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1 Supplementary Notes 

 

Supplementary Note 1. Simulation of the ECG in wild-type and T618I 

mutation conditions 

The changes of ECG by the T618I mutation were simulated using a transmural 

ventricular 1D strand. Supplementary Figure 2 plotted the comparison of wild-

type and SQT1 pseudo-ECGs, and panel A and B were separately obtained from 

the homogeneous (EPI:MID:ENDO=1:1:1) and heterogeneous IKr 

(EPI:MID:ENDO=1.6:1:1) settings. Our simulation suggested that the 

incorporation of IKr heterogeneity was critical in generating the characteristic 

ECG morphology observed in SQT1 patients, including the abbreviated QT 

interval and the increased T-wave amplitude. The critical role of IKr heterogeneity 

in shaping the T-wave morphology was due to that a larger IKr conductance in 

EPI cells led to a greater reduction of epicardial APD comparing to the 

homogeneous condition, which resulted in a higher membrane potential gradient. 

Supplementary Note 2. Actions of quinidine on the ECG of KCNH2 

T618I mutation 

Actions of quinidine on the ECG were simulated using the transmural strand 

with the setting of heterogeneous IKr. The results are shown in Supplementary 

Figure 3, where it can be observed that the QT interval was significantly 

increased, and the peak amplitude of T-wave was reduced. In terms of the QTc, 

the abbreviated QTc of 315 ms was prolonged to 382 ms, which is close to that 

in the wild-type condition (400 ms). 

Supplementary Note 3. Simulation results based on the ORd model 

The ORd model [1] is a widely used human ventricular cell model that has been 

validated on extensive experimental data from undiseased human ventricular 

myocytes. Some critical physiological parameters like intracellular ion 
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concentrations and rate dependence of APD and Ca2+ were quantitatively 

reproduced. It was also designated as the cell model in the Comprehensive in 

Vitro Proarrhythmia Assay (CiPA) initiative [2]. Therefore, we adopted this 

model for the model-dependency assessment. Noted that the original INa in the 

ORd model was replaced by that in TNNP06 to overcome the unphysiologically 

slow conduction velocity [3]. 

 Simulation results of action potentials 

The developed Markov model was incorporated into the ORD cell model. 

Simulated action potentials, IKr, and the statistical data regarding transmural 

properties under different conditions are plotted in Supplementary Figure 6.  

According to the simulation results demonstrated in Supplementary Figure 6, 

the ORd model successfully reproduced the enhanced IKr and the abbreviated 

APD under the mutation condition, and quinidine at 5 μmol was able to restore 

the APD. Most results are consistent with that using the TNNP06 model (see 

Figure 7 in the main text for comparison), except that the transmural difference 

of APD and ERP between ENDO and MID cells were slightly increased in the 

case of ORd. The detailed action potential parameters under different conditions 

are listed in Supplementary Table 2. 

 Simulation results of restitution properties and the rate adaption of QT 

interval 

Simulation results of restitution properties and the rate adaption of the QT 

interval are shown in Supplementary Figure 7. The main findings based on the 

ORd model were consistent with that based on the TNNP06 model, such as the 

flattened/re-steepened APD restitution curves under the mutation/quinidine 

condition, the decreased CV after the application of quinidine, and the 

flattened/restored QT rate adaption under the mutation/quinidine condition (see 

Figure 9 in the main text for comparison). 
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 Simulation results of pseudo-ECGs 

Simulation results of pseudo-ECGs using 1D strand of ORd cells are shown in 

Supplementary Figure 8. As observed in the figure, the model recapitulated the 

abbreviated QT interval under the mutation condition, and quinidine successfully 

restored the QT interval to its WT level. However, the model did not reproduce 

the increased amplitude of T-wave under the mutation condition (see 

Supplementary Figure 3 in this document for comparison).  

 Simulation results of the temporal vulnerability to reentry arrhythmias 

Simulation results of the temporal vulnerable window based on the ORd model 

was demonstrated in Supplementary Figure 9. The average width of VWs was 

decreased from 1.48 ms under the control condition to 0.48 ms under T618I. The 

conclusion that the overall temporal vulnerability is decreased in the mutation 

therefore remain unchanged.  

