Use of an Automaton Model to Suggest Methods for Cessation of Intractable Fibrillatory Activity
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Abstract
Background: Atrial fibrillation (AF) is the most common heart arrhythmia, and permanent AF is an intractable medical problem. If cessation of permanent AF were possible, via extensive substrate ablation or multisite stimulation, it could significantly improve the public health.
Method: A cellular automaton composed of 576×576 computerized grid nodes, described in detail previously, was used to test hypotheses concerning the cessation of fibrillatory electrical activity. A refractory period gradient across the grid, and addition of randomly located nonconducting fibers, were utilized as conditions leading to fibrillatory activity. A premature S1-S2 stimulus was applied to one grid corner, resulting in unidirectional conduction block at some locations, followed by rotational activity and random propagation of activation wavelets throughout the grid, none of which terminated spontaneously. Simulated ablation lesions of dimension 20×20 grid nodes, imparted at core locations of rotational activity, and multisite electrode stimulation (MES) applied at nodes where recovery of excitability had occurred, were used in attempts to terminate fibrillatory activity. Six impositions of random fiber location were utilized in separate trials.
Results: Simulated ablation lesions eliminated the targeted swirling vortices; however, additional vortices then often appeared at other locations. After ablating approximately one third of the grid area, localized vortices were eliminated, but individual wavelets continued to propagate about longer viable pathways forming at ablation lesions. Thus extensive ablation was unsuccessful in terminating arrhythmia. However, MES applied uniformly throughout the grid, with a coupling interval slightly longer than the maximum refractory period, terminated fibrillatory activity in some trials. More efficaciously, application of MES with a coupling interval half the maximum refractory period of the grid succeeded in capture of activation at all nodes, and when followed by a doubling of the MES coupling interval, resulted in cessation of all fibrillatory activity.
Conclusions: It is possible to terminate simulated fibrillatory activity in a computerized grid that would otherwise be intractable, using multisite stimulation with a coupling interval related to the maximum refractory period of the substrate. If each MES stimulating electrode could be individually controlled, it would be possible to apply a stimulation pattern mimicking the normal heart activation sequence.
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Background
Atrial fibrillation (AF) is the most common sustained arrhythmia [1]. Fibrillation is induced by the occurrence of functional and anatomical conduction block, which may result from the presence of refractory gradients, fibrosis, and premature electrical stimulation [2]. The premature stimulus, originating from focal drivers in the pulmonary veins or elsewhere, arrive at the atria, and can unidirectionally block at regions with longer refractory period which have not yet recovered excitability following previous activation [3]. The presence of nonconducting collagen fibers or discontinuous myocardium can serve as anchors about which rotational features may form after functional conduction block [4]. These rotational features are able to drive random electrical activity about the atria, resulting in fibrillation [5]. 

AF is generally divided into three types: paroxysmal, persistent, and permanent [6]. The paroxysmal type occurs intermittently and it terminates spontaneously. It can often be treated successfully with antiarrhythmic drugs [7]. Failing this, radiofrequency ablation to isolate the pulmonary veins, and ablation at other locations where focal drivers of electrical activity occur, can prevent premature stimuli originating from these regions from propagating through the atria, and thereby preclude reinduction of this type of AF [8]. Persistent AF, although more difficult to treat, may be eliminated by ablation, via lesion creation around the pulmonary veins to isolate focal drivers of electrical activity, as well as within the atrial substrate itself [9]. Presumably, substrate ablation is useful both to eliminate any focal drivers that may be present, as well as to eliminate regions that can serve as anchors for rotational activity. In contrast, permanent AF has not been successfully treated via drug therapy or pulmonary vein isolation / substrate ablation [10]. In patients with permanent AF, administration of anti-blood clotting agents can be assistive to prevent morbidity, but it does not treat the underlying problem.

More recently, extensive substrate ablation [11], as well as multisite stimulation procedures [12], have been proposed and developed to eliminate the more intractable forms of AF. If cessation of permanent AF were possible, via ablation or multisite stimulation, it could significantly improve the public health. Herein, a cellular automaton, the workings of which were described in detail previously [13,14], is used to develop and synthetically test hypotheses concerning methods of extensive substrate ablation and multisite stimulation, which may be useful to terminate fibrillatory activity that would otherwise be intractable. For the first mode, that of extensive substrate ablation, it was supposed that if anchors of rotational activity could be eliminated, AF would terminate. For the second mode, multisite stimulation, it was supposed that if a sufficient density of multielectrode sites could be used to activate the substrate, it would be possible to capture the heart activity in its entirety, and so control it with a programmed pacing protocol.

