
   

Supplementary Material 

Human atrial arrhythmogenesis and sinus bradycardia in KCNQ1-

linked short QT syndrome: insights from computational modelling 

Dominic G. Whittaker, Michael A. Colman, Haibo Ni, Jules C. Hancox*, Henggui Zhang* 

* Correspondence: Corresponding Author(s): 

jules.hancox@bristol.ac.uk (JH); henggui.zhang@manchester.ac.uk (HZ) 

 

1. Supplementary Methods 
1.1. Markov chain models of WT and SQT2 mutant IKs 

The Markov chain (MC) scheme used in this study, which is based on the work of Silva and Rudy 

using expressed human IKs data at physiological temperature (Silva and Rudy, 2005), is shown in 

Figure S1. The MC scheme is based on a two-stage voltage sensor transition principle, described in 

the work of Zagotta et al. on Shaker K+ channels (Shaker potassium channel gating. II: Transitions in 

the activation pathway, 1994, Shaker potassium channel gating. III: Evaluation of kinetic models for 

activation, 1994), and thus accounts for four identical subunits which undergo two conformational 

transitions to reach the activated state. The multiple closed-state transitions before channel opening 

reproduce the sigmoidal activation of IKs, and two open states best reproduce slow deactivation (Silva 

and Rudy, 2005). The equations for IKs are  

𝐼Ks = 𝑔Ks(𝑂1 + 𝑂2)(𝑉 − 𝐸Ks), (S1) 

d𝐶1

d𝑡
= 𝛽𝐶2 − 4𝛼𝐶1, (S2) 

d𝐶2

d𝑡
= 2𝛽𝐶3 + 𝛿𝐶6 + 4𝛼𝐶1 − (3𝛼 + 𝛾 + 𝛽)𝐶2, (S3) 

d𝐶3

d𝑡
= 3𝛽𝐶4 + 𝛿𝐶7 + 3𝛼𝐶2 − (2𝛼 + 2𝛾 + 2𝛽)𝐶3, (S4) 

d𝐶4

d𝑡
= 4𝛽𝐶5 + 𝛿𝐶8 + 2𝛼𝐶3 − (𝛼 + 3𝛾 + 3𝛽)𝐶4, (S5) 

d𝐶5

d𝑡
= 𝛿𝐶9 + 𝛼𝐶4 − (4𝛾 + 4𝛽)𝐶5, (S6) 

d𝐶6

d𝑡
= 2𝛽𝐶7 + 𝛾𝐶2 − (3𝛼 + 𝛿)𝐶6, (S7) 

d𝐶7

d𝑡
= 3𝛽𝐶8 + 2𝛿𝐶10 + 3𝛼𝐶6 + 2𝛾𝐶3 − (2𝛼 + 𝛾 + 2𝛽 + 𝛿)𝐶7, (S8) 

d𝐶8

d𝑡
= 4𝛽𝐶9 + 2𝛿𝐶11 + 2𝛼𝐶7 + 3𝛾𝐶4 − (𝛼 + 2𝛾 + 3𝛽 + 𝛿)𝐶8, (S9) 
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d𝐶9

d𝑡
= 2𝛿𝐶12 + 𝛼𝐶8 + 4𝛾𝐶5 − (3𝛾 + 4𝛽 + 𝛿)𝐶9, (S10) 

d𝐶10

d𝑡
= 3𝛽𝐶11 + 𝛾𝐶7 − (2𝛼 + 2𝛿)𝐶10, (S11) 

d𝐶11

d𝑡
= 4𝛽𝐶12 + 3𝛿𝐶13 + 2𝛼𝐶10 + 2𝛾𝐶8 − (𝛼 + 𝛾 + 3𝛽 + 2𝛿)𝐶11,  (S12) 

d𝐶12

d𝑡
= 3𝛿𝐶14 + 𝛼𝐶11 + 3𝛾𝐶9 − (2𝛾 + 4𝛽 + 2𝛿)𝐶12, (S13) 

d𝐶13

d𝑡
= 4𝛽𝐶14 + 𝛾𝐶11 − (𝛼 + 3𝛿)𝐶13, (S14) 

d𝐶14

d𝑡
= 4𝛿𝐶15 + 𝛼𝐶13 + 2𝛾𝐶12 − (𝛾 + 4𝛽 + 3𝛿)𝐶14, (S15) 

d𝐶15

d𝑡
= 𝜂𝑂1 + 𝛾𝐶14 − (𝜃 + 4𝛿)𝐶15, (S16) 

d𝑂1

d𝑡
= 𝜔𝑂2 + 𝜃𝐶15 − (𝜓 + 𝜂)𝑂1, (S17) 

d𝑂2

d𝑡
= 𝜓𝑂1 − 𝜔𝑂2, (S18) 

where gKs is the maximal channel conductance, V is the membrane potential, EKs is the reversal 

potential, O1 and O2 are open states, C1-C15 are closed states, and α, β, δ, γ, η, θ, ω, and ψ are 

transition rates. The reversal potential is given by 

𝐸Ks =
𝑅∙𝑇

𝐹
ln

[𝐾o
+]+𝑃Na K⁄ ∙[𝑁𝑎o

+]

[𝐾i
+]+𝑃Na K⁄ ∙[𝑁𝑎i

+]
, (S19) 

where R is the molar gas constant, T is the temperature, F is the Faraday constant, o and i subscripts 

for concentrations denote extracellular and intracellular, respectively, and PNa/K is ratio of Na
+
:K

+
 

permeability (set to 0.01833 (Silva and Rudy, 2005)). 

Parameters describing KCNQ1 V307L mutant and wild type (WT) IKs were incorporated exactly as 

described previously (Adeniran et al., 2017). The response of WT and mutant currents to simulated 

voltage clamps and corresponding I-V relation and steady state activation is shown in Figures S2A,B. 

Furthermore, as this study focuses on IKs in the human atria, the responses of the MC models of WT 

and V307L mutant IKs to AP clamps using a (simulated) human atrial AP waveform were compared 

with experimental data (El Harchi et al., 2010). The resulting IKs profiles are shown in Figure S2C, 

where close concordance can be seen with experiment. 

