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Abstract

A long-sought, and thus far elusive, goal has been to develop drugs to manage diseases of
excitability. One such disease that affects millions each year is cardiac arrhythmia, which occurs
when electrical impulses in the heart become disordered, sometimes causing sudden death.
Pharmacological management of cardiac arrhythmia has failed because it is not possible to predict
how drugs that target cardiac ion channels, and have intrinsically complex dynamic interactions
with ion channels, will alter the emergent electrical behavior generated in the heart. Here, we
applied a computational model, which was informed and validated by experimental data, that
defined key measurable parameters necessary to simulate the interaction kinetics of the anti-
arrhythmic drugs flecainide and lidocaine with cardiac sodium channels. We then used the model
to predict the effects of these drugs on normal human ventricular cellular and tissue electrical
activity in the setting of a common arrhythmia trigger, spontaneous ventricular ectopy. The model
forecasts the clinically relevant concentrations at which flecainide and lidocaine exacerbate, rather
than ameliorate, arrhythmia. Experiments in rabbit hearts and simulations in human ventricles
based on magnetic resonance images validated the model predictions. This computational
framework initiates the first steps toward development of a virtual drug-screening system that
models drug-channel interactions and predicts the effects of drugs on emergent electrical activity
in the heart.
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Introduction

Results

The model

One pharmacological approach for the management of lethal cardiac rhythms has been
reduction of cellular excitability with sodium (Na) channel-blocking drugs. Reduction of Na
current was anticipated to abolish irregular spontaneous electrical activity arising from
disease-altered tissue after a heart attack. Although these drugs appeared to function exactly
in this way in single-cell experiments (1, 2), the Cardiac Arrhythmia Suppression Trial
(CAST) paradoxically showed that they caused a two- to threefold increase in sudden
cardiac death compared to treatment with placebo (3, 4).

The failure of single-cell effects of anti-arrhythmic drugs to predict drug action in intact
cardiac tissue does not, however, necessarily preclude their use (5). To determine the
arrhythmic potential of existing or potential drugs, we have taken advantage of sophisticated
models of ion channels (6) and the heart (7), together with high-performance computing, to
develop a computational approach for predicting effects of anti-arrhythmic therapy (8). Our
model incorporates current understanding of ion channel gating, time- and voltage-
dependent drug-channel interaction (9), pH dependence of local anesthetics (10), modulated
and guarded receptors (10-12), allosteric effects (13), and the clinical effects of Na channel-
blocking drugs (14). This study builds on 50 years of research on mechanisms of drug-
channel interactions (8). We therefore present a first step toward a computational framework
that can be used to determine the conditions under which a specific drug will successfully
prevent or exacerbate arrhythmia.

We began constructing our model by modifying and fitting a Markovian representation (6)
of the cardiac Na channel that includes one conducting open state, three closed states,
inactivated closed states, and fast- and slow-inactivated states to experimental data (figs. S1
and S2). To model drug binding, we assumed that any discrete state in the drug-channel
model may be drug-free or drug-bound (10) (fig. S1). We used experimental data to
determine access, diffusion (drug on rates), and channel conformation—specific affinity
(drug off rates) for charged and neutral fractions of common anti-arrhythmic drugs,
flecainide and lidocaine. Rate constants (fig. S3) were extracted from experimental data and
used as initial guesses for numerical optimization, constrained by microscopic reversibility,
and subjected to sensitivity analysis (fig. S5) (15) (Supplementary Material).

Channel kinetics determine situation-dependent blockade

Traditional classification of anti-arrhythmic drugs is based on drug association and
dissociation kinetics (16) and reveals little about the effects of drugs on cardiac rhythms.
Lidocaine, a class 1B anti-arrhythmic drug, has fast association and dissociation kinetics
compared to flecainide, a prototypical class 1C drug with slow association and dissociation.
Both the drug kinetics and specific contributions from charged and uncharged species are
crucial in determining situation-dependent block of Na channels. Figure 1 summarizes drug-
channel effects for flecainide (left) and lidocaine (right) as measured experimentally
(symbols) and simulated by the model (lines).

