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Extended Methods 
 

Electrophysiological Cellular Model 

The human atrial AP model by Koivumaki et al. was used as the basis for this study, since it presented more 

stable rotor cores in comparison with other atrial cell models [1]. The electrophysiological remodeling 25 

caused by chronic AF was introduced as in Koivumaki et al. [2] to implement a baseline AF model (Figure 

1A) by altering: gCaL (–59%), gto (–62%), gKur (–38%), gK1 (+62%), kNCX (+50%), expression of 

Sarcoplasmic reticulum Ca2+ ATPase pump (SERCA, –16%) and the modulating effect of Phospholamban 

and Sarcopilin in SERCA (+ 18% and -40%). 

 30 

Population of Models 

 

The Latin Hypercube Sampling method [3,4] was used to generate 16.384 combinations of the currents 

listed: INaK, gK1, gCaL, kNCX, gto, gKur, gKr, gKs as well as the intake and release of Ca2+ from sarcoplasmic 

reticulum (cpumps in SERCA and Jrel,RyR
 respectively) from the chronic AF model by Koivumaki [2]. The 35 

method allows the generation of a combination of the N=11 parameters by means of sampling the N–

dimensional space with a high resolution, efficiently and without bias. It is implemented by stablishing the 
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inferior and superior and bounds (–100 to +200%) and sampling the range in each parameter in M=16.384 

intervals, which results in MN locations in the N–dimensional space. Then, M of these locations are 

randomly chosen satisfying that, for each dimension N, each interval is not chosen more than once. 40 

Note that our methodology aims to considering a wide variability in the balance between ionic currents, 

where the calibration against experimental data (at multiple pacing frequencies, multiple action potential 

biomarkers) reinforces the physiological plausibility of the selected models. It is defined as an 

experimentally-calibrated population of models which represents differences with other approaches 

studying variability as sensitivity-analysis-based methods or cell-specific modelling [5]. The inferior (-45 

100%) and superior (+200%) were selected in order to reach a complete block of the given current, while 

the superior bound (+200%) were selected according to the strong upregulations and downregulations in 

channel expression reported in the literature regarding AF remodeling [2]. The 16,384 candidate cellular 

models were simulated at different pacing frequencies: 1, 2, 3 and 4 Hz with square stimulus of duration 2 

ms and amplitude 1250 pA, followed by negative amplitude during the inactive time interval to maintain 50 

current conservation in the model, and simulate the effect of neighbouring cells in the tissue. Mathematical 

simulations were performed on a cardiac simulation GP–GPU platform [6]. APs from period 91 to 100 

were stored at sampling frequency of 1 kHz and used to measure the AP biomarkers depicted in Figure 1.  

The identification of the subset of models that will be retained in the AF population was carried out in two 

different steps. 55 

A first calibration filter was applied to select the AF models yielding biomarkers APD90, APD50, APD20, 

APA, RMP and V20 at 1 Hz within experimental range. In addition, to avoid non-physiological AP 

upstrokes, the time between the stimulus and AP peak was imposed to be shorter than 20 ms and dV/dtmax 

higher than 20 V/s.  

A second calibration filter was applied to reproduce rate dependence in APD of human AF models in the 60 

population as in the experimental data. The human AF models yielding APDratios for APD90 and APD50 

at 2, 3 and 4Hz within the regression bounds estimated from the experimental recordings were finally 

accepted (Figure S1B). 

 

Tissue simulations 65 

Briefly, propagation of electrical excitation was simulated using the monodomain equation over a spherical 

geometry of a 3 cm radius incorporating 163,842 nodes, with an average inter–nodal distance of 283.25 ± 
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18.42 µm [7], membrane capacitance (50pF) [2], and diffusion coefficient of 0.12 mm2/ms [8]. The 

simulations were run in a GP-GPU platform using a combination between the forward Euler and Rush-

Larsen scheme as described in [6]. Initiation of reentrant activity in the spherical model was attempted 70 

using a cross stimulation protocol. It initiated a figure of eight reentry that resulted in two (or more, in the 

case of breakthroughs) singularity points. Two seconds of transmembrane voltage maps were analyzed after 

five seconds of simulation for each AF model to determine whether reentry was initiated and/or sustained.  

Rotor activity and/or fibrillation were characterized using the dominant frequency (DF) and the area of 

rotor meandering (RM) (Figure 1). Specifically, DF was computed by using the Welch periodogram (1.25 75 

second Hamming window with a 8192 point Fast Fourier Transform per window and 80% overlap). In 

order to measure RM, phase maps were computed and singularity points were detected as described in [7]. 

