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Abstract

The L-type calcium current (ICaL) plays a critical role in cardiac electrophysiology, and models of

ICaL are vital tools to predict arrhythmogenicity of drugs and mutations. Five decades of measuring

and modelling ICaL have resulted in several competing theories (encoded in mathematical equations).

However, the introduction of new models has not typically been accompanied by a data-driven

critical comparison with previous work, so that it is unclear where predictions overlap or conflict,

or which model is best suited for any particular application. We gathered 71 mammalian ICaL

models, compared their structure, and reproduced simulated experiments to show that there is

a large variability in their predictions, which was not substantially diminished when grouping by

species or other categories. By highlighting the differences in these competing theories, listing major

data sources, and providing simulation code, we have laid strong foundations for the development of

a consensus model of ICaL.
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Introduction

The “long-lasting” or L-type calcium current (ICaL) is an ionic current found in cardiomyocytes, neurons,

endocrine cells, and other cell types throughout the body (Striessnig et al., 2014). It plays a crucial part

in critical functions such as hormone secretion, regulation of gene expression, and contraction of cardiac

and smooth muscle (Hofmann et al., 2014). Its critical role in cardiac cellular electrophysiology has led

to extensive modelling efforts, and a large number of models of cardiac ICaL electrophysiology have been

published since the 1970s. Incorporated into models of the cardiac action potential (AP), ICaL models

have a long and successful history of application in fundamental electrophysiology research (Noble and

Rudy, 2001). More recently, they have been used or proposed for use in drug safety assessment (Mirams

et al., 2012) and risk stratification in cohorts with ion channel mutations (Hoefen et al., 2012). Choosing

an ICaL model for such safety-critical applications is not an easy task, as models are spread out over

the literature, vary widely in their structure and assumptions, and are often published in a paper form

which does not lend itself to quantitative comparison without considerable effort (Cooper et al., 2011).

On a more fundamental level, each model of ICaL represents a testable theory of its physiology, and

the existence of so many competing theories reveals both gaps in our knowledge and an urgent need

for their comparison and synthesis. In this study, we take the first major steps to facilitate a critical

reassessment by the community, by collecting ICaL models, analysing their qualitative differences, and

providing quantitative comparisons based on simulations with freely reusable code. We start with a brief

description of ICaL physiology and the common structure of its models.

The L-type calcium channels through which ICaL flows consist of a pore formed by four α1 subunits and

one each of the auxiliary subunits β and α2δ (Dolphin, 2016). The most common α1 subunit in Purkinje

fibres and ventricular and atrial cardiomyocytes is CaV1.2 (encoded by the gene CACNA1C ), while

CaV1.3 (CACNA1D) is more prevalent in the sinoatrial node (SAN) and atrio-ventricular node (AVN)

(Gaborit et al., 2007; Zamponi et al., 2015). Electrically, ICaL is characterised by fast, membrane voltage

(Vm)-dependent activation at relatively depolarised potentials (around 0 mV) and slower inactivation

that also depends on the Vm (voltage-dependent inactivation, VDI) and on the intracellular calcium

concentration (calcium-dependent inactivation, CDI). Although predominantly carried by calcium ions,

smaller potassium and sodium components have also been reported (Hess et al., 1986) and included in

models.
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Figure 1: Blocking the L-type calcium current (ICaL) shortens the AP duration. Top: AP and Bottom: ICaL

during 1 Hz simulation of the AP model by Grandi et al. (2010).

In ventricular and atrial cardiomyocytes, ICaL is the major inward current responsible for maintaining

the “plateau” of the AP (Catterall, 2011). Figure 1 shows the shortening of the AP duration when the

ICaL is blocked in the AP model by Grandi et al. (2010). The calcium influx during the plateau phase
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initiates the process of calcium-induced-calcium release (CICR): calcium flowing through L-type calcium

channels triggers a further (much larger) release of calcium from the sarcoplasmic reticulum (SR), the

major calcium store inside the cell. The resulting increase of calcium concentration in the cytosol allows

formation of cross-bridges between myosin heads and actin filaments, causing contraction (Eisner et al.,

2017).

The crucial role of calcium channels in maintaining healthy cardiac function is borne out by clinical

evidence. For example, reduction of the expression of the CaV1.2 α1 subunit by less than half can lead

to heart failure (Goonasekera et al., 2012). Mutations in CACNA1C and in its subunits have been linked

to Brugada syndrome, Timothy’s syndrome, arrhythmia, and structural heart defects (Hofmann et al.,

2014).

As a result of its role in cardiac physiology, the L-type calcium channel is an important target for

pharmacological antiarrhythmic therapy. For example, nifedipine, verapamil, and diltiazem are known

to inhibit ICaL (Ortner and Striessnig, 2016). Conversely, unintended pharmacological modulation of

ICaL may lead to drug-induced arrhythmias or other adverse cardiovascular effects. Initiatives like the

comprehensive in vitro proarrhythmia assay (CiPA) therefore take ICaL into account when attempting

to predict or evaluate pro-arrhythmic risk (Ridder et al., 2020).

Models of a cardiac calcium current first appeared in the early 1970s (Bassingthwaithe and Reuter, 1972;

McAllister et al., 1975), only a few years after the first calcium current recordings in cardiac preparations.

Although Bassingthwaithe and Reuter (1972) confidently referred to it as a “calcium current whose role is

primarily in the maintenance of the plateau [and in] regenerative depolarisation in low-sodium medium”,

the exact nature of the current and the species it was carried by was controversial at the time, so that the

more cautious names “secondary inward” and “slow inward current” were more commonly used (Fozzard,

2002).

Although the complexity of ICaL models has increased over time (keeping pace with new discoveries about

the current and its role in cardiac function), all models we assess in this manuscript can be expressed in

a common form:

ICaL = (ḡ or P̄ ) ·O(Vm, [Ca2+], t) ·D(Vm, [Ca2+]). (1)

Here, O is the fraction of open channels (or the open probability of a single channel). The time-varying

behaviour, i.e. the kinetics (or gating), of the channel(s) is captured by O, which is voltage- and time-

dependent and may also depend on [Ca2+]. The term D represents the “driving term” accounting

for the electrochemical forces driving the ionic movement. D can depend on Vm as well as the ionic

concentrations on either side of the membrane. The current is scaled by either a maximal conductance

ḡ or a maximum permeability P̄ , depending on the choice of driving force model (see ‘Driving force’).

Conductance and permeability are functions of the total number of channels in the membrane (Schulz

et al., 2006), which can vary over longer periods (hours to days); however, they are treated as constants

in all of the models we surveyed.

For many ionic currents, the driving force at physiological membrane potentials is well described by

an Ohmic driving force and a reversal potential given by the Nernst equation (see ‘Driving force’),

so that most modelling efforts are concentrated on the time-variant (and often transient) kinetic effects

described by the O term. For ICaL, however, even the earliest publications showed that these assumptions

are problematic, which led to the introduction of more complex driving terms, but also to the postulation

of intracellular subspaces with elevated [Ca2+] (Bassingthwaithe and Reuter, 1972) and to ICaL current

formulations with sodium and potassium components (Reuter and Scholz, 1977; DiFrancesco and Noble,

1985). When gating terms began to include CDI (DiFrancesco and Noble, 1985), this led modellers to
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the inclusion of intracellular subspaces in their models (often connected to the SR) where [Ca2+] could

differ from the ‘bulk’ cytosolic level (Nordin, 1993). As a result, comparing models of ICaL requires

consideration of the modellers’ assumptions about channel localisation and cell structure in addition

to the driving force and gating. Examples of early (McAllister et al., 1975) and more recent model

equations (Faber and Rudy, 2000) can be viewed in the online repository accompanying this paper, at

https://github.com/CardiacModelling/ical-model-comparison.

In this study we present an overview of the models that have been used in cardiac, mammalian ICaL

modelling to date. We first describe the process by which we have identified models to be included

in the study. We classify 71 of such models identified by their origins, the assumptions made by their

authors about channel localisation and calcium-dependent effects, and the equations for their gating and

driving force. We then compare the 60 models for which we could find the full equations by simulating

the application of several experimental protocols. These include voltage-clamp protocols for activation,

inactivation, and recovery, as well as an AP-clamp protocol and a protocol in which AP and calcium

transient (CaT) are both clamped. To understand the observed variability in predictions, we then test

whether we can explain quantitative model differences by grouping models according to the qualitative

aspects identified earlier. Finally, we discuss the implications of our findings for simulation studies

including ICaL and for the process of building new ICaL models.
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Part 1. Qualitative comparison

Literature survey

To find papers that contained models of ICaL we searched on PubMed for the term “L-type calcium

channel”. Because many ICaL models are presented as part of a larger modelling effort, we also included

the term “cardiac cell model”, and scanned lists of models such as those given in Noble et al. (2012)

and Heijman (2012). To restrict our search, we only included ICaL models that were presented by the

authors as representing ICaL from healthy human or mammalian cells.

Next, we selected modern calcium models only where the authors indicated that it was an L-type current.

Older models of “calcium current” and “slow” or “second inward” current were included if they modelled

atrial, ventricular, or Purkinje cells, in which L-type is the dominant calcium current (Gaborit et al.,

2007). The models included this way were by Bassingthwaithe and Reuter (1972), McAllister et al.

(1975), Beeler and Reuter (1977), DiFrancesco and Noble (1985), Hilgemann and Noble (1987), and

Noble et al. (1991). Some older models were excluded if they modelled the sino-atrial node, in which the

dominant calcium current is of the T-type (Mesirca et al., 2014).

Some studies included several model variants. The models by Pandit et al. (2001), Ten Tusscher et al.

(2004), Ten Tusscher and Panfilov (2006), O’Hara et al. (2011), and Tomek et al. (2019) have epi-, endo-,

or mid-myocardial variants but the ICaL kinetics are the same. The epicardial cell model was chosen for

these models. Similarly, the apical cell model was chosen for Bondarenko et al. (2004). The ICaL kinetics

varies among the different versions presented for Inada et al. (2009), Paci et al. (2013), and Varela et al.

(2016), for which we chose the atrio-nodal, atrial-like, and right-atrial model respectively.

The next selection was based on the model equations. Models were included in our overview if they

introduced changes to equations in a pre-existing model, or if they included reparameterisation of equa-

tions determining either the open probability or driving force. We did not include models that changed

only the maximum conductance or permeability. Models for which the equations were not (fully) given

in the publication or an online addendum were also excluded in this step (9 models in total), as were

models for which the equations were suspected to contain typesetting errors (1 model). Due to its his-

toric importance, an exception was made for Bassingthwaithe and Reuter (1972) for which the published

equations did not match the accompanying figures. This model is included in our qualitative, but not

quantitative, analysis.