 Simulation results of the spatial vulnerability to reentry arrhythmias 

Simulation of the spatial critical length (CL) to reentry arrhythmias based on 

the ORd model was shown in Supplementary Figure 10. The measured CLs were 

52.7 and 44.4 mm in the wild-type and T618I tissue, separately, suggesting an 

increased spatial vulnerability. Quinidine significantly restored the critical length 

(64.7 mm). Above observations are consistent with that on the TNNP06 model.  

Supplementary Note 4. Simulation results based on the ToR-ORd 

model 

ToR-ORd [4] is another well-calibrated human ventricular cell model. It was 

derived from the original ORd model and was further validated under various 

conditions including health, disease, and drug blockade. According to the original 

report of ToR-ORd, the model behaviour was consistent with a wide range of 

established biophysical knowledge and experimental data. Therefore, the ToR-

ORd is also a suitable model for the model-dependency assessment of our findings 
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in this study. 

 Simulation results of action potentials 

We first conducted cellular level simulations using the ToR-ORd model. Similar 

to the previous two models, the developed Markov model was incorporated into 

the cell model. Simulated action potentials, IKr, and the statistical data regarding 

transmural properties under different conditions are plotted in Supplementary 

Figure 11.  

According to the simulation results demonstrated in Supplementary Figure 11, 

the main findings at the cellular level remain unchanged (see Figure 7 in the main 

text for comparison). Detailed action potential parameters under different 

conditions are listed in Supplementary Table 3.  

 Simulation results of restitution properties and the rate adaption of QT 

interval 

Simulation results of restitution properties and the rate adaption of the QT 

interval are shown in Supplementary Figure 12. The main findings based on the 

TNNP06 model were consistent with that based on the ToR-ORd model, such as 

the flattened/re-steepened APD restitution curves under the mutation/quinidine 

condition, the decreased CV after the application of quinidine, and the 

flattened/restored QT rate adaption under the mutation/quinidine condition (see 

Figure 9 in the main text for comparison). 

 Simulation results of pseudo-ECGs 

Simulation results of pseudo-ECGs using 1D strand of the ToR-ORd cells are 

shown in Supplementary Figure 13. As observed in the figure, the model 

successfully recapitulated the abbreviated/restored QT interval under the 

mutation/quinidine condition. However, similar to the ORd model, ToR-ORd 

also failed to reproduce the increased amplitude of T-wave under the mutation 

condition.  



7 

 Simulation results of the temporal vulnerability to reentry arrhythmias 

Simulation results of the temporal vulnerable window based on the ORd model 

was demonstrated in Supplementary Figure 14. The average width of VWs was 

decreased from 4.62 ms under the control condition to 4.06 ms under T618I. The 

overall temporal vulnerability is decreased in the mutation.  

 Simulation results of the spatial vulnerability to reentry arrhythmias 

Simulation of the spatial critical length (CL) to reentry arrhythmias based on 

the ToR-ORd model was shown in Supplementary Figure 15. The measured CLs 

were 57.0 and 37.1 mm in the wild-type and T618I tissue, separately, suggesting 

an increased spatial vulnerability. Quinidine significantly restored the critical 

length (66.0 mm). Above observations are consistent with that on the TNNP06 

model.  

Above all, the simulation results are highly consistent among various models 

except that the increased T-wave amplitude was only reproduced in TNNP06. 

Therefore, cautions should be taken when interpreting the results of increased T-

wave amplitude generated by the TNNP06 model. Despite the above 

inconsistency, most simulation results reported in this paper are robust and are 

not model dependent.  
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2 Supplementary Tables 

 

Supplementary Table 1: Action potential parameters for wild-type and T618I conditions. 

 Wild-type KCNH2 T618I Quinidine 
 EPI ENDO MID EPI ENDO MID EPI ENDO MID 

APD25 210.46 210.34 286.06 149.18 158.22 190.68 169.16 180.02 228.60 
APD50 276.16 283.84 374.12 203.12 220.84 257.96 235.36 252.22 326.30 
APD90 308.94 319.98 411.66 235.16 255.76 295.46 284.74 304.22 388.22 
ERP 356.94 354.98 457.66 280.16 287.76 340.46 318.74 335.22 424.22 
Vrest -85.47 -85.46 -85.30 -85.62 -85.60 -85.50 -85.23 -85.19 -84.95 

dV/dtmax 387.23 387.86 386.77 390.81 390.62 387.35 332.32 332.06 328.60 
OS 41.54 42.69 41.44 41.53 42.71 41.39 36.50 37.78 36.21 
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Supplementary Table 2: Action potential parameters using the ORd model. 

