of 12 analysed biomarkers are within
physiological range and the other three are closer to the physiological range
when compared with the GPB and the TP06 models. As for systolic and diastolic
[Ca2+]i levels at 1 Hz, TP06 outperforms CRLP. A significant change in the shape
of the S1S2 restitution curve is observed for the CRLP model when compared
with the GPB model (figure 4d). The behaviour shown by the CRLP model is in
agreement with the experimental data [38].

(iv) Potassium current blocks

Table 4 summarizes the effect of potassium current blocks on epicardial APs
computed using the three tested models. Results are given as percentage of
variation of the APD90 value with respect to control conditions. In those cases
where more than one current was blocked, the variation refers to the APD90 value
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Figure 5. Effect of blocking potassium currents for the GPB and CRLP models. (a) Effect
of completely blocking IKr and IKs currents in the GPB model (black solid line, control; red
dotted line, IKr block; blue dashed line, IKs block; green dashed-dotted line; IKr and IKs block).
(b) Effect of completely blocking IKr and partially blocking IK1 in the GPB model (black solid line,
control; red dotted line, IKr block; blue dashed line, IK1 block; green dashed-dotted line; IKr and
IK1 block). (c) Effect of completely blocking IKr and IKs currents in the CRLP model (black solid
line, control; red dotted line, IKr block; blue dashed line, IKs block; green dashed-dotted line; IKr
and IKs block). (d) Effect of completely blocking IKr and partially blocking IK1 in the CRLP model
(black solid line, control; red dotted line, IKr block; blue dashed line, IK1 block; green dashed-dotted
line; IKr and IK1 block). (Online version in colour.)

Table 4. Percentages of variation in APD90 caused by blocking different potassium currents. Normal
font indicates within physiological range. Bold font indicates out of physiological range but better
than previous models. Italic font indicates out of physiological range.

current reference TP06 GPB CRLP experiments

IKs 0% control 74.9 0.7 0.6 <2.8

IKr 0% control 15.9 18.6 14.1 44 ± 4

IKr 0% IKr block — 1.4 0.8 9
IKs 0%

IK1 50% control 3.6 11.5 14.6 4.8 ± 1.5

IKr 0% IKr block 8.9 15.6 21.1 33
IK1 50%

obtained when only the first current was blocked. Experimental values are taken
from the study of Jost et al. [44]. It is clear from table 4 that the GPB model
performs better than the TP06 model regarding current blocks. The CRLP model
performs similar to the GPB model. Figure 5 illustrates the effect of current
blocks on the AP shape for the GPB and CRLP models.
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Figure 6. (a) CV and (b) APD90 restitution curves for the TP06, GPB and CRLP models in a
simulated one-dimensional fibre. Blue dashed-dotted line, TP06; green solid line, CRLP; red dashed
line, GPB. (Online version in colour.)

(v) Restitution in fibre

Figure 6 shows CV and APD90 restitution curves computed by applying the
S1S2 protocol to the simulated one-dimensional fibre. Regarding CV restitution,
the three models present similar behaviours, with only notable differences (greater
than 5 cm s−1) observed between the TP06 model and the other two models
(GPB and CRLP) in the final part of the curve, i.e. for DI values above
200 ms. Regarding APD90 restitution, both the TP06 and CRLP models present
steep restitution curves, with high slope (close to 1) only for a narrow DI
interval in the case of the CRLP model and for a much wider DI range in
the case of the TP06 model (with slope values above 1). The GPB model
shows a relatively flat APD90 restitution curve. Those results are in good
correspondence with the observations from restitution curves measured in isolated
cells (figure 4d).

(b) Results for hyperkalaemic conditions

(i) Action potential properties

Figure 7a,c shows a comparison of the AP shape computed in a single cell
and tissue for different levels of [K+]o using the CRLP model. Figure 7b,d shows
the effect of varying [K+]o on the resting potential in a single cell and tissue.
As expected, hyperkalaemia shortens the APD90 and leads to elevated resting
potential, in both single cells and tissue.

From figure 7c, it is also clear that, for high [K+]o levels, the AP shape varies
between even and odd beats, thus leading to the occurrence of AP alternans.
Further analysis on the alternating AP behaviour and the [K+]o threshold for its
occurrence can be found in §3b(iii).