Finally, studies that calculated the current by considering the sum of all individual ICaL channels stochas-

tically were only included for qualitative analysis. These included the studies by Greenstein and Winslow

(2002), Restrepo et al. (2008), Hashambhoy et al. (2009), and Nivala et al. (2012). The studies by Hinch

et al. (2004), Greenstein et al. (2006), Asakura et al. (2014), and Himeno et al. (2015) described ICaL

using a model in which the gating was linked to the ryanodine receptor, and were also included for

qualitative analysis only.

Applying these criteria we found a total of 71 distinct ICaL models, spanning more than five decades of

research.

Model provenance

Models are not created in isolation, but inherit ideas, equations, and parameter values from previous

models. Figure 2 presents a tentative ‘phylogeny’ of ICaL models, showing how the models that are in

use today were derived from one another over time. To establish these relationships, we searched the

model publications for explicit references to parent models. In some cases (e.g. Rasmusson et al. (1990))
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the parent models did not meet the selection criteria used in this study, which is indicated in the figure

by a dashed line. In other cases (e.g. Lindblad et al., 1996; Demir et al., 1999; Bondarenko et al., 2004),

the parent model was not mentioned explicitly but could be inferred from the equations.

In constructing the figure, we attempted to limit each model to a single parent where possible. This is

a simplification, and the figure should not be read as a statement on originality. For the models up to

around 1995 it is likely that each model ‘inherited’ in some way from all other models published up to

that time.

The phylogeny shows that many models have encountered species switches over the course of their

development. For example, Grandi et al. (2010) (human) inherits from Shannon 2004 (rabbit), Luo-Rudy

1994 (guinea pig), and Rasmusson 1990 (bullfrog). Similarly, the histories of the O’Hara et al. (2011)

and Paci et al. (2013) models also contain several species switches. Note that this does not necessarily

suggest re-use of data, as models are frequently re-parameterised to new data sets. However, inheritance

of parameter values (and thereby indirectly of data sources) is also very common in electrophysiology

models (Niederer et al., 2009).
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Figure 3: Schematic representations of a cardiomyocyte illustrating three common models of subcellular sub-

spaces and L-type calcium channel localisation. In small subspaces, [Ca2+] can differ from the bulk cytosolic

concentration by orders of magnitude, as illustrated in the lower panel, which shows calcium transients from the

Grandi et al. (2010) action potential model at 1 Hz simulation.

The calcium concentration at the intracellular side of the ICaL channel is known to affect the channel’s

gating, as well as the electrochemical force. Modellers as early as Bassingthwaithe and Reuter (1972)

suggested that the size of these effects is inconsistent with the low (micromolar) calcium concentration

of the ‘bulk’ cytosol. Instead, many action potential (AP) models have divided the cell into smaller

volume ‘subspaces’ in which calcium ions, carried in by ICaL or released from the SR, can cause [Ca2+]

to transiently rise to much higher levels than are seen in the bulk cytosolic space.

Figure 3 shows three commonly used subspace configurations. Here, we use [Ca2+]i to denote the bulk

cytosolic concentration, [Ca2+]s for the submembrane space concentration, and [Ca2+]d for the dyadic

space concentration. In the simplest type of AP model, shown on the left, there are no subspaces

and ICaL flows directly into the bulk cytosol (e.g. DiFrancesco and Noble (1985)). The second type of

cardiac model adds a ‘dyadic’ or ‘junctional’ space, located near the t-tubules adjacent to the SR. In this

illustration, ICaL channels are connected to the dyadic space and also directly to the bulk cytosol (as

some cardiac models have a small fraction (∼10%) of ICaL flowing directly into the cytosol, e.g. Tomek

et al. (2019)). The third type of cardiac model retains the dyadic space, but adds a ‘submembrane’ or

‘subsarcolemmal’ space just below the remainder of the cell membrane, so that ICaL flows either into the

dyadic or the submembrane space. An example of this configuration, including compartment sizes and

experimental references, is given in Shannon et al. (2004).

The subspaces, as defined above, are not separated from the bulk cytosol by any physical barrier. Rather,

they represent a first approximation to more complex ‘local control’ models where [Ca2+] can vary

smoothly throughout the cell (Stern, 1992; Rice and Jafri, 2001). Such models may be implemented us-

ing partial differential equations for subcellular diffusion of [Ca2+] (Stern, 1992), but are more commonly

simulated using a fine-grained grid of “functional release units”, each with their own calcium concentra-

tion (Rice et al., 1999; Nivala et al., 2012). Alternative approaches have been used by e.g. Nordin (1993),

who define a ‘superficial, middle, and deep myoplasm’, and Koivumäki et al. (2011), who modelled the

myocyte as a series of concentric shells.
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Figure 4: A venn diagram showing the dependency of ICaL gating and driving force on [Ca2+] and [CaMKII]. All

models shown here depend on voltage. ICaL models inside the geen, blue, and red boxes depend on bulk cytosolic

calcium, dyadic space calcium, and submembrane space calcium respectively, and models inside the black-edged

central box also depend on the concentration of CaMKII. Models marked with an asterisk depend on additional

variables, as described in the text.

These different models of cell geometry and [Ca2+] concentrations complicate the task of comparing

ICaL models in an AP model. Different assumptions about channel localisation in an AP model will lead

to ICaL channels experiencing different intracellular calcium concentrations. ICaL models subsequently

have different assumptions about CDI and driving force. Furthermore, since ICaL gating models are often

calibrated in the context of an AP model, several more parameters in the ICaL model will be sensitive

to the chosen localisation.

In addition to the membrane potential (Vm) and (local) intracellular [Ca2+], ICaL models have been

developed that are sensitive to several other variables. The most common of these is the CaMKII

concentration, which is assumed to affect CDI in models such as Noble et al. (1998). Effects of ATP

concentration on channel gating are accounted for in the models by Matsuoka et al. (2003), Asakura et

al. (2014), and Himeno et al. (2015); Michailova et al. (2005) incorporates an effect of [MgATP], and

ACh-inhibition of ICaL is modelled by Pohl et al. (2016). Finally, the work by Hinch et al. (2004) uses a

single model to describe the L-type calcium channels and ryanodine receptors, leading to a dependency

on the state of the SR (interestingly, this model uses the [Ca2+]i to estimate the concentration in the

dyadic space). An overview of the dependencies of each ICaL model is provided in Figure 4.

We next grouped the 71 ICaL models by the calcium concentrations assumed to affect ICaL gating (O)

and driving force (D), leading to the twelve categories shown in Table 1. Note that not all models shown

in this table fit neatly into the three subspace configurations shown in Figure 3: the studies by Asakura

et al. (2014) and Himeno et al. (2015) both define an extra intermediate subspace, between dyadic and

bulk cytosolic; while the models by Noble et al. (1998), Mahajan et al. (2008), and Restrepo et al. (2008)

use different concentrations for the gating and driving force, which means they cannot be neatly assigned

a position in Figure 3.

The naming of spaces varies between studies, and sometimes overlaps or conflicts. In preparing Figure 4

and Table 1, we classified a subspace as ‘dyadic’ if its primary role was in calcium handling (e.g. if it

contained ICaL channels and connected to the SR) while we used the term ‘submembrane’ space only

if several ion species flowed in and out of it, and it covered all or most of the (outer and t-tubular)

membrane. An example where this conflicts is Sato et al. (2006), where we classified as ‘dyadic’ a
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subspace termed ‘submembrane’ by the authors.

No. Models O D

1 Bassingthwaithe and Reuter (1972), McAllister et al. (1975), Liu et

al. (1993), Demir et al. (1994), Lindblad et al. (1996), Zhang et al.

(2000), Aslanidi et al. (2009a) and Inada et al. (2009)

- -

2 Beeler and Reuter (1977), Noble et al. (1991), and Wilders et al.

(1991)

- [Ca2+]i

3 Courtemanche et al. (1998), Ramirez et al. (2000), Lovell et al. (2004),

and Varela et al. (2016)

[Ca2+]i -

4 Kurata et al. (2002) [Ca2+]s -

5 Jafri et al. (1998), Rice et al. (1999), Nygren et al. (1998), Winslow

et al. (1999), Pandit et al. (2001), Bondarenko et al. (2004), Iyer et

al. (2004), Michailova et al. (2005), Cortassa et al. (2006), Pásek et

al. (2006), and Koivumäki et al. (2011)

[Ca2+]d -

6 DiFrancesco and Noble (1985), Hilgemann and Noble (1987), Luo and

Rudy (1994), Zeng et al. (1995), Dokos et al. (1996), Priebe and

Beuckelmann (1998), Fox et al. (2002), Cabo and Boyden (2003),

Matsuoka et al. (2003), Ten Tusscher et al. (2004), Paci et al. (2013),

Pohl et al. (2016), and Kernik et al. (2019)

[Ca2+]i [Ca2+]i

7 Nordin (1993), Sato et al. (2006), and Corrias et al. (2011) [Ca2+]s [Ca2+]s

8 Hinch et al. (2004), Hund and Rudy (2004), Greenstein and Winslow

(2002), Greenstein et al. (2006), Ten Tusscher and Panfilov (2006),

Faber et al. (2007), Livshitz and Rudy (2007), Fink et al. (2008), Hund

et al. (2008), Aslanidi et al. (2009b), Decker et al. (2009), Hashambhoy

et al. (2009), Li et al. (2010), Rovetti et al. (2010), Heijman et al.

(2011), O’Hara et al. (2011), Li and Rudy (2011), Nivala et al. (2012),

Bartolucci et al. (2020), and Trovato et al. (2020)

[Ca2+]d [Ca2+]d

9 Tomek et al. (2019), Asakura et al. (2014), and Himeno et al. (2015) [Ca2+]i

[Ca2+]d

[Ca2+]i

[Ca2+]d

10 Shannon et al. (2004), Grandi et al. (2010), and Grandi et al. (2011) [Ca2+]s

[Ca2+]d

[Ca2+]s

[Ca2+]d

11 Noble et al. (1998) [Ca2+]d [Ca2+]i

12 Mahajan et al. (2008) and Restrepo et al. (2008) [Ca2+]d [Ca2+]s

Table 1: ICaL models grouped according to the [Ca2+] they are assumed to depend on in their open probability

(O) and driving force (D); extending the illustration in Figure 4.
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Gating mechanisms

The feature that varies most between ICaL models is the set of equations used to describe the fraction of

open channels, O. This part of the model determines how the current changes over time i.e. it describes

the current kinetics or gating. In this section we present a further classification of ICaL models into 15

distinct groups based on their gating equations.