The MC formulation of IKs was subsequently employed to develop a model of the V141M mutation 

in KCNQ1, first described by Hong et al. (Hong et al., 2005). An additional parameter, ξ, was 

introduced to account for the constitutively active, voltage-independent component of IKs observed in 

KCNQ1 V141M mutant channels (Hong et al., 2005; Restier et al., 2008). In the V141M mutation 

condition, the formulation for IKs was thus modified to 

𝐼Ks = 𝑔Ks(𝑂1 + 𝑂2 + 𝜉)(𝑉 − 𝐸Ks), (S20) 
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where the MC state equations were the same as given previously. The response of V141M mutant 

currents to simulated voltage clamps and corresponding I-V relation and steady state activation is 

shown in Manuscript Figure 1. It should be noted that the trace for WT IKs in Manuscript Figure 1 is 

not identical to that presented in Figure S2 due to differences in both the protocol used and a large 

difference in temperature (given in figure legends). Transition rates for WT, V307L, and V141M 

mutant channels (corresponding to the MC scheme in Figure S1) are given in Figure S3. 

1.2. Modelling electrophysiology of the human atria 

An updated version of the Colman et al. model of the human atrial AP, which is well suited to the 

simulation of re-entrant atrial arrhythmias (Colman et al., 2013, 2017; Whittaker et al., 2017b), was 

used for the modelling in this study (Ni et al., 2017) (and is referred to as the CNZ model). The IKs 

equations (native to the parent CRN model (Courtemanche et al., 1998)) were replaced with the WT 

formulation of IKs, with a conductance of 0.161 nS/pF (which places the current density within the 

range observed in human atrial myocytes (Caballero et al., 2010) – Supplementary Figure S4). 

Furthermore, the MC model of IKr/hERG developed in our previous study (Whittaker et al., 2017a) 

was incorporated into the CNZ model with the conductance set to 0.0111 ∙ [𝐾+]𝑜
0.59, where [𝐾+]𝑜 is 

the extracellular potassium concentration (allowing for simulation of drug binding of quinidine to IKr 

– see Supplementary Methods 1.5). The resulting WT AP had an APD90 of 250.0 ms at 1 Hz, which 

is well within the experimentally-measured range of APDs in human atrial myocytes (Bosch et al., 

1999; Calum J Redpath, 2006; Dobrev and Ravens, 2003; Katoh et al., 2005; Kim et al., 2002; Pau et 

al., 2007) – see Table S1. This ensured that the role of IKr on the AP remained the same as in the 

original Colman et al. model, based on the original data from human atrial myocytes (Courtemanche 

et al., 1998; Wang et al., 1994). 

A family of regional cell models was developed based on experimentally-measured changes in 

maximal current density of several ionic currents in different regions of the atria (Colman et al., 

2013), where conductance changes were implemented relative to the baseline right atrium (RA) 

model. Data from canine atrial myocytes were used primarily (Burashnikov et al., 2004; Cha et al., 

2005; Datino et al., 2010; Ehrlich et al., 2003; Feng et al., 1998; Li et al., 2001), as these are much 

more readily available than human atrial data (Caballero et al., 2010; Gong et al., 2008; Katoh et al., 

2005). Changes to maximal ionic conductances used to create a family of regional cell models can be 

seen in Table S2. The response of regional cell models to SQT2 mutants at 1 Hz is shown in Figure 

S5. 

APD restitution curves were measured using an S1-S2 protocol. 400 conditioning S1 stimuli were 

delivered at a pacing frequency of 1 Hz (stimulus strength 20 pA/pF and duration 2.0 ms), following 

which an S2 stimulus was applied at varying intervals. APD restitution curves were generated by 

plotting the APD (measured from the maximum upstroke velocity to the point at which the 

membrane potential crossed −70 mV) against the corresponding diastolic interval (DI), which was 

computed using DI = S2 – APD, where S2 denotes the S1-S2 interval. Maximum slope of restitution 

was determined as the maximal derivate of APD against DI. 

1.3. Modelling the effects of AF-induced remodelling 

In this study, as a theoretical consideration, the effects of AF-induced electrical remodelling were 

simulated using the same approach adopted in previous studies (Colman et al., 2013, 2017). Evidence 

of AF-induced remodelling in the SQTS is currently lacking; nevertheless, it is useful to consider 

electrical remodelling which could potentially arise from persistent forms of AF induced by genetic 

mutations in the SQTS. Consistent with experimental evidence (Bosch et al., 1999; Wagoner et al., 
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1999; Workman et al., 2001), AF-induced remodelling of atrial myocytes was assumed to markedly 

reduce the maximal conductance of ICaL, Ito, and IKur, whereas the conductance of IK1, IKs, and INaCa 

were all increased. A list of parameter changes in the AF model relative to the baseline sinus rhythm 

(SR) model is given in Table S3. In addition, in tissue simulations with AF-induced electrical 

remodelling, the value of the diffusion coefficient, D, was reduced by 40% in order to simulate 

possible connexin and structural remodelling (a reduction in D increases the effective tissue size) 

associated with AF (Colman et al., 2013, 2017). As structural/connexin remodelling may occur 

without electrical remodelling, simulations were also performed with D reduced by 40% but no AF-

induced electrical remodelling. 

A comparison of the CNZ model AP under SR and AF remodelling conditions at 1 Hz is shown and 

compared to experimentally-measured human atrial APs from Dobrev et al. (Dobrev and Ravens, 

2003), Bosch et al. (Bosch et al., 1999), Workman et al. (Workman et al., 2001), van Wagoner et al. 

(Van Wagoner and Nerbonne, 2000), and Voigt et al. (Voigt et al., 2012) in Figure S6. The simulated 

AF conditions produced changes to the AP which were strongly concordant with those observed 

experimentally; namely, (i) the markedly shortened APD associated with AF-induced electrical 

remodelling, and (ii) the more triangular AP morphology. In SQT2 mutation conditions, the 

simplifying assumption was made that electrical remodelling associated with AF was identical to that 

in the absence of SQTS gene mutations (minus effects on IKs), and was thus also implemented using 

the parameters given in Table S3. It should also be noted that whereas remodelling of IKur under AF 

conditions was included in the model based on certain experimental data (Caballero et al., 2010; 

Christ et al., 2004; Wagoner et al., 1997), other studies have reported no changes in IKur under human 

AF remodelling conditions (not shown in Table S3) (Bosch et al., 1999; Workman et al., 2001). 

Reduced IKur was included in this study as it better reproduced the AP morphology associated with 

AF remodelling. 

