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Ten Tusscher, K. H. W. J., D. Noble, P. J. Noble, and A. V.
Panfilov. A model for human ventricular tissue. Am J Physiol Heart
Circ Physiol286: H1573-H1589, 2004. First published December 4,
2003; 10.1152/gjpheart.00794.2003.—The experimental and clinical
possihilities for studying cardiac arrhythmias in human ventricular
myocardium are very limited. Therefore, the use of alternative meth-
ods such as computer smulationsis of great importance. In thisarticle
we introduce a mathematical model of the action potential of human
ventricular cells that, while including a high level of electrophysio-
logical detail, is computationally cost-effective enough to be applied
in large-scale spatial simulations for the study of reentrant arrhyth-
mias. The model is based on recent experimental data on most of the
major ionic currents: the fast sodium, L-type calcium, transient
outward, rapid and slow delayed rectifier, and inward rectifier cur-
rents. The model includes a basic calcium dynamics, alowing for the
realistic modeling of calcium transients, calcium current inactivation,
and the contraction staircase. We are able to reproduce human
epicardial, endocardial, and M cell action potentials and show that
differences can be explained by differences in the transient outward
and slow delayed rectifier currents. Our model reproduces the exper-
imentally observed data on action potential duration restitution, which
is an important characteristic for reentrant arrhythmias. The conduc-
tion velocity restitution of our model is broader than in other models
and agrees better with available data. Finally, we model the dynamics
of spiral wave rotation in a two-dimensional sheet of human ventric-
ular tissue and show that the spiral wave follows a complex mean-
dering pattern and has a period of 265 ms. We conclude that the
proposed model reproduces a variety of electrophysiological behav-
iors and provides abasis for studies of reentrant arrhythmias in human
ventricular tissue.

reentrant arrhythmias; human ventricular myocytes, restitution prop-
erties; spiral waves; computer simulation

CARDIAC ARRHYTHMIAS and sudden cardiac death are among the
most common causes of death in the industrialized world.
Despite decades of research their causes are still poorly under-
stood. Theoretical studies into the mechanisms of cardiac
arrhythmias form a well-established area of research. One of
the most important applications of these theoretical studiesis
the ssimulation of the human heart, which is important for a
number of reasons. First, the possibilities for doing experimen-
tal and clinical studiesinvolving human hearts are very limited.
Second, animal hearts used for experimental studies may differ
significantly from human hearts [heart size, heart rate, action
potential (AP) shape, duration, and restitution, vulnerability to
arrhythmias, etc.]. Finaly, cardiac arrhythmias, especialy
those occurring in the ventricles, are three-dimensiona phe-
nomena whereas experimental observations are still largely

constrained to surface recordings. Computer simulations of
arrhythmias in the human heart can overcome some of these
problems.

To perform simulation studies of reentrant arrhythmias in
human ventricles we need a mathematical model that on the
one hand reproduces detailed properties of single human ven-
tricular cells, such as the magjor ionic currents, calcium tran-
sients, and AP duration (APD) restitution (APDR), and impor-
tant properties of wave propagation in human ventricular
tissue, such as conduction velocity (CV) restitution (CVR). On
the other hand, it should be computationally efficient enough to
be applied in the large-scale spatial simulations needed to study
reentrant arrhythmias.

Currently, the only existing model for human ventricular
cells is the Priebe-Beuckelman (PB) model and the reduced
version of this model constructed by Bernus et al. (3, 51). The
PB model is largely based on the phase 2 Luo-Rudy (LR)
model for guinea pig ventricular cells (38). Although the model
incorporates some data on human cardiac cells and success-
fully reproduces basic properties of APs of normal and failing
human ventricular cells, it has several limitations. First, several
major ionic currents are still largely based on animal data, and
second, the APD is 360 ms, which is much longer than the
valuestypically recorded in tissue experiments (~270 ms; Ref.
36). The aim of this work was to formulate a new model for
human ventricular cells that is based on recent experimental
data and that is efficient for large-scale spatial simulations of
reentrant phenomena.