ICaL gating is commonly modelled using either Hodgkin-Huxley models (HHMs) or Markov models

(MMs). In HHMs (Hodgkin and Huxley, 1952) the open probability is calculated as the product of

several independent ‘gates’, e.g. one gate representing voltage-dependent activation, one representing

VDI, and one representing CDI. The opening and closing of each gate is modelled using a single ordinary

differential equation (ODE), although CDI gates are frequently assumed to be very fast and therefore as

instantaneously reaching their steady states (e.g. using a Hill equation). In Markov models the channel

is postulated to be in one of a finite number of states, and transition rates are defined between the states

that can depend on Vm or [Ca2+]. In contrast to HHMs, where each process (activation, VDI, CDI) is

independent, MMs allow a more general structure where e.g. activation and VDI are coupled (Rudy and

Silva, 2006).

In the most common formulation, where the open probability (O) of an HHM is the product of a number of

independent gates, an equivalent MM can be written for each HHM (Keener and Sneyd, 1998). However,

many ICaL models use an extension to the classical HH scheme, e.g. by introducing a non-inactivating

fraction of channels (McAllister et al., 1975), or by modelling the current as if arising from two separate

channel families (Nygren et al., 1998) (Table 2). Such models have no obvious MM equivalent. Taking

this into account, we identified 15 distinct gating models, as shown schematically in Figure 5. Where

possible, we have shown models in an MM representation.

Each gating type is described briefly below. Some models have an O defined in the phosphorylated and

non-phosphorylated states because of CAMKII dependence, or have ICaL channels localised in different

biological compartments; we do not focus on these properties in this section and are only concerned with

the gating kinetics.

Type A is the earliest and most straightforward gating mechanism, consisting of voltage-dependent

activation (d) and inactivation (f), modelled as independent gates that are not affected by [Ca2+]

(Bassingthwaithe and Reuter, 1972). Wilders et al. (1991) is a unique model within this group because its

time constant of inactivation is not voltage-dependent but rather depends on the fraction of inactivation

f . Type B extends type A by adding a non-inactivating fraction of channels d′, leading to an open

probability O = d · f + d′ (McAllister et al., 1975).

The type C gating mechanism extends type A by adding a CDI gate, usually written as fCa. In type

C1 this is modelled using as an instantaneous process, so that the fraction of open fCa gates is given

by a Hill equation with Hill coefficient 2 in Luo and Rudy (1994) but 1 in the remaining models in this

class. Types C2 and C3 use an ODE to model the evolution of fCa, but differ in that C2 models have

calcium-independent recovery from inactivation (DiFrancesco and Noble, 1985), while in C3 models both

inactivation and recovery depend on [Ca2+] as shown in Figure 5 (C2 and C3). Finally, type C4 has an

instantaneous fCa gate, but also incorporates calcium-sensitivity in its gate for VDI, making it a dual

voltage-calcium-dependent inactivation gate.

Gating type D is similar to type C in its HH form, except that the activation gate d is cubed (Nordin,

1993). In the MM structure, this equates to adding several closed states, as shown in Figure 5D.

An ever larger Markov scheme is used by models of type E1, in which five steps are required to fully
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Figure 5: Models of ICaL gating. Each label in this figure (A, C1, C2, ...) indicates a distinct gating

mechanism, as described in detail in the text. Where possible, models are shown in an MM representation. MM

state labels include C losed, Inactivated, Open, Activated, Uncovered, Resting, and Primed. Subscripts s and

f are used to indicate states involved in “slow” and “fast” transitions, while the Ca subscripts indicate states

involved in calcium-dependent transitions. The conducting states in each Markov structure are shown in bold.

Where models have more than one conducting state, the total open fraction is found by adding the occupancy

of all conducting states together. The open probability equation for G is shown within the Figure. In the HH

equations, d and f denote activation and inactivation gates respectively, and fCa gates are calcium-dependent.
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activate (similar to a fifth power in HH terms). In the original implementation, this model was written

as a combination between an HHM (for VDI) and an MM for activation and CDI (Jafri et al., 1998). The

mechanism for CDI in this model is a switch to a “Calcium mode” in which transitions to the open state

are extremely slow (Imredy and Yue, 1994). A slight variation, which we still classified as E1, is given

by Iyer et al. (2004) in which the OCa and OICa states are omitted altogether. Several simplifications

of the E1 scheme have been proposed, reducing it from 24 to 20 states (type E2, Michailova et al.,

2005), 10 states (type E3, Greenstein and Winslow, 2002), and even 3 states (type E4, Hinch et al.,

2004). Note that, to arrive at the representation of the E2 type shown here, we have reinterpreted the

model by Michailova et al. (2005) as an MM and omitted the term accounting for [MgATP] effects and

a constant factor x. The study by Li et al. (2010) extended the E4 type by re-adding VDI, creating the

6-state type E5. Similarly, Asakura et al. (2014) extended E4 with a fourth state to create type E6.

Type F gating mechanisms assume that ICaL has fast and slow modes. In type F1, the fraction of

channels in slow mode is determined by an instantaneous calcium binding process (Nygren et al., 1998),

while in type F2 this process is modelled with an ODE (Pandit et al., 2001). Type F3 separates fast

and slow kinetics from calcium by fixing the fraction of channels with fast VDI to 73% and introducing a

separate CDI process (Pohl et al., 2016). A similar two-component model without CDI was introduced

by Inada et al. (2009), which we have labelled as type F4.

The type G gating mechanism consists of three independent MMs for activation, VDI, and CDI. In the

MM for CDI, the binding of a Ca2+ ion brings the system into a state where recovery from inactivation

is much slower.

A new type H gating mechanism was introduced by Lovell et al. (2004), consisting of a four state MM

with activation, VDI and CDI. More complex MMs were introduced by Bondarenko et al. (2004), Faber

et al. (2007), and Mahajan et al. (2008) to create types I, J, and K respectively. The unusual scheme in

type I was inspired by structure-function relationships in a homology model based on Shaker B voltage-

gated K+ models. Type J was the first model to incorporate fast and slow VDI in MM kinetics. Type

K used barium as a charge carrier for ICaL to determine the rate constants associated with VDI.

The type L1 gating mechanism consists of activation, fast and slow VDI, and fast and slow CDI

(dependent on both [Ca2+] and ICaL). Unusually, the activation variable is raised to a power n with

time-variant behaviour, also modelled as an ODE (Hund and Rudy, 2004). In type L2 this is simplified

to use a constant n = 1 (Aslanidi et al., 2009b), and type L3 simplifies this further by combining fast

and slow VDI into a single gate (Hund et al., 2008).

The study by Ten Tusscher and Panfilov (2006) extended their previous C3 type model with an extra

gate, leading to type M. Note that this can also be seen as a simplification of type L2.

Type N gating uses a similar MM to C2, but with different rates on the transitions, and an increased

number of conducting states so that this MM can no longer be reduced to an equivalent HHM. As in

type E1, the MM has a ‘slow’ and a ‘fast’ side, between which it transitions based on [Ca2+]. Unlike C2,

the total probability is given by O +OCa.

Like the F-type mechanisms, type O gating splits the channels into several fractions. First, a [Ca2+]

dependent variable splits the channels into a fraction with VDI and a fraction with CDI. In turn, each

inactivation type is split into a fast and slow fraction, with a fixed ratio between fast and slow VDI and

a voltage-dependent ratio between fast and slow CDI.

Table 2 shows how each model fits into this classification. In addition to the gating type, this table also

lists each model’s cell type, species, and simulated temperature (if stated). The final column provides
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an indication of the major data sources used in the model’s construction. For the earlier generation

of models, this data source is often hard to establish, as parameters were commonly set by hand to

create a model that was acceptably close to a wide range of observations (typically measured in tissue

preparations, and sometimes spanning several species). A full list of data sources is available online at

https://github.com/CardiacModelling/ical-model-comparison.
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Table 2: Models classified by their gating type, with additional information of cell type, species, temperature (T)

and the major data sources used in each model’s construction. The equivalent MM schematic/equation for each

gating class is shown in Figure 5. Minor variants within each class are indicated with (*) and explained in text.

Models Cell Species T Major data sources

A Bassingthwaithe and Reuter (1972) Ventricle Mammalian Beeler and Reuter (1970)

Beeler and Reuter (1977) Ventricle Mammalian Beeler and Reuter (1970); Reuter

(1973, 1974); Gettes and Reuter

(1974)

Noble et al. (1991) Ventricle Guinea Pig 37 -

*Wilders et al. (1991) SAN Rabbit 37.5 Nakayama et al. (1984); Hagiwara

et al. (1988)

Liu et al. (1993) AVN Rabbit 35 Liu et al. (1993)

B McAllister et al. (1975) Purkinje Mammalian Reuter (1968); Vitek and

Trautwein (1971)

Demir et al. (1994) SAN Rabbit 37 Nilius (1986); Hagiwara et al.

(1988); Fermini and Nathan

(1991)

Lindblad et al. (1996) Atrium Rabbit 35 Nilius (1986); Hagiwara et al.

(1988); Kawano and Hiraoka

(1991)

Zhang et al. (2000) SAN Rabbit 37 Nilius (1986); Hagiwara et al.

(1988); Fermini and Nathan

(1991); Demir et al. (1994)

Aslanidi et al. (2009a) Atrium Rabbit 35 Ko et al. (2006)

C1 *Luo and Rudy (1994) Ventricle Guinea Pig 37 -

Zeng et al. (1995) Ventricle Guinea Pig 37 -

Priebe and Beuckelmann (1998) Ventricle Human 37 Beuckelmann et al. (1991, 1992)

Cabo and Boyden (2003) Ventricle Canine 37 Aggarwal and Boyden (1995,

1996)

C2 DiFrancesco and Noble (1985) Purkinje Mammalian 37 -

Dokos et al. (1996) SAN Rabbit 37 Nakayama et al. (1984); Hagi-

wara et al. (1988); Habuchi et al.

(1990); Satoh (1994)

Shannon et al. (2004) Ventricle Rabbit 37 -

Grandi et al. (2010) Ventricle Human 37 Pelzmann et al. (1998); Li et al.

(1999); Magyar et al. (2002)

Grandi et al. (2011) Atrial Human 37 Li and Nattel (1997); Shannon et

al. (2005)

C3 Courtemanche et al. (1998) Atrium Human 37 Friedman et al. (1996); Li and

Nattel (1997); Sun et al. (1997)

Noble et al. (1998) Ventricle Guinea Pig 37 Linz and Meyer (1997)

Ramirez et al. (2000) Atrium Canine 37 Yue et al. (1997)

Fox et al. (2002) Ventricle Canine 37 -

Kurata et al. (2002) SAN Rabbit 37 Nakayama et al. (1984); Hagiwara

et al. (1988); Kawano and Hi-

raoka (1991); Fermini and Nathan

(1991)
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Table 2 continued from previous page

Models Cell Species T Major data Sources

Ten Tusscher et al. (2004) Ventricle Human 37 Beuckelmann et al. (1991);

Bénitah et al. (1992); Mewes and

Ravens (1994); Li and Nattel

(1997); Sun et al. (1997); Pelz-

mann et al. (1998); Magyar et al.

