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Abstract

Background—Activation rate (AR) gradients develop during VF with the highest AR on the
surface near Purkinje system (PS) terminals (endocardium in humans and rabbits, epicardium in
pigs). Application of glibenclamide to block ATP-sensitive potassium current (Ixatp)) prior to
VF induction eliminates transmural AR gradients and prevents the induction of sustained
arrhythmia. It remains unclear whether the PS, which is resistant to ischemia, is also a factor in
AR heterogeneity.

Objective—We sought to dissect Ixatp) and PS contributions to AR gradients during VF using
detailed computer simulations.

Methods—We constructed rabbit ventricular models with either sub-endocardial or sub-
epicardial PS terminals. Physiologically relevant I atp) gradients were implemented and early
VF was induced and observed.

Results—Prominent AR gradients were only observed in models with large Ix(aTp) gradients.
The critical underlying factor of AR gradient maintenance was refractoriness in low-lkatp)
regions, which blocked propagation of action potentials from high-likatp) regions. The PS played
no role in transmural AR gradient maintenance, but did cause local spatial heterogeneity of AR on
the surface adjacent to terminals. Simulated glibenclamide application during VFled to
spontaneous arrhythmia termination within a few seconds in most cases. This builds on previous
experimental findings of anti-VF properties of glibenclamide pretreatment.

Conclusion—Differential I ap) across the ventricular wall is an important factor underlying
AR gradients during VF; thus, higher epicardial AR in pigs is most likely due to an abundance of
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epicardial Ik atp). For terminating early VF, our results suggest I atp) modulation is a stronger
target than Purkinje ablation.
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ventricular fibrillation; activation rate; transmural heterogeneity; ATP-sensitive potassium current;
Purkinje system

Introduction

Ventricular fibrillation (VF) is an important cause of sudden death but underlying
mechanisms that maintain VF early and late after onset are not completely understood.
During VF, coronary perfusion ceases, causing global ischemia. This leads to acute
electrical remodeling at the level of ventricular myocytes, increasing action potential
duration (APD) heterogeneity, a factor thought to be crucial in maintaining reentrant circuits
underlying VF.1

Experiments in pig ventricles have described regional activation rate (AR) differences
during VVF, with higher epicardial compared to endocardial AR.2 An AR gradient (AAR)
also develops after several minutes of VF in myopathic human hearts, but higher rates are
located endocardially.3 This AAR has been linked to elevated subendocardial ATP-sensitive
potassium current (IK(ATP)).4 In late phases of long-duration VF in canines, the ECG
remains chaatic despite well-defined periods of highly synchronized endocardial activation;
triggered activity from the Purkinje system (PS) has been identified as a likely underlying
cause.® Understanding mechanisms by which adjoining cardiac regions become
uncoordinated or completely decoupled could help devise therapies to modulate the
maintenance of VVF after onset.

Interestingly, elevated AR during VF correlates not only with high I atp) but also with the
transmural location of Purkinje-myocardial junctions (PMJs). In humans, the PS terminates
in the sub-endocardium, the high-AR region during VF; conversely, in pigs, PS fibers
penetrate transmurally to form PMJs in the high-AR sub-epicardium. In dogs, which have
sub-endocardial PMJs like humans, chemical ablation of the PS and nearby endocardium
abolishes AR during VVF and promotes termination.®

Thus, as summarized in Fig. 1, it remains unclear whether AAR observed during long-
duration VF is a consequence of regional Ix(atp) heterogeneity, activity related to the
penetrated PS, or some synergistic combination of the two. Since abolishing AAR leads to
VF termination in myopathic hearts, understanding the source of AAR will help define
therapeutic targets. Attempts to fully resolve this important question have been hampered by
the lack of an in vitro technique for silencing only the PS — chemical ablation of the PS with
Lugol’s solution destroys several hundred micrometers of endocardium.® Thus, despite the
importance of understanding VF maintenance, the relative contributions of these two factors
to transmural AR heterogeneity remain unknown.