We formulated a model in which most major ionic currents
[fast Na* current (Ing), L-type Ca2" current (Ica ), transient
outward current (I+o), rapid delayed rectifier current (1), slow
delayed rectifier current (Ixs), and inward rectifier K* current
(Ik1)] are based on recent experimental data. The model in-
cludes a simple calcium dynamics that reproduces realistic
calcium transients and a positive human contraction staircase
and allows us to redlistically model calcium-dominated lca
inactivation, while at the same time maintaining a low com-
putational |oad.

The model fits experimentally measured APDR properties of
human myocardium (42). In addition, the CVR properties of
our model agree better with experimental data—which are
currently only available for dog and guinea pig (6, 19)—than
those of existing ionic models. Both APD and CV restitution
are very important properties for the occurrence and stability of
reentrant arrhythmias (6, 17, 31, 52, 67). Our model is able to
reproduce the different AP shapes corresponding to the endo-,
epi-, and midmyocardia regions of the ventricles and their
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different rate dependencies (9, 10, 36). Finally, we model spiral
wave dynamics in a two-dimensional (2D) sheet of human
ventricular tissue and study the dynamics of its rotation, the
ECG manifestation of the spiral wave, and membrane potential
recordings during spiral wave rotation. In conclusion, we
propose a hew model for human ventricular tissue that is
feasible for large-scale spatial computations of reentrant
sources of cardiac arrhythmias.

MATERIALS AND METHODS

General

The cell membrane is modeled as a capacitor connected in parallel
with variable resistances and batteries representing the different ionic
currents and pumps. The electrophysiological behavior of asingle cell
can hence be described with the following differential equation (23)

Iion + Isiim

NV_ _lon* lam 1
dt C., (1)

where Visvoltage, t istime, lion isthe sum of all transmembraneionic
currents, l«im isthe externally applied stimulus current, and Cr, is cell
capacitance per unit surface area.

Similarly, ignoring the discrete character of microscopic cardiac
cell structure, a 2D sheet of cardiac cells can be modeled as a
continuous system with the following partia differential equation (23)

v

at C,

lion * lsim 1 oV N 1 oV
P:SCn ax pyS\/Cm ayz

where py and py are the cellular resistivity in the x and y directions, S,
and S, are the surface-to-volume ratio in the x and y directions, and
lion is the sum of al transmembrane ionic currents given by the
following equation

)

lion = Ina F ks o + Iir + Iks + lea + Inaca + Ina 3)

+ Ipca+ IpK + IbCa+ IbNa

where Inaca is Nat/Ca?* exchanger current, Inax is Nat/K* pump
current, lpca and Ik are plateau Ca?* and K+ currents, and lpca and
Ipi are background Ca?* and K* currents.

Physical units used in our model are as follows: time (1) in
milliseconds, voltage (V) in millivolts, current densities (Ix) in pico-
amperes per picofarad, conductances (Gx) in nanosiemens per pico-
farad, and intracellular and extracellular ionic concentrations (X, Xo)
in millimoles per liter. The equations for the ionic currents are
specified in Membrane Currents

For one-dimensiona (1D) computations cell capacitance per unit
surface areaistaken as Cr, = 2.0 wF/cm? and surface-to-volume ratio
issetto S = 0.2 um™?, following Bernus et a. (3). To obtain a
maximum planar conduction velocity (CV) of 70 cm/s, the velocity
found for conductance along the fiber direction in human myocardium
by Taggart et al. (61), acellular resistivity p = 162 Qdcm was required.
Thisis comparable to the p = 180 0cm used by Bernus et d. (3) and
the p = 181 Qcm used by Jongsma and Wilders (29), and it resultsin
a“diffusion” coefficient D = 1/(pSCr,) of 0.00154 cm?/ms. Because
in 2D we did not intend to study the effects of anisotropy, we use the
same values for py and py and for S, and S;. Parameters of the model
are given in Table 1.

For 1D and 2D computations, the forward Euler method was used
to integrate Eq. 1 A space step of Ax = 0.1-0.2 mm and a time step
of At = 0.01-0.02 ms were used. To integrate the Hodgkin-Huxley-
type equations for the gating variables of the various time-dependent
currents (m, h, and j for Ina, r and s for lio, X1 and x> for lkr, Xs for
Iks, d, f, and fca for lca, and g for I,e) the Rush and Larsen scheme
(54) was used.