(2002)

Sato et al. (2006) Ventricle Canine 35 Puglisi et al. (1999)

Corrias et al. (2011) Purkinje Rabbit 37 Kass and Sanguinetti (1984); Hi-

rano et al. (1989)

Varela et al. (2016) Atrium Canine 37 Ehrlich et al. (2003)

Kernik et al. (2019) iPSC-CM 37 Ma et al. (2011); Veerman et al.

(2016); Li et al. (2017)

C4 Hilgemann and Noble (1987) Atrium Rabbit 37 -

D Nordin (1993) Ventricle Guinea Pig 37 Taniguchi et al. (1983); Egan et al.

(1989); Nordin et al. (1989)

E1 Jafri et al. (1998) Ventricle Guinea Pig 37 McDonald et al. (1986); Hadley

and Lederer (1991); Shirokov et al.

(1993); Imredy and Yue (1994)

Rice et al. (1999) Ventricle Guinea Pig 37 -

Winslow et al. (1999) Ventricle Canine 37 Tseng et al. (1987); Kääb et al.

(1996)

Greenstein and Winslow (2002) Ventricle Canine 37 Tseng et al. (1987); Rose et al.

(1992); Kääb et al. (1996)

*Iyer et al. (2004) Ventricle Human 37 Li et al. (1999); Magyar et al.

(2002)

Cortassa et al. (2006) Ventricle Rat 37 -

Hashambhoy et al. (2009) Ventricle Canine 37

E2 Michailova et al. (2005) Ventricle Canine 37 -

E3 Greenstein et al. (2006) Ventricle Canine 37 -

E4 Hinch et al. (2004) Ventricle Rat 25 Zahradńıková et al. (2004)

E5 Li et al. (2010) Ventricle Mouse 35 Li et al. (2010)

E6 Asakura et al. (2014) Ventricle Human 37 Beuckelmann et al. (1991); Mewes

and Ravens (1994); Pelzmann et

al. (1998); Li et al. (1999); Magyar

et al. (2002)

Himeno et al. (2015) Ventricle Human 37 Mewes and Ravens (1994); Pelz-

mann et al. (1998); Magyar et al.

(2002)

F1 Nygren et al. (1998) Atrium Human 33 Escande et al. (1986); Le Grand et

al. (1991); Bénitah et al. (1992);

Le Grand et al. (1994); Mewes

and Ravens (1994); Li and Nattel

(1997)

F2 Pandit et al. (2001) Ventricle Rat 22 Sun et al. (2000)

Pásek et al. (2006) Ventricle Rat 22 Katsube et al. (1998)

F3 Pohl et al. (2016) SAN Human 37 Li and Nattel (1997)

F4 Inada et al. (2009) AVN Rabbit 37 -
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Table 2 continued from previous page

Models Cell Species T Major data Sources

G Matsuoka et al. (2003) Ventricle Guinea Pig 37 Noma and Shibasaki (1985); Hagi-

wara et al. (1988); Boyett et al.

(1994); Takagi et al. (1998)

H Lovell et al. (2004) SAN Rabbit 37 Kodama et al. (1999)

I Bondarenko et al. (2004) Ventricle Mouse 25 Bondarenko et al. (2004)

J Faber et al. (2007) Ventricle Guinea Pig 37 Cavalié et al. (1986); Rose et al.

(1992); Höfer et al. (1997); Vorna-

nen and Shepherd (1997); Findlay

(2002, 2004)

K Mahajan et al. (2008) Ventricle Rabbit 35 Mahajan et al. (2008)

Restrepo et al. (2008) Ventricle Rabbit 35 -

Nivala et al. (2012) Ventricle Rabbit 37 -

L1 Hund and Rudy (2004) Ventricle Canine 37 Sun et al. (1997); Rubart et

al. (2000); Kamp et al. (2000);

Miyoshi et al. (2003)

Livshitz and Rudy (2007) Ventricle Canine 37 -

L2 Aslanidi et al. (2009b) Purkinje Canine 35 Han et al. (2001)

Li and Rudy (2011) Purkinje Canine 37 Han et al. (2001)

L3 Hund et al. (2008) Ventricle Canine 37 -

M Ten Tusscher and Panfilov (2006) Ventricle Human 37 Magyar et al. (2002)

Fink et al. (2008) Ventricle Human 37 -

Koivumäki et al. (2011) Atrium Human 33 Li and Nattel (1997)

Paci et al. (2013) Atrium iPSC-CM 37 Ma et al. (2011)

N Decker et al. (2009) Ventricle Canine 37 Tseng (1988); Aggarwal and Boy-

den (1995); Rubart et al. (2000);

Szabó et al. (2005)

Heijman et al. (2011) Ventricle Canine 37 -

Bartolucci et al. (2020) Ventricle Human 37 Magyar et al. (2002); Fülöp et al.

(2004); O’Hara et al. (2011)

O O’Hara et al. (2011) Ventricle Human 37 Magyar et al. (2002); Fülöp et al.

(2004); O’Hara et al. (2011)

Tomek et al. (2019) Ventricle Human 37 Magyar et al. (2002)

Trovato et al. (2020) Purkinje Human 37 -
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Driving force

Two types of driving force are common in ICaL models. An Ohmic driving force for a current carried by

a single species takes the form

DOhmic = (Vm − Erev), (2)

where Erev is the reversal potential, at which the current reverses direction. For currents carried by a

single species, the reversal potential can be calculated using the Nernst equation

Erev =
RT

zXF
ln

[X]o
[X]i

, (3)

where R is the universal gas constant, T is temperature, F is the Faraday constant, zx is the valence of

a single ion of species X (2 for [Ca2+]), and [X]o and [X]i are the external and internal concentrations

of X respectively. Although commonly used in the form given above, a more accurate version uses

γo[X]o/γi[X]i, where γo and γi are dimensionless activity coefficients that account for non-ideal behaviour

of the solutes. The units of the gas constant are frequently chosen as mJ/K/mol to yield a reversal

potential in mV. A model with an Ohmic driving term is written I = ḡ · O · (V − Erev), where ḡ is in

Siemens (S) for a current in Amperes (A).

A more complex model of the electrochemical driving force is given by the Goldman-Hodgkin-Katz

(GHK) flux equation (Goldman, 1943; Hodgkin and Katz, 1949):

DGHK = Vm
z2
XF

2

RT

(
γi[X]i − γo[X]oe

−zXVmF/(RT )

1− e−zXVmF/(RT )

)
. (4)

Because its derivation involves assuming a constant electrical field throughout the channel, the GHK

equation and its derivatives are also known as “constant field theory”. Assuming concentrations in

mM = mol/m3 and using matching units for V and RT/F , a model with a GHK driving term is written

as I = P̄ ·O ·DGHK, where P̄ is in L/ms (= m3/s) for a current in A, in L/F/ms for a current in A/F,

or in cm/s for a current in µA/cm2.

A number of early studies used a modified GHK equation, which accounts for the (hypothesised) presence

of a charged particle near the channel mouth, causing a change V0 in the voltage across the channel

(Frankenhaeuser, 1960):

DGHK’ = (Vm − V0)
z2
XF

2

RT

(
γi[X]ie

V0
zXF

RT − γo[X]oe
(Vm−V0)

−zXF

RT

1− e(Vm−V0)
−zXF

RT

)
. (5)

The equations for DOhmic, DGHK, and DGHK’ all predict that the current carried by a single species X

reverses at Vm = Erev. For ICaL, which is known to have calcium, potassium, and sodium components

(Reuter and Scholz, 1977), the situation is more complex, and applying the Nernst equation for calcium

as the only carrier leads to estimates for Erev in the range 100–200 mV, which is significantly higher than

experimental estimates of 40–70 mV. A simple model for currents with multiple carriers can be made by

assuming that each species travels through the channel without affecting the others, so that the total

current is simply a sum of single-species currents. With this assumption, equations for Erev can still be

derived (see e.g. Campbell et al., 1988; Keener and Sneyd, 1998) but the predicted reversal potentials from

Ohmic and GHK models are no longer the same. And crucially, the reversal potential of a multi-species

current depends strongly on the ratio between the species’ permeabilities P̄X (or conductances ḡX , if

an Ohmic term is used). A study by Campbell et al. (1988) measured the reversal potential of ICaL in

bull-frog atrial myocytes, and compared this to predictions using different ratios of P̄K : P̄Ca. They found

that good agreement with experiment could be found using a GHK equation (Equation 4), provided

the channel was highly selective to [Ca2+] (>95% of the ICaL is carried by [Ca2+] at 0 mV). Similar
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estimates could be made using the modified GHK (Equation 5), regardless of the chosen value of V0,

leading e.g. Luo and Rudy (1994) to set V0 = 0. A later study by Zhou and Bers (2000) used fluorescence

microscopy to simultaneously measure [Ca2+] influx and ICaL (all ionic current) independently. Stepping

to potentials beyond the ICaL reversal potential, they found continued [Ca2+] influx, which continued

until the predicted [Ca2+] reversal potential was reached. This is consistent with the hypothesis that,

at its reversal potential, ICaL is in a balanced equilibrium between opposing flows carried by different

species.
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Figure 6: Driving term as a function of voltage for models with an Ohmic driving term (Left) and a (normal or

modified) GHK driving term (Right). In the left panel, the majority of models are plotted in grey and are shown

to form a tight cluster, reversing at around 65 mV. The lower and upper bounds for this cluster are marked by

McAllister et al. (1975) and Kurata et al. (2002), which are indicated in colour, along with three outliers (Beeler

and Reuter, 1977; Priebe and Beuckelmann, 1998; Corrias et al., 2011) that do not show a reversal potential

within the physiological range. In the right panel, most currents are again shown in grey, but a selection of

models are shown in colour to show the range of behaviours observable by varying the activity coefficients and

voltage offset V0 (DiFrancesco and Noble, 1985; Hilgemann and Noble, 1987; Luo and Rudy, 1994; Hund and

Rudy, 2004; Ten Tusscher and Panfilov, 2006; Tomek et al., 2019). A full description of how this figure was

constructed is given in the main text.

Assuming fixed internal and external concentrations, the driving term can be plotted as a function of

voltage, as shown in Figure 6. To create this plot, we assumed values of [Na+]o = 140 mM, [Na+]i =

10 mM, [K+]o = 5 mM, [K+]i = 140 mM, [Cl−]o = 150 mM, [Cl−]i = 24 mM, [Ca2+]o = 2 mM and

[Ca2+]s = [Ca2+]i = [Ca2+]d = 10−4 mM. In models where ICaL is carried by multiple species, we

calculated the “net driving term” by summing up the contributions of each component, and weighting

by the component’s permeability relative to the calcium component (e.g. the calcium component has

weight P̄Ca/P̄Ca = 1, the potassium component has weight P̄K/P̄Ca, etc.).