In this study, we use biophysically-detailed computer models to test whether AAR during
VF can be maintained by Ik atp)-mediated transmural differences in intrinsic APD in the
absence of other potentially confounding factors. In particular, we test the hypothesis that
experimentally-observed epicardial-to-endocardial AAR in pigs must be supported by a
relative abundance of I atp) expression on the epicardium. VF is induced with and without
PS to assess whether AAR is affected by PMJs near the high-AR surface. In addition, we
determine which would be the stronger target for terminating VF — modulation of I atp)-
mediated transmural differences or PS-mediated heterogeneity.
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2. Methods

2.1 Computer Model of Ventricles and PS

This study used a finite element model of rabbit ventricles that has been extensively
validated and applied by our group.”-19 lonic kinetics in ventricular cells were governed by
the Mahajan model!! with a guinea pig-derived ATP-sensitive potassium current (IK(ATp))l2
added. We did not model epicardial/M-cell/endocardial heterogeneity in the myocardium
because our goal was to examine I atp) gradient effects in the absence of all other
transmural factors.

The PS model was an anatomically-based branching network.1% As illustrated in Fig. 2A,

two geometric variants of the PS were used, with PMJs situated either sub-epicardially or

sub-endocardially, approximating ungulate and non-ungulate physiology, respectively. PS
ionic properties were described by the Aslanidi model.13

2.2 Ischemia Model

To simulate global ischemia, we modified a regional ischemia model.14 Ventricular cells
had sodium and L-type calcium channel conductances decreased by 10% and extracellular
potassium concentration ([K*].) was elevated to 8.84mM. Since we were interested in
modeling early VF, these changes correspond to the 4-minute values in the Tice model with
three exceptions: (1) Lateral border zones were removed, since they do not exist in global
ischemia; (2) the [K*], gradient was removed, since we sought to investigate the effects of
Ik(aTP) s the only transmural ionic heterogeneity; and (3) IxaTp) levels were an
independently controlled factor. Ischemic effects were not considered in PS cells, which are
more resilient due to higher glycogen stores.15: 16

We ran simulations with three I atp) levels, modulated by adjusting the fraction of
channels in the active state (fatp): low (faTp=0.001%), medium (fao1p=0.112%), and high
(faTp=0.180%). These values were based on single cell dynamic restitution simulations used
to calculate the shortest possible APD (maximum AR): for low Ik atp), restitution
characteristics were the same as in the unmodified model; for high I aTp), single cells
sustained APDs as brief as 80ms, the shortest APs optically mapped epicardially in
fibrillating rabbit hearts.1” The medium Ik(aTp) value was chosen such that APD
abbreviation was ~50% as severe as for high latp). APs in non-ischemic and ischemic
cells are shown in Figs. 3A&B; hyperpolarization occurred in high-Iatp) ischemic cells,
as observed in vitro.18 Fig. 3C shows restitution curves in ischemic cells.

Endocardial and epicardial Ix(aTp) levels were assigned (Fig. 2B) and transmural values
were linearly interpolated. 12 combinations were not used since models with lower I atp)
on the surface with PMJs were irrelevant to the study.

2.3 Electrogram Recovery/Analysis

Extracellular potential values were differenced to construct pseudo-ECGs as described
previously;® paired LV endocardial and epicardial recording sites emulated basket catheters
and electrode socks (Fig. 2C). On each surface, there were 5 splines with 8 sites each; bull’s
eye plots were reconstructed accordingly.

During VF, AR was directly measured using transmembrane voltage (Vp,) from the nearest
myocardial point by counting activations using a —20mV threshold with a 40ms blanking
interval. To validate our chosen method, we also calculated ARs with a commonly-used
FFT-based approach;1® our method had considerably less variance.
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To quantify spatial heterogeneity of AR distributions within each bull’s eye plot, Moran’s |
was calculated (see the Online Supplement for details). Moran’s | values vary from -1
(perfect dispersion) to +1 (perfect uniformity); O indicates a statistically random pattern.

2.4 Simulation Protocol

Reentry was induced using an S1-S2 protocol.? Initial conditions were obtained by pacing
single cell models to quasi-steady state (20 beats, 500ms intervals). Two cycles of His
stimulation were simulated in the organ-scale model, the second of which was S1. S2 was a
large electric field parallel to the septum 120 to 140ms after S1 (Fig. 2D). For each model,
S2 timing was adjusted to induce sustained arrhythmia. This yielded ~4s of chaotic VF to
determine AR. We simulated an additional 5s for each model, with and without I (aTp)
blockade to simulate glibenclamide application. Fig. 2E summarizes the simulation protocol.

