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Supplemental Material 
 

A) Methods: Computer Modeling Supplement 

Human Atrial Tissue Model 

Membrane kinetics of the normal myocyte were represented by the Courtemanche-

Ramirez-Nattel (CRN) model of the human atrial action potential.
1
  Although several human 

atrial myocyte models exist,
1-3

 only the CRN and the Nygren et al. models have been validated 

for use in both tissue
4-6

 and organ
7-11

 level simulations.  We chose to use the CRN model over 

the Nygren et al. model for this study since it reproduces rate-dependent behaviors that closely 

matched the patient cohorts of this study.  The mathematical formulation of the acetylcholine-

activated potassium current (IK(ACh)) from Kneller et al 
12

  was also included into the model to 

assess the effects of adenosine on membrane kinetics.  Furthermore, we decreased the maximum 

conductance of IK1 by 20% to generate a baseline APD of 330 msec (to match patient APD, 

which is > 325 msec), since baseline APD in the tissue model was unrealistically short (290ms) 

when using the default parameters of the CRN model.  

The human atrial tissue model, with the dimensions shown in Figure 6A of the 

manuscript, was discretized at a 100 µm resolution. Electrophysiological behavior at the tissue 

level was represented by the monodomain formulation. The tissue was assigned an isotropic 

conductivity value of 0.4 S/m to produce a conduction velocity of 62 cm/sec, which is well 

within the physiological range for normal conduction velocity in the atria.
10, 13

 

 

Simulation of Atrial Fibrillation 

 Following Courtemanche et al,
14

 modifications to ion current densities from protein 

remodeling during AF were simulated by reducing ICaL by 70%, Ito by 50% and IKur by 50%. The 



 

Page S2 

CRN model for AF
15

 has been already validated for use in models from the single cell to the 

organ level.
9
  

 

Simulation of Isoproterenol Effects 

Beta-adrenergic stimulation from isoproterenol infusion was simulated by increasing the 

current densities of ICaL by 300%,
16

 IKur by 45%,
17

 and IKs by 240%.
18

 Alterations in IKr kinetics 

due to isoproterenol
19, 20

 were simulated by factoring the forward and backward rate constants of 

the inactivation gating variable xr by 3 and 1/3, respectively, to reduce IKr inactivation; these 

changes are within the range used in other modeling studies simulating beta-adrenergic 

stimulation.
21, 22

  Since isoproterenol has also been shown to increase conductance through gap 

junctions, we increased the tissue conductivity in the model by 50% (from 0.4 S/m to 0.6 S/m).
23, 

24
 

 

Simulation of Adenosine Effects 

Cholinergic stimulation from adenosine was simulated by increasing IK(ACh) by 123% and 

decreasing ICaL by 12%,
25

 then elevating acetylcholine concentration ([ACh]) until baseline APD 

shortened by at least 20 ms as observed clinically (Figure 4 and table S1 in the online 

supplement).  

 

Pacing Protocol 

Atrial tissue models were paced according to the clinical protocols.  In summary, a drive 

train of 8 beats at a cycle length of 500 ms (S1) (baseline and adenosine) or 450 ms 

(isoproterenol) was followed by a single PAC (S2), coupled at 450, then 400, reduced in 20 ms 
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steps to 300, then in 10 ms steps to effective refractory period.  In the rapid pacing simulation, 

pacing for 30 seconds was performed at CLs of 500, 450, then 400 msec, decrementing by 20 

msec until 300 msec, then in 10 msec steps until loss of atrial capture. 