Charged flecainide [98% at pH 7.4, pK, = 9.3 (17)] rapidly diffuses into open Na channels
(5830 M~ ms™1) (18) with high affinity [Kqat 0 mV (Kgo) = 11.2 uM] (19, 20). The neutral
fraction (2%) has lower affinity (~400 uM) (17). Closed channels bind protonated and
neutral flecainide with low affinity: K4 = ~100 uM (20, 21) and Kq = 794 uM (17),
respectively. The affinity of the charged drug is intrinsically voltage-dependent (Kq4 =
KgoedVF/(RT)) (22) for open and closed states, but the charged drug does not readily access
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inactivated conformations (17). The neutral fraction, albeit small, binds with high
inactivated state affinity (5.3 uM) (17), which caused a small but significant shift in
experimentally measured steady-state availability (SSA) (—2.3 mV in the SSA curve; Fig.
1A, left).

Lidocaine is 60% charged at pH 7.4 [pK, = 7.6 (17)] and diffuses at 330 M1 ms™1 (23).
Both charged and neutral fractions have low affinity to open channels [K4 at 0 mV (Kqg) =
318 uM (20) and K4 = 400 uM (23)]. Lidocaine has low affinity to closed [K4 = 895 uM
(17)] channels. The neutral fraction binds with high affinity to inactivated states (3.4 uM)
(17), resulting in a large left shift (—10.3 mV) of channel availability, which we reproduced
in the computational model (Fig. 1A, right). Charged lidocaine does not bind inactivated
channels.

In response to repetitive depolarization, Na channels exhibit use-dependent block (UDB)
(17, 24), resulting from incomplete unblock during the interstimulus interval, determined by
the off rate of the drug-complexed channel (11). Flecainide is predominantly charged at
physiological pH and exhibited potent use dependence [experimental 1C5p (median
inhibitory concentration) = 11.2 uM at 5 Hz] (Fig. 1B, left) compared to lidocaine
(experimental I1Csq = 318 uM at 5 Hz) (Fig. 1B, right) in the experiment and simulation.

Flecainide and lidocaine profoundly slowed voltage-dependent channel recovery from UDB
evoked by a long rapid pulse train (Fig. 1C). The complex recovery from 10 uM flecainide
block during repolarization to —100 mV reflected several time-dependent processes (Fig.

1C, left). The initial phase (<10 ms) reflected closed-state recovery from block, the second
(>10 ms and <1 s) was recovery from fast-inactivated state block (note the upward concavity
arising from additional inactivation occurring during pulse 2), and the ultraslow phase (>1 s)
was from recovery from a drug-trapped, inactivated state (25).

Recovery from UDB by 300 uM lidocaine at —100 mV occurred rapidly for more channels
(~75%) in the two initial phases—from closed states and fast-inactivated states (Fig. 1C,
right). Recovery from slow-inactivated state block by lidocaine was slow (>1 s) but
constituted only ~25% of channels.

The frequency dependence of UDB for flecainide and lidocaine is shown in Fig. 1D, left and
right, respectively. At rates 1 and 2 Hz, corresponding to 60 to 120 beats per minute (BPM),
the degree of UDB by 10 uM flecainide (~30 to 40%) was greater than for 300 uM lidocaine
(~10 to 20%). Profound buildup of flecainide-bound channels during repetitive pacing
results from very slow drug unblock from drug-trapped inactivation states.

The dose dependence of tonic block in experiments and model is shown in Fig. 1E. A
comparison of flecainide (left) and lidocaine (right) indicates higher affinity of flecainide for
closed channels compared to lidocaine, indicated by tonic block.

Although such channel-level simulations informed determinants of pharmacokinetics,
forecasting drug effects on the cellular action potential for specific drugs at varied drug
concentrations and pacing frequencies was more challenging. Thus, we used our models of
flecainide and lidocaine, which accurately recapitulate drug-channel interactions, to make
predictions of drug effects in cells and tissues.