3. Results

Sustained (>4s) VF was induced in all models except those in which epicardial and
endocardial lx(atp) Were both low; in those cases, reentry terminated spontaneously after
~300ms, regardless of S2 timing. Following each VF-inducing S2, macroscopic reentry
around the septum quickly degenerated due to wavebreak and excitation became highly
disorganized; these arrhythmias were classified as VF since activity was driven by multiple
wavefronts, spatial activation patterns varied considerably from cycle to cycle, and pseudo-
ECGs were similar to chaotic ECGs observed clinically in VF.

3.1 Heterogeneous IgaTp) Expression Underlies Transmural AAR During VF

Epicardial and endocardial ARs are tabulated for all simulations in Table 1. Significant
transmural AAR (>10%) was only observed when I atp) Was low on one surface and
medium or high on the other. This suggests that relatively long APs in low-IkaTp) regions
led to local conduction block of transmural propagation. The highest ARs overall occurred
in models with high I atp) throughout the heart; when a transmural difference was
incorporated, global average frequency was reduced due to electrotonic interactions.
Notably, the presence or absence of the PS did not play any consistent role in determining
AR.

Fig. 4A shows epicardial and endocardial Vy, maps during VF with high I atp) on both
surfaces and no PS. This resulted in numerous narrow wavefronts throughout the heart,
including many instances where points on either side of the wall were excited by the same
wavefronts. AR maps (see Fig. 2C for specific locations) were homogeneous, reinforcing the
observation of high AR similarity throughout the myocardium.

In contrast, when the same analysis was applied during VF with high epicardial fatp and
low endocardial faoTp (Fig. 4B), a significant transmural AAR was observed. Narrow
wavefronts were observed epicardially as in A, but the lack of endocardial APD
abbreviation resulted in broad regions of simultaneous excitation on that surface.
Heterogeneous distributions of refractoriness between the surfaces gave rise to frequent
epicardial-to-endocardial conduction block, resulting in uncoordinated activation sequences.
AR plots showed dramatic AAR; notably, the high-lkaTp) epicardium activated more
slowly in B compared to A (12.1 vs. 13.4Hz), suggesting that the slower-activating, low-
Ik(aTp) endocardium exerted considerable electrotonic influence in B.

Maintenance of AAR by transmural conduction block was further investigated in Fig. 5,
which shows V, traces at 3 points in the ventricular wall (A) and sequential V, spatial
maps for several intervals (B-D). This model had the same I atp) gradient as in Fig. 4B but
also had a PS with sub-epicardial endpoints. Intervals from (A) were carefully selected to
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show how intrinsically longer APs on the low-likaTtp) endocardium led to transmural
conduction block. The effect on AAR is most obvious in (A), where there is clearly a
“missing” AP in the endocardial recording (red) during cycle (B) following the extremely
long AP in cycle (A). Independent of all model variations, including whether a PS was
included, this transmural conduction block was the only factor consistently identified as the
underlying basis for AAR establishment.

3.2 The PS Affects Spatial AR Distribution During VF

Activity near PMJs clearly modulated V,, organization during VF. As shown in previous
model-based research, conductive tissue can interact with working myocardium during
reentry in many different ways: refractory ventricular myocytes surrounding PMJs can
provide anchoring points for rotors and initiate wavefront fractionation, causing rotors to
split and contributing to VF complexity.? Additionally, in models where high-lk(atp)
regions were colocalized with PS terminals, narrow wavefronts commonly passed over
PMJs; in some circumstances, this resulted in local refractoriness gradients, leading to
unidirectional conduction block during PS-to-myocardium propagation. We observed these
phenomena frequently in models with the PS; several examples can be seen in in
Supplementary Movies 3&4.