Method
Grid 
The automaton grid size was set to 576×576 nodes, with 1 millimeter spacing between nodes in both the x and y directions. Although this grid is much larger than an actual heart chamber, it enabled the observation of many different types of interactions pertaining to simulated activation wavefront formation and annihilation, with varying refractory period and fiber location. 

Substrate parameters
As in previous work [13,14], simulated collagen fibers were randomly scattered throughout the computerized grid. These fibers had dimensions of 1 × 5 or 5 × 1 nodes, i.e., they were oriented horizontally or vertically. All such fibers were nonconducting under all circumstances. The fibers were randomly positioned, with 5,000 being added in the vertical and 5,000 added in the horizontal direction. The density and dimensions of the fibers imposed on the computerized grid were in accord with physiological conditions and parameters [15,16].

Activation state
Grid nodes representing viable substrate could take one of three activation states: 1. electrically activating, 2. refractory to activation / recovering excitability, and 3. recovered excitability. This is in accord with other models of fibrillatory activity using a cellular automaton [17,18]. The duration of state 1 was set to one time epoch (= two milliseconds). Nodes representing fibers, and nodes representing ablation lesions, were both refractory to activation for all subsequent time (permanent state 2).



Anisotropy
Anisotropic conduction was imposed on the grid in a 2:1 ratio, corresponding to a conduction velocity of 0.5 mm/ms in the vertical direction and 0.25 mm/ms in the horizontal direction, in accord with prior observations in myocardial substrate [19,20]. Each node, except edge nodes, could activate four adjacent nodes - two along the vertical and two along the horizontal directions. Since the distance between nodes was set to 1 millimeter, and each time step was 2 milliseconds in length, simulated electrical activation from one node to the next required one time epoch along the vertical axis (two milliseconds to travel one millimeter) and two time epochs along the horizontal axis  (four milliseconds to travel one millimeter). 

Refractory period
The refractory period was defined as the time interval of state 2. A vertical gradient in refractory period was imposed on the grid. The longest refractory period, 186 milliseconds (93 time steps) was imposed at the top of the grid, and the shortest refractory period, 74 milliseconds (37 time steps) was imposed at the bottom of the grid. This range in refractory period is in accord with electrophysiological measurements [21-23]. The refractory period was decremented uniformly, every 10 rows, from 186 milliseconds to 74 milliseconds from top to bottom of the grid.

Premature excitation and onset of fibrillatory activity
Fibrillatory activity was initiated via S1-S2 stimulation from the lower right grid corner. The S1 and S2 wavefronts propagated throughout the grid. Using an S1-S2 coupling interval of 84 milliseconds, unidirectional block occurred when the S2 wavefront encountered the region with a refractory period greater than 84 milliseconds, which was toward the lower edge of the grid. This could result in local rotational activity, if functional conduction block was followed by a swirling electrical activation pattern, which anchored at a point of dense fiber. The presence of multiple rotational features led to activation wavefront interactions and further unidirectional block, followed by formation of additional rotational features throughout the grid. Contributing further to the pattern of wavefront complexity was the presence of independent wavelets, which were manifested where conduction blocked during encounter with a fiber, an ablation lesion, or a grid area where recovery of excitability had not yet occurred. 

Activation maps and movies
Activation maps were constructed for each successive time epoch (2 millisecond intervals) for a selected study interval [13,14]. Usually, activation was mapped for 2000 - 5000 milliseconds. The time since last activation at each node was used to construct each activation map. A colormap was used to convert these intervals into colors, with red representing recent previous activation, and shades of violet representing more distant times of approximately 200 - 2000 milliseconds since previous activation. Nodes which had not activated for longer periods of time, and nodes which had never activated (representing fibers) were colored black. The images were stored in ppm format for simplicity. The sequence of images could be played as a movie using the ImageJ function [24]. The printscreen function could be used to capture individual activation maps in the sequence with ImageJ (this could also be done by individually displaying the ppm file of interest). Magnification could be increased in ImageJ to observe details of the activation sequence. 

Mean grid cycle length
For some experiments, it was desirable to know the mean cycle length of activation throughout the grid. To do this, the extracellular signal (electrogram) was constructed at 1600 virtual bipolar electrode sites (40 × 40 array evenly spaced about the grid). The individual electrodes were oriented diagonally to each other and were spaced 5 grid nodes apart along the vertical direction and 5 grid nodes apart along the horizontal direction. Further details concerning the electrogram reconstruction process are provided elsewhere [13,14,25,26]. Once the virtual electrograms were constructed, the maximum peak-to-peak interval, constrained to be no less than the refractory period of the local region, was determined, and it was taken as the local cycle length for activation at a particular time epoch. The average peak-to-peak interval for all 1600 virtual electrode recording sites was used as an estimate of the mean cycle length of the grid for a particular time epoch. 