1.4. Modelling electrophysiology of the human sinoatrial node 

The recently-developed human sinoatrial node (SAN) model of Fabbri et al. (Fabbri et al., 2017), 

referred to as the FS model, was used to simulate primary pacemaking in the human heart in this 

study. The native equations for IKs were replaced with the MC formulation developed in this study, 

with the maximal conductance set to a value of 0.00965 nS/pF. This gave a natural cycle length of 

818 ms, which is in good agreement with the value of 828 ± 21 ms measured experimentally by 

Verkerk et al. (Verkerk et al., 2007). It should be noted that this involved updating the reversal 

potential, EKs, from the potentially unphysiological value of −49 mV in the original model, to the 

more realistic value of ~−75 mV for consistency with CNZ human atrial simulations. This meant that 

the new formulation of IKs in the updated FS model is always an outward current, and thus current 

density had to be reduced in order to give the same contribution from IKs as in the original model. 

Furthermore, it also meant that IKs always shortens the APD as it is an outward current exclusively, 

so the APD50 and APD90 values are smaller than published values from the original FS model (Fabbri 

et al., 2017). 

The effects of autonomic modulation by 10 nM acetylcholine (ACh) in the FS model were simulated 

through a −7.5 mV shift in funny current (If) activation, a 3.1% reduction in L-type calcium channel 

current (ICaL) maximum conductance, and a 7% decrease in sarcoplasmic reticulum Ca
2+

 uptake (in 

addition to the effects of the acetylcholine-activated potassium current, IK,ACh) (Fabbri et al., 2017). A 

comparison between FS model AP characteristics (in the absence of autonomic modulation) and 

experimentally-measured values is shown in Figure S7. The diastolic depolaristion rate (DDR) was 
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calculated using DDR = (TOP−MDP)/(tTOP−tMDP), where TOP is the take-off (threshold) potential, 

MDP is the maximum diastolic potential (i.e. the minimum potential attained), and tTOP and tMDP are 

the times at which the TOP and MDP occur, respectively. 

1.5. Modelling pharmacological actions of quinidine 

In this study, the actions of quinidine on human atrial electrophysiology were represented using the 

same formulations and IC50 (half maximal inhibitory concentration) values presented in our previous 

study (Whittaker et al., 2017a). Briefly, in that study, state-dependent models of the actions of 

quinidine were developed for INa and IKr, and a simple pore block approach was used to describe 

block of ICaL, Ito, IKs, IK1, and INaL (late sodium current block was not included in the present study). 

Quinidine block of IKur was additionally accounted for in the present study (Nenov et al., 1998). In 

the simple pore block theory (Brennan et al., 2009), the maximal conductance gi of an ionic current 

type i is modified in a concentration-dependent manner, such that 

𝑔𝑖 = 𝑔control,𝑖
1

1+([IC50]𝑖 [𝐷]⁄ )𝑛𝐻
,  (S21) 

where gcontrol,i represents the maximal conductance of the i channel in drug-free conditions, [D] is the 

concentration of the drug, and nH is the Hill coefficient. A summary of IC50 values for quinidine 

block of multiple ionic currents is given in Table S4.    

As described previously (Whittaker et al., 2017a), quinidine was assumed to bind to activated, 

inactivated, and rested sodium channels. The formulation for INa is thus given by the guarded receptor 

equations 

𝐼Na = 𝑔Na(1 − 𝑏A − 𝑏I − 𝑏R)𝑚
3ℎ𝑗(𝑉 − 𝐸Na), (S22) 

d𝑏A

d𝑡
= 𝑘A[𝐷]𝑚

3ℎ𝑗(1 − 𝑏A − 𝑏I − 𝑏R) − 𝑙A𝑏A, (S23) 

d𝑏I

d𝑡
= 𝑘I[𝐷](1 − ℎ𝑗)(1 − 𝑏A − 𝑏I − 𝑏R) − 𝑙I𝑏I, (S24) 

d𝑏R

d𝑡
= 𝑘R[𝐷](1 − 𝑚3)ℎ𝑗(1 − 𝑏A − 𝑏I − 𝑏R) − 𝑙R𝑏R,  (S25) 

where gNa is the maximal channel conductance, bA, bI, and bR are the fractional blocks of activated, 

inactivated, and resting states, respectively, m is the activation gate, h and j are the fast and slow 

inactivation gates of the sodium channel, respectively, ENa is the Na
+
 reversal potential, and all other 

parameters retain their previous definitions. Binding and unbinding rates of quinidine to sodium 

channels are given in Table S5, and model fits to experimental data (Koumi et al., 1992) are shown in 

Figure S8. 

Quinidine was assumed to block the open and inactivated states of hERG channels (Whittaker et al., 

2017a), which was modelled through addition of drug-bound open and inactivated states to the MC 

model of IKr/hERG used in this study. The formulation for IKr is given by 

𝐼Kr = 𝑔Kr𝑂(𝑉 − 𝐸Kr),  (S26) 

d𝐶1

d𝑡
= 𝛽𝐶2 − 𝛼𝐶1, (S27) 
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d𝐶2

d𝑡
= 𝛼𝐶1 + 𝛽1𝐶3 − (𝛽 + 𝛼1)𝐶2, (S28) 

d𝐶3

d𝑡
= 𝛼1𝐶2 + 𝛽2𝑂 + 𝜇𝐼 − (𝛽1 + 2𝛼2)𝐶3, (S29) 

d𝐼

d𝑡
= 𝛼2𝐶3 + 𝛽𝑖𝑂 + 𝑙𝐼𝐼

∗ − (𝜇 + 𝛼𝑖 + 𝑘𝐼)𝐼, (S30) 

d𝑂

d𝑡
= 𝛼2𝐶3 + 𝛼𝑖𝐼 + 𝑙𝐴𝑂

∗ − (𝛽2 + 𝛽𝑖 + 𝑘𝐴)𝑂, (S31) 

d𝐼∗

d𝑡
= 𝑘𝐼[𝐷]𝐼 − 𝑙𝐼𝐼

∗, (S32) 

d𝑂∗

d𝑡
= 𝑘𝐴[𝐷]𝑂 − 𝑙𝐴𝑂

∗,  (S33) 

where gKr is the maximal channel conductance, O an open state, I an inactivated state, C1, C2, and 

C3 are closed states, O* and I* represent drug-bound open and inactivated states, respectively, EKr is 

the K
+
 reversal potential, and kX and lX are binding and unbinding rate constants for states of type X, 

respectively. Binding and unbinding rates of quinidine to hERG channels are given in Table S6, and 

model fits to experimental data (McPate et al., 2008; Paul et al., 2002) are shown in Figure S9. Full 

details of the parameter estimation procedure for drug binding models of quinidine are given in our 

previous study (Whittaker et al., 2017a).  