HUMAN VENTRICULAR AP MODEL

Table 1. Model parameters

Parameter Definition Vaue
R Gas constant 8.3143 JK 1mol *
T Temperature 310 K
F Faraday constant 96.4867 C/mmol
Cm Cell capacitance per unit surface area 2 wF/cm?
S Surface-to-volume ratio 0.2 pm=1
p Cellular resistivity 162 Q-cm
Vc Cytoplasmic volume 16,404 um?
Vsr Sarcoplasmic reticulum volume 1,094 pm?
Ko Extracellular K* concentration 5.4 mM
Nao Extracellular Na* concentration 140 mM
Cao Extracellular Ca2* concentration 2 mM
Gna Maximal Ina conductance 14.838 nS/pF
Gk1 Maximal |1 conductance 5.405 nS/pF
Gio, €pi, M Maximal epicardial |, conductance 0.294 nS/pF
Gto, endo Maximal endocardia |, conductance 0.073 nS/pF
Gkr Maximal Ik, conductance 0.096 nS/pF
Gks, €pi, Maximal epi- and endocardia ks 0.245 nS/pF

endo conductance
Gks, M Maximal M cell lks conductance 0.062 nS/pF
PkNa Relative Ixs permeability to Na* 0.03
GeaL Maximal |ca. conductance 175 4 ecmPpuF st
kNaCa Maximal |Naca 1,000 pA/pF

Y Voltage dependence parameter of Inaca 0.35

Kimca Ca half-saturation constant for Inaca 1.38 mM
Kmnai Na half-saturation constant for Inaca 87.5 mM
Ksat Saturation factor for Inaca 0.1
a Factor enhancing outward nature of 25
INaca
Kmk Ko half-saturation constant of Inax 1mM
Kmna Na half-saturation constant of Inax 40 mM
Gpx Maximal |pk conductance 0.0146 nS/pF
Gpca Maximal |pca conductance 0.025 nS/pF
Kpca Ca half-saturation constant of |pca 0.0005 mM
GbNa Maximal Ipna conductance 0.00029 nS/pF
Gobca Maximal Ipca conductance 0.000592 nS/pF
Vmaxup Maximal lup 0.000425 mM/ms
Kup Half-saturation constant of Iy, 0.00025 mM
el Maximal Casr-dependent |« 16.464 mM/s
bre Casr half-saturation constant of e 0.25 mM
Crel Maximal Casr-independent |« 8.232 mM/s
Vieak Maximal |1 eak 0.00008 ms—*
Bufc Tota cytoplasmic buffer concentration  0.15 mM
Kpute Ca half-saturation constant for 0.001 mM
cytoplasmic buffer
Bufs Total sarcoplasmic buffer 10 mM
concentration
Koutsr Casr half-saturation constant for 0.3 mM

sarcoplasmic buffer

We test the accuracy of our numerical simulations in a cable of
cells by varying both the time and space steps of integration. The
results of these tests are shown in Table 2. From Table 2 it follows
that, with a Ax = 0.2 mm, decreasing At from 0.02 to 0.0025 ms leads
toa3.7% increasein CV. Similarly, with At = 0.02 ms, decreasing Ax
from 0.2t0 0.1 mm leadsto aan increasein CV of 4.6%. The changes
in CV occurring for changes in space and time integration steps are
similar to those occurring in other models (see, for example, Ref. 52).
The time and space steps used in most computations are At = 0.02 ms
and Ax = 0.2 mm, similar to values used in other studies (3, 6, 52, 69).
Major conclusions of our model were tested for smaller space and
time steps; the results were only dlightly different.