Effects of drugs on cellular excitability and conduction velocity

The concentration dependence of flecainide and lidocaine on single-cell (uncoupled)
excitability (indicated by action potential maximum upstroke velocity) in the ten Tusscher
human cardiac cell model (26) is shown in Fig. 2A. Cells were stimulated at 80 BPM with
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concentrations of flecainide (left panel, 0.5 and 2 uM) (16) and lidocaine (right panel, 5 and
20 pM) corresponding to low and high clinical doses (16). High-dose lidocaine (20 uM)
maintained upstroke velocity above 315 V/s, consistent with experiments (27), suggesting
that therapeutic lidocaine minimally affects cardiac excitation. Therapeutic flecainide had
disparate effects on excitability; 0.5 uM resembled lidocaine, whereas 2 uM substantially
reduced upstroke velocity (<285 V/s). Flecainide (2 uM) reduced cellular excitability at
normal frequency (60 and 80 BPM) and more at rapid rates (120 and 160 BPM indicative of
human tachycardia) (Fig. 2B, left), comparable to observations in canine (28) and guinea pig
(29) preparations. Conversely, even at high concentrations and pacing (20 uM, 160 BPM) of
lidocaine, upstroke velocity was only decreased 35% in comparison to 60 BPM (Fig. 2B,
right). Although single-cell cellular excitability was depressed by flecainide, successful
action potentials were maintained, suggesting that flecainide is therapeutic because of its
potential to suppress ectopic arrhythmia triggers by reducing excitatory Na current.

We next expanded our investigation to one-dimensional (1D) tissue representations of
electrotonically coupled tissue and computed the effects of 0.5 and 2 uM flecainide at 120
BPM (red and green, respectively) and 2 uM flecainide at 160 BPM (tachycardia) (blue) on
conduction velocity (CV) (Fig. 2C, left). Lidocaine (5 uM) at 120 BPM (red) and 20 uM
lidocaine at 120 BPM (green) and 160 BPM (blue) are shown in Fig. 2C (right). For
lidocaine and low-dose flecainide, CV was slowed, but successful, consistent with the
single-cell simulations. However, for 2 uM (high dose in blue) flecainide, a marked
reduction in CV occurred, and after 76 paced beats at 160 BPM, transient conduction block
was observed. Consistent with previous studies (30), a substantial inhibition of Iy, (>95%)
was required for conduction block. See fig. S7 for full excitation profiles and analysis of the
onset of conduction block. Because of its high open-state affinity and very slow drug
unblock (31), UDB by flecainide caused insufficient Na channel availability for successful
conduction, a higher-dimensional phenomenon that emerged as a result of increased
electrotonic load in coupled tissue.

Figure 2D shows threshold concentrations of flecainide (left) and lidocaine (right) for
conduction block in a 100-cell 1D virtual tissue during static pacing. Conduction block did
not occur at therapeutic lidocaine concentrations, whereas the high clinical dose for
flecainide was dangerous during rapid pacing, because it set the stage for profound
dispersion of refractoriness (repolarization). The maximum value of 180 BPM was
comparable to a study of nonsustained ventricular tachycardia (average frequency, 193 + 32
BPM) (32).

Experimental validation of model predictions

To validate our model predictions in cardiac tissue, we compared the computed effects of
flecainide and lidocaine on conduction in our 1D virtual tissue to optical recordings in intact
rabbit epicardium (Fig. 3). The model (100 coupled epicardial cells) (Fig. 3A) and the rabbit
heart (Fig. 3B) were paced at 160 BPM for 5 min in the presence of 2 uM flecainide and 20
uM lidocaine. The model predicted the onset of conduction block at 160 BPM with 2 uM
flecainide, which was confirmed at that concentration and frequency in the experiment. In
both simulation and experiment, more conduction block occurred during the adaptation
phase after drug application. Once conduction failed, a long recovery period [for example,
diastolic interval (immediately after red arrows in Fig. 3)] allowed for drug unbinding and
successful subsequent fast conduction (after red arrows, Fig. 3). Notably, application of a
high clinical dose (20 pM) of lidocaine did not lead to conduction block in simulations (fig.
S8) or experiments.
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Vulnerability to arrhythmia

Na channel-blocking drugs were proposed to reduce cellular excitability and reduce
spontaneous ventricular ectopy (3, 4, 33). The CAST study showed that although Na
channel block reduced the number of spontaneous ventricular ectopic arrhythmogenic events
(~80% event reduction), the pro-arrhythmic potential of the events that persisted was
markedly exacerbated by drug blockade (3).

It has been long known that a period of vulnerability exists whereby electrical stimulation
can initiate self-sustaining spiral waves (34, 35) capable of degeneration into fibrillatory
rhythms. Thus, as in studies by Starmer et al. (11, 33, 36), we sought to systematically
determine the likelihood of arrhythmia induced by spontaneous ventricular stimuli in
clinically relevant concentrations of flecainide and lidocaine. 1D tissue simulations were
used to assess the “vulnerable window” (VW) to unidirectional block and retrograde
conduction, which suggests reentrant arrhythmia in higher dimensions (31, 36). The VW
(Fig. 4A) indicates the time of arrhythmia susceptibility in response to spontaneous stimuli
for a given drug concentration, pacing frequency (S1) (Fig. 4A, x axis), and spontaneous
impulse timing (S2) (Fig. 4A, y axis) (protocol in Fig. 4B).