1.6. Tissue simulations 

Propagation of excitation waves in tissue was described using the monodomain equation (Clayton et 

al., 2011), 

𝜕𝑉

𝜕𝑡
= ∇(D∇𝑉) −

𝐼ion

𝐶m
, (S34) 

where V is the transmembrane voltage, D is the tensor of diffusion coefficients, Iion is the total ionic 

current, and Cm is the membrane capacitance. Eq. (S34) was solved using a finite difference PDE 

solver based on the explicit forward Euler method and Strang splitting scheme (Ni et al., 2017). The 

pseudo-ECG (pECG) was calculated according to (Plonsey and Barr, 2013), i.e. 

Φ(𝑥′, 𝑦′, 𝑧′) = ∫(−∇𝑉) ∙ [∇
1

𝑟
] d𝛺, (S35) 

 

𝑟 = [(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧′)2]1 2⁄ , (S36) 

where Φ is a unipolar potential generated by the multicellular tissue preparation, r is the distance 

between a source point (x, y, z) and the coordinate of a virtual electrode (x’, y’, z’), and Ω is the 

domain of integration (i.e. atrial tissue volume). 

1.7. One-dimensional (1D) tissue models 

An electrically-homogeneous, isotropic right atrial 1D strand of 100 nodes with spacing 0.25 mm 

was used to assess the effects of KCNQ1 mutations on the effective refractory period (ERP), 

conduction velocity (CV), and wavelength of re-entry (WL) (Whittaker et al., 2017b). Steady state 
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variables from single cell models across a range of basic cycle lengths (BCL) at intervals of 10 ms 

were saved and read into the 1D model as initial conditions for computation of steady-state 

restitution curves for ERP, CV, and WL. When measuring the ERP, a threshold of −20 mV was used 

to define atrial activation (Whittaker et al., 2017b). The CV was determined by computing the 

quotient of the distance of the centre section of the 1D strand and the activation time of the same 

section by an excitation wave. The simulated CV in the 1D strand under baseline conditions was 0.7 

ms
−1

, close to experimental measurements in the RA free wall (Fedorov et al., 2010). Tissue WL was 

calculated according to WL = CV × ERP. 

1.8. Two-dimensional (2D) tissue models 

In order to characterise spiral wave dynamics in WT and SQT2 mutant tissue, an isotropic 2D sheet 

of electrically-homogeneous atrial tissue with dimensions 100×100 mm
2
 and spatial step 0.25 mm 

was employed (Whittaker et al., 2017b). Spiral waves were initiated using a cross-field S1-S2 

stimulation protocol, wherein one edge of the sheet was paced with four conditioning S1 stimuli at a 

BCL of 400 ms using steady-state initial conditions obtained in a single cell environment, followed 

by application of an S2 stimulus of area 50×50 mm
2
 in the lower left quadrant of the sheet (Whittaker 

et al., 2017b). The S2 stimulus was applied at time, t = ERP+20 ms, which caused a uni-directional 

conduction block and resulted in development of a spiral wave under all conditions investigated. The 

resulting behaviour over a 5.0 s simulation period was recorded. The cores of spiral waves were 

tracked using the method of identifying phase singularities with time-delay embedding of the 

transmembrane potential (Bray and Wikswo, 2002) (using a time delay of τ = 10.0 ms). 

1.9. Heterogeneous three-dimensional (3D) anatomical human atria geometry 

The behaviour of re-entrant excitation waves in an anatomically-realistic setting was determined 

using a 3D human atria structured grid geometry based on the Visible Female dataset (Seemann et 

al., 2006), as has been employed in several of our previous studies (Colman et al., 2013, 2017; 

Kharche et al., 2012; Whittaker et al., 2017b). Fibre orientations were incorporated using a semi-

automatic rule-based approach (Krueger et al., 2011, 2013), and the 3D geometry was segmented into 

the same distinct regions of the human atria as described in (Colman et al., 2013; Whittaker et al., 

2017b). The transverse value of the diffusion coefficient, D, was set to 0.1 mm
2
ms

−1
, where an 

anisotropy ratio of 3:1 was applied in directions longitudinal and transverse to fibres in the atrial 

working myocardium, and a ratio of 9:1 along the fast conducting bundles of the Bachmann’s bundle, 

crista terminalis, and pectinate muscles (Colman et al., 2013; Whittaker et al., 2017b). The spacing 

between nodes, Δx, was set to Δx = 0.33 mm as determined by the data set resolution (Seemann et al., 

2006). The 3D anatomical human atria geometry segmentation and fibre orientations are shown in 

Figure S10, as well as measured atrial activation times, which were in close agreement with 

experimental measurements (Lemery et al., 2007). Following stimulation of the SAN region 

(modelled electrically as CT tissue for simplicity (Colman et al., 2013, 2017)), the excitation spread 

radially outwards, first entering the LA at 29 ms (cf. 31±13 ms (Lemery et al., 2007)), fully 

activating the RA after 91 ms (cf. 93±17 ms (Lemery et al., 2007)), and with a latest LA activation 

time of 107 ms (cf. 116±118 ms (Lemery et al., 2007)). 

In this study, re-entrant scroll waves were initiated using the phase distribution method (Biktashev 

and Holden, 1998) – for detailed descriptions and illustrations of the phase distribution method see 

(Biktashev and Holden, 1998; Colman et al., 2017; Whittaker et al., 2017b). Where sustained re-

entrant activity was initiated, a power spectrum was obtained through Fourier transform analysis of 

pECG time series (the virtual electrode was placed approximately in the centre of the RA cavity). 

The dominant frequency (DF) was computed using Matlab based on the largest peak in the power 
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spectrum density (Whittaker et al., 2017b). It should be noted that this simple approach to computing 

the DF, described in our previous studies (Colman et al., 2013; Whittaker et al., 2017b), is different 

from the more commonly used definition (e.g. see Ng et al. (Ng et al., 2006)). For simulating the 

effects of quinidine on re-entrant wave patterns, state variables for each node within the 3D 

anatomical model were saved after 2.5 s of a 10.0 s episode of sustained re-entrant activity in drug-

free conditions. These were then used as initial conditions for new 3D simulations of duration 7.5 s 

(giving 10.0 s activity overall) in which 1, 2 or 5 μM quinidine was applied immediately. Where 

applicable, the final 5.0 s of activity was analysed to compute the DF.  