Simulation Experiments
Following are descriptions of the simulations done for the study.
1. Extensive substrate ablation: ablation lesions consisted of 20 × 20 node areas which were rendered nonconducting. These were imposed on the computerized grid as follows. First, during an initial period of 4000 milliseconds from onset of S1-S2 stimulation, no changes were made to the grid, to enable fibrillatory activity to appear and to become settled. After 4000 milliseconds, locations of rotational activation features were determined by observation in ImageJ, using the movie function to scroll through the image sequence. The x and y coordinates of a particular rotational feature were determined by hovering the cursor over it. In the ImageJ parameter box, the x and y coordinates of the cursor location appear. By feeding these coordinates into the automaton computer program, a 20 × 20 block of grid nodes overlapping the rotational feature was rendered nonconducting. This was repeated for all evident rotational features. Subsequently, by repeating the paradigm, the effects of these ablation lesions on the pattern of grid activation could be observed. New rotational features typically formed after ablation of prior rotational features. This was because the remaining activation wavelets propagating throughout the grid interacted at various locations, resulting in unidirectional block, so that new rotational features could form and anchor at new dense fiber locations. In additional, individual wavelets could circle around the ablation lesions that were made. By mapping a new sequence and playing as a movie in ImageJ, locations where new rotational features appeared could be subsequently ablated. The process was repeated until it was apparent that no rotational features remained, only standalone wavelets that propagated about the ablation lesions.

2. Multisite electrode stimulation (MES): In this experiment, after onset of fibrillatory activity and at least 4000 milliseconds following S1-S2 stimulation, all node locations throughout the grid that were residing in state 3 (recovered excitability) were transferred to state 1 (activated) on the next time epoch. The coupling interval for multisite stimulation was set to 200 milliseconds, slightly greater than the longest refractory period, which occurred at nodes toward the top of the grid. On the first stimulation, any grid nodes in state 3 would then transfer to state 1 (activate) at the next time epoch. The effect of the stimulation would be to render swaths of nodes unexcitable to subsequent oncoming wavefront activation (state 2). On the second stimulation cycle, the nodes previously successfully stimulated would be activated again, providing that they had not recovered excitability and then been activated during the interim by an oncoming wavefront. Interim activation would be less likely at nodes toward the top of the grid, since their refractory period was almost as long as the coupling interval for MES. In addition, new nodes would be recruited for capture by the multisite stimulus at those additional locations where recovery of excitability had occurred (state 3). The process would repeat for each subsequent MES pulse. Eventually, it was supposed, the entire grid could be captured by MES in this way. 

3. Multisite electrode stimulation at 2× rate: For simulation experiment 2 above, it is supposed that all grid nodes would eventually be captured by the MES pulse. However, grid node locations with short refractory period could well be activated in the interim by oncoming wavefronts after recovery of excitability. To compensate, the MES cycle length was halved for this experiment, to 100 milliseconds. This would have the likely effect of capturing more sites - i.e., those with shorter refractory period, that were located at the lower portion of the computerized grid. However, it would also cause conduction alternans at locations where the refractory period was greater than 100 milliseconds, i.e. at much of the top portion of the grid. Therefore, if capture of the entire grid with MES was achieved, the MES coupling interval would thereafter be doubled to 200 milliseconds, so that the entire grid would activate in sync. 

4. Repeat of Experiment 3, with the stimulus imparted with only half density: This was done by applying MES pulses not to all nodes with recovery of excitability, but only to alternate nodes (alternating columns - thus 1 of every 2 electrodes was not included for stimulation). Therefore, it could be determined whether a lower density of stimulus electrodes could also be used to capture activation of the entire grid. MES was also applied with 1/10, 1/15, 1/20, 1/50, 1/75, 1/100, 1/200, and 1/1000 electrodes not included for stimulation, to determine whether the simulated grid activity could be captured at each of these levels. The MES coupling interval was varied manually to approximate the most efficient paradigm for grid capture at each level of electrodes not used.

5. Ablation followed by MES: To determine whether previous introduction of ablation lesions would impair the efficacy of MES, 20 ablation lesions were first imposed on the grid in the manner described in simulation experiment 1. Following the imposition of the 20 lesions, MES was then applied as described in simulation experiments 2 and 3, to determine whether the entire grid could still be captured.