The left panel of Figure 6 shows D for the models in this study that used an Ohmic driving term (models

for which we could not find the full equations are omitted). Rather than use the Nernst equation, most of

these models set a constant reversal potential in the range of 45–70 mV. As expected, models that do use

the single-species Nernst equation (Beeler and Reuter, 1970; Dokos et al., 1996; Priebe and Beuckelmann,

1998; Kurata et al., 2002) show a reversal potential well outside of the physiological range. The right

panel in Figure 6 shows D for models with a GHK (or GHK’) driving term. Most of these models do not

show a true ‘reversal’ of current, with the driving force approaching zero for high voltages. Only models

with a high permeability for sodium and potassium ions (DiFrancesco and Noble, 1985; Hilgemann and

Noble, 1987) show a positive driving force for high voltages. Finally, the model by Liu et al. (1993) uses
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neither an Ohmic nor a GHK driving term, but an exponentially increasing flux and is not included in

this figure.

A list of models with Ohmic driving terms is given in Table 3. For models using a fixed Erev, the

numerical value is shown, while the equation used for Erev is shown for the remainder. None of the

models with Ohmic driving terms in this study explicitly modelled potassium or sodium components of

ICaL (although their existence is implicitly acknowledged in the models with a fixed reversal potential).

A similar list for models with GHK (and GHK’) driving is given in Table 4, along with the offset V0 (if

used), the activity coefficients for internal and external calcium, and the ratio between the permeability

coefficients of potassium and sodium with respect to calcium.

The earliest studies in this table all use a voltage shift parameter V0 = 50 mV, but this form is rarely

seen in later models. Models with this large V0 also assume a large contribution of sodium and potassium

ions, consistent with the analysis by Campbell et al. (1988).

The model by Luo and Rudy (1994) abandons the use of V0 and introduces the values γi = 1 and

γo = 0.341 for the activity coefficients of internal and external calcium. These values can be calculated

using the Pitzer equations (Pitzer and Mayorga, 1973), while the frequently used value γi = 1 appears

to arise from assuming that low internal [Ca2+] leads to near-ideal behaviour. Instead of using constant

values, the model by Tomek et al. (2019) calculates the activity coefficients using the Davies equation

(Davies and Malpass, 1964), which is a precursor to Pitzer’s work. Activity coefficients for sodium and

potassium are usually taken to be 0.75 internally and externally, and are not shown in the table.

Although there is a common consensus that ICaL is carried by multiple ion species, the ratio of permeabil-

ities between the different species varies greatly between models, and several studies have cited the low

permeability to potassium and sodium as a reason to omit these components from the model altogether.

In general, older models assume larger contributions from sodium and potassium, while more recent

models assume a much more selective channel. Instead of fixed permeability ratios, a small number of

models calculate the permeability to potassium as a function of the calcium driving force (Jafri et al.,

1998; Winslow et al., 1999; Fox et al., 2002; Iyer et al., 2004; Cortassa et al., 2006). This is indicated

with f(V,Ca) in the table.

Finally, some of the models in Table 4 use a slight variation of the (normal or modified) GHK equation.

The model by Jafri et al. (1998) and many of its descendants, (Rice et al., 1999; Winslow et al., 1999;

Iyer et al., 2004; Michailova et al., 2005; Cortassa et al., 2006) use a constant internal calcium activity

γi[Ca2+]i = 0.001 mM (Smith, 1996). The model by Ten Tusscher and Panfilov (2006) uses a GHK

equation in which V is offset by 15 mV, but without the extra term
(
exp

(
Vo

zXF
RT

))
used in Equation 5.
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Models Erev (mV)

Bassingthwaithe and Reuter (1972) 42 mV

McAllister et al. (1975) 70 mV

Beeler and Reuter (1977) −82.3 − 13.0287 ln
[Ca2+]i

1000 mM
Demir et al. (1994) 46.4 mV

Lindblad et al. (1996) 60 mV

Dokos et al. (1996) −75 mV +
RT

2F
ln

[Ca2+]o

[Ca2+]i
Courtemanche et al. (1998) 65 mV

Nygren et al. (1998) 60 mV

Priebe and Beuckelmann (1998)
RT

2F
ln

[Ca2+]o

[Ca2+]i
Ramirez et al. (2000) 65 mV

Zhang et al. (2000) 46.4 mV

Pandit et al. (2001) 65 mV

Kurata et al. (2002) 45 mV

Bondarenko et al. (2004) 63 mV

Lovell et al. (2004) 49.72 mV

Aslanidi et al. (2009a) 50 mV

Inada et al. (2009) 62.5 mV

Corrias et al. (2011)
RT

2F
ln

[Ca2+]o

[Ca2+]i
Koivumäki et al. (2011) 60 mV

Pohl et al. (2016) −75 mV +
RT

2F
ln

[Ca2+]o

[Ca2+]i
Varela et al. (2016) 60 mV

Table 3: Reversal potentials for models using an Ohmic driving force (Equation 2).
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Models Vo γi γo P̄K : P̄Ca P̄Na : P̄Ca

DiFrancesco and Noble (1985) 50 1 1 1:100 1:100

Hilgemann and Noble (1987) 50 1 1 1:500 1:100

Noble et al. (1991) 50 1 1 1:500 1:100

Wilders et al. (1991) 50 1 1 1:100 1:100

Nordin (1993) 50.1 1 1 1:197.3 -

Luo and Rudy (1994) 0 1 0.341 1:2798 1:800

Zeng et al. (1995) 0 1 0.341 1:2798 1:800

*Jafri et al. (1998) 0 1 0.341 f(V,Ca) -

Noble et al. (1998) 50 1 1 1:500 1:500

*Rice et al. (1999) 0 1 0.341 - -

*Winslow et al. (1999) 0 1 0.341 f(V,Ca) -

Fox et al. (2002) 0 1 0.341 f(V,Ca) -

Greenstein and Winslow (2002) 0 1 0.341 - -

Cabo and Boyden (2003) 0 1 0.341 1:1554 1:444

Matsuoka et al. (2003) 0 1 1 1:2730 1:54054

Hinch et al. (2004) 0 1 1 - -

Hund and Rudy (2004) 15 1 0.341 - -

*Iyer et al. (2004) 0 1 0.341 f(V,Ca) -

Shannon et al. (2004) 0 0.341 0.341 1:2000 1:36000

Ten Tusscher et al. (2004) 0 1 0.341 - -

*Michailova et al. (2005) 0 1 0.341 1:540 -

*Cortassa et al. (2006) 0 1 1 f(V,Ca) -

Greenstein et al. (2006) 0 1 0.341 - -

Sato et al. (2006) 0 1 0.341 - -

Pásek et al. (2006) 0 1 0.341 - -

*Ten Tusscher and Panfilov (2006) 15 0.25 1 - -

Faber et al. (2007) 0 0.01 0.341 1:2780 1:800

Livshitz and Rudy (2007) 15 0.341 0.341 - -

*Fink et al. (2008) 15 0.25 1 - -

Hund et al. (2008) 0 1 0.341 - -

Mahajan et al. (2008) 0 1 0.341 - -

Restrepo et al. (2008) 0 0.341 0.341 - -

Aslanidi et al. (2009b) 15 1 0.341 - -

Decker et al. (2009) 0 1 0.341 - -

Hashambhoy et al. (2009) 0 1 0.341 - -

Grandi et al. (2010) 0 0.341 0.341 1:2022 1:36000

Li et al. (2010) 0 1 1 - -

Grandi et al. (2011) 0 0.341 0.341 1:2000 1:36000

Heijman et al. (2011) 0 1 0.341 - -

Li and Rudy (2011) 15 1 0.341 - -

O’Hara et al. (2011) 0 1 0.341 1:2798 1:800

Nivala et al. (2012) 0 1 0.341 - -

Paci et al. (2013) 0 1 0.341 - -

Asakura et al. (2014) 0 1 1 1:682 1:54054

Himeno et al. (2015) 0 1 1 1:2730 1:54054

Kernik et al. (2019) 0 0.341 0.341 1:2000 1:36000

Tomek et al. (2019) 0 f f 1:2798 1:800

Bartolucci et al. (2020) 0 1.2 0.341 1:2801 1:800

Trovato et al. (2020) 0 1 0.341 1:2798 1:800

Table 4: GHK and GHK’ parameters in models using GHK driving terms (Equation 5). Models marked with a

(*) use variations of the GHK equation, as discussed in the main text.
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Part 2. Quantitative comparison

In this section, 60 models are compared functionally (Cooper et al., 2011) by studying their predicted

ICaL responses to voltage-clamp protocols. Voltage-step experiments are simulated to compare activation,

inactivation, and recovery from inactivation under a wide range of voltages and AP- and AP-CaT clamp

are performed to show the predicted ICaL during an AP.

Methods

Model implementation

Where possible, models in CellML 1.0 or 1.1 format (Hedley et al., 2001) were obtained from the Physiome

Model Repository (PMR) (Yu et al., 2011). Thirty-five (35) models obtained in this way could be

used directly, while a further thirteen needed corrections to either units or equations. Five (5) of these

corrected models were reduced to ICaL-only models, and 7 were updated on PMR. For eleven (11) models

no CellML files were available so new implementations were created based on published equations or

code. A full model implementation was created for Heijman et al. (2011), while we made CellML models

containing only ICaL for Wilders et al. (1991); Liu et al. (1993); Nordin (1993); Cabo and Boyden (2003);

Cortassa et al. (2006); Sato et al. (2006); Faber et al. (2007); Hund et al. (2008); Li and Rudy (2011);

Kernik et al. (2019). In the AP model by Pásek et al. (2006) (which we obtained from the PMR), the

voltage across the T-tubular membrane can differ from the ‘main’ transmembrane potential. To compare

the channel kinetics consistently, we set this secondary voltage to equal the transmembrane potential

Vm.

Simulation software

Simulations were run using the Cardiac Electrophysiology Web Lab (Cooper et al., 2016; Daly et al.,

2018). This is a resource developed to allow the characterisation and comparison of cardiac electrophys-

iology models in a wide range of experimental scenarios. It uses a novel protocol language that allows

the user to separate the details of the mathematical model of the channel from the experimental protocol

being simulated. We also performed simulations for calcium sensitivity (see “Calcium-dependent inacti-

vation”) by solving the model equations using CVODE version 3.1.2 as incorporated in Myokit (Clerx

et al., 2016) version 1.28.4, using Python version 3.7.3.