(ii) Conduction velocity

Figure 8a shows CV as a function of [K+]o computed from the simulated one-
dimensional fibre using the CRLP model. As expected, hyperkalaemia leads to
a decrease in CV. However, ‘supernormal conduction’ is not observed for [K+]o
levels below physiological values (5.4 mM) as has been observed in other studies
[45,46]. Our results also show that conduction block occurs for [K+]o > 10.4.
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Figure 7. Simulated hyperkalaemia in (a,b) isolated cells and (c,d) one-dimensional fibre
tissue using the CRLP model: (a) AP shape for varying [K+]o (dark blue, 4; green, 6; red,
8; light blue, 10) in isolated cells; (b) resting potential for varying [K+]o in isolated cells; (c)
AP shape for varying [K+]o (dark blue, 4; green, 6; red, 8; light blue, 10) in one-dimensional
fibre; and (d) resting potential for varying [K+]o in one-dimensional fibre. (Online version
in colour.)

(iii) Action potential duration and effective refractory period

Figure 8b shows ERP and APD90 of the last basic (S1) beat for different
[K+]o values computed in the simulated one-dimensional fibre using the CRLP
model. Results show that hyperkalaemia causes post-repolarization refractoriness.
The difference between ERP and APD90 remains almost constant for [K+]o ≤
6 mM, with this difference increasing rapidly for [K+]o > 6 mM. For [K+]o >
9.8 mM, alternans appear in the tissue, causing the ERP and APD90 curves
to branch out (figure 8b). This characteristic of the ERP and APD90 curves
has not been reported in other human ventricular simulation studies of
the literature, but is in agreement with the experimental results in other
species and with clinical data [47–49]. We tested the same hyperkalaemic
conditions in simulated TP06 and GPB one-dimensional fibres and we could
not observe branching out of the ERP or APD90 curves after increasing [K+]o
up to 15 mM.

Figure 8c depicts AP propagation in the simulated CRLP one-dimensional
fibre for [K+]o = 10 mM. Alternans were observed for all computed positions
within the fibre. Figure 8d shows ICaL, INa and [Ca2+]i, each normalized to its
maximum value, for the same time period shown in figure 8c. Results indicate
that conduction relies on INa even for the highly depressed APs. For the long
APs, the AP upstroke is divided into two components, the first one characterized
by a steep upstroke and supported by INa, and the second one supported by ICaL,
in agreement with the results reported in [50].
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Figure 8. Behaviour of the CRLP model under hyperkalaemic conditions in a one-dimensional fibre:
(a) CV versus [K+]o; (b) dependence of ERP (blue line with filled triangles) and APD90 (green
line with filled circles) with [K+]o; (c) example of alternans for [K+]o = 10.0 mM, each colour
representing a different position in the fibre; and (d) value of different currents normalized to the
maximal value of each one in the same example as the previous results (blue full line, ICaL; red
dashed line, INa; green dashed-dotted line, [Ca+2]i). (Online version in colour.)

4. Discussion and conclusions

In this study, a new human ventricular cell model, the CRLP model,
was developed based on the recently proposed GPB model. The CRLP
model combines recent experimental measurements of potassium currents,
and reformulates the L-type calcium current by introducing fast and slow
voltage-dependent inactivation gates, similar to the formulation proposed in the
TP06 model. That new formulation led to ICaL dynamics that were in good
agreement with experimental data and, more notably, allowed the CRLP model to
accurately reproduce S1S2 restitution and APD90 rate adaptation characteristics.
All the modifications were made with the aim of maintaining the advantages
that the GPB model has over previous models, such as the TP06 model, while
improving the performance on other electrophysiological aspects. The novelty of
this study was that model development was not only based on the incorporation
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of new data from experiments on individual ionic currents or concentrations.
More importantly, the development was driven by analysing the ability of the
model to replicate a set of well-established arrhythmic risk biomarkers, and on a
sensitivity analysis of those biomarkers to variations in model parameters. The
proposed model development framework allows model performance to be assessed
under a variety of conditions, either physiological or pathological. This provides
useful information for the adjustment of different model parameters that do not
directly depend on individual current measurements or concentrations, and which
would otherwise be set in an ad hoc manner.

(a) Modifications

The introduction of fast and slow ICaL inactivation gates in the CRLP model
led to a more physiological APD90 rate adaptation response to abrupt changes
in CL when compared with the GPB model. However, by doing so, a larger
ICaL current was obtained for the CRLP model, which led to the reformulation
of IK1 and readjustments of other parameters in order to keep APD90 within
physiological values. The resulting APD90 value for the CRLP model was closer
to the APD90 value of the TP06 model, without significantly altering the AP
triangulation of the GPB model, which was well within the reported physiological
range. The other modifications introduced into the CRLP model rendered most
of the investigated biomarkers to be within the physiological range or otherwise
closer to the physiological range when compared with the GPB and the TP06
models. In this regard, it was only for systolic and diastolic [Ca2+]i levels at 1 Hz
that TP06 outperformed CRLP. In addition, the CRLP model showed improved
performance with respect to the GPB model regarding the S1S2 restitution, not
only by bringing the maximum S1S2 restitution slope within the physiological
range, but also by providing a shape for the restitution curve in good agreement
with the experimental measurements [38].