6. Patterned MES stimulation: Following the outcome of experiment 5, the MES pattern was changed from simultaneous stimulation at all sites with recovered excitability, to patterned stimulation. The pattern used was simply a sequence of successive stimuli from row to row, from top to bottom of the grid, which required 2 milliseconds × 576 rows = 1152 milliseconds to complete. This sequence was used to determine if programming MES as a pattern could be used while retaining grid capture. 

Experiment 1 above, due to the long process time for completion of manual simulated ablation at hundreds of sites, was done for a single random fiber location imposition on the grid (one trial). All other experiments were done for six trials - i.e., for six different random fiber location impositions on the grid. The set of simulated experiments is summarized in Table 1.

Results
In Figure 1 is shown the result for Experiment 1. In panel A, the activation map is shown for time  3800 milliseconds, after the S1-S2 stimulus was applied at the lower right-hand corner of the computerized grid (prior to impartation of any ablation lesions). Shorter time intervals since previous activation are shown in red, while successively longer times since previous activation are shown by orange, yellow, green, blue, and violet colors. Fiber locations are evident as short, thin black lines. Rotational activity and standalone activation wavelets are present in the image. The spatial distance between wavelets is shorter toward the lower portion of the grid, where refractory period is short, and longer toward the top of the grid, where refractory period is long. At borders between regions with disparate refractory period there are horizontal discontinuities in activation time at some locations. In panel B, some ablation lesions have been imparted to the grid where rotational activity had previously been observed to be present. The lesions are square and black or violet in color (depending on time since last activation). In panel B, rotational features in the form of swirling vortices remain evident at some locations. However, the spatial density of wavefronts has diminished throughout the grid. In panel C, additional simulated ablation lesions have been imparted to the grid, resulting in the appearance of fewer rotational features. Finally, in panels D-F, the full complement of simulated ablation lesions (366 in all) resulted in termination of all evident rotation features. However, individual wavelets still propagate throughout the grid, albeit at a vastly reduced spatial density. They are perpetuated by traversing around an ablation lesion or cluster of lesions, as at the location noted by the arrow, thus serving as drivers of electrical activity elsewhere. The vastly reduced spatial density of wavelets, owing to ablation of all evident rotational features with fast spin rate, has increased the mean cycle length of the grid, which is now on the order of hundreds of milliseconds. However, the set of ablation lesions covers approximately one third of the total surface area of the grid (panels D-F). This degree of coverage would not be desirable for actual atrial substrate ablation, as it would likely cause significant patient morbidity, and since it has not eliminated all random electrical activity.

In Figure 2, the result of Experiment 2 is shown for one of the trials. The activation pattern for time 4000 milliseconds following S1-S2 stimulation is shown in panel A. Rotational features and individual wavelets are evident throughout (the imposed random fiber location for the trial is the same as in Figure 1). In panel 2, at time 4200 milliseconds, the first MES stimulation pulse is imposed. Regions which are activated by it are evident as swaths of red color. They are indicative of areas of nodes which had an activation state of 3  - recovered excitability - and being within the excitable gap when the pulse is applied, which tend to be greater in spatial area for regions at the top of the grid as compared to the lower portion of the grid. In panel C, at time 4400 milliseconds, more regions have been captured by the second applied MES pulse (red swaths). Capture of more of the grid continues on subsequent MES pulses. On pulse 11 (panel L in Figure 2) the entire grid has been captured by MES.

In Figure 3, an example is shown where MES with coupling interval of 200 milliseconds fails to capture the entire grid. The only difference in the grid properties as compared with Figure 2 is that in this trial the random fiber location differs. In panel A, an activation map is shown prior to MES. The activation map following the first MES pulse is depicted in panel B. Activation maps following subsequent MES pulses are provided in subsequent panels. It is evident that independent wavelets recapture portions of the grid over the sequence in panels G-I. This is due to the fact that there is a long interim time between MES pulses with respect to the short refractory period at the lower portions of the grid. Therefore, a coupling interval slightly greater than the longest refractory period of the grid can sometimes (Figure 2) but not always (Figure 3) result in capture of the entire grid.
A trial from Experiment 3 is shown in Figure 4. In panel A, an activation map prior to MES is shown. MES is then imparted to the grid, with the result of the first pulse shown in panel B. The result of the next MES pulse, with a coupling interval of 100 milliseconds between pulses, is shown in panel C. Subsequent MES pulses with 100 millisecond coupling interval are shown in subsequent panels in Figure 4. As more of the grid is captured, the remaining portions activated by oncoming independent wavelets diminish, and are evident as features with colors from yellow to green. Conduction alternans is also present for the region consisting of approximately the top 4/5 of the grid. On each subsequent pulse, the light blue versus red regions alternate in color. When colored red, it indicates that they have just been activated by the MES pulse. When light blue in color, it indicates that they were activated by the prior pulse, and are still refractory to activation when the current pulse was applied. After the entire grid has been captured by MES with conduction alternans, in the last three panels the coupling interval is switched to 200 milliseconds (panels M-O), resulting in simultaneous capture (last panel - entire grid is red in color). The same fiber configuration as in Figure 3 was used for this trial (panel A the same in both figures).