We ran simulations to determine the VW to unidirectional conduction block with 2 uM
flecainide (Fig. 4C) (S1 = 120 BPM). A spontaneous impulse (S2) applied before the VW
(blue dot in Fig. 4A, S1 — S2 = 438 ms) failed to excite refractory tissue (left). Two stimuli
applied at the VW borders, the most premature beat (MPB) (red dot in Fig. 4A, S1-S2 =
439 ms) and least premature beat (LPB) (green dot in Fig. 4A, S1 — S2 = 455 ms), led to
successful retrograde propagation only, the hallmark of arrhythmogenic unidirectional
conduction (S2 applied anywhere within the VW caused unidirectional conduction). An
impulse applied after the VW (orange dot in Fig. 4A, S1 — S2 = 456 ms) led to bidirectional
conduction. Notably, the velocity of the retrograde wave induced with flecainide was
markedly slower than that with lidocaine (compare red and green dot frames in Fig. 4C to
those in Fig. 4E). Both flecainide and lidocaine caused marked increases in the size of the
VW compared to drug-free conditions (table S1). However, the size of the VW alone is not
sufficient to predict arrhythmia risk.

To quantify drug-induced increase in arrhythmia risk, we used the Starmer metric (33) to
compute the probability that an irregular stimulus can trigger reentry [P(Arrhythmia); see
the Supplementary Material for details). Although the VW for 2 uM flecainide and 20 uM
lidocaine was comparable at 120 BPM (16 and 15 ms, respectively), flecainide (black line,
Fig. 4D) increased arrhythmia probability 12.2-fold compared to the drug-free condition,
whereas lidocaine increased arrhythmia susceptibility by 6-fold (black line, Fig. 4F). This is
because both the size of the VW and the cell refractory period determined arrhythmia
likelihood. It is precisely the presumed anti-arrhythmic property of flecainide—decreased
cell excitability (increased refractoriness)—that is profoundly pro-arrhythmic in coupled
tissue. The steepness of black lines in Fig. 4D indicates escalating proclivity for arrhythmia
with small increases in drug (use dependence) for flecainide but not for lidocaine (black line,
Fig. 4F).

Emergent phenomenain 2D virtual tissue

Arrhythmia is fundamentally an emergent spatial phenomenon, so we used the 1D
predictions to guide 2D simulations (Fig. 5) with high clinical drug concentrations (2 uM
flecainide and 20 uM lidocaine) at 120 BPM. The predictions in 1D effectively scale to a 2D
homogeneous virtual myocardium composed of 500 by 500 cells. To mimic an irregular
beat, we applied a spontaneous impulse (S2) (after 500 paced beats initiated along the left
edge of the tissue) (i) before, (ii) inside, or (iii) after the VW for flecainide (Fig. 5A) and
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lidocaine (Fig. 5B). (See the Supplementary Material for pacing protocol.) Time snapshots
(under panels) are shown for phase maps (37) after the last planar wave (S1) (first panel)
through termination of the most persistent wave after S2 (last panel). Activation maps for
each of the conditions are shown at the right.

For both flecainide and lidocaine, a spontaneous stimulus before the VW failed to propagate
through refractory tissue (i). A spontaneous stimulus applied in the VW (ii) generated an
arrhythmogenic reentrant wave with both drugs by propagating retrogradely and then
turning and slowly reentering the tissue as it recovered from drug block. With lidocaine,
reentry was short-lived because the fast-propagating wave caught its refractory tail (snapshot
at 600 ms). Flecainide (2 uM) caused a persistent reentrant (>1.2 s) wave supported by slow
conduction and consequent smaller reentrant core. The potential to sustain reentry stems
from Kinetics of recovery from drug block (31), which determines the degree of UDB and,
consequently, CV. A spontaneous stimulus applied after the VW (iii) propagated in all
directions and quickly died with both flecainide and lidocaine. The activation maps on the
right illustrate the profound differences in rotor frequency between flecainide and lidocaine.
During the VW, the flecainide-treated tissue required about 600 ms for the reentrant wave to
make a full turn compared to 200 ms for lidocaine.