 Wild-type KCNH2 T618I Quinidine 
 EPI ENDO MID EPI ENDO MID EPI ENDO MID 

APD25 166.44 170.36 191.58 95.56 92.58 116.04 112.74 99.50 148.08 
APD50 226.76 241.36 256.40 127.94 130.24 147.54 166.94 190.62 218.62 
APD90 270.74 296.94 304.70 177.74 189.14 199.50 269.74 328.22 347.88 
ERP 284.74 310.94 316.70 191.74 204.14 211.50 283.74 342.22 347.88 
Vrest -87.86 -87.97 -87.58 -87.93 -88.02 -87.71 -88.01 -88.07 -87.80 

dV/dtmax 448.02 456.07 429.78 447.99 456.61 429.24 386.49 392.89 370.63 
OS 43.65 44.90 42.19 43.43 44.79 41.67 38.58 39.67 37.26 
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Supplementary Table 3: Action potential parameters using the ToR-ORd model. 

 Wild-type KCNH2 T618I Quinidine 
 EPI ENDO MID EPI ENDO MID EPI ENDO MID 

APD25 136.26 138.66 141.06 81.48 86.18 95.02 87.74 90.04 97.04 
APD50 202.98 229.02 242.86 110.98 129.38 136.36 140.58 168.92 205.96 
APD90 244.52 287.54 302.22 155.68 189.58 207.60 234.18 283.78 323.00 
ERP 259.52 302.54 314.22 170.68 205.58 220.60 250.18 300.78 337.00 
Vrest -89.38 -89.03 -89.39 -89.21 -88.87 -89.54 -89.31 -89.06 -90.03 

dV/dtmax 337.30 345.86 316.76 343.72 350.28 317.40 269.41 279.93 241.95 
OS 35.17 35.36 33.24 35.61 35.78 34.19 30.40 30.35 30.19 
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3 Supplementary Figures 

 

 

Supplementary Figure 1: Simulation results of calcium transients under different 

conditions. (A) Action potentials. (B) Calcium transients. Simulations 

demonstrated that the intracellular Ca2+ concentration was decreased under the 

T618I condition, and quinidine did not cause obvious effects.
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Supplementary Figure 2: Simulation results of pseudo-ECGs using the TNNP06 

model. (A) Homogeneous IKr setting, i.e., EPI:MID:ENDO=1:1:1. (B) 

Heterogeneous IKr setting, i.e., EPI:MID:ENDO=1.6:1:1. Solid and dashed lines 

represent the wild-type and T618I conditions, respectively.
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Supplementary Figure 3: Simulation results of pseudo-ECGs in wild-type, T618I, 

and quinidine conditions. Quinidine successfully restored the abbreviated QT 

interval.  
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Supplementary Figure 4: Effects of the KCNH2 T618I mutation on the dynamic 

behaviour of reentrant spiral waves. (A) Wild-type, (B) mutation conditions. 

Panels from left to right show the spiral wave form, the tip trajectory, and the 

action potential trace of the representative cell marked ‘*’, respectively.
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Supplementary Figure 5: Actions of quinidine on the dynamic behaviour of 

reentrant spiral waves. (A) The mutation condition, (B) with the administration 

of quinidine. Panels from left to right show the spiral wave form, the tip trajectory, 

and the action potential trace of the representative cell marked ‘*’, respectively.
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Supplementary Figure 6: Simulation results using the ORd model. (A-C) Steady-

state (1.25 Hz) action potentials and the corresponding IKr for EPI, MID, and 

ENDO cells. (D) The comparison of the peak IKr. (E) The comparison of 

transmural APD differences. (F) The comparison of transmural ERP differences.
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Supplementary Figure 7: Simulation results of APD and CV restitution curves 

and the rate adaption curves of QT interval using the ORd model. (A) APD 

restitution curves obtained from the S1-S2 protocol (Ai) and the dynamic protocol 