1.10. Comparison with an alternative human atria model 

The human atrial cell model of Grandi et al. (Grandi et al., 2011), referred to in this study as the GB 

model, was used for comparative simulations. The GB model is largely derived from different 

experimental data to the CNZ model, and thus has a different AP morphology. The MC formulation 

of IKs was incorporated into the GB model with a conductance of 0.012 nS/pF (it should be noted that 

is significantly smaller than the conductance used in the CNZ model, due to inherent differences in 

the role of IKs between the models). This gave an APD90 in the WT condition of 306.0 ms, close to 

that of the original published model (Grandi et al., 2011). APD restitution curves were computed 

using the same method that was used in the CNZ model (with the membrane potential threshold 

adjusted to −65 mV due to the slow repolarisation tail in the GB model). 
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2. Supplementary Investigations 
2.1. Determinants of APD restitution steepness 

Supplementary simulations were conducted in order to investigate why two KCNQ1 mutations which 

both cause a ‘gain-of-function’ in IKs produced opposite effects on the maximum slope of restitution, 

shown in Figure S11. These investigations revealed the following: (1) A linear increase in the 

maximal conductance of IKs in the WT condition, in order to match roughly the degree of APD 

shortening in the V307L mutation condition, increased the slope of restitution to an even greater 

extent than observed under V307L conditions. (2) Addition of the instantaneous voltage-independent 

component (ξ) in the V307L mutation condition dramatically reduced the maximum slope. (3) The 

maximum slope under V141M mutation conditions in which either (i) only ξ was considered or (ii) 

kinetics were kept the same but ξ was removed, remained much smaller than in the WT condition. 

These three observations suggest that increased IKs early during the AP, either due to slower 

deactivation under SQT2 mutation conditions or presence of a constitutively active component, 

reduces the maximum slope of restitution. (4) A final hypothetical V141M mutation condition 

without ξ and with a 2.5-fold increase in maximal conductance of ICaL showed a restitution steepness 

close to that of the WT condition. This suggests that the effects of ξ on reducing ICaL are also an 

important factor in determining restitution steepness, in agreement with a previous study that 

suggested restitution of ICaL is a primary determinant of the steepness of APD restitution (Qu et al., 

1999). 

2.2. Comparison with an alternative human atria model 

In comparative simulations using the GB model, the V141M and V307L KCNQ1 mutations 

produced much more modest APD shortening than in the CNZ model (due to smaller maximal IKs 

conductance and lesser activation of IKs during the AP; Figure S12). Nonetheless, a greater APD 

shortening under V141M mutation conditions than V307L mutation conditions was observed, 

consistent with CNZ model simulations (Supplementary Table S8). Furthermore, opposing effects on 

the maximal slope of APD restitution were similarly observed (decreased steepness for the V141M 

mutation and increased steepness for the V307L mutation). These findings are reassuring; in the CNZ 

model, greater APD shortening associated with the V141M mutation was responsible for the higher 

DF of re-entrant excitations than under V307L mutation conditions, and steepness of APD restitution 

in SQT2 mutation conditions mediated spiral wave dynamics. Both of these important determinants 

of tissue-level re-entrant wave behaviour were reproduced using the GB model – an alternative, well-

established human atrial AP model (Grandi et al., 2011). 

2.3. Effects of AF-induced electrical and structural remodelling on SQT2 phenotype 

In the 3D anatomical human atria, the effects of quinidine on arrhythmic atrial excitation waves are 

shown in Manuscript Figure 7. Supplementary simulations were performed in order to investigate 

potential interactions between AF remodelling and KCNQ1 mutations. When AF-induced 

structural/connexin remodelling (40% reduction in D) was included, either alone or combined with 

electrical remodelling, quinidine was ineffective at pharmacological conversion of arrhythmic 

excitation waves under both mutation conditions (Figure S13). However, quinidine still reliably 

decreased the DF in a dose-dependent manner.  
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3. Supplementary Figures 

 

 
Figure S1: The Markov chain scheme for human IKs. C1-C15 represent closed states, whereas O1 and O2 

represent open states. Green closed states (zone 2) represent channels which have not completed the first 

voltage sensor transition for all four subunits, and blue closed states (zone 1) represent channels which have 

completed the four first voltage sensor transitions. The activated (open) states are shown in red.   
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Figure S2: Simulated voltage and action potential clamp experiments under WT and V307L conditions. 

(A) Simulated current traces under WT (i) and V307L (ii) conditions at test potentials of −60 mV (blue), −30 

mV (green), 0 mV (red), and 30 mV (cyan), following the voltage clamp protocol shown. Experimental 

current traces are shown inset (El Harchi et al., 2010). (B) Corresponding I-V relation measured at the end of 

step potentials (i) and voltage dependence of activation measured from peak tail currents (ii) under WT (dark 

blue) and V307L (cyan) conditions, where solid lines are simulation results, and points are experimental data. 

(C) Comparison of experimental (i) and simulated (ii) WT and V307L KCNQ1 mutant IKs current profiles 

from action potential (AP) clamps using the Courtemanche et al. (CRN) human atrial AP waveform 

(Courtemanche et al., 1998). Amplitudes of simulated current profiles were normalised to match those of the 

experimental traces to facilitate comparison. Experimental data are taken from El Harchi et al. at 37°C (El 

Harchi et al., 2010). 
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Figure S3: Markov chain parameters for WT and SQT2 mutant IKs. Transition rates in (A) WT, (B) 

V307L, and (C) V141M conditions. Parameters are defined as follows: Vm is the membrane potential; R is the 

molar gas constant; T is the temperature; F is the Faraday constant. All parameters correspond to a temperature 

of 37°C. All transition rates have units of ms
−1

. 
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Figure S4: Comparison of human atrial IKs: experiment vs. model. (Ai) Experimental and (Aii) simulated 

measurements of human atrial IKs, using the protocol shown in (B). (C) A comparison of IKs current density 

between model and experiment – data taken from undiseased human atrial myocytes (Caballero et al., 2010).  
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Figure S5: Response of atrial regional cell models to KCNQ1 mutants. Action potential profiles in WT, 