Experimental validation in whole hearts

Simulations

The 2D model predictions were experimentally validated in rabbit epicardium. Figure 6
shows induction of arrhythmia observed experimentally with 2 pM flecainide. In response to
cessation of burst pacing (Supplementary Material), a nonsustained transmural figure-of-
eight reentry was initiated. Figure 6A shows optical maps of the rabbit epicardium, with
white arrows indicating the path of excitation. The blue arrow (at 166 ms) indicates a
transmural reentry of the wave tip, which reemerges in the epicardium (at 303 ms). The
qualitative features of nonsustained reentry seen in the experiment (Fig. 6) were like those
predicted by the computational model. Figure 6B shows the corresponding optical action
potential recordings (site denoted by an asterisk in the first panel). Reentrant activity was
never observed in experiments with clinically relevant doses of lidocaine.

Inherent differences in the experimental and simulated preparations (rabbit whole-heart
optical mapping versus human 2D computational tissue model) prevented a direct
quantitative comparison between the model predictions and the rabbit experiments.
However, an analysis (details in the Supplementary Material) revealed analogous dynamics
when the effective tissue sizes in the simulation and experiment were compared (38) in Figs.
5and 6.

in 3D human ventricular models

Finally, to ensure that the model predictions in two dimensions hold true in more complex
tissue structures, we tested flecainide and lidocaine in a magnetic resonance imaging (MRI)-
based, anatomically detailed 3D model of the human ventricles (see Supplementary
Material). After the VW was revealed as in Figs. 4 and 5, the 3D ventricles were paced from
the apex at a rate of 120 BPM with high-dose flecainide (2 uM) (Fig. 7A) and high-dose
lidocaine (20 uM) (Fig. 7B). An ectopic stimulus inside the VW (phase maps are shown)
about halfway up the ventricles (~2.5 cm, consistent with Fig. 5) initiated a persistent
figure-of-eight reentrant wave with flecainide (>2.5 s); in contrast, high-dose lidocaine
induced one turn of reentry before dying out (<0.5 s). Consistent with the 2D results (Fig. 5),
the lidocaine reentry was short-lived because the fast-propagating wave caught its refractory
tail (videos S1 and S2).
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Drug effects in heart failure

It is well known that spontaneous ventricular ectopy occurs more frequently for patients
with heart failure (HF), as evidenced in the CAST study (3, 4, 14). We therefore explored
the effects of drugs on HF myocardium on the basis of existing human data (model details in
the Supplementary Material) (Fig. 8). We validated the HF model by comparing action
potential duration (APD) and morphology (Fig. 8A) to the Priebe-Beuckelmann model (Fig.
8B) (39) and to measurements from human HF ventricular myocytes (40-42). Our HF
model had an APD of 562.5 ms, comparable to recent experiments (477 to 506 ms) (41) and
the Priebe-Beuckelmann model (548 ms) (39). We computed single-cell upstroke velocity
(Fig. 8, C and D) and computed the minimum drug concentration that caused conduction
block in 1D tissue (Fig. 8, E and F). The model predicted marked depression of single-cell
excitability compared to normal tissue. This is a result of the additive effects of action
potential prolongation, resulting in reduction in diastolic interval and, consequently, Na
current, because of less recovery from inactivation and less recovery from drug block. At
frequencies >140 BPM, the long HF action potential failed to adapt. Additional effects of
HF-induced cellular uncoupling (see table S1) further exacerbate arrhythmia susceptibility
by markedly reducing CV. This results in conduction block at slower frequencies and lower
concentrations of both flecainide and lidocaine compared to normal tissue (Fig. 2).

In the HF setting, the VW does not constitute a reliable metric for prediction of arrhythmia
induction by spontaneous ventricular ectopy, because of the potential for extremely slow
Ca?*-supported conduction (43, 44). We postulated that flecainide in HF would slow
conduction so markedly that a spontaneous ventricular ectopic beat generated after the VW
would lead to slow bidirectional conduction and generate a figure-of-eight reentry. Indeed,
flecainide (1 pM) with a late ectopic beat induced a bidirectional figure-of-eight reentry that
persisted for almost 4 s (Fig. 8G). This is in contrast to Fig. 5, in which the bidirectional
wavefronts collide and die out. The HF reentry is due to extreme slowing of conduction and
Ca%*-mediated conduction of the initial wave propagation, which gives the Na channels time
to recover and drive reentry. In contrast, lidocaine-blocked Na channels (Fig. 8H) recovered
faster from drug blockade, preventing reentry. Notably, with lidocaine, bidirectional
conduction lasted twice as long as in normal myocardium (Fig. 5).