Only singularity points that accounted for at least 3 consecutive rotations were considered as sustained 

reentries. In sustained reentry models, RM was quantified for up to 5 consecutive rotations. 

 80 

Extended Results 

Generation of the Population of AF Mathematical Models 

Figure S1 illustrates results of the experimental calibration of the population of human AF models as 

described in Methods. From the initial 16,384 human atrial models, 945 (5.79%) models (depicted in gray) 

yielded biomarkers in range with biomarkers at 1Hz (light blue square [9]) and constituted the 1Hz 85 

population. Only 173 (1.06%) of the models also met the rate dependence constraints (depicted in blue) and 

constituted the final ‘AF population’. Therefore, although a larger number of ion channel combinations 

reproduced 1Hz experimental recordings for a pacing rate of 1 Hz, only few of them were physiologically 

realistic in terms of pacing rate dependence. Simulated biomarkers for the human AF models nicely overlap 

with the experimental biomarkers, covering the experimental range for the biomarkers at 1Hz (Figure S1A) 90 

and rate dependency (Figure S1B). Notice that for both experimental and simulated values, the larger the 

APD at 1 Hz the lower the APDratio, indicating a more pronounced APD shortening as a function of pacing 

rate and baseline APD. 

Interestingly, the original ‘AF model’ (green point) met most constraints imposed, except for the 

APD50ratio at 3Hz, although biomarkers tended to be close to the low biomarker limits rather than average 95 

behavior. Figure S1C shows APs and calcium transients for AF models through the experimental calibration 

process. The introduction of rate dependence biomarkers reduced the variability observed in calcium 
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transients when only APD biomarkers at 1 Hz were taken into account. 

The specific effects of each parameter under study in each biomarker, analyzed by partial correlation (PCr) 

on the physiological population, are presented in Figure S2. Consistent with previous studies, ADP90 is 100 

inversely related to gK1 and gKur, and directly related to the conductivities of gCaL and kNCX. An increase in 

gNa directly mainly affects APA. 

Figure S2B shows the distributions of ionic properties for the 173 models of the AF population and those 

945 models that reproduced only the 1Hz biomarkers (i.e. 1Hz population).  

As a result of accounting for physiological variability, it is of note that most currents inside the 1 Hz and 105 

AF populations were not circumscribed to the midpoint of the simulated range (-100% to +200%) and 

showed median values that often separated from the average AF model. While the median values for gK1 

and gKur within the human atrial population matched their baseline values, the median value for gNa was 

decreased with respect to baseline. The median values for gCaL and kNCX in the population were larger than 

those in the AF model and closer to those in the sinus rhythm model.  110 

The parameters that differed from 1 Hz and physiological populations to a greater extent were gNa, INaK,max 

and gKr (p<0.01). In particular, gNa tended to be lower while INaK,max and gKr tended to be larger to fulfill the 

imposed rate-dependence criteria. This highlights the importance of INaK in AP rate adaptation, consistent 

with previous works [10]. 

  115 
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Figure S1. Calibration of the population of models. (A) The values of the biomarkers –V20, APD20, 

APD50, APD90, RMP and APA– are shown. The green dot represents the baseline AF model; blue and 150 

gray dots correspond to the ‘AF population’ obtained with the calibration including rate dependence 

constraints (N=173) and those that only reproduced the conditions of biomarkers at 1Hz (N=945), 

respectively. Orange marks correspond with a random sort of values measured in experimental 

preparations. Upper and lower bounds for 1 Hz biomarkers are marked in light blue. (B) Rate dependence 

of APDs and rate dependence bounds. Only the models with a deviation from regression lines –depicted in 155 

red– below the maximum deviation observed in experimental measurements were accepted. Note that 

models that fulfill one but not all criteria may appear as gray dots inside some upper and lower bounds for 

a given pair of biomarkers. (C) AP and intracellular calcium traces are depicted. Yellow traces correspond 

to all the simulated models (N=16,384), whilst the rest of color traces correspond to those described above.  

 160 

Figure S2. Ionic current parameters and correlation with biomarkers. (A) Partial correlation coefficient 

(PCr) values between ionic parameters and AP biomarkers. PCr values are represented with colors 

according to the color bar, darker colors represent stronger correlation. (B) Boxplot of ionic current 

parameters in the population of models. The boxplots in black correspond to the AF population fulfilling 

the constraints of biomarkers at 1Hz and rate dependence calibration, whereas those in gray correspond to 165 

the 1Hz population (*p<0.01). The green line represents the baseline AF model values, while black dots 

represent the sinus rhythm model by Koivumaki [2,11]. 
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Figure S2  
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