In spite of the added complexity of reentry resulting from these effects, the PS did not play
an important role in driving transmural AAR. However, analysis of reentrant VVF did reveal
an interesting phenomenon — in the vicinity of PMJs, electrotonic interaction with the PS
often resulted in intervals during which myocardial APs were abbreviated or completely
suppressed. This locally reduced AR without affecting AR in adjacent myocardial regions,
as shown in Figs. 6A&C (compare Vy, recordings proximal and distal to PMJ — red vs. blue
& black traces). This observation was quantitatively confirmed by calculating Moran’s | for
the AR plots in question (Figs. B&D); in a total of 4 models including the PS, local spatial
distribution of AR on the surface near PMJs was near-random (Moran’s 1a0). There was no
apparent connection between this phenomenon and Ik atp) expression gradient.

3.3 Ik(aTp) Blockade Leads To VF Termination

To elucidate how Ik aTp) block relates to arrhythmia termination, we simulated transient
glibenclamide application during sustained VF. As shown in Fig. 7A, when I aTp) Was
blocked, global AR dropped abruptly and VF terminated spontaneously within 5s in 15 of 20
cases (75%). In contrast, there was only one instance of VF termination (5%) when Ixatp)
levels were unchanged; notably, the pseudo-ECG signals and V,, patterns for the treatment
and control versions of that particular model were identical, suggesting that VF was on the
verge of spontaneous termination prior to drug application. The time between I atp) block
and VF termination in the treatment group was variable, with no apparent relationship to
Ik(aTP) OF PS type (Fig. 7B). Figs. 7C&D show V, maps and ECG recordings for control
(top) vs. treatment (bottom) in the same model, with snapshots separated by 50ms starting
from 25ms after simulated drug application.

4. Discussion

This study used biophysically-detailed rabbit ventricular computer models to elucidate the
relative contributions of I atp) expression gradient and PS effects to the maintenance of
AR heterogeneity in early VF. The simulation platform allowed these factors to be dissected,
isolated, and examined mechanistically. Our results indicate an appreciable transmural AAR
during early VF is most readily produced by a large intrinsic transmural APD gradient due
to Ik atp) channel expression heterogeneity. This supports our hypothesis that epicardial-to-
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endocardial AR gradients observed during early VVF in pigs are caused by an abundance of
epicardial Ik aTp), Which can be validated in vitro.

Consistent with in vitro findings, we were unable to induce sustained VF in hearts that were
either non-ischemic2 or ischemic with globally low Ik(aTp) (@ model of pre-treatment with
glibenclamide).* 21 Moreover, transient Ik(aTP) blockade during VFwas shown to terminate
arrhythmias. We speculate that the primary mechanism underlying this pharmacological
defibrillation is an overall increase in wavelength rather than elimination of heterogeneity,
since there was no difference in efficacy between cases with and without heterogeneous
transmural I atp) expression and/or large AAR. This is consistent with the experimentally-
observed response to glibenclamide pre-treatment, which showed a marked slowing of VF in
addition to decreased heterogeneity;* the global APD prolongation that underlies this
slowing of VVF has the greatest effect among factors that reduce APD variability.22

The simulation platform enables fine-grain control of the Ix(aTp) gradient, which allowed
quantification of the required transmural difference to achieve significant AAR. Channel
block and augmentation are also precisely specified, which cannot be achieved
pharmacologically.?3 Since Ik(aTp) expression level is the only transmural heterogeneity in
our model, simulations isolate its pronounced AP shortening effect from all other ischemic
factors. This allows us to exclude the PS as a factor in the establishment and maintenance of
AAR during early VF.

4.1 Ixatp) Gradient Effects

Incorporation of transmural Iy ap) gradients resulted in AAR of up to 32.60%. The most
obvious mechanism responsible was transmural conduction block due to intrinsically longer
APs on the low-IkaTp) surface, which gave rise to broadened wavefronts. These surfaces
are also more likely to undergo full-blown APs, since blocked propagation creates a large
excitable gap that will be engulfed by the next propagating wavefront. This is elegantly
illustrated by the transition between intervals C&D in Fig. 5.