The result from a trial of Experiment 4, half multielectrode density - so that only alternating state 3 nodes are activated by MES, is provided in Figure 5. An activation map of the grid prior to stimulation is shown in panel A. The result of the first stimulus pulse is depicted in panel B. The stimulus is applied only to alternate sites (1 of every 2 grid electrodes not used for stimulation). This is evident in the close-up depicted in panel C. Columns colored red, which are activated by this first MES pulse, alternate with columns of light blue which were not activated because a half multielectrode density was being used, even though these adjacent columns had sufficient time to recover excitability. The effect of the alternating red and light blue columns is to make overall swaths that are half-activated appear as violet in color, which is especially evident in the subsequent panels, representing subsequent MES pulses. Over many MES pulses, although a bit more of the grid is captured by MES (violet swaths, panels F-H) complete capture does not occur. At the lower portion of the grid, where the MES is applied in alternating columns and capture occurs, the very light blue color of columns that are not stimulated (shown in close-up in panel I) cause the appearance of the swaths to be a very light color. For none of the six trials in this experiment did capture of a substantial portion of the grid occur, up to the last MES pulse used at time 8400 milliseconds. All trials then, had similar levels of capture (about 10% of the grid surface area).

Similarly as above when 1of every 2 stimulating electrodes were eliminated, when 1/10 and 1/15 electrodes were not included, MES also failed to capture the entire grid (Table 2). However, it was possible to capture the grid when 1/20 through 1/1000 electrodes were not included for MES. Although the types of stimulus protocols imposed in attempting to capture the grid were not exhaustive, the time from MES onset to grid capture tended to prolong as additional electrodes were not included for MES (Table 2). To capture the entire grid, effective pacing protocols, determined manually, tended to alternate between short and long coupling interval trains, followed by trains in which the coupling interval was doubled, until the 200 millisecond interval, greater than the refractory period throughout the grid, was reached so that simultaneous capture could occur. For example, a stimulus protocol proving effective in capturing the entire grid when 1 in 20 electrodes was not included for MES is shown in Table 3. 

A result from a trial of Experiment 5 is shown in Figure 6. In the panels at top, more simulated ablation lesions are added, until the full complement of 20 such lesions is reached (panel F). Subsequently, MES is applied with a coupling interval of 100 milliseconds, resulting in capture of more of the grid, even though ablation lesions are present. Following capture of the entire grid with alternans, the coupling interval was changed to 200 milliseconds (panels L-N), so that the entire grid activated simultaneously at viable sites after several pulses (panel N). In the last panel (O), a close-up is noted which indicates that at two locations, ablation lesions are partially overlapped. Including these partially overlapped lesions, there are 20 ablation lesions evident overall, as prescribed by the protocol in the Methods section (last two panels).
For Experiment 6, the result of a trial is depicted in Figure 7. The first panel shows an activation map prior to any intervention (no ablation or MES pulse). In the second panel, an activation map is provided following ablation and following capture of all viable nodes in the grid, with a coupling interval of 100 milliseconds. A pattern is then imposed so that the MES pulse is first applied to the top row of the grid and then to subsequent rows on each successive time epoch. However, because there is conduction alternans in panel B, not all nodes are captured by the new pulse pattern (panels C and D). Oncoming wavefronts can activate these nodes on subsequent time epochs, as is evident in the remaining panels. This results in nascent rotational activity, which first appears toward the top of the grid, but then spreads to lower levels. Even after the next MES patterned pulse traverses the rotational activity region (panels G-I), the stray activity is not interrupted and it continues to enlarge in surface area.