Action potential duration (APD) is defined as action potentia
duration at 90% repolarization (APDgo). Two different protocols were
used to determine APD restitution (APDR). The S1-S2 restitution
protocol, typically used in experiments, consists of 10 S1 stimuli

AJP-Heart Circ Physiol vOL 286 « APRIL 2004 - Www.gpheart.org
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Table 2. Numerical accuracy of conduction velocity for
different At and Ax

Conduction Velocity, cm/s

AX, cm At = 0.0025 ms At = 0.005 ms At = 0.01 ms At = 0.02 ms
0.010 75.4 75.0 74.2 72.5
0.015 74.4 73.8 73.0 715
0.020 719 715 70.8 69.3
0.030 67.8 67.4 66.8 65.7
0.040 63.2 63.0 62.6 61.7

applied at a frequency of 1 Hz and a strength of two times the
threshold value, followed by a S2 extrastimulus delivered at some
diastalic interval (DI) after the AP generated by the last S1 stimulus.
The APDR curve is generated by decreasing DI and plotting APD
generated by the S2 stimulus against DI. The second restitution
protocol is called the dynamic restitution protocol. It was first pro-
posed by Koller et a. (32) as being a more relevant determinant of
spiral wave stability than S1-S2 restitution. The protocol consists of a
series of stimuli at a certain cycle length until a steady-state APD is
reached; after that, cycle length is decreased. The APDR curve is
obtained by plotting steady-state APDs against steady-state DIs. CV
restitution (CVR) was simulated in a linear strand of 400 cells by
pacing it at one end at various frequencies and measuring CV in the
middle of the cable.

Spiral waves were initiated in 2D sheets of ventricular tissue with
the S1-S2 protocol. We first applied a single S1 stimulus aong the
entire length of one side of the tissue, producing a planar wave front
propagating in one direction. When the refractory tail of this wave
crossed the middle of the medium, a second S2 stimulus was applied
in the middle of the medium, parallel to the S1 wave front but only
over three-quarters of the length of the medium. This produces a
second wave front with a free end around which it curls, thus
producing aspira wave. Stimulus currents lasted for 2 (S1) and 5 (S2)
ms and were two times diastolic threshold. The trgjectory of the spiral
tip was traced with an a gorithm suggested by Fenton and Karma (16).
It is based on the idea that the spiral tip is defined as the point where
excitation wave front and repolarization wave back meet. This point
can be found as the intersection point of an isopotentia line (in our
case, —35 mV) and the dv/dt = 0O line.

Electrograms of spiral wave activity were simulated in 2D by
calculating the dipole source density of the membrane potential V in
each element, assuming an infinite volume conductor (50). The
electrogram was recorded with a single electrode located 10 cm above
the center of the sheet of tissue.

All simulations were written in C**. Single-cell and cable simu-
lations were run on a PC Intel Pentium Il 800-MHz CPU; 2D
simulations were run on 32 500-MHz processors of a SGI Origin 3800
shared-memory machine, using OpenMP for parallellization (Source
code available at http://www-binf.bio.uu.nl/khwjtuss/HVM).

A description of the membrane currents of the model and the
experimental data on which they are based is given in Membrane
Currents For most currents a comparison is made with the formula-
tions used in existing models for human ventricular myocytes by
Priebe and Beuckelmann (51)—for the rest of the text referred to as
the PB model—and for human atrial myocytes by Courtemanche and
coworkers (8)—for the rest of the text referred to as the CRN model.
For the fast Na?* current a comparison is made to the widely used Ina
formulation first used in phase 1 of the Luo-Rudy (LR) model (37)
that is used in both the PB and CRN model. The LR Ina formulation
is largely based on the Iy, formulation by Ebihara and Johnson (11),
which is fitted to data from embryonic chicken heart cells to which a
slow inactivation gate j, as first proposed by Beeler and Reuter (1),
was added. A detailed listing of al equations can be found in the
APPENDIX.

H1575
Membrane Currents

Fast Na" current: Ina. We use the three gates formulation of Ina
first introduced by Beeler and Reuter (1)

Ina = GNamghj(V — Ena) (4)

where mis an activation gate, h is a fast inactivation gate, and j is a
slow inactivation gate. Each of these gates is governed by Hodgkin-
Huxley-type equations for gating variables and characterized by a
steady-state value and a time constant for reaching this steady-state
value, both of which are functions of membrane potential (See APPENDIX).