Model annotations

To run simulations in the Web Lab, models are encoded in CellML format and annotated with metadata

terms. These terms allow variables with the same physiological meaning to be identified in different

models. This is a useful feature for this study as it allows the comparison of our 60 models — which do

not use consistent naming for the same variables.

The following variables were annotated in all models: membrane potential (Vm), the time for which the

simulation is run, the total ICaL, driving term (D), and the open probability (O). For models in which

ICaL is split into multiple components (by ionic species, phosphorylated/non-phosphorylated fraction,

or biological subcompartment) we selected the variable that represents the sum over all these aspects to

annotate as ICaL. For this purpose, a new variable was often introduced in the CellML files. Similarly, O

is sometimes split into components with or without phosphorylation, D can be split by ionic species, and

both O and D are occasionally split by the biological compartment. For all such cases, we introduced

and annotated O and D as the weighted average over all these components (see e.g. the annotations in

our file for Bartolucci et al., 2020). This weighting was made based on the fraction of phosphorylated
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channels, the relative permeability of each ionic species with respect to calcium, and/or the fraction of

channels in each biological compartment. When annotating driving term variables, distinct terms were

used for Ohmic and GHK formulations.

Finally, we annotated the variables representing ionic concentrations. Intra- and extracellular concentra-

tion variables were annotated for Ca2+, Na+, K+, and Cl−. For external concentrations, most models

use a single constant-parameter but some make a distinction between a constant “bath concentration”

and a time-varying “cleft concentration” near the cell. All three types of external concentration variable

were annotated (and later fixed). Similarly, we annotated (and later fixed) intracellular concentrations

for each ionic species with labels for bulk cytosol, submembrane space, or dyadic space concentration.

Concentrations within subcompartments such as the sarcoplasmic reticulum were not annotated because

they don’t contribute to the total ICaL.

Ionic concentrations

In all simulations in this study, extracellular concentrations were set to [Na+] = 140 mM, [K+] = 5 mM,

[Cl−] = 150 mM, and [Ca2+] = 2 mM, and kept constant at those values. Similarly, intracellular con-

centrations were fixed to [Na+] = 10 mM, [K+] = 140 mM, and [Cl−] = 24 mM. This corresponds to

a patch-clamp setting where these concentrations are well buffered by the bath and pipette solutions.

Except where stated otherwise, the internal calcium concentrations for [Ca2+] were fixed to 10−9 mM.

These fixed concentrations allow the current kinetics to be compared in the absence of channel localisa-

tion effects; we will revisit the impact of this choice later. Where present, phosphorylation levels were

allowed to vary as dictated by the model equations (the level of phosphorylation, however, depends on

the internal calcium concentration, which was set to a fixed level in each simulation).

Data availability

All model and simulation files are available under an open source BSD 3 Clause license, and can be

obtained from https://github.com/CardiacModelling/ical-model-comparison.
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Figure 7: Left: Voltage-clamp protocol used to characterise activation (see main text for details). Centre:

Simulated ICaL response using the model by Grandi et al. (2010). Traces from successive sweeps are overlaid

and colour-coded to match the P1 steps in the first panel. The peak ICaL at each voltage step is marked with

a grey square: these values are used to construct the I-V curves on the right. This process of constructing

an I-V curve is shown in the animation online at https://github.com/CardiacModelling/ical-model-comparison.

Right: Normalised peak ICaL versus step voltage for 55 (out of 60) models (the direction of the current was

preserved during normalisation). The black dashed line shows the I-V curve from Faber et al. (2007), which

is close to the median response. The models by McAllister et al. (1975), Beeler and Reuter (1970), Liu et al.

(1993), Dokos et al. (1996), and Corrias et al. (2011) showed outlier responses, and are plotted separately in

Figure 8. The simulation results for all of the models can be compared on the Cardiac Electrophysiology Web

Lab at https://bit.ly/LtypeCa.

An activation protocol was adapted from O’Hara et al. (2011). It consists of repeating units called

sweeps. Each sweep starts with stepping up the membrane voltage from a 20 s-long holding potential at

−90 mV to a 120 ms step at the test potential, denoted by P1 in Figure 7 (left). The test potential at

P1 is −60 mV for the first sweep and increases by 2 mV per sweep (a subset of which is shown in the

figure), up to 60 mV in the final sweep.

Current was recorded during P1 to measure the peak ICaL (I) at each sweep (Figure 7, centre) which

was normalised as Ī = I/|min I|. The normalised peak ICaL (̄I) was plotted against the test potential to

construct an I-V curve.

This process was applied to all models, leading to the normalised I-V curves shown in Figure 7 (right).

The I-V curve is useful to establish the activation kinetics for ion channels. Here we see that most ICaL

models predict that channels begin to activate at membrane voltages around −40 mV and that ICaL

reaches its maximum magnitude between −20 to 20 mV. We next calculated the voltage at which half

of the maximum peak is simulated (V0.5) for each model, by finding the point where the I-V curve first

crosses -0.5. The V0.5 varies between −48 to 1.1 mV for the models in this study while the median V0.5

is −13.7 mV. By comparison, examples from the experimental (patch-clamp) literature show that ICaL

channels start to activate at around −30 mV, that peak ICaL is observed at 0 mV, and V0.5 lies between

−20 to 0 mV (Rose et al., 1992; Magyar et al., 2000; Liao et al., 2007).
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Figure 8: Left: I-V curve and Right: Normalised peak-open probability plotted against test potential for all 60

models. The 5 outlier models are labelled here along with the model by Priebe and Beuckelmann (1998); all 6

of these models are discussed in the main text while the rest are shown in grey. The simulation results for all of

the models can be compared on the Cardiac Electrophysiology Web Lab at https://bit.ly/LtypeCa.

We now take a closer look at the outlier models not included in Figure 7. Figure 8 (left) shows the

I-V curve for all 60 models, including the outliers. To investigate the possible reasons for the outlier

behaviour, we dissected simulated ICaL into open probability (O) and driving term (D). Normalised

peak-O (Ō) is plotted against the test potential (O-V curve) in Figure 8 (right), where normalisation

was performed using Ō = O/|max O|.

Of the 5 outlier models, only the McAllister et al. (1975) model has an unusual O-V curve, because of

which the peak ICaL is reached at a lower voltage than other models. The model by Liu et al. (1993) has

an exponentially increasing driving term leading to the unusual I-V curve. The models by Beeler and

Reuter (1977), Dokos et al. (1996), and Corrias et al. (2011) continue to exhibit large current at higher

voltages. For Beeler and Reuter (1970) and Corrias et al. (2011), this observation can be explained by the

driving terms which do not approach a reversal potential within the physiological range of the membrane

voltage (Figure 6, Table 3). The model by Priebe and Beuckelmann (1998) has a similar driving term,

but this is compensated by an outlier O-V curve leading to a typical I-V curve.

From this dissection of ICaL into O and D we learn that sometimes irregularities in modelling of one

aspect (e.g. O) have been compensated by irregularities in other aspects (e.g. D).
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Figure 9: Left: Voltage-clamp protocol used to characterise inactivation (see main text for details). Centre:

ICaL response during P2 as predicted by the Grandi et al. (2010) model. Traces from successive sweeps are overlaid

and colour-coded to match the P1 steps in the left panel. The peak ICaL at each voltage step (marked with grey

squares) is used to construct the I-V curves on the right. This process of constructing an I-V curve is shown in

the animation online at https://github.com/CardiacModelling/ical-model-comparison. Right: Normalised peak

ICaL versus step voltage curve for 60 models. The I-V curve from Kurata et al. (2002), which is close to the

median response over all models, is highlighted with a black dashed line. The simulation results for all of the

models can be compared on the Cardiac Electrophysiology Web Lab at https://bit.ly/LtypeCa.

A protocol to characterise voltage-dependent inactivation (VDI) was adapted from Magyar et al. (2000)

and is shown in Figure 9 (left). Each sweep in this protocol starts with 20 s at a holding potential of

−90 mV, followed by a 500 ms step (P1) to a variable conditioning potential and a 120 ms step (P2) to a

fixed test potential of 0 mV. The conditioning potential at P1 is −90 mV for the first sweep and increases

by 2 mV per sweep up to 30 mV for the final sweep (a subset of which is shown in the figure).

Current was recorded during P2 to measure peak ICaL (I) (Figure 9, centre) which was normalised as

Ī = I/min I. Normalised peak ICaL (̄I) was plotted against conditioning potential to construct the I-V

curves shown in Figure 9 (right).

This figure shows that most models predict inactivation to set in at around −60 mV or greater. The

conditioning potential after which the peak ICaL is halved (V0.5) was identified as the first voltage at

which the I-V curve crosses 0.5. The V0.5 varies between −31 to 10 mV for the models in this study

while the median V0.5 is −29.8 mV. By comparison, examples from ventricular cells at physiological

temperature show that ICaL channels begin to inactivate after a conditioning voltage of around −60 mV

and that V0.5 lies between −30 and −24 mV (Li et al., 1999; Kim et al., 2016).
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Figure 10: Left: Voltage-clamp used to characterise recovery from inactivation with a variable time interval

between P1 and P2 of 10, 20, 30, 40, 50 ms and increment steps of 25 ms thereafter until 1000 ms (see main

text for details). Centre: Example of ICaL predictions during P2, using the model by Grandi et al. (2010).

The colours of each line match the colour shown above the interval length in the left panel. Traces from suc-

cessive sweeps are overlaid and the peak ICaL is marked at each sweep which is used to construct the curves

on the right. This process of constructing a peak ICaL versus time curve is shown in the animation online at

https://github.com/CardiacModelling/ical-model-comparison. Right: Normalised peak ICaL versus time curves

for all 60 models. The prediction from Fink et al. (2008) is close to the median response across all models and

is highlighted with a black dashed line. The simulation results for all of the models can be compared on the

Cardiac Electrophysiology Web Lab at https://bit.ly/LtypeCa.

In the previous section we investigated the voltage at which the ICaL channels inactivate. In this section,

we look at the time ICaL channels take to recover from inactivation, using a protocol adapted from Fülöp

et al. (2004) and shown in Figure 10 (left). Each sweep starts with 10 s at a holding potential of −90 mV,

followed by a 500 ms step (P1) to a conditioning potential of 0 mV. The potential is then set back to

−90 mV for a duration that varies from sweep to sweep, followed by a 120 ms second step (P2) to the

conditioning potential. The interval duration is 10 ms for the first sweep and increases by 10 ms per

sweep up to 50 ms, after which it increases by 25 ms per sweep up to 1000 ms (a subset of which are

shown in the figure).

Peak ICaL was recorded during P1 (Iconditioning) and P2 (Itest) for all sweeps (Figure 10, centre). This

was normalised as Ī = Itest/Iconditioning and the normalised peak ICaL (̄I) was plotted against interval

length to construct the current-time curves shown in figure 10 (right).