WT-V141M, V141M, WT-V307L, and V307L conditions at 1 Hz in the pectinate muscles (PM; Ai), crista 

terminalis (CT; Aii), right atrial appendage (RAA; Aiii), atrio-ventricular ring (AVR; Aiv), Bachmann’s 

bundle (BB; Av), left atrium (LA; Avi), atrial septum (AS; Avii), left atrial appendage (LAA; Aviii), and 

pulmonary vein (PV; Aix) regions of the CNZ human atrial cell model. (B) A barchart summary of the action 

potential duration (APD) in different regional cell models. (C) Dispersion of APD between PV/LA cells under 

WT and SQT2 mutation conditions.  
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Figure S6: Comparison of AF model with experimental data. The CNZ model AP under normal sinus 

rhythm (SR) and atrial fibrillation (AF) remodelling conditions at 1 Hz (A) compared with experimentally-

measured human atrial APs from (B) Dobrev et al. (Dobrev and Ravens, 2003), (C) Bosch et al. (Bosch et al., 

1999), (D) Workman et al. (Workman et al., 2001), (E) van Wagoner et al. (Van Wagoner and Nerbonne, 

2000), and (F) Voigt et al. (Voigt et al., 2012). In all panels, a marker to the left of the APs represents a 

membrane potential of 0 mV, and the scale inset corresponds to 100 ms and 30 mV along the x and y axes, 

respectively. 
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Figure S7: Comparison of the modified FS human sinoatrial node model to experimental data. (A) 

Simulated action potential (AP) of a single human sinoatrial node (SAN) myocyte using updated model in this 

study (black, solid line) compared with original model (red, dashed line), and three experimentally-recorded 

APs (grey, solid lines) from isolated human SAN cells (Verkerk et al., 2007). (B) A comparison of AP metrics 

between model (points) and experiment (bars); namely, the maximum diastolic potential (MDP), cycle length 

(CL), action potential duration at 20%, 50%, and 90% (APD20, APD50, and APD90, respectively), overshoot 

(OS), and diastolic depolarisation rate at 100 ms (DDR100). All experimental data are taken from (Verkerk et 

al., 2007). 
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Figure S8: Modelling quinidine interactions with sodium channels. (A) Simulated (solid lines) and 

experimental (points) tonic block of INa by quinidine (QUIN) using the pulse protocol shown inset. (B) Use-

dependent block of INa by 10 μM and 20 μM QUIN, measured using the pulse protocol shown inset (n = 30 

pulses). (C) Onset of use dependent block measured using pulse protocol shown inset with depolarising pulses 

of varying duration, ΔT. (D) Recovery time course of sodium channels measured using repeated depolarising 

pulses (n = 30) followed by a repolarising pulse of varying duration, ΔT. Experimental data were recorded in 

mammalian cardiac myocytes (Koumi et al., 1992), with a reported tonic block IC50 value of 17 μM. 
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Figure S9: Modelling quinidine interactions with IKr/hERG channels. (Ai) Drug-free and (Aii) drug-bound 

(additional states shown in red) Markov chain models of IKr/hERG. Simulated (solid line) and experimental 

(points) mean fractional block by 0.5 μM quinidine (QUIN) of IhERG during pulse protocol (shown inset) (Bi), 

and dose-response curve (Bii), where the IC50 value is 620 nM. (Ci) Simulated and (Cii) experimental current 

traces in response to a 10,000 ms voltage step to 0 mV from a holding potential of −80 mV under control 

conditions and with application of 0.5 μM QUIN. Experimental data at 37°C are taken from (McPate et al., 

2008; Paul et al., 2002). 
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Figure S10: 3D anatomical human atria model. The 3D anatomical human atria geometry shown from a 

right atrial posterior wall view and looking into the cavities (A), with the segmented regions of the atrial 

septum (AS), atrio-ventricular ring (AVR), crista terminalis (CT), left atrium (LA), left atrial appendage 

(LAA), left pulmonary veins (LPV), pectinate muscles (PM), right atrium (RA), right atrial appendage (RAA), 

right pulmonary veins (RPV), and sinoatrial node (SAN) shown for reference – Bachmann's bundle (BB) not 

shown. (B) Traced fibre orientations, where the colour map corresponds to the z component (vertical direction) 

of the longitudinal vector of the fibres. (C) The activation sequence following stimulation of the SAN region, 

with model activation times (bars) compared with the experimental data (points) of Lemery et al. (Lemery et 

al., 2007). 
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Figure S11: Determinants of the steepness of APD restitution. (A) Restitution of the APD measured at −70 

mV using an S1-S2 protocol under the following conditions: WT (dark blue); WT with a 20-fold increase in 

IKs maximal conductance (GKs) (orange); V307L (teal); V307L plus an instantaneous voltage-independent 

component (ξ) (light blue); V141M (red); V141M with WT kinetics plus ξ (pink); V141M without ξ (green); 

and V141M without ξ and with a 2.5-fold increase in ICaL maximal conductance (GCaL) (purple). (B) A bar 

chart showing the corresponding maximal slope of restitution. 
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Figure S12: AP and IKs profile in WT and SQT2 mutation conditions using the GB model. Action 

potential waveforms in WT (dark blue), WT-V141M (gold) V141M (red), WT-V307L (magenta), and V307L 

(teal) conditions at a pacing frequency of 1 Hz (Ai), with corresponding current trace for IKs (Aii). Restitution 

of the APD measured at −65 mV using an S1-S2 protocol (Bi), and a bar chart showing maximal slope of 

restitution (Bii). 
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Figure S13: Effects of quinidine on re-entrant waves in SQT2 mutation conditions. (A) Snapshots of re-

entrant scroll at various time points after initiation of a scroll wave in the 3D virtual human atria under drug-

free WT-V141M (i), and WT-V141M + 2μM quinidine (QUIN) (ii) conditions (with no remodelling), with (B) 

corresponding pseudo ECG (pECG) recorded during the final 5.0 s. (C) Dominant frequencies in control (c) 

WT-V141M conditions and upon application of various concentrations of quinidine with no remodelling (i), 

structural/connexin remodelling (ii), and combined electrical and structural/connexin remodelling (iii). (D) 

Snapshots of re-entrant scroll waves following re-entry initiation under drug-free WT-V307L (i), and WT-

V307L + 2μM QUIN (ii) conditions, with (E) corresponding pECGs recorded during the final 5.0 s. (E) 

Dominant frequencies in control (c) WT-V307L conditions and upon application of quinidine with no 

remodelling (i), structural/connexin remodelling (ii), and combined electrical and structural/connexin 

remodelling (iii). In drug simulations QUIN was applied at t = 2500 ms. * denotes that re-entrant scroll waves 

self-terminated. 
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4. Supplementary Tables 

 

Table S1. Comparison of model APD with experimental measurements. 