This study was conducted in a rabbit ventricular model because it has been subjected to
rigorous validation, especially in terms of its characterization of PMJ dynamics.’-10
Moreover, VF in rabbits is the closest to human VF in terms of organization.2* However, the
thin walls of the rabbit ventricles introduce certain limitations vis-a-vis transmural
heterogeneity. For example, in the published ischemia model, sub-endocardial faTp is set to
60% of the sub-epicardial peak.1* In the case of epicardial faTp=0.180% in this study, this
yields endocardial fo1p=0.108%, which is close to our “medium” value, 0.112%. With this
transmural Ik atp) gradient, there is no appreciable AAR (see Table 1) because electrotonic
smoothing has a strong effect in the thin lapine myocardial walls. In larger hearts (e.g.,
human or pig), the same intrinsic APD differences might result in appreciable AAR due to
increased ventricular wall thickness. This emphasizes the need to develop geometrically-
and physiologically-detailed models of the human and pig ventricles /ncluding the PS.

4.2 PS Effects

The role of the PS in promoting transmural AR heterogeneity during early VF (up to 4
minutes post-onset) appears quite limited, but alteration of dynamics near PMJs does affect
local activation patterns. In several cases, the PS caused increased local heterogeneity of
AR. This finding is of limited interest to the objective of this study, but the PS clearly plays
a role in modulating VF dynamics. Our PS geometry is simplistic and PMJ transmission
behavior is phenomenological;” a more realistic PS model might amplify conduction system
contributions to regional AAR heterogeneity to the point where transmural AAR is
significantly affected. In particular, increasing PMJ density and incorporating
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autorhythmicity or ectopy might result in more breakthroughs on the high-lxatp) surface,
further elevating local AR.

A major effect of the PS is functional elongation of APD in coupled ventricular myocytes.
We speculate that this behavior may be responsible for islands of long APD (so-called
“max” cells) observed subendocardially in non-failing human hearts.2> During VF, our
models show that these regions of prolonged APD have competing effects with regards to
the complexity of reentrant activity — rotor anchoring increases VF organization while
wavefront fractionation makes patterns more disorderly. As such, it is unclear whether the
loss of heterogeneity seen in failing hearts will be anti- or pro-arrhythmic with regards to
these particular effects.

Massé et al. observed an increased number of wavebreaks on the epicardium of human
hearts during VVF.3 Our simulations suggest that this is not related to breakthroughs from
originating from PS excitations; rather, we speculate that these wavebreaks may occur
because low-Ikatp) surfaces have larger excitable gaps due to long pauses following
blocked APs, increasing the propensity for breakthroughs. In contrast, high-latp) surfaces
operate near the minimum APD with little or no delay between repolarization and re-
excitation; thus, although PMJs tend to be located near these surfaces, it is unlikely that
activations emanating from the PS will disrupt nearby persistent reentrant wavefronts. This
provides another reason why the PS does not play an important role in maintaining AAR in
these simulations of VF.

Interestingly, we observed numerous intervals of “ping-pong” behavior in the PS,26 where
excitations in the left and right PS arborizations are out of phase because retrograde
impulses never traverse the left-right divide at the His bundle (see Supplementary Movie 5).
Thus, instead of one period of relatively synchronous PMJ activation, two shorter intervals
are observed. This pattern of behavior does not increase local ARs since total ventricular
activation is simply split in two; nor does it significantly alter Moran’s |, since activity
remains coherent within each ventricle, in spite of a loss of left-right coordination. Further
discussion is provided in the Online Supplement.

4.3 Model Limitations

Although these results demonstrate the importance of an intrinsic APD difference to the
formation of transmural AAR, they do not purport to be a comprehensive investigation of the
phenomenon. Indeed, analysis of VF simulations is limited to a small subset of the
parameter space representing relatively extreme cases. Future studies should attempt to
identify threshold levels of single-cell difference to overcome local electrotonic smoothing
effects and give rise to organ-scale heterogeneity. Furthermore, some physiological details,
including subepicardial PS penetration and enhanced epicardial Ixatp) €xpression, may
have different effects when simulated in the context of pig electrophysiology and geometry.
In particular, the increase in organ size might promote transmural rate gradients for lower
APD differences.?