The steady-state activation curve () is fitted to data on steady-
state activation of wild-type human Na?* channels expressed in
HEK-293 cells from Nagatomo et al. (44). Experimental data were
extrapolated to 37°. Because there is no equivalent to the Qi values
used to extrapolate time constants to different temperatures, a linear
extrapolation was used based on a comparison of values obtained at
23° and 33°. Note that similar Na* channel activation data were
obtained by others (64, 40, 55). Figure 1A shows the steady-state
activation curve used in our model. For comparison, temperature-
corrected experimental data are added.

The steady-state curve for inactivation (h.. X j.) is fitted to
steady-state inactivation data from Nagatomo et a. (44). Again, data
were extrapolated to 37°. Similar inactivation data were obtained by
others (55, 64). Figure 1B shows the steady-state inactivation curve
used in our model together with temperature-corrected experimental
data. Note that for resting membrane potentials the h and j gates are
partially inactivated.

The time constants T and T; are derived from current decay
(typicaly V greater than —50 mV) and current recovery experiments
(typicaly V lessthan —80 mV) (40, 44, 55, 58, 63-65). In both types
of experiments a double-exponential fit is made to the data, allowing
interpretation of the fast and slow inactivation time constants as T and
7, respectively. To convert all datato 37° a Q.o = 2.79 (derived from
a comparison of fast inactivation time constants obtained at 23° and
33 by Nagatomo et al.) was used. Figure 1D shows our fit for the fast
inactivation time constants, and Fig. 1E shows our fit for the slow
inactivation time constants of the model. Temperature-adjusted ex-
perimental data points are added for comparison.

Activation time constants are derived from time to peak data from
Nagatomo et a., converted as discussed above to 37°. 7, can be
calculated from the peak time (where din/dt = 0), assuming that j is
constant and knowing m.., h.. and . Figure 1C shows our fit of Tm
together with experimentally derived, temperature-corrected time con-
Stants.

In Fig. 1F the time course of recovery from inactivation for our Ina
is shown. Recovery from inactivation was established by applying a
double-pulse protocol: from the holding potential, a 1-s duration pulse
to —20 mV was applied to fully inactivate Ina, the voltage was then
stepped back to the holding potential to allow Ina to recover for
variable durations, and finally a second 30-ms pulse to —20 mV was
applied. The Ina €licited during the second pulse is normalized
relative to the Ina elicited during the first pul se to establish the amount
of recovery. Figure 1F shows normalized Ina as a function of the
duration of the recovery interval between the two pulses for various
values of the holding potential. Similar to experimental observations
by Viswanathan et al. (63), Nagatomo et al. (44), Schneider et al. (58),
and Makita et a. (40), recovery is slower for higher recovery poten-
tials and has a sigmoid shape when plotted on a logarithmic scale.
Note that in experiments I na recovery is often slower than observed in
our model, because our model is at physiological temperature whereas
most experiments are performed at room temperature.

Figure 1G displays the rate dependence of the Ina current. Rate
dependence was tested by applying 500-ms pulsesto —10 mV from a
holding potential of —100 mV with different interpulse intervals.
Steady-state current was normalized to the current elicited by the first
pulse. The graph shows that for increasing frequency (decreasing
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interpulseinterval) Ina decreases and that this decrease is considerably
faster for 21° than for 37°. Experiments performed by Wang et a. (65)
at 32° with an interpulse interval of 20 ms (1.92 Hz) show areduction
to 0.17 of the original current level, which lies between the reduction
to 0.5 we measure at 37° and the reduction to 0.13 we measure at 21°.

For comparison purposes we also added LR m.., h., T, Th, and Tj
curves to Fig. 1, A—E The following observations can be made. Our
steady-state activation curve lies 8 mV to more negative potentials
(Fig. 1A). Our steady-state inactivation curve lies 12 mV to more
negative potentials (Fig. 1B). Activation time constants are in the
same range of values (Fig. 1C). Our Tt curve has a similar shape, but
for voltages smaller than —40 mV time constants are a factor of 1.6
larger, resulting in slower recovery dynamics (Fig. 1D). Similarly, our
7; isafactor of 3-5 larger for voltages smaller than —30 mV, leading
to a considerably slower recovery from inactivation (Fig. 1E). Gna
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was fitted to reproduce a Vimax = 260 mV/ms, which isin the range of
experimental data found by Drouin et al. (10).