Discussion

Drug-induced cardiac toxicity as a consequence of cardiac arrhythmia treatment burdens
clinical arrhythmia management and stems in part from inadequate prediction of pro-
arrhythmic potential. The CAST study showed that flecainide and encainide (both class 1C
anti-arrhythmics) were two to three times more likely to cause arrhythmia than placebo and
increased risk of sudden cardiac death in post-infarction patients (3, 4). Twenty years after
the CAST study, the exact mechanism underlying flecainide's pro-arrhythmic potential is
still unknown (27). There is also no way to quickly discriminate between drugs that slow
conduction or widen the QRS complex (such as flecainide) and those that have a strong
safety profile (such as lidocaine) (27). Our study describes a potential strategy to determine
preliminary safety profiles of drugs that cause conduction slowing and widening of the QRS
complex. Here, we tested prototypical anti-arrhythmic agents (flecainide and lidocaine), but
the approach can be extended to predict pro-arrhythmic potential of other anti-arrhythmic
agents—those currently in use, and those under development. Because efficient methods for
preclinical pro-arrhythmia assessment of candidate compounds affecting cardiac ion
channels are currently lacking, our approach may comprise a plausible first screening step
(27).

Previous studies of drug effects on cardiac tissue relied on pore block models (45), which
fail to capture the complex features of drug-channel kinetics that emerge in altered cardiac
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rhythms. To reproduce measured drug-channel kinetics, we used a Markovian representation
of Na channel gating and a numerical optimization technique to fit model parameters over
multiple frequencies and drug concentrations. The model reproduces cellular-level effects of
drug-bound channels, namely, a concentration- and pacing-dependent reduction in cellular
excitability that is more profound for flecainide than for lidocaine. However, at the cellular
level, high therapeutic concentrations of drug and physiological pacing did not reveal any
overt pro-arrhythmic potential—cellular excitability was depressed, but excitation was
always successful.

In contrast, tissue simulations revealed drug concentrations causing conduction block with
both constant pacing and irregular spontaneous stimuli. With constant pacing, conduction

block occurred in the therapeutic range for flecainide, but not lidocaine. These results were
validated in whole-heart rabbit epicardial optical mapping, which showed both comparable
patterns of CV slowing and the frequency- and dose-dependent onset of conduction block.

We also validated the 2D model predictions that ectopic stimuli induce transient reentry in
the presence of therapeutically relevant concentrations of flecainide in both rabbit
experiments and human virtual ventricle simulations. At relatively low-frequency
tachycardia induced by ventricular ectopy (the arrhythmia trigger observed in the CAST
study), flecainide proved markedly more potent and arrhythmogenic than lidocaine (3, 4,
14).

The model predictions confirm previous suggestions (11, 33) that anti-arrhythmic cellular-
level markers were paradoxically pro-arrhythmic in coupled tissue. Here, we did not
investigate faster rates of ventricular tachycardia (>180 BPM) because they cause syncope
and hemodynamic compromise on their own, even without drug application (46).
Nonetheless, at faster rates, the model would be expected to predict reduced conduction
block threshold complicated by additional intrinsic pro-arrhythmic mechanisms.

In patients with HF, our simulations suggest that flecainide combined with reduced Iy,
(because of the reduced diastolic intervals stemming from APD prolongation) allow for
ultraslow Ca?*-supported conduction that promotes development of reentrant arrhythmias
even when spontaneous ventricular ectopy occurs outside of the VW (43, 44). Because
lidocaine-bound channels recover faster from drug blockade, reentrant rhythms in HF are
less persistent than with flecainide. Future studies should systematically investigate specific
temporal manifestations of HF (for example, early, mid, and late) and the effects of
anatomical pathophysiological changes (for example, scar tissue) in the myocardium and the
resultant effects of anti-arrhythmic drug blockade.

Notably, some drugs affect multiple ion channels. Although lidocaine is specific for Na
channels (47), flecainide blocks K* channels in some species. In rat ventricular myocytes,
flecainide blocks Iy, (48) and Ik with high affinity (48). In guinea pigs, higher
concentrations of flecainide blocked I;, but not Ik (49). In other species, flecainide inhibits
L-type calcium current (50) and transient outward current (51), but not inward rectifying K*
current (52, 53). We did not account for specific effects of K* channel block by flecainide
and lidocaine because effects are species-dependent and human affinities have not been
determined. Even so, effects on human K* channels would increase APD, slow conduction,
and exacerbate conduction block.