An exponential function 1 − exp(−t/τ) was fitted to each model’s current-time curve to yield the time

constant of recovery from inactivation τ . This τ varies between 1.4 to 995.7 ms for the models in this study

while the median τ is 51.2 ms. This is much faster than examples from ventricular cells at physiological

temperature, in which τ ranged from 50 to 700 ms (Li et al., 1999; Kim et al., 2016).
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Figure 11: Models predict substantial variation in inactivation levels for the same change in [Ca2+] as shown by

the simulation to the inactivation protocol using Left: internal [Ca2+] of 10−6 µM and Right: internal [Ca2+] of

300µM. The models have been grouped intro three categories Top: insensitive or weakly sensitive to [Ca2+] (9

models), Middle: mildly sensitive to [Ca2+] (17 models), and Bottom: strongly sensitive to [Ca2+] (34 models).

The simulation results for all of the models can be compared on the Cardiac Electrophysiology Web Lab at

https://bit.ly/LtypeCa.
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To study calcium-dependent inactivation (CDI), we compared the predicted response of the inactivation

protocol shown in Figure 9 at internal calcium concentrations of 10−6 µM and 300µM. These concen-

trations are representative of the wide physiological variation of [Ca2+] in cardiomyocytes, which ranges

from 1–10µM during low activity but may be greater than 100µM in the dyadic space during high activ-

ity (Fearnley et al., 2011). As before, the peak ICaL was identified at each sweep for both experiments,

but the normalisation was performed using the maximum magnitude of peak ICaL measured across both

concentrations.

Figure 11 shows the resulting I-V curves for the two experimental conditions split into three categories: 1)

insensitive or weakly sensitive to [Ca2+], 2) mildly sensitive, and 3) strongly sensitive to [Ca2+]. To make

these categories, we introduce a mathematical quantity that measures the change in ICaL predictions at

the two [Ca2+]

RMSD =

√√√√ n∑
i=1

(̄
I300 − Ī10−6

)2
n

, (6)

where RMSD stands for root mean squared difference and n is the total number of sweeps. We classified

a model as weakly sensitive if RMSD < 0.1, mildly sensitive if 0.1 ≤ RMSD ≤ 0.5, and strongly sensitive

if RMSD > 0.5. We thus identified 17 models in this study that show mild sensitivity to [Ca2+] and 34

models that show strong sensitivity. Of the remaining 9 models, only Noble et al. (1991) and Pandit et

al. (2001) account for [Ca2+] in their equations and so are weakly sensitive, while the remaining 7 are

[Ca2+] insensitive and do not have any [Ca2+] terms in O or D (see Table 1, Row 1).

Although most models show CDI, there is large variation in the degree of CDI to the same change in

[Ca2+]. To investigate this further, we examined the [Ca2+] that induces the same level of inactivation

in the models sensitive to [Ca2+]. For this purpose, we used a protocol consisting of only the first sweep

of the inactivation protocol shown in Figure 9. As before, peak ICaL was recorded during P2, but now

the experiment was repeated for increasing [Ca2+] until a 50% drop in the peak ICaL was observed; we

termed this concentration the IC50 [Ca2+]. In this manner, we calculated the IC50 concentration for 49

models. No IC50 could be obtained for the model by Wilders et al. (1991) and Nygren et al. (1998),

which did not produce a 50% drop at any of the levels we tested.

Calcium flowing into a subspace will induce a change in local [Ca2+] with a rate that depends inversely

on the subspace volume Vlocal (assuming there is no buffering or diffusion of [Ca2+]). We may therefore

expect models in which ICaL flows into large subspaces to compensate for the slower local [Ca2+]-change

with a more sensitive CDI, and vice versa. This is affirmed by Figure 12, in which the IC50 concentration

is plotted against Vlocal. For models in which ICaL channels are present in multiple biological subspaces,

the volume was calculated as a weighted average. For example, 80% of the ICaL channels in the model by

Tomek et al. (2019) lie in the dyadic space, whereas only 20% lie in the submembrane space, leading to a

weighted average volume Vlocal = 0.8Vd + 0.2Vs. The models by Beeler and Reuter (1977) and Mahajan

et al. (2008) were omitted as the volume of their localisation space could not be determined from the

manuscripts.

Figure 12 shows a weak correlation between the predicted IC50 and the corresponding Vlocal, suggesting

that modelled CDI is to some limited extent influenced by the size of the compartment that ICaL flows

into. This is another example where we observe that one aspect of the model can compensate for another.
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Figure 12: IC50 concentration plotted against the volume of the biological subspace assumed to contain L-type

calcium channels by 47 models (see main text for details). Colours indicate the subspace containing ICaL channels,

or the subspace containing the majority of channels in models where ICaL is spread over multiple spaces.
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Figure 13: The AP waveform used in AP- and AP-CaT-clamp simulations. This action potential was derived

from a 1 Hz simulation of the model by Grandi et al. (2010).

The experiments simulated so far use voltage-step protocols which bring out a wide range of ICaL kinetics

but are very different from the voltage signals experienced by L-type calcium channels in situ. To compare

predictions of ICaL in more physiological conditions, we simulated experiments in which the membrane

potential (Vm) is clamped to an action potential (AP) trace.

As noted before, assumptions about internal calcium dynamics will impact the (estimated or calibrated)

parameters governing ICaL kinetics, and so to show the ICaL predictions from a whole AP model as fairly

as possible, the internal calcium concentrations in these simulations should be allowed to vary as defined

by the model equations. If, however, we are interested only in the models’ ICaL equations, it is preferable

to force an identical internal calcium transient in each model.

To address these conflicting aims, we performed a series of three complementary simulations. First, we

simulated an AP-clamp in which we allowed the internal [Ca2+] to vary according to the model’s internal

[Ca2+] equations (AP clamp 1). These simulations were performed only for models in which a CellML

file for the full AP model was available. For AP models with epi-, endo-, and mid-myocardial variants, the

epicardial version was used. Secondly, we performed a dual AP-CaT-clamp, in which all internal [Ca2+]

(including the subspaces) were clamped to the same pre-calculated bulk cytosolic CaT (AP clamp 2).

Thirdly, we performed a combined AP-CaT-clamp in which bulk cytosol, submembrane space, and dyadic
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space [Ca2+] were clamped to pre-calculated transients appropriate to the subspace (AP clamp 3). We

chose to use the AP and CaT measurements from the Grandi et al. (2010) human ventricle model during

1 Hz at steady pacing of the model (Figure 13, 3), as this is the earliest human model in which all three

subspaces are defined. In all three experiments, the simulated ICaL was normalised with respect to the

total charge carried: Ī(t) = I(t)/|
∫
t
I(t)dt|. The resulting normalised currents for all three simulations

are shown in Figure 14.
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Figure 14: Variation in the ICaL predictions in response to AP and AP-CaT clamp. Left: Simulated response

to AP clamp 1, in which internal [Ca2+] are determined by the model equations, shown for the 44 ICaL-models

implemented in a whole-cell model. Centre: Simulated response to AP clamp 2, in which all internal [Ca2+] are

clamped to a pre-calculated bulk cytosolic CaT. Right: Simulated response to AP clamp 3, in which [Ca2+]i,

[Ca2+]s, and [Ca2+]d are clamped to pre-calculated bulk cytosolic, submembrane, and dyadic CaT respectively.

Predictions from Grandi et al. (2010), which was used to derive the calcium transients, is highlighted in red.

The simulation results for all of the models can be compared on the Cardiac Electrophysiology Web Lab at

https://bit.ly/LtypeCa.

All three AP clamps in Figure 14 show considerable variation in predicted (normalised) ICaL between

models. Some of this variation may be explained as a result of differences in species, cell-type, and

other factors. To test this assumption, we divided the 60 models into groups according to several criteria

(e.g. species, cell-type) and investigated whether this resulted in groups with reduced variation. We chose

the “compromise” protocol AP Clamp 3 for this purpose. To remove effects of varying driving terms and

maximal conductances, we compared the predicted open probability (O) rather than ICaL.

To give an indication of the variation within a group, we used the “normalised root mean square differ-

ence” (NRMSD) of the observed open probabilities of all models in the group, according to:

Ôi =
1

n

n∑
j=1

Oij ; NRMSDgroup =

√√√√ 1

m · n

m∑
i=1

n∑
j=1

(
Oij − Ôi

)2

. (7)

Here, Oij represents the open probability measured in response to the “AP-CaT clamp 3” protocol at

the ith time step for the jth model, m is the total number of time points, and n is the total number of

models within the group.

If grouping by a particular category reduces variability, we expect the NRMSD within each group to be

lower than the NRMSD of the original group-of-all-models (NRMSDtotal = 0.139). This can be quantified

by defining a relative measure NRMSDrelative = NRMSDgroup/NRMSDtotal. A grouping is considered to

be better than baseline if its NRMSDrelative is less than one.
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First, we investigate the effects of grouping models chronologically by grouping each model into one of

four categories depending on the year of publication. This is shown in Figure 15, where we can observe

some convergence in model predictions over time, indicated by a decreasing NRMSDrelative. Although

this is encouraging, some degree of convergence should be expected as more recent models are often

refinements of previous models in the same age category. Large variability should also expected from the

models published before the 1990s, which depend on data obtained from a wider range of experimental

techniques.
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Figure 15: Open probability in response to AP clamp 3, grouped according to date of publication, shows a

degree of convergence over time. Blue curves in each panel correspond to ICaL predictions of models within the

corresponding period, while the remaining predictions are shown in grey.

Next, we grouped models according to the approach used to model how the calcium concentrations affect

the open probability, depicted by the rows in Table 1. On this basis, Figure 16 shows the models grouped

into 6 classes: no [Ca2+] (row 1, 2), [Ca2+]i (row 3, 6), [Ca2+]s (row 4, 7), [Ca2+]d (row 5, 8, 11, 12),

[Ca2+]i and [Ca2+]d (row 9), and [Ca2+]s and [Ca2+]d (row 10). It shows that that most groups formed

on the basis of the local [Ca2+] near the ICaL channel have at least ∼20% less disagreement amongst the

predictions across models than the baseline. This indicates that the modelled localisation of the ICaL

channels plays an important role in determining model predictions. However, only the model by Tomek

et al. (2019) is shown in class 5 and thus the NRMSDrelative calculated here is not relevant. Similarly,

all three models in class 6 (Shannon et al., 2004; Grandi et al., 2010, 2011) were developed by the same

group.
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Figure 16: Open probability (O) in response to AP Clamp 3, grouped by local [Ca2+] as shown by the rows in

Table 1 where each row represents an O or driving term dependence on different local [Ca2+]. In this figure each

panel includes the models in 1) row 1 & 2, 2) row 3 & 6, 3) row 4 & 7, 4) row 5, 8, 11, & 12, 5) row 9, and 6) row

10 (where the model is implemented quantitatively) of Table 4. In each panel, blue curves show ICaL predictions

from models within the corresponding group, while the remaining predictions are shown in grey.