Our model of ischemia was relatively simplistic. Our assumption of a non-ischemic PS
during early VF is supported in vivo, but effects on PMJ dynamics are unknown. Increased
triggered activity in the myocardium was not simulated because we assumed that once VF is
established, reentrant wavefronts mask ectopic activations due to continual excitation.
Conduction slowing occurred as a secondary consequence of reduced sodium current;
further slowing due to connexin 43 downregulation might qualitatively change reentrant VF
patterns but would not affect the overall findings pertaining to the relative importance of
Ik(aTp) gradients. Finally, our decision to use fixed [K+]e levels throughout the myocardium
is unrealistic, since regional Ix(aTp) heterogeneity is one reason why a gradient in [K+]e
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forms in the first place. Nonetheless, when restitution curves were recalculated with realistic
[K+]e, the medium- and high-lxaTp) cases hardly changed and the low-lkaTp) case shifted
towards a region of even longer APD. Since the primary finding is that long APs on low-
Ik(aTP) surfaces sustain AAR by promoting transmural conduction block, it is reasonable to
expect that incorporating realistic [K+]e gradients would not qualitatively alter the results.

Our model did not incorporate LV-RV differences in I atp) expression that were recently
shown to underlie LV-RV differences in refractoriness during VF.27 It is unclear whether
this heterogeneity might affect transmural AAR; this will require further investigation.
Notably, since we only examined LV electrogram pairs, it is unlikely that modeling LV-RV
heterogeneity would have produced qualitatively different findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary
APD action potential duration
AR activation rate
Ik (ATP) ATP-sensitive potassium current
PS Purkinje system
PMJ Purkinje-myocardial junction
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In Vitro Basis for Study
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A: Recordings during VF
s EpiAR >>> Endo AR
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B: Location of |
PS terminals?

(C: Transmural lrp)
expression levels?
Transmural lxarp)
distribution in pigs

remains unknown

Abundance of
endocardial lyrp)

(see Farid et al. [4])

-

What causes gradients in AR?

Figure 1.

A

2

]

(A):Epi/endo electrocardiograms during induced VF in Langendorff-perfused hearts
showing transmural AAR. Human data were collected during a previous study.* Transmural
AR differences in swine showed a strong epicardial-to-endocardial trend (too few samples
for significance); human AAR was statistically significant (P=0.01).# Detailed methods for
electrogram recordings can be found in the Online Supplement. (B): Schematics showing
pig vs. human PS terminal locations. (C): Known information regarding transmural

differences in Ik atp) expression levels.
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model components

' A: Non-ischemic Purkinje System (PS) (" B: Model of Ischemic Ventricles [14]
+ Transmural gradients in
lyarey Channel expression

Epi/Endo combinations of.

OR . OR NoPS \ Finite element
| model of rabbit Low (furp = 0.001%)
Sub-endocardial Sub-epicardial ventricles 'S Mff“;m' (fare ; 281010/26%)
. endpoints endpoints Endo armmmmEpi 19N (fare = 0. )
C: Electrical Recordings D: Cross-shock VF Induction

Endocardial
bullseye plots
—

Epicardial
bullseye plots

G

¢.=-20V Shock applied following

o = =

S1 (CI = 120-140 ms)

40 sites, 40 sites,

splines splines ¢, = 0 (gnd)

E: Simulation protocol applied to each model
Cross shock @ t = 620-640 ms

larey DloOck (i.e., glibenclamide treatment)
Ventricular fibrillation (VF)
Control (maintain |l are, levels)

Sinus beats @ t = 0 & 500 ms
(t < 0: cells paced to steady state) Monitor for VF termination until t = 10 s

Figure 2.

(A): Different possibilities for PS model. (B): Transmural Ik atp) gradients. (C):
Experimentally motivated electrode configurations. (D): Cross-shock methodology for
inducing VF. (E): Simulation protocol for VF initiation and simulated pharmacological
treatment/control. CI: coupling interval; fatp: fraction of active I atp) channels; Vi
transmembrane voltage.
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effects of IK(ATP) on APs

A: Non-ischemic + lgar B: Ischemic + Iy ar C: Restitution
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Figure 3.

APs in non-ischemic (A) and ischemic (B) ventricular myocytes with three I atp) levels;
Ik(aTp) effects on the dynamic restitution relationship with ischemia are also highlighted
(C). AP: action potential.
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endo/epi maps of Vm/AR

High epicardial lyarp) High endocardial Iy arp,

Mean: 13.4 Hz Mean: 13.1 Hz

High epicardial lrp) Low endocardial lyrp)

Mean: 12.1 Hz Mean: 9.11 Hz

Figure4.

