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1. Supplementary Figures

Figure S1: Scroll waves under WT and SQT1 mutation conditions in the 3D anatomical 

human atria model using alternative initial conditions. (i) Evolution of scroll waves 

following initiation of re-entry in an anti-clockwise configuration (from a RA posterior wall 

aspect) at times t = 100 ms, t = 1000 ms, t = 5000 ms, and t = 10000 ms under (A) WT, (B) WT-

N588K, and (C) N588K conditions, with (ii) corresponding pseudo ECGs taken from the final 

5.0 s of re-entry simulations. 
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Figure S2: Rate-dependent effects of class I drugs on human atrial tissue. Effects of various 

concentrations (purple, orange, and red for increasing concentrations) of (A) disopyramide, (B) 

quinidine, and (C) propafenone on SQT1 (green) mutant atrial tissue, measured using a 1D strand 

model. The effects of drugs on the (i) effective refractory period (ERP), (ii) conduction velocity 

(CV), and excitation wavelength (WL) are shown, and compared with the wild type (WT; blue) for 

reference. For each basic cycle length (BCL), the two final action potentials were analysed to account 

for beat-to-beat alternans. 

Figure S3: Comparison of human atrial model ERP restitution curves with experimental data. 

Effective refractory period (ERP) against basic cycle length (BCL) in the Colman-Ni-Zhang 

(CNZ) (Ni et al., 2017) and Courtemanche-Ramirez-Nattel (CRN) (Courtemanche et al., 1998) 

models of the human atrial action potential, compared with human atrial experimental data (Yu et al., 

1999). 
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Figure S4: Mechanism of arrhythmia termination by quinidine in SQT1. A mechanism of 

arrhythmia termination by 5 μM quinidine in the setting of SQT1 is shown from two views – looking 

at the RA posterior wall and into the cavities. At times t = 550 ms (Ai), t = 600 ms (Aii), and t = 650 

ms (Aiii) following application of quinidine, excitations followed a re-entrant circuit around the right 

atrio-ventricular annulus. At times t = 700 ms (Aiv) and t = 750 ms (Av) the excitation wave 

encountered refractory tissue and thus conduction blocks, ultimately leading to self-termination of re-

entry by t = 850 ms (Avi). Black arrows denote the direction of propagation of selected wavefronts. 
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Figure S5: Mechanism of arrhythmia termination by propafenone in SQT1. A mechanism of 

arrhythmia termination by 0.5 μM propafenone in the setting of SQT1 is shown from two views – 

looking at the RA posterior wall and into the cavities. At times t = 2050 ms (Ai), t = 2100 ms (Aii), t 

= 2150 ms (Aiii), and t = 2100 ms (Aiv) following application of propafenone, excitations followed a 

re-entrant circuit around the right atrio-ventricular annulus. At times t = 2500 ms (Bi), t = 2550 ms 

(Bii), and t = 2600 ms (Biii) multiple waves destabilized the re-entrant circuit, leading to conduction 

blocks at t = 2650 ms (Biv) and t = 2700 ms (Bv), and ultimately self-termination of re-entry at t = 

2800 ms (Bvi). Black arrows denote the direction of propagation of selected wavefronts, and X 

denotes collision of waves. 
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Figure S6: Effects of propafenone on leading human ventricular cell models. The effects of 0.2 

μM (red), 0.5 μM (green), and 0.8 μM (blue) propafenone (PROPAF) on (i) wild type (WT) tissue 

and (ii) SQT1 mutant tissue are shown for the (A) Tusscher-Panfilov (TP) model (Tusscher and 

Panfilov, 2006) and (B) O’Hara-Rudy dynamic (ORd) model (O’Hara et al., 2011) of human 

ventricular cells. (iii) Bar charts showing corresponding changes in the QT interval compared to the 

respective control (C) – WT (blue) or SQT1 (red).  



Supplementary Material 

6 

Figure S7: Re-entry termination by combined IKr and INa block under SQT1 conditions. (A) 

Snapshots of spiral waves in idealised 2D sheets of human atrial tissue in (i) drug-free SQT1 

conditions, (ii) IKr block, (iii) INa block, and (iv) IKr + INa block conditions, and (B) corresponding 

spiral wave core trajectories, with effective refractory period (ERP) at BCL = 400 ms given. (C) 

Action potentials in (i) SQT1 and (ii) IKr + INa block conditions over a 5000 ms period from t = 4000 

to 9000 ms. Re-entry was initiated using an S1-S2 protocol, and 5μM of hypothetical drugs with 

disopyramide IKr/INa block kinetics were applied at t = 5000 ms. 
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2. Supplementary Tables

Table S1. 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. 

Table S2: Rate transitions to propafenone drug-bound states of the Markov chain scheme for IKr. 