Here, we focused on arrhythmia induction by spontaneous ventricular ectopy. We chose this
arrhythmia trigger because this situation was observed in the CAST to be associated with
worse outcomes when flecainide was present, thus providing a clinical case for simulations
and validation (4, 14). However, this is a limitation of the study, because myriad
arrhythmogenic situations and triggers exist (46). We also focused exclusively on
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ventricular arrhythmias in this study. The mechanisms put forth in this paper must be tested
in the context of atrial arrhythmias in which conditions in the atrium would be complicated
by the presence of nodal structures and differences in atrial cell electrophysiology (46, 54).

This study represents the first steps toward the construction of an in silico drug screening
system that is readily amenable to high-throughput scale-up. The model predictions suggest
that relatively simple simulations in two dimensions may be enough to identify potentially
pro- or anti-arrhythmic agents. Our approach constitutes a tractable first step in determining
which agents merit further testing in higher dimensions and with experiments. Longer term,
the framework should be expanded to cover a range of potentially arrhythmogenic situations
—in both normal and diseased tissue.

Materials and Methods

Summary

A computational Markov model was formulated via numerical optimization from
experimentally derived rate constants that formed the basis for the drug-free Na channel.
The model was expanded to account for the interactions between the Na channel and
charged and neutral fractions of flecainide and lidocaine. Assumptions for drug access
derived from the modulated and guarded receptor hypotheses and included pH-dependent
partitioning and clinical effects of Na channel-blocking drugs. The channel model
recapitulated many features of Na channel blockade including time- and voltage-dependent
recovery, frequency- and use-dependent block, and tonic block. Sensitivity analysis ensured
that the model was robust to perturbations. The drug-channel model was incorporated into a
computational model of the human ventricular myocyte. The VW for arrhythmia
development and arrhythmia probability is from Starmer. Simulations were validated and
compared to rabbit epicardial optical mapping experiments and simulations in MRI-based
simulated 3D ventricles (33). A complete description of Materials and Methods is presented
in the Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Simulated and experimental drug—Na channel interactions. Black and dotted lines depict the
results of simulation; the symbols represent experimental data. (A) Steady-state channel
availability. Currents measured at —10 mV with 10 uM flecainide (Flec.) (left) or 100 pM
lidocaine (Lido.) (right) pulsed from —120 to —40 mV in 5-mV increments (normalized to
tonic block at =120 mV) (17). (B) Dose dependence of use-dependent block (UDB) from
300 pulses to =10 mV for 25 ms from —100 mV at 5 Hz with indicated drug dose (20). Peak
current at last pulse normalized to first [note that in drug-free condition, 2.8% loss of current
occurs during the pulse protocol (because of inactivation and rundown), so the normalized
value is 0.97]. (C) Recovery from UDB after pulses (to —10 mV for 25 ms at 25 Hz) from
—100 mV with 10 uM flecainide (19) (left) or 300 uM lidocaine (right). Test pulses (—10
mV) were after variable recovery intervals at —100 mV. Currents were normalized to tonic
block. (D) Frequency dependence of UDB. Protocol is the same as in (B) with 10 uM
flecainide (19) (left) or 300 uM lidocaine (20) (right). (E) Dose dependence of tonic block
evoked by depolarizing pulse from —100 to —10 mV. Block is peak current normalized to
drug-free conditions.
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Fig. 2.

Effects of flecainide and lidocaine on cell excitability and conduction velocity in a human
ventricular cell model (26). (A) Effects of 0.5 or 2 uM flecainide (Flec.) (left) and 5 or 20
uM lidocaine (Lido.) (right) as indicated on single-cell upstroke velocity (V/s) paced at 80
BPM. (B) Effects of 2 uM flecainide (left) and 20 pM lidocaine (right) on upstroke velocity
(V/s) at the indicated frequency. (C) Effects of 0.5 uM (120 BPM) and 2 uM (120 and 160
BPM) flecainide (left) and 5 uM (120 BPM) and 20 uM (120 and 160 BPM) lidocaine
(right) on conduction velocity in 1D tissue. (D) Minimum concentrations of flecainide (left)
and lidocaine (right) required for conduction block at the indicated pacing frequencies.
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Complex dynamics in simulations and experiments with 2 uM flecainide at 160 BPM. (A)
The extended time course of simulated action potentials (2 uM flecainide at 160 BPM) at 1,
2, and 4 min after addition of drug. Action potentials from cell 50 are shown. (B)

Experimental action potentials in the rabbit epicardium paced at 160 BPM with 2 uM

flecainide. Red arrows indicate failed stimuli.
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Fig. 4.