L-type C&" current: Ica.. The L-type calcium current is described
by the following equation

VF? Cae?"RT — 0.341Ca,
lca = GCaLdffCa"’ﬁ eZVF/RT 1 (5)

where d is a voltage-dependent activation gate, f is a voltage-depen-
dent inactivation gate, fca is an intracellular calcium-dependent inac-
tivation gate, and driving force is modeled with a Goldmann-
Hodgkin-Katz equation.

The steady-state activation d.. and steady-state voltage inactivation
curve f.. are fitted to lca Steady-state data from human ventricular
myocytes reported by Benitah et al. (2), Mewes and Ravens (41),
Pelzmann et al. (46),and Magyar et a. (39). Figure 2A shows the
steady-state activation, and Fig. 2B shows the steady-state inactivation
curve of our model together with experimental data from Pelzmann et
al. (46).

Experimental data show that calcium-mediated inactivation is
rapid, increases with calcium concentration, but is never complete (20,
60). More quantitative data about the precise dependence of amount
and speed of inactivation on calcium concentration are unavailable
and hard to obtain because intracellular calcium cannot be clamped to
aconstant value. As shown in Fig. 2C our fea. curve has a switchlike
shape, switching from no inactivation to considerable but incomplete
inactivation if calcium concentration exceeds a certain threshold. For
suprathreshold concentrations the amount of inactivation depends
mildly on calcium concentration.

There are hardly any experimental data on activation times of |ca.
in human myocytes. Therefore, as was done in the CRN model, we
used the curve from the phase-2 LR model. Limited data on lca.
activation times from Pelzmann et al. (46) were used to adjust the
shape of the 14 curve of the LR model. Figure 2D displays the
voltage-dependent activation time constant of our model.

The time constant 7. is derived from experiments performed by
Sun et a. (60). They show that during current decay experiments a
fast and a slow time constant can be distinguished, with the fast time
constant being independent of voltage and depending only on calcium,
allowing interpretation as Ttca. Sun et a. (60) find a time constant of
~12 ms at 23°; no data on the concentration dependence of the time

Fig. 1. Steady-state and time constant curves describing the gating of the fast
sodium current. Model curves of our model (cur model) and the Luo-Rudy
(LR) model are shown together with experimental data. A: steady-state acti-
vation curves. Experimental data are from Nagatomo et al. (44) and are
extrapolated to 37°. B: steady-state inactivation curves. Experimental data are
from Nagatomo et a. C: activation time constants. Experimental activation
time constants are derived from time to peak data from Nagatomo et al.
Experimental data are converted to 37° (Qio = 2.79). D: fast inactivation
constants. E: slow inactivation constants. Fast and slow experimental inacti-
vation time constants are taken from Nagatomo et a. (44), Schneider et al.
(58), Sakakibaraet al. (55), Makita et a. (40), Wan et a. (64), Viswanathan et
al. (63), and Wang et al. (65). Experimental time constants are converted to 37°
(Q10 = 2.79). F: recovery from inactivation for different recovery potentials.
The time course of recovery from inactivation was established using a
double-pulse protocol: from the holding potential a first 1-s duration pulse to
—20 mV was applied to fully inactivate Ina, then voltage was stepped back to
the holding potential to allow recovery for periods ranging from 1 msto 5s, and
finally a second 30-ms pulse to —20 mV was applied to measure the amount
of recovery. Ina €licited by the second pulse was normalized to the |4 elicited
by the first pulse and is shown as a function of recovery time. G: frequency
dependence of Ina. From a holding potential of —100 mV, 500-ms pulses to
—10 mV are given with interpulse intervals of 10, 20, 50, 100, 250, and 500
ms, corresponding to stimulus frequencies of 1.96, 1.92, 1.82, 1.67, 1.3, and 1
Hz. The steady-state Ina Obtained for the different frequencies is normalized to
the Ina €elicited by the first pulse. Frequency dependence was determined for
37° and 21°. For the 21° experiments gate dynamics were adapted with a
QlO = 279
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