 

Calculation of APD and Activation Latency Restitution 

Model APD restitution curves were constructed in the same manner as for MAP data 

(outlined in the methods section “Measurement of PAC-Related APD Restitution” in the 

manuscript). APD restitution slope was determined for values within a 35 ms window beginning 

at the shortest diastolic interval. Model activation latency restitution curves were also 

constructed in the same manner as for MAP data (outlined in the methods section “Analysis of 

Activation Latency – Rate Relationship” in the manuscript).  Importantly, activation latency in 

the model was defined as the time it takes for a wavefront to travel 0.5 cm away from the 

location of the stimulus (a product of conduction velocity) since tissue latency is not simulated in 

the atrial tissue monodomain model.  Thus, the activation latency value computed in our tissue 

model is only a partial representation to activation latency recorded in patients.  Future work will 

entail extending the tissue model to a more computationally expensive bidomain model with the 

ability to compute MAPs and tissue activation latency. 

 

Simulation of the Effects of Rapid Pacing with Elevated [K
+
]o 

The CRN model does not account for shortening of APD due to a rise in extracellular 

potassium concentration ([K
+
]o) during rapid pacing.

26, 27
  Notably, pacing the AF model rapidly 

without extracellular potassium ([K
+
]o) accumulation did not steepen APD restitution slope 

(Figure 7A).  So [K
+
]o was increased by increments of 25% until APD restitution slope was > 
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1.0. Figure S2A illustrates the increase in APD restitution slope above 1.0 when local [K
+
]o was 

increased by 75%, from 5.4 mmol/L to 9.45 mmol/L (which is within the concentrations used 

experimentally
28

).  Once increased [K
+
]o was factored into the model, the increase in APD 

restitution slope with rapid pacing was found to be due to increased IK1 density. 

 

 

 

 

Determining the Mechanisms for APD and Activation Latency Restitution 

To elucidate the role of ionic mechanisms in APD and activation latency restitution 

following pharmacological interventions, the contribution of each parameter modification 

representing the effect of isoproterenol and adenosine was determined by setting the value of the 

given parameter, one at a time, to its default AF value. Results are shown in manuscript figure 

7C.  Differences are the inverse of the contribution of each ionic current modification to the 

APD and AL restitution dynamics.  The effect of each of these maneuvers on APD and 

activation latency restitution was then analyzed.   

 

B) Results: Computer Modeling Supplement: 

Data Used to Construct the Isoproterenol Plots in Figure 7C of the Manuscript  

Figure S1. (A) APD restitution and (B) IK1 during rapid pacing in the 

baseline AF tissue model (black) and in the AF tissue model with elevated 

[K+]o (green). In panel B, solid lines represent steady-state IK1 at the 

pacing CL of 500 msec, while the dashed lines refer to steady-state IK1 at 

the pacing CL of 220 msec (the shortest CL before loss of atrial capture). 
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Figure S2A shows that when the increase in ICaL is eliminated from the AF tissue model 

with isoproterenol, APD restitution slope significantly decreases more so than any other 

parameter modification, indicating that ICaL is the major contributor to APD steepening with 

isoproterenol. Figure S2B shows that when decreased IKr inactivation is eliminated from the AF 

tissue model with isoproterenol, activation latency magnitude is significantly increased more so 

than any other parameter modification, indicating that IKr inactivation is the primary contributor 

to the reduced activation latency magnitude with isoproterenol.  

 

 

 

Data Used to Construct the Adenosine Plots in Figure 7C of the Manuscript  

Figure S3A demonstrates that when the increases in [ACh] and IK(ACh) conductance are 

removed from the AF tissue model with adenosine, APD restitution slope flattens slightly, while 

removing the ICaL reduction resulted in no change in APD restitution slope. This indicates that 

increased IK(ACh) via elevated [ACh] and enhanced conductance is responsible for the small 

increase in APD restitution slope (0.04) observed following adenosine infusion. Figure S3.B 

shows that activation latency magnitude decreases the most when [ACh] was removed from the 

AF tissue model with adenosine, indicating that elevated [ACh] plays a major role in increasing 

activation latency magnitude in the AF tissue model with adenosine. 