Propafenone 

kA (μM
-1

s
-1

) 1.49×10
3

lA (s
-1

) 2.54×10
-3

kI (μM
-1

s
-1

) 1.11×10
2

lI (s
-1

) 3.02×10
-5

Open state affinity (μM) 1.70×10
0

Inactivated state affinity (μM) 2.72×10
-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 Manuscript Figure 1. Drug affinities for states of type X were 

determined by computing lX/kX. 
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Table S3: Rate transitions for the guarded receptor model of propafenone binding to INa. 

Propafenone 

kA (μM
-1

s
-1

) 1.49×10
3

lA (s
-1

) 2.54×10
-3

kI (μM
-1

s
-1

) 1.11×10
2

lI (s
-1

) 3.02×10
-5

Open state affinity (μM) 1.70×10
0

Inactivated state affinity (μM) 2.72×10
-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 S4: Secondary effects of disopyramide, quinidine, and propafenone on ion channels. 

Disopyramide Quinidine Propafenone 

Current IC50 (μM) Source IC50 (μM) Source IC50 (μM) Source 

ICaL 1036.7 (Kramer et 

al., 2013) 

14.9 (Zhang and 

Hancox, 

2002) 

1.7 (Hancox and 

Mitcheson, 

1997) 

Ito 20.9 (Hanada et 

al., 2003) 

21.8 (Nenov et 

al., 1998) 

4.8 (Gross and 

Castle, 

1998) 

IKs 88.1 44.0 (Kang et al., 

2001) 

- 

IK1 - 42.6 (Nenov et 

al., 1998) 

16.8 (Amorós et 

al., 2013) 

INaL - 12.0 (Wu et al., 

2008) 

- 

IKur 25.0 (Aréchiga et 

al., 2008) 

6.6 (Nenov et 

al., 1998) 

4.4 (Franqueza 

et al., 1998) 

A summary of half maximal inhibitory concentration values (IC50) extracted from the literature for 

disopyramide, quinidine, and propafenone. 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: A summary of 2D and 3D re-entry simulations. 

2D 3D 

Meander 

area 

(mm
2
ms

−1
)

Lifespan (s) Dominant 

frequency 

(Hz) 

Lifespan (s) 

SQT1 0.35 5.00 ICs 1 4.79 10.00 

ICs 2 4.99 10.00 

+1 μM

DISO

0.40 5.00 ICs 1 N/A 4.93 

ICs 2 4.39 10.00 

+2 μM

DISO

0.47 5.00 ICs 1 3.99 10.00 

ICs 2 3.79 10.00 

+5 μM

DISO

3.18 0.77 ICs 1 N/A 7.12 

ICs 2 2.99 10.00 

+1 μM

QUIN

0.44 5.00 ICs 1 N/A 5.36 

ICs 2 3.99 10.00 

+2 μM

QUIN

5.08 0.32 ICs 1 N/A 9.13 

ICs 2 3.59 10.00 

+5 μM

QUIN

6.66 0.34 ICs 1 N/A 6.57 

ICs 2 N/A 3.32 

+0.2 μM

PROPAF

2.10 2.82 ICs 1 4.99 10.00 

ICs 2 4.79 10.00 

+0.5 μM

PROPAF

1.98 3.35 ICs 1 N/A 7.21 

ICs 2 N/A 5.19 

+0.8 μM

PROPAF

0.75 5.00 ICs 1 4.59 10.00 

ICs 2 4.79 10.00 

A summary of re-entry simulations from idealised 2D homogeneous sheets and the 3D anatomical human 

atria model, under drug-free SQT1 conditions, and following pharmacological modulation with 

disopyramide (DISO), quinidine (QUIN), propafenone (PROPAF). Values from clockwise and 

anticlockwise initial conditions (ICs 1 and ICs 2, respectively) used for 3D simulations are given. 

Simulations in which re-entry terminated are highlighted in red. 
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3. Supplementary Videos

Video S1: 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 ~0.7 s.  

Video S2: Re-entrant scroll waves in the WT-N588K 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 S3: Re-entrant scroll waves in the N588K 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-

entrant wave activity is driven by a persistent, anatomical re-entry around the opening of the inferior 

vena cava, with occasional existence of multiple wavelets. 

Video S4: Re-entrant scroll waves in the SQT1 (WT-N588K) condition under application of 5 μM 

disopyramide 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 disopyramide, the 

wavelength of re-entrant excitations is increased, which leads to termination of re-entry after ~7.1 s. 

Video S5: Re-entrant scroll waves in the SQT1 (WT-N588K) 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 ~9.1 s. 

Video S6: Re-entrant scroll waves in the SQT1 (WT-N588K) condition under application of 0.5 μM 

propafenone 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 propafenone, secondary 

waves are induced which destabilise the re-entrant circuit, leading to termination of re-entry at ~7.2 s. 

Video S7: Initiation and conduction of spiral waves in a 2D idealised geometry in drug-free SQT1 

(top left), SQT1 + K
+
 channel (IKr) block (top right), SQT1 + Na

+
 channel (INa) block (bottom left),

and SQT1 + K
+
 and Na

+
 channel (IKr + INa) block (bottom right) conditions. Re-entry terminates only

under K
+
 and Na

+
 channel block conditions.
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