(Aii), where APDs were plotted against PCL and DI, respectively. (B) CV 

restitution curves obtained from the S1-S2 protocol (Bi) and the dynamic protocol 

(Bii). (C) The rate adaption curves of QT interval.
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Supplementary Figure 8: Simulation results of pseudo-ECGs using the ORd 

model.
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Supplementary Figure 9: Simulation results of the unidirectional conduction block 

based on the ORd model. (A) The evoked unidirectional conduction block in the 

wild-type condition. (B) The unidirectional conduction block in the T618I 

mutation condition. (C) Distributions of VWs in the two conditions. (D) The 

comparison of the average VW width in the two conditions.
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Supplementary Figure 10: Simulation results of the critical length based on the 

ORd model. (A) Wild-type, (B) T618I mutation, and (C) quinidine conditions. 

(D) The comparison of critical length in the above situations.
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Supplementary Figure 11: Simulation results using the ToR-ORd model. (A-C) 

Steady-state (1.25 Hz) action potentials and the corresponding IKr for EPI, MID, 

and ENDO cells. (D) The comparison of the peak IKr. (E) The comparison of 

transmural APD differences. (F) The comparison of transmural ERP differences.



22 

 

Supplementary Figure 12: Simulation results of APD and CV restitution curves 

and the rate adaption curves of QT interval using the ToR-ORd model. (A) APD 

restitution curves obtained from the S1-S2 protocol (Ai) and the dynamic protocol 

(Aii), where APDs were plotted against PCL and DI, respectively. (B) CV 

restitution curves obtained from the S1-S2 protocol (Bi) and the dynamic protocol 

(Bii). (C) The rate adaption curves of QT interval. 



23 

 

Supplementary Figure 13: Simulation results of pseudo-ECGs using the ToR-

ORd model. 
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Supplementary Figure 14: Simulation results of the unidirectional conduction 

block based on the ToR-ORd model. (A) The evoked unidirectional conduction 

block in the wild-type condition. (B) The unidirectional conduction block in the 

T618I mutation condition. (C) Distributions of VWs in the two conditions. (D) 

The comparison of the average VW width in the two conditions. 
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Supplementary Figure 15: Simulation results of the critical length based on the 

ToR-ORd model. (A) Wild-type, (B) T618I mutation, and (C) quinidine 

conditions. (D) The comparison of critical length in the above situations. 
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Supplementary Figure 16: Simulation results of the critical length based on the 

TNNP06 model. (A) Wild-type, (B) T618I mutation, and (C) quinidine 

conditions. (D) The comparison of critical length in the above situations.
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Supplementary Figure 17: Simulated I-V curves along with the experimental 

data. (A) N588K. Experimental data from [5]; (B) T618I. Experimental data 

from [6]. Error bars in this figure represent standard error of measurement 

(SEM).
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Supplementary Figure 18: Simulation results of the I-V curves under different 

conditions. (A) The fitted current-voltage (I-V) curves in wild-type (black) and 

N588K (red) conditions. Experimental data of N588K is obtained from [6]. (B) 

The simulated I-V curves after the application of 100 or 500 μmol sotalol under 

wild-type and N588K conditions. The inset shows the comparison of I-V curves 

under the control condition. (C) The relative N588K IKr current at 20 mV after 

the application of sotalol. Experimental data from [5]. (D) The fitted current-

voltage (I-V) curves in wild-type (black) and T618I (red) conditions. 

Experimental data from [5]. (E) The simulated I-V curves after the application 

of 100 or 500 μmol sotalol under wild-type and N588K conditions. (F) The relative 

T618I IKr current at 20 mV after the application of sotalol. Error bars in this 

figure represent standard error of measurement (SEM).
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Supplementary Figure 19: Dose-dependent effects of quinidine on multiple ion 

channels. Experimental data sources: IKr from Harchi et al. (Fig. 7B in [7]); IKs 

from Kang et al. (Fig. 2B in [8]); IK1 from Nenov et al. (Fig. 4C in [9]); Ito from 

Nenov et al. (Fig. 1B in [9]); INa from Koumi et al. (Fig. 2 in [10]); INaL from Wu 

et al. (Fig. 5D in [11]); ICaL from Zhang et al. (Fig. 1f in [12]). Error bars in this 

figure represent the standard error of measurement (SEM).
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