Study APD90 (ms) at 1 Hz 

This study 250 

Bosch et al. (Bosch et al., 1999) 255±45 

Dobrev et al. (Dobrev and Ravens, 2003) 203±10 

Katoh et al. (Katoh et al., 2005) 255±39 

Kim et al. (Kim et al., 2002) 258±25 

Pau et al. (Pau et al., 2007) 239±11 

Redpath et al. (Calum J Redpath, 2006) 210±17 
A summary of APD90 values from a range of experimental measurement from human atrial myocytes, as well 

as the model used in this study. 

 

 

Table S2. Ionic differences in the CNZ family of regional cell models.  

 GCaL Gto GKur GNa GKr GKs GK1 Source 

CT 2.0 1.0 1.0 1.0 1.0 1.0 1.0 (Feng et al., 1998) 

BB 2.2 1.0 1.0 1.0 1.0 1.0 1.0 (Burashnikov et al., 2004; Feng et al., 

1998) 

PM 0.94 1.0 1.0 1.0 1.0 1.0 1.0 (Feng et al., 1998) 

AVR 0.67 0.6 1.0 1.0 1.63 1.0 1.0 (Feng et al., 1998) 

RAA 1.0 0.68 1.0 1.0 1.0 1.0 1.0 (Feng et al., 1998; Gong et al., 2008) 

AS 0.4 0.212 0.667 1.3 1.0 1.0 V1/2 

−6 

(Gong et al., 2008) 

LA 1.0 1.0 1.0 1.0 1.6 1.0 1.0 (Ehrlich et al., 2003; Feng et al., 1998; Li 

et al., 2001) 

LAA 1.0 0.68 0.8 1.0 1.6 1.0 1.0 (Caballero et al., 2010; Feng et al., 1998; Li 

et al., 2001) 

PV 0.7 0.75 1.0 1.0 2.4 2.0 0.67 (Cha et al., 2005; Datino et al., 2010; 

Ehrlich et al., 2003) 

A summary of conductance scaling factors, GX, for maximal conductance of ionic current IX relative to the 

baseline (RA) cell model and corresponding experimental data sources. Abbreviations are as follows: CT = 

crista terminalis, BB = Bachmann’s bundle, PM = pectinate muscles, AVR = atrio-ventricular ring, RAA = 

right atrial appendage, AS = atrial septum, LA = left atrium, LAA = left atrial appendage, PV = pulmonary 

veins. 
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Table S3: Model parameters describing AF remodelling conditions. 

Process AF model Experimental observation 

ICaL −65% −65% (Workman et al., 2001); −70% (Bosch et al., 1999); −63% 

(Wagoner et al., 1999) 

Ito −65% −65% (Workman et al., 2001); −70% (Bosch et al., 1999); −66% 

(Wagoner et al., 1999) 

IK1 +110% +75% (Workman et al., 2001); +100% (Bosch et al., 1999); +106% 

(Wagoner et al., 1999); +137% (Dobrev et al., 2001) 

IKur −50% −49% (Wagoner et al., 1997); −45% LA (Caballero et al., 2010); 

−55% RA (Caballero et al., 2010); −60% (Christ et al., 2004) 

IKs +100% +100% LA (Caballero et al., 2010); >+100% RA (Caballero et al., 

2010) 

INaCa +40% +43±14% (Neef et al., 2010); +67% (Schotten et al., 2002) 

KSR,leak +50% Increased (Voigt et al., 2012) 

RYR release +200% Open probability increased (Voigt et al., 2012) 

A summary of model parameters describing AF remodelling conditions for different processes, and 

corresponding experimental observations. The AF model implemented changes relative to the baseline CNZ 

model. LA and RA are left and right atrium, respectively. 

 

Table S4: Secondary pharmacological effects of quinidine on ion channels. 

 IC50 (μM) Source 

ICaL 14.9 (Zhang and Hancox, 2002) 

Ito 21.8 (Nenov et al., 1998) 

IKs 44.0 (Kang et al., 2001) 

IK1 42.6 (Nenov et al., 1998) 

INaL 12.0 (Wu et al., 2008) 

IKur 6.6 (Nenov et al., 1998) 

A summary of half maximal inhibitory concentration values (IC50) extracted from the literature. Block of INaL 

(highlighted in red) by quinidine was not included in simulations, as late sodium current is not included in the 

CNZ model. 
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Table S5: Rate transitions for the guarded receptor model of quinidine binding to INa.  

 Quinidine 

kA (μM
-1

s
-1

) 1.87×10
0
 

lA (s
-1

) 1.73×10
-7

 

kI (μM
-1

s
-1

) 8.90×10
-1

 

lI (s
-1

) 1.12×10
-6

 

kR (μM
-1

s
-1

) 2.58×10
-1

 

lR (s
-1

) 4.60×10
-6

 

Open state affinity (μM) 9.23×10
-2

 

Inactivated state affinity (μM) 1.26×10
0
 

Resting state affinity (μM) 1.78×10
1
 

Binding (k) and unbinding (l) rates to drug-bound activated (A), inactivated (I), and resting (R) states 

corresponding to the guarded receptor model equations. Drug affinities for states of type X were determined 

by computing lX/kX. 

 

Table S6: Rate transitions to drug-bound states of the Markov chain scheme for IKr.  

 Quinidine 

kA (μM
-1

s
-1

) 1.44×10
3
 

lA (s
-1

) 4.37×10
-3

 

kI (μM
-1

s
-1

) 1.91×10
2
 

lI (s
-1

) 1.29×10
-5

 

Open state affinity (μM) 3.02×10
0
 

Inactivated state affinity (μM) 6.75×10
-1

 

Binding (k) and unbinding (l) rates to drug-bound activated (A) and inactivated (I) states corresponding to the 

drug-bound Markov chain scheme presented in Figure S8. Drug affinities for states of type X were determined 

by computing lX/kX. 
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Table S7: A summary of APD/ERP prolongation in SQT2 by quinidine. 