(A&B): Spatial V,, maps with AR bull’s eye plots inset (endocardial views: posterior wall
cutaway). The high-to-low I ap) gradient (B) causes AAR=2.99Hz. Electrode Al is
indicated for bull’s eye plot orientation (see Fig. 2C). Supplementary Movies 1&2 show full
Vn, sequences for both examples.
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Mechanism of AR Gradient

gy
(B) (C) (D)

Figure5.

(A): Vi, recordings from 3 points, shown spatially in (B), for model with high-lxatp)
epicardium, low-Ikatp) endocardium, and sub-endocardial PS endpoints. Arrows indicate
wavefront propagation, with conduction block indicated by double lines. V,, snapshots for
highlighted intervals are shown in B-D (10/ms between snapshots; same Vy, scale as Fig. 4).
(B): Excitation propagates from the midmyocardium towards both surfaces. (C): Conduction
to low-lkaTp) endocardium blocks due to intrinsically longer APs. (D): Activation proceeds
from recovered endocardium to epicardium.
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effect of PS on local AR patterns
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Figure6.

(A): Vp, snapshot with 3 highlighted epicardial recording sites; from the model with
medium-latp) epicardium, low-Ixatp) endocardium, and sub-epicardial PS. Dashed
circles show approximate locations of PS endpoints. (B): Vy, recordings from the 3 sites
indicated in (A), matched by color. Intervals where AR was reduced due to PS activity are
highlighted (dashed circles). (C): Epicardial AR plot (same scale as Fig. 4) for the model
from (A) showing spatial disorganization (Moran’s 1=—0.00831). (D-F): Same as (A-C) but
for the model with high-Ixatp) endocardium, low-lkatp) epicardium, and sub-endocardial
PS (visible in (D)). For endocardial AR plot in (F), Moran’s 1=—0.0798). Electrode Al is
indicated for bull’s eye plot orientation (see Fig. 2C). Supplementary Movies 3&4 show full
V, sequences for both examples.
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chemical defibrillation with glibenclamide
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Figure7.

:(A) Results of simulated glibenclamide application (left) vs. control (right) in all models.
(B) Time to spontaneous VF termination for all models. (C): V, maps (same scale as Fig. 4)
showing VF termination in a model with I atp) block (top) and persistent VF in an
identical simulation but without I atp) block (bottom). Green and red arrows show
successful and failed wavefront propagation, respectively. (D): Pseudo-ECG lead | signals
associated with sequences from (C).
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ARs during early VF for all models; AAR is epicardial-to-endocardial percent difference for Epi-PS models or
endocardial-to-epicardial for Endo-PS models. PS: Purkinje system; Epi-PS: sub-epicardial PS; Endo-PS: sub-
endocardial PS; lkatp): ATP-sensitive K* current; VF: ventricular fibrillation; AAR: activation rate gradient.

|K(ATP) Without PS With PS
Epi | Endo | ARgy | AReno | BAR | ARep | ARendo | DAR
Low | Low Non-sustained VF Non-sustained VF
Med | Low 10.3 8.57 16.9% 9.81 7.93 19.2%
High | Low 10.8 8.71 19.4% 12.1 9.11 24.6%
Epi-PS
Med Med 11.4 11.1 3.12% 11.3 111 1.00%
High | Med 12.6 11.9 5.67% 11.9 11.6 2.83%
High | High 13.3 13.1 1.56% 13.4 13.1 2.74%
Low | Low Non-sustained VF Non-sustained VF
Low | Med 8.20 9.67 15.2% 8.04 9.54 15.7%
Low | High 8.61 11.3 24.0% 841 10.9 22.8%
Endo-PS
Med | Med 10.7 10.3 3.65% 10.4 10.3 1.09%
Med | High 11.1 11.6 4.64% 11.3 11.9 4.58%
High | High 12.7 12.2 3.93% 12.9 12.6 2.17%

Heart Rhythm. Author manuscript; available in PMC 2014 November 01.