In Figure 8, the same conditions are applied as in Figure 7, except that following capture of the entire set of viable grid nodes at a 100 millisecond coupling interval (panel A), the coupling interval is switched to 200 milliseconds, so that the entire grid is captured simultaneously (panel B). Subsequently, the MES is changed to a patterned pulse, first activating the top of the grid (panel C), then activating subsequent portions (panels D and E), and then repeating (panel F - red region is the leading edge). Capture of the entire collection of viable grid nodes is achieved with this pattern. Furthermore, the coupling interval, 576 time epochs to traverse 576 rows (1152 milliseconds) is on the order of that of a normal heartbeat.

The change in mean cycle length throughout the grid for the six trials of Experiment 5 (addition of 20 simulated ablation lesions) are show in graphical form in Figure 9. The mean for all six trials is denoted by the gray trace, with points highlighted. Overall for this mean trace, linear regression analysis resulted in a slope of 0.14 milliseconds increase in mean cycle length per ablation lesion, with an r2 value of 0.71. Thus, even though simulated ablation was not very effective at eliminating rotation activity, except after imparting many lesions, this result suggests that there is still some increase in overall cycle length after each rotational feature location is eliminated.

Discussion
Ablation to eliminate arrhythmogenic regions
An automaton consisting of 576×576 grid nodes was used to implement a series of experiments for testing means to terminate fibrillatory activity that would otherwise be intractable. Specifically, the use of extensive simulated ablation and the use of multisite pacing were imposed, and their effect on complex activation patterns present on a computerized grid were determined. The results were interpreted using activation mapping, which marked the time since last activation at each grid node. The series of images could be observed individually or as a movie sequence. Virtual electrograms were constructed at 40×40 equally spaced sites on the grid. The time between subsequent maximum deflections, constrained to be a longer interval than the local refractory period, were averaged and used to estimate the mean cycle length over the entire grid. It was found that adding simulated ablation lesions can be useful to eliminate rotational features, thereby increasing global cycle length. However, a high density of ablation lesions (encompassing approximately one third of the entire surface area of the grid) was needed to eliminate all rotational features without the appearance of new features. After eliminating rotational activity, free-standing wavelets propagated about ablation lesions, thus continuing to perpetuate the complex pattern of electrical activity, albeit in differing and slower patterns as compared with the rotational activity occurring prior to imposing simulated ablation. The slower cycle lengths and longer pathlengths after much simulated ablation (Figure 1 lower panels) render the activation map appearance to be more like that of atrial tachycardia or flutter, as can be observed after actual AF ablation [27].

Simulated MES application
When MES was imposed in simulations, under certain conditions, capture of the entire set of viable grid nodes was achieved. Initially it was thought that a coupling interval slightly greater than the longest cycle length of the grid would be ideal for this purpose. Using this coupling interval, the entire grid could potentially be captured without conduction alternans. However, for areas with short refractory period, the relatively long coupling interval enabled sufficient time for recovery of excitability to occur, and thus freestanding wavefronts were able to reactivate grid nodes prior to the next MES pulse. To overcome this limitation, the MES coupling interval was halved. This enabled capture of the entire grid; however, conduction alternans occurred at regions with refractory period longer than the MES coupling interval. Once capture was complete, albeit with an alternans pattern, the MES coupling interval was doubled to 200 milliseconds, causing simultaneous capture of the entire set of viable grid nodes.

Limited stimulating electrodes
Whether or not a limited number of multisite stimulating electrodes could be used to produce the same effect of grid capture was also determined. However, alternate nodes in state 3 which were not activated when the density of multisite pacing was halved, were subsequently readily activated by oncoming independent wavefronts, resulting in failure to capture when 1 in every 2  grid nodes was not used for MES. Although approximately 10% of the grid was actually captured after many MES pulses had been applied (time epoch 4200), it was not apparent whether the entire grid could ever be simultaneously captured by the reduced electrode set. When 1 in every 20 or fewer grid sites were not included for MES, it was possible to capture the entire grid (Table 2). Yet, this was dependent upon the stimulus protocol, an example of which is shown in Table 3. By using alternate trains of short and long coupling intervals between pulses, it was possible to recruit more of the grid surface area until the entire grid captured. Short coupling intervals were utilized to capture portions of the grid that had recovered excitability before they were reactivated by a rogue wavefront. Yet, the coupling interval could not be diminished to the end value of 0 milliseconds (i.e., continuous stimulation), at which point the activation pattern would become frozen in place, lacking any excitable gap following activation/recovery at each grid site. Because of the inefficiency in grid recruitment for capture when some electrodes are not used for stimulation, if possible, any real MES application should be done at all sites where recovery of excitability has occurred (meaning in practicality, the necessity of utilizing a very high density multielectrode [28]). Moreover, non-linear or deep learning methods [29] may be assistive to determine best pacing protocols for fast capture of the entire grid with all or with a limited number of MES stimulus sites.