 APD, 1 Hz (ms) APD, 2 Hz (ms) ERP, 1 Hz (ms) ERP, 2 Hz (ms) 

WT 250.0 219.8 274 250 

WT-V141M 

(+AF) 

124.7 (107.4) 88.5 (82.4) 172 (135) 129 (109) 

+ 1μM QUIN 142.2 (116.8) 101.2 (89.9) 191 (146) 148 (118) 

+ 2μM QUIN 152.4 (123.6) 110.6 (95.7) 207 (154) 164 (126) 

+ 5μM QUIN 167.6 (137.3) 127.3 (108.1) 274 (181) 222 (157) 

WT-V307L 

(+AF) 

207.6 (152.2) 182.4 (133.4) 233 (174) 212 (158) 

+ 1μM QUIN 229.6 (174.4) 207.5 (152.4) 264 (195) 244 (177) 

+ 2μM QUIN 243.0 (189.6) 222.5 (166.5) 290 (211) 273 (192) 

+ 5μM QUIN 268.8 (216.6) 251.4 (193.6) 390 (262) 392 (246) 

Action potential duration (APD) and effective refractory period (ERP) prolongation by various concentrations 

of quinidine (QUIN) both without (black) and with (red, in brackets) the effects of AF-induced electrical 

remodelling. 

 

Table S8: Atrial cell AP properties in WT and SQT2 mutant conditions in the GB model. 

 WT WT-V141M V141M WT-V307L V307L 

APD90 (ms) 306.0 267.9 244.2 298.1 291.9 

APD50 (ms) 69.0 62.4 57.8 67.9 67.6 

APA (mV) 102.5 102.5 102.6 102.7 102.7 

MUV (V/s) 108.0 109.6 111.3 106.0 107.6 

A summary of single human atrial cell AP characteristics under WT and SQT2 mutation conditions at a pacing 

frequency of 1 Hz in the GB model. Abbreviations are: action potential duration at 50% and 90% 

repolarisation (APD50 and APD90, respectively),  action potential amplitude (APA), and maximum upstroke 

velocity (MUV). 
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5. Supplementary Videos 

 

Video S1: Initiation and conduction of spiral waves in a 2D idealised geometry in the WT condition. 

Re-entry was initiated using an S1-S2 protocol: following propagation of a planar wave elicited with 

four conditioning S1 stimuli at a BCL of 400 ms, an S2 stimulus was applied in the lower left 

quadrant of the patch. The initiated spiral wave meanders out of the tissue boundaries after ~3.7 s. 

Video S2: Initiation and conduction of spiral waves in a 2D idealised geometry in the WT-V141M 

condition. Re-entry was initiated using an S1-S2 protocol: following propagation of a planar wave 

elicited with four conditioning S1 stimuli at a BCL of 400 ms, an S2 stimulus was applied in the 

lower left quadrant of the patch. The initiated spiral wave persists as a stationary, stable wave for the 

duration of the simulation. 

Video S3: Initiation and conduction of spiral waves in a 2D idealised geometry in the V141M 

condition. Re-entry was initiated using an S1-S2 protocol: following propagation of a planar wave 

elicited with four conditioning S1 stimuli at a BCL of 400 ms, an S2 stimulus was applied in the 

lower left quadrant of the patch. The initiated spiral wave persists as a stationary, stable wave for the 

duration of the simulation. 

Video S4: Initiation and conduction of spiral waves in a 2D idealised geometry in the WT-V307L 

condition. Re-entry was initiated using an S1-S2 protocol: following propagation of a planar wave 

elicited with four conditioning S1 stimuli at a BCL of 400 ms, an S2 stimulus was applied in the 

lower left quadrant of the patch. The initiated spiral wave persists as a meandering but stable wave 

for the duration of the simulation. 

Video S5: Initiation and conduction of spiral waves in a 2D idealised geometry in the V307L 

condition. Re-entry was initiated using an S1-S2 protocol: following propagation of a planar wave 

elicited with four conditioning S1 stimuli at a BCL of 400 ms, an S2 stimulus was applied in the 

lower left quadrant of the patch. The initiated spiral wave spontaneously degenerates into multiple 

waves, persisting for the duration of the simulation. 

Video S6: Re-entrant scroll waves in the WT condition initiated in the 3D anatomical human atria 

model shown from two views–looking at the RA posterior wall (left) and into the cavities (right). A 

single scroll wave completes two circuits in the RA before self-terminating after ~0.6 s.  

Video S7: Re-entrant scroll waves in the WT-V141M condition initiated in the 3D anatomical human 

atria model shown from two views–looking at the RA posterior wall (left) and into the cavities 

(right). Re-entry is driven by a single stationary scroll wave in the RA which follows a circuit along 

the junction of the crista terminalis and pectinate muscles, persisting for the duration of the 

simulation. 

Video S8: Re-entrant scroll waves in the V141M condition initiated in the 3D anatomical human 

atria model shown from two views–looking at the RA posterior wall (left) and into the cavities 

(right). Re-entry is driven by a single stationary scroll wave in the right atrial appendage, persisting 

for the duration of the simulation. 
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Video S9: Re-entrant scroll waves in the WT-V307L condition initiated in the 3D anatomical human 

atria model shown from two views–looking at the RA posterior wall (left) and into the cavities 

(right). Scroll waves meander significantly throughout the atria, before settling into a persistent, 

anatomical re-entry around the opening of the inferior vena cava which lasts for the remainder of the 

simulation. 

Video S10: Re-entrant scroll waves in the V307L condition initiated in the 3D anatomical human 

atria model shown from two views–looking at the RA posterior wall (left) and into the cavities 

(right). The initiated scroll wave moves unpredictably at first, then occasionally breaks and forms 

multiple wavelets which meander and collide. Re-entry ultimately settles into a persistent, anatomical 

re-entry around the opening of the inferior vena cava which lasts for the remainder of the simulation. 

Video S11: Re-entrant scroll waves in the WT-V307L condition under application of 2 μM quinidine 

in the 3D anatomical human atria model shown from two views–looking at the RA posterior wall 

(left) and into the cavities (right). Following application of quinidine, the wavelength of re-entrant 

excitations is increased, which leads to termination of re-entry after ~7.5 s. 
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