Prediction of arrhythmia propensity by the vulnerable window (VW). (A) Schematic for the
VW protocol. (B) Schematic for the pacing protocol. (C) VW with 2 pM flecainide after
pacing (S1) at 120 BPM. Cell position is shown on the y axis. The x axis indicates time and
the z axis indicates voltage, with darker color indicating more depolarized potentials and
light gray indicating repolarized tissue. An additional stimulus (S2) applied at cell 250
before the VW (blue dot) fails to excite refractory tissue (left). Premature impulses applied
at the most premature beat (MPB) (red dot) and least premature beat (LPB) (green dot)
cause arrhythmogenic unidirectional retrograde conduction. An impulse applied after the
VW (orange dot) causes bidirectional conduction. (D) The Starmer metric, P(Arrhythmia)
(33), was used to calculate arrhythmia susceptibility to 0 to 2 uM flecainide normalized to
drug-free risk. (E) VW for lidocaine (20 uM) after pacing at 120 BPM. Abbreviations as for
(C). (F) The Starmer metric, P(Arrhythmia) (33), was used to calculate arrhythmia
susceptibility to 0 to 20 uM lidocaine normalized to drug-free risk.
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Effects of flecainide and lidocaine in a 2D cardiac tissue model. (A and B) Phase maps for
(A) flecainide (2 uM) and (B) lidocaine (20 pM) at times as indicated under panels [scale

above: red indicates wavefront and blue indicates fully repolarized (but not necessarily
recovered from drug block) tissue]. Panels at right are the corresponding activation
isochrones (time scale on right). A premature impulse was applied in the wake of the

preceding wave (i) before the vulnerable window (VW), (ii) within the VW, or (iii) after the

pacing protocol.
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Fig. 6.

Experimental validation of reentrant behavior with flecainide. (A) Snapshots of a
nonsustained salvo transmural figure-of-eight reentry induced after rapid pacing with 2 uM
flecainide. Electrode pacing site is denoted with an asterisk. (B) Optical action potential
(AP). (C) Electrocardiogram (ECG) recording. Dashed blue line indicates time in (A). After
pacing, a reentrant figure-of-eight wave breaks through in the top left field of view and
travels down and to the right before spiraling back around. The blue arrows show the tip of
the wave first traveling endocardially and then reentering into recovered epicardium (top left
of tissue). The white solid arrows show the epicardial trajectory of the wave, whereas the
dotted white arrows show the projected transmural path.
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Fig. 7.

Reentry in 3D models of the human ventricle. (A) Phase map of a sustained figure-of-eight
reentry with 2 uM flecainide paced at 120 BPM. (B) Phase map of nonsustained reentry with
20 uM lidocaine paced at 120 BPM. The S1-S2 interval was 720 ms for flecainide and 670
ms for lidocaine. Sustained reentry occurred when applying S2 within the vulnerable
window of the model with 2 pM flecainide (VW = 660 to 735 ms), but not for 20 puM
lidocaine (VW = 630 to 685 ms).
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Drug effects in heart failure (HF). (A) The HF APD is prolonged and exhibits diastolic
depolarization. (B) Results from Priebe and Beuckelmann, comparable to those in (A) (39).
(C) For flecainide, the single uncoupled cellular upstroke velocity is shown for indicated
frequencies. (D) For lidocaine, the single uncoupled cellular upstroke velocity is shown for
indicated frequencies. (E) For flecainide, the minimum drug concentrations (in parentheses)
required for conduction block are shown at indicated frequencies. (F) For lidocaine, the
minimum drug concentrations (in parentheses) required for conduction block are shown at
indicated frequencies. (G and H) Reentrant dynamics for half-maximal drug concentration
(1 uM flecainide, 10 uM lidocaine) at 80 BPM. Shown are phase maps at indicated times.

Sci Transl Med. Author manuscript; available in PMC 2012 April 17.