Patterned stimulus application
It was determined that a programmed MES activation sequence could be used to maintain grid capture. Once the viable grid nodes were simultaneously captured, the pattern of stimulation could be changed so that the sequence was earliest at grid top and latest at the lower portion. Thus, it would be possible to program any such MES electrode array to duplicate other patterns, such as the normal activation sequence in the respective heart chamber being stimulated. However, the feasibility of any such protocol would require testing in the EP lab.

Materials to be used in actual MES construction
Although an automaton model was utilized to implement testing in the study, the paradigm is not immediately transferable for application in the EP lab. To date, no such ultra-high density multielectrode array, which would not interfere with the electromechanical properties of the heart, is available to simultaneously stimulate an entire heart chamber. Furthermore, there is no such array that can be individually programmed per electrode. Any such device, if it could be constructed, would perhaps consist of individual electrodes that would be controlled via a radio transmitter [30]. Alternatively, a thin-film material that would cover the entire inner surface of the heart chamber, and that could be activated locationally at high resolution, may be applicable to this problem [31]. Another difficulty would be that the device or material could obstruct the flow of blood and/or the mechanical pumping process of the heart; therefore it would need to be very lightweight and flexible, as well as durable. If such a material were to be developed, and the process successfully implemented in an atrial heart chamber, the same principles might be used for application to ventricular arrhythmia, such as ventricular tachycardia caused by a reentrant circuit. Here, the ability for individual point surfaces to be programmable so as to mimic a normal sequence of activation in the ventricle, as was tested using a generic pattern in Experiment 6, would be quite important [32].

Limitations
This study was done using an automaton model to simulate conditions of fibrillatory activity. The number of parameters used to program the model is limited, although the values of these parameters were made accordance with measured electrophysiologic values, and using properties consistent with actual AF. The grid size, 576×576 nodes, is much larger than the surface area of an atrial chamber, but was utilized to show the variety of phenomena that could occur during each of the experiments. It is not yet practical to implement the proposed methodology, as it does not presently exist. Improvements in multielectrode array technology must be made such that: 1. stimulation can be done at high density throughout a heart chamber, 2. the multielectrode should not interfere with the electromechanical properties of the heart and circulation in any way, and 3. each stimulus point must be separately controllable. Any such developed device would likely be expensive in its initial manifestations. The use of the automaton to implement this process is meant to be hypothesis-generating, and for introducing a method to develop pilot trials for testing possible avenues of future research in real atrial substrate.
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Conclusions
Based on the automaton results, it might be possible to terminate intractable fibrillatory activity with MES, but not by extensive substrate ablation. The paradigm for MES application is suggested by the results of the study. Efficacy would require a very high density multielectrode with each stimulus point being independently controllable, and the ability to work without interference to cardiovascular function. If such a  device or material could be constructed, it could possibly be used to capture electrical activity in the particular heart chamber, and thereby eliminate arrhythmia, so long as MES is continually applied. Although the main application of this study was directed toward terminating simulated fibrillatory activity that would otherwise be intractable, it would also likely be applicable to fibrillatory activity that can spontaneously terminate, and therefore can also be hypothesis-generating for treatment of paroxysmal and persistent AF that are refractory to antiarrhythmic drug regimens and substrate ablation.
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Table 1 Experiment Parameters
	exper. #
	abl sites
	stim_100ms
	stim_200ms
	half_stim
	patterned_stim

	1
	366
	N
	N
	N
	N

	2
	0
	N
	Y
	N
	N

	3
	0
	Y
	Y
	N
	N

	4
	0
	Y
	Y
	Y
	N

	5
	20
	Y
	Y
	N
	N

	6
	20
	Y
	Y
	N
	Y



exper. # - experiment number
abl sites - number of simulated ablation sites used
stim_100ms - MES with 100 millisecond coupling interval utilized
stim_200ms - MES with 200 millisecond coupling interval utilized
half_stim - MES with only half (alternate) nodes with recovered excitability stimulated
patterned_stim - MES with stimulation sequence having a pattern


Table 2: MES with Limited Electrodes
	ENS
	1/2
	1/10
	1/15
	1/20
	1/25
	1/50
	1/75
	1/100
	1/200
	1/1000
	none

	t cap
	DNC
	DNC
	DNC
	4800
	4300
	4300
	2500
	2500
	2000
	1500
	1200



ENS = portion of electrodes not included in MES, t cap = time for capture of the entire grid in milliseconds, DNC = did not capture.