Even though the modifications significantly improved the performance of the
CRLP model over the GPB model in reproducing experimental data related
to a number of arrhythmic risk biomarkers, they have minimally affected the
behaviour of the model against potassium current blocks. In this regard, the
CRLP model still provides results in very good agreement with the available
experimental data regarding AP response to IKr, IKs and IK1 blocks [44].

(b) Simulation of hyperkalaemic conditions

Simulations under hyperkalaemic conditions showed that APD90 progressively
decreased with the level of [K+]o, whereas ERP increased after a threshold
was reached ([K+]o ≈ 6 mM) in [K+]o. CV decreased with hyperkalaemia and
conduction was blocked above [K+]o = 10.4 mM. These results suggest that the
longer ERP values and the occurrence of conduction block above [K+]o = 10.4 mM
in the central zone of acute ischaemic tissue could cause areas of conduction block
that could set a substrate for reentrant arrhythmias. Additionally, alternans were
observed in ERP and APD90 for [K+]o > 9.8 mM. These results are in agreement
with experimental studies, where alternans were observed in the cells of the heart’s
ischaemic zone [47,48]. To the authors’ knowledge, this is the first time that
those observations have been reported using a human ventricular AP model.
That type of behaviour was not observed in either the TP06 or the GPB models.
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For the TP06 model, conduction block occurred for [K+]o ≈ 15 mM without the
occurrence of alternans [51]. For the GPB model, conduction block occurred for
[K+]o ≈ 9 mM and alternans were not observed either.

(c) Data sources

As described in the study of Niederer et al. [3], one of the problems
on reutilization of model components in electrophysiology is the inclusion of
components adjusted with data from different species. For that reason, in this
work all the modifications were made by using model components formulated
based on human data only [1] or by fitting equations to additional human data
available from the literature [9]. We did not try modifying other ionic currents
or concentrations for which human data were not available. Regarding the types
of human data used in the study, they all corresponded to adult humans, except
for the data taken from the study by Pelzmann et al. [15], in which ICaL was
measured in children. Those data were used because the study clearly showed that
there were not significant differences in the ICaL current characteristics measured
in children when compared with adults.

(d) Model limitations

The developed CRLP model has a number of limitations, some of them
inherited from the GPB model on which it was based, and others independent
of it. Phase 1 of the AP shows an atypical behaviour. We believe this behaviour
is caused by the Ito current. However, we have not attempted to modify this
current mainly because new human data were not available for that purpose. This
current happens to be the only one whose definition differentiates endocardial
and epicardial cells in the GPB model and in the CRLP model as well. A second
limitation of the CRLP model, which is also a limitation of the GPB model, is
that a description is not provided for the electrophysiology of mid-myocardial
cells. Another limitation of the CRLP model has to do with calcium definition.
The results of the analysis conducted in this study point out the importance that
the ICaL current as well as the [Ca2+]i dynamics have over different arrhythmic
risk biomarkers. Many studies have attempted to provide accurate definitions of
[Ca2+]i dynamics in human ventricular cells, but this is still an area of intensive
research. The present study suggests the need to continue with the development of
more reliable calcium dynamics models that allow the performance of whole-cell
AP models to be improved.

On top of the above-described limitations, a comment is in order regarding
the comparison of human ventricular AP models. It is clear that each model
has been developed to reproduce certain electrophysiological behaviours observed
from experimental recordings. Also, considering the huge variability in the
experimental data, model comparison becomes a challenging task for which
a model should never be qualified as being an improvement over another one just
because it is able to reproduce specific experimental observations that the other
model is not able to. In this study, we used the term ‘improvement’ exclusively
to refer to the fact that, considering the set of investigated arrhythmic risk
biomarkers, the CRLP model provides a response that is more in line with the
averaged experimental data used for evaluation purposes.

Phil. Trans. R. Soc. A (2011)

 on October 3, 2011rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


A human ventricular cell model 4229

(e) Future work

Although the results of this study showed the value of the proposed framework
for the development of ionic models, further research is needed to investigate
how arrhythmic risk biomarkers are modulated by the interaction of different
model parameters when those parameters vary simultaneously. In this regard,
an analysis of variance of the studied biomarkers can provide additional useful
information for adjusting independent parameters in order to bring a given
biomarker into the physiological range without greatly affecting other biomarkers
in the process. Future developments of the model will continue in this direction, as
well as in adapting the model for simulating ischaemia through the incorporation
of ATP-sensitive potassium channels (IKATP). Simulations with the CRLP model
will be conducted not only in a one-dimensional fibre, but in two-dimensional
tissue and in a realistic human ventricular geometry.
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