Figure S2. (A) APD and (B) AL restitution in the AF tissue model with 

isoproterenol, along with results from the simulations in which each 

parameter modification associated with isoproterenol infusion was set to 

its corresponding default AF value. 
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Ionic Currents for the AF Baseline, Isoproterenol, Adenosine and Rapid Pacing 

Simulations of Figure 2.A and 2.B in the Manuscript at Moderate and Fast Pacing Rates: 

 We calculated current traces during action potentials generated at long and at short 

diastolic intervals.  

Figure S3. (A) APD and (B) AL restitution in the AF tissue model with 

adenosine, along with results from the simulations in which each 

parameter modification associated with adenosine infusion was set to its 

corresponding default AF value.  
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C) Clinical Data Supplement 

Table S1 shows the electrophysiologic properties of the study population of patients with 

atrial fibrillation at baseline and during each of the pro-arrhythmic interventions.  As described 

in the statistical methods section, note that statistical comparisons between baseline and 

intervention were computed using the subset of the population for whom both baseline and 

intervention data were available using either the McNemar test (categorical data) or the paried t 

Figure S4. The ionic currents of the CRN model in the AF tissue model at 

baseline, and with isoproterenol, adenosine and rapid pacing for both 

moderate pacing (CL=400 msec) and fast pacing (shortest CL achieved; 

230 msec for S1S2, 200 msec for S1S2+Isoproterenol, 210 msec for 

S1S2+Adenosine, and 220 msec for S2) rates.  
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test (continuous data).  Thus, the reported mean and standard deviation for the comparison in the 

manuscript text may be slightly different than the overall group means, reported here. 

 

Table S1. Left Atrial Electrophysiologic Properties of Patients with AF at Baseline and 

During Pro-Arrhythmic Interventions 

EP Characteristic 

 

S1S2 

Baseline 

S1S2 + 

Isoproterenol 

S1S2 + 

Adenosine Rapid Pacing 

AF Induction, n (%) 5/43 (12%) 7/11 (64%) 1/10 (10%) 26/31 (84%) 

Max ADPR slope 1.1±0.6 1.8±0.6 1.0±0.5 1.4±0.5 

Min CL (ms) 257±25 203±12 205±13 218±32 

Min DI (ms) -14±18 -48±12 10±22 31±17 

Min APD (ms) 196±39 154±32 145±30 132±21 

Max AL (ms) 72±15 33±15 117±41 17±13 

EP=electrophysiologic, AF=atrial fibrillation, APDR=action potential duration restitution, 

Min=minimum, CL=cycle length, ms=milliseconds, DI=diastolic interval, APD= action potential 

duration, AL=activation latency. 
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Table S2 shows the electrophysiologic properties of control patients (no history of atrial 

fibrillation) at baseline and during isoproterenol and rapid pacing.  Adenosine was not infused in 

control patients.   

 

Table S2. Left Atrial Electrophysiologic Properties of Control Patients at Baseline and 

During Pro-Arrhythmic Interventions 

EP Properties 

 Baseline S1S2 Isoproterenol + S1S2 Rapid Pacing 

APD Rest Slope 0.58±0.37 0.72±0.24 0.72±0.30 

Min Cond CL (ms) 250±61 233±46 213±12 

Min DI (ms) -17±13
a
 -25±33

b
 33±17

a,b
 

Min APD (ms) 258±58 220±43 173±32 

Max AL (ms) 64±17
a
 44±7

b
 17±3

a,b
 

Superscripts indicate p<0.05 for (
a
) baseline versus rapid pacing and (

b
) isoproterenol versus 

rapid pacing.  EP=Electrophysiologic, Pts=patients, APD Rest=action potential duration 

restitution, Min=minimum, Cond=conducted, CL=cycle length, ms=milliseconds, DI=diastolic 

interval, AL=activation latency.  For this table, statistics were calculated using repeated 

measures ANOVA with post hoc Bonferroni within each EP characteristic, using NCSS 2007 

(Kaysville, UT, USA). 
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