Table 3 Characteristics of Stimulus Protocol to Capture Grid, 1 in 20 electrodes not used
	Train #
	# of Pulses
	Coupling_interval (ms)

	1
	35
	40

	2
	6
	200

	3
	16
	30

	4
	12
	60

	5
	6
	200



Train # = pulse train number - no delay between pulse trains, # of Pulses = number of pulses, Coupling_interval (ms) = time between pulse in milliseconds



Figures



Figure 1. Result of Experiment 1- impartation of ablation lesions to areas of fibrillatory activity. Each panel shows an activation map for a different time epoch. Latest activation in red, earliest activation in violet. Addition of ablation lesions (black and violet squares) eliminates rotational features. A. Fibrillatory activity prior to intervention. Rotational features and standalone wavelets are evident. B and C. Addition of some simulated ablation regions, which are 20×20 node squares. D. Addition of all ablation lesions (366 in total) which caused cessation of all vortex activity without recurrence. D-F. Standalone activation wavelets can still circle around ablation lesions, as at the arrow.



Figure 2.  Result of Experiment 2. MES can be used to capture the set of viable grid nodes that would otherwise be undergoing a complex fibrillatory pattern of activation. Coupling interval = 200 milliseconds. A. Fibrillatory activity prior to intervention. B. First MES pulse. Reddened areas show where recovery of excitability had occurred, so that the MES pulse can capture the local grid node activity. C-L. With each subsequent MES pulse, more of the grid is captured.




Figure 3. In this trial, with different random fiber locations as compared with Figure 2 (fibrillatory activity shown in panel A), MES with coupling interval = 200 milliseconds initially captures most of the grid (panels B-G), but subsequently, rogue activation wavefronts reactivate surrounding areas (panels H-I). This is because the regions with shorter refractory period (lower portions of the grid) have more time to recover excitability.














Figure 4.  In this trial, MES with a coupling interval of 100 milliseconds was initially used. A. Fibrillatory activity prior to intervention. B-K. With each subsequent MES pulse, more grid capture occurs. Only yellow to green areas remain uncaptured and subject to activation by locally propagating wavefronts. L. The entire grid captures, but with alternans because the refractory period of the upper grid is longer than the 100 millisecond MES coupling interval. M-O. MES pulse coupling interval is changed to 200 milliseconds. O. Entire grid captures simultaneously. 
















Figure 5. A. Fibrillatory activity prior to intervention. B and D-H. The MES electrode density was halved in this trial, resulting in inefficient grid capture. After many pulses, approximately 10% grid capture occurs. C and I. Close-ups showing half-density of MES electrodes. This experiment was done to test whether a reduced MES density could be used for capture of the entire viable grid. However, viable sites not captured due to the loss of stimulating electrodes, were activated subsequently by oncoming independent wavelets. Thus complete grid capture did not occur.










Figure 6. A. Fibrillatory activity prior to intervention. B-F. 20 simulated ablation lesions were first imparted to the grid following onset of complex fibrillatory activity G-K. MES imposed (coupling interval 100 milliseconds) resulted in entire grid capture, but with conduction alternans. L-O. MES coupling interval switched to 200 milliseconds. N-O. Simultaneous capture at all viable sites.











Figure 7. A. Fibrillatory activity prior to intervention. After MES capture with coupling interval = 100 milliseconds (panel B), a patterned stimulus pulse was imposed (initiated as shown in panel C). Because the grid was captured during conduction alternans, the patterned stimulus was unable to maintain grid capture (D-I. - jagged red - light blue regions).
















Figure 8. Once capture at 100 milliseconds has occurred (panel A), the MES coupling interval was switched to 200 milliseconds, resulting in simultaneous capture at all viable sites (panel B), which was followed by imposition of a patterned stimulus with leading edge red (panels C-F). Since alternans had ceased, the patterned stimulus was enabled to maintain grid capture.

















Figure 9. Traces of the mean grid cycle length for trials with six different random fiber locations and simulated ablation. The average value of the six traces is shown as the gray trace. Based on linear regression analysis, the trend for the gray trace is upward with a slope of 0.14 milliseconds per ablation lesion and a regression coefficient of 0.71. Thus there is a tendency for the global cycle length to increase with each application of simulated ablation, even though rotational activity remains at other grid locations and even though new rotational activity typically forms elsewhere.
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