We also investigated grouping the models by species (e.g. human, canine), cell type (e.g. ventrical, purk-

inje), and gating kinetics (e.g. Type A, C). Groups on the basis of these factors led to small improvements

on the baseline, but no major reductions in the NMRSDrelative were seen except in the group of canine

models (n=14) which had NMRSDrelative = 0.62. Of all tested criteria, grouping by local [Ca2+] near

the ICaL channels exhibited the most consistent predictions.
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Discussion

In this study we have undertaken a qualitative comparison of 71 ICaL models, and simulated experimental

protocols with 60 models to enable a quantitative comparison. In our qualitative analysis, we found 15

major categories of ICaL gating models, and a smaller but similar lack of consensus on how to model

ICaL’s electrochemical driving force and the myocyte’s spatial organisation. Accordingly, the 60 models

studied quantitatively made very different predictions about activation, inactivation, recovery, and CDI,

with only limited convergence emerging with year of publication. So, despite decades of intensive and

careful research, it is still very much an open question as to how to formulate a model of ICaL for use in

electrophysiology simulations.

Interestingly, and despite its critical role in cardiac function, very little work has been published that

compares models of ICaL or shows the benefits of a newly introduced model over its predecessors (but see

Luo and Rudy, 1994, for an example). Therefore, when undertaking a new study involving ICaL, there

is a need to carefully assess which of the existing 71 models most accurately represents the experimental

record on the current of interest (e.g. human non-diseased left-ventricular ICaL). This is a time-consuming

and daunting task, especially if we consider that the model that best matches the data “out of the box”

may be surpassed by other models after re-parameterisation. Clearly, it would be of great benefit to the

field of (computational) electrophysiology if a well-tested consensus model or at least a “gold-standard”

model were to emerge.

In this section, we show how dissecting ICaL models into smaller components can facilitate model com-

parison, but can also expose problems in individual parts. We then highlight open questions in models of

the driving term, calcium-sensitivity and voltage-dependent kinetics and speculate on possible solutions.

Compensation

A major difficulty when comparing ICaL models is that, although they share a common structure, their

driving term (D), voltage-dependent kinetics, and calcium sensitivity interact in ways that allow irreg-

ularities in one aspect to be compensated in another. For example the unusual open probability (O)

of the model by Priebe and Beuckelmann (1998) (Figure 8) was shown to be compensated by a large

reversal potential in its driving term (Figure 6). Similarly, the models by Demir et al. (1994), Lindblad

et al. (1996), and Aslanidi et al. (2009a) allow O to be greater than one (so that the usual interpre-

tation of open probability does not apply), which can be compensated for in either D or the maximal

conductance. The model by Beeler and Reuter (1970) has a strong sensitivity to [Ca2+] (Figure 11) but

does not include CDI, deriving its [Ca2+]-dependence from an unusually strong driving force (Figure 6)

instead. Finally, Figure 12 shows how a high sensitivity to calcium can be compensated by postulating

a bigger subspace near the L-type calcium channels, leading to a lower local [Ca2+].

Compensation effects also come into play when creating new AP models, which often require calibration

of the sub-models (e.g. the ICaL model) to cell-level observations (Whittaker et al., 2020). Even when

carried out with care, this process may hide defects in one part of a model by introducing them in

another. A model built in this way may reproduce many electrophysiological phenomena seen in the

experimental data, but through mechanisms that do not reflect those in the real cell. As a result, when

extrapolating to new (e.g. patho-physiological) situations, there is a likelihood that its predictions will

be unreliable.
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Driving term

The study of the electrochemical force driving ICaL flux through the open channels is complicated by

the wide range of calcium concentrations in a myocyte and by the L-type calcium channel’s significant

permeability to potassium and sodium. Different models have been proposed as a result (Ohmic and

several GHK variants), but we were unable to find studies that show the benefit of one form over

another. The relative permeability to different ionic species also varies between models (Table 4), as

do the activity coefficients used in some GHK models. It is important to note that, while almost all

these models used the same activity coefficients, their values depend on experimental conditions (ionic

strength and temperature), for different intracellular and extracellular ionic compositions. They can

also be calculated as part of the model, as was done by Tomek et al. (2019) (although this model

erroneously used a natural logarithm instead of a base-10 logarithm for the Davies activity coefficient

calculation, see https://bit.ly/3tqD4gP), however, within physiological ranges of temperature and

ionic concentrations, they change by less than 0.1% during an action potential.

To decide between driving force models, specialised experiments may be required that can separate

driving force from kinetics and CDI. For example, if some way can be found to fix the channels in their

open state (e.g. a drug or mutation) it may be possible to measure an open-state I-V relationship directly

in a whole-cell configuration. If noise levels can be made sufficiently low then single-channel experiments,

(in which the kinetics do not affect the current level) may also be useful for this purpose (Greenstein

and Winslow, 2002). Excised-patch experiments could have additional advantages, in that they could

allow rapid variation of internal (inside-out) or external calcium concentrations (outside-out), to levels

that a whole cell may not tolerate, and in removing obfuscating effects from intracellular buffers and

transporters (Gradogna et al., 2009). Finally, it is worth noting that the Ohmic and GHK models are

both approximations, and so it may be possible to fit them to predictions from (or use) more sophisticated

models of ionic permeation (Roux et al., 2004).

CDI and calcium dynamics

Calcium-dependent inactivation (CDI) is one of the most challenging aspects of modelling ICaL. Ac-

cordingly, the degree of CDI predicted by different models varies very widely (Figure 11). That this is

not just a quantitative difference can be seen in Figure 5, which shows examples where CDI is treated

as an independent process and examples where voltage and calcium-dependent gating are intermixed.

CDI depends on the (fluctuating) calcium concentration at the cytosolic channel side, and so model

assumptions about channel localisation and cell geometry have a strong impact on modelled CDI. This

is evidenced by the relationship between subspace volume and IC50 (Figure 12) and by the reduction in

NMRSD when grouping models by channel localisation.

Experimentally, CDI can be separated from voltage-dependent kinetics and driving term to some degree

by using voltage protocols with a single repeating step, so that voltage effects are consistent — if

still unknown. However, the local calcium concentration is difficult to control, as the very low [Ca2+]

maintained in living cells means the calcium influx through ICaL causes a significant change. In myocytes,

a bewildering array of processes affect and are affected by local [Ca2+] (Bers, 2008). In heterologous

expression systems, calcium-buffers are required to keep [Ca2+] at levels the cells can tolerate (You et al.,

1997). Bulk cytosolic [Ca2+] can be measured optically using fluorescent dyes (Herron et al., 2012) but

measuring local calcium elevations in subspaces (or “microdomains”) is technically challenging (Acsai

et al., 2011). As a result, there is no ‘simple’ set-up in which CDI can be studied, and analysing data

from experiments targeting CDI requires consideration of intracellular [Ca2+] gradients, diffusion, and

buffering. Although analytical solutions exist for simplified scenarios (Smith, 1996), it is likely that
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numerical simulations (e.g. Rice et al., 1999; Greenstein and Winslow, 2002; Koivumäki et al., 2011;

Nivala et al., 2012) will be required for this purpose.

Voltage-dependent kinetics

The equations for (voltage and calcium-dependent) open probability vary more from model to model than

those for any other aspect of ICaL: we identified 15 distinct gating mechanisms, several of which had

further sub-types. Some mechanisms have clearly developed over time to account for novel experimental

information: for example, the transition of gating type A to B to C in Table 2 directly relates to

the discovery of calcium-dependent inactivation (CDI) in ICaL channels. However, we found that the

introduction of new gating models is not commonly accompanied by a published critical comparison of

the old and new models on the data set of interest. In part 2 of this study we showed that there is large

variability in the predicted response to voltage-clamp protocols, which cannot be explained by differences

in species or cell type. Without further systematic analysis it is unclear how much of this variability

is due to modelling challenges, and how much is due to variability in the underlying experimental data

sets.

While most studies of ICaL kinetics have used conventional voltage-step protocols (such as shown in

Figures 7, 9, and 10), recent advances in protocol design for IKr (Beattie et al., 2018; Clerx et al.,

2019) may be translatable to ICaL. Application of such protocols in high-throughput settings (Lei et

al., 2019) with careful consideration of experimental artefacts (Lei et al., 2020a,b) may help produce

rich data sets that will allow us to distinguish between the different proposed gating mechanisms and

study (biological or experimental) variability. Such an approach, however, would require that voltage

and calcium effects are independent (or at least can be studied independently) and may rely on accurate

CDI and driving term models already being available. Alternatively, it may be possible to derive gating

models as simplifications of more detailed molecular dynamics models (Silva, 2018; Ramasubramanian

and Rudy, 2018). In either case, care must be taken to create independent training and validation data

sets, so that the most crucial part of the gating model, its predictive power, can be assessed (Whittaker

et al., 2020).

Data sharing

Finally, we have surveyed and compared models of ICaL without much referral to what is perhaps the

most important criterion: do they match the data. As we have chosen the broad field of “mammalian

models” of ICaL, from anywhere in the heart, there is no single data set that all models should match.

However, L-type calcium channel genes are strongly conserved, so that it seems likely that cell-type

differences and even species differences may be accommodated by modifying parameter values, rather

than requiring different equations. This way, a systematic comparison could be carried out that tested

the ability of the 60 sets of model equations to fit a specific data set.

An immediate issue here is the lack of publicly available data. Although the need for sharing data

(and sufficient meta data) is widely acknowledged (Quinn et al., 2011) and technical barriers have all

but disappeared in the last two decades, it is still uncommon for electrophysiological recordings to be

published in digital, unprocessed, form. As a result, modellers have frequently resorted to digitising

published figures and then fitting to “summary curves” (e.g. I-V curves) that represent averaged data

from several cells in a condensed form. Both averaging (Golowasch et al., 2002) and fitting to summary

curves (Clerx et al., 2019) can lead to inaccuracies, so there is an evident need for more widespread

sharing of experimental data, perhaps in a systematic form such as the Physionet database for ECG

signals (Goldberger et al., 2000).
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Conclusion

Five decades of careful research has resulted in a list of over 71 mammalian ICaL models, which make vary-

ing assumptions and predictions about the electrochemical driving force, voltage and calcium-dependent

gating, and channel localisation. Despite this impressive body of work, there are still several, fundamen-

tal, open questions on how to model ICaL. We believe that this study is the first to systematically survey

and compare ICaL models and hope that it can serve as a starting point for a critical re-assessment of

L-type calcium current modelling from which a synthesised, consensus model may emerge.
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