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Cardiac Responses to Premature
Monophasic and Biphasic Field Stimuli

Results From Cell and Tissue Modeling Studies
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Abstract: Experimental and clinical observations confirm that certain bipha-
sic (BP) defibrillation shocks are significantly more efficacious than equivalent
monophasic (MP) shocks, yet the mechanisms underlying these improve-
ments are still not well understood. The authors used two separate, but
related, computer models to investigate in detail the excitation responses of
active cardiac cells and tissue to idealized premature extracellular MP and BP
field stimuli. The results revealed a large disparity in MP and BP excitation
responses to low-strength, but not high-strength, fields. In particular, at these
low-strength levels, the polarity reversal within BP shocks effectively extends
excitability to earlier cellular refractory states than can be achieved with sim-
ple MP shocks. Moreover, whereas low-strength MP shocks induce a distinct
all-or-none excitatory response to varying shock prematurities, the excitatory
response to equivalent BP shocks remains highly graded. In tissue simulations
where such field stimuli intersected propagating wave fronts, the all-or-none
excitatory response elicited by low-strength MP shocks created a postshock
discontinuity in the spatial transmembrane voltage profile, which initiated a
new propagation wave front. In contrast, the graded excitatory response
elicited by BP waveforms effectively prevented the formation of postshock
wave fronts. High-strength MP and BP stimuli prevented renewed propaga-
tion equally well. In conclusion, these results suggest a new mechanism for BP
defibrillation superiority over MP waveforms: that the graded excitatory
response to BP stimuli at low-field strengths effectively prevents the formation
of large spatial transmembrane voltage gradients, which can lead to renewal
of propagated wave fronts. Key words: defibrillation, extracellular fields,
monophasic waveform, biphasic waveform, reexcitation, computer modeling.
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Mounting clinical and experimental evidence supports
the observation that certain biphasic (BP) waveforms
have much lower defibrillation thresholds than do their
equivalent monophasic (MP) counterparts.’* Yet, the
mechanisms responsible for these threshold reductions
are still unresolved. The leading hypothesis, demon-
strated by Jones et al. with an injection model of an iso-
lated cardiac cell,> suggests that the first phase of a BP



stimulus acts as a “conditioning prepulse” that effectively
lowers the threshold required for the second phase to
induce subsequent excitation. However, recent theoreti-
cal ‘and computational studies of isolated cells have sug-
gested that the mechanisms of cellular excitation are
different for current injection and field stimulation.”*
Furthermore, several in situ cardiac mapping studies have
shown that defibrillation attempts fail most often within
the distal regions of the heart receiving the lowest shock
field gradients,”"° presumably because in these regions
the shock fails to extinguish existing wave fronts, initi-
ates new sustained wave fronts, or both. Since these low-
gradient regions are typically physically distant from the
stimulating electrodes, it is hypothesized"-" that the cel-
lular-level (“far-field”) polarizations induced by the
extracellular shock fields can predominate over the
“near-field” boundary polarizations induced only proxi-
mal to the electrodes. Such far-field stimulation induces
periodic nonuniform polarizations of each cell, such that
cell ends nearest the anode are hyperpolarized while cell
ends nearest the cathode are depolarized. In contrast,
current injection stimulation produces uniform polariza-
tion of the injected cell.

Since defibrillation tends to fail in low-field gradient
regions of the heart, we hypothesize that BP shocks might
be more effective than MP shocks at terminating existing
propagated activity in these regions without initiating new
activity. To test this hypothesis and to determine the
underlying mechanisms, we used two separate, but
related, computer models of cardiac field stimulation. The
first model was that of a single isolated cardiac cell and
afforded detailed access to the subcellular kinetics respon-
sible for the observed responses to imposed field stimuli. In
contrast, the second model was a one-dimensional strand
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of cardiac cells and was used to investigate the interactions
between existing propagation wave fronts and imposed
extracellular far-field stimuli.

Materials and Methods

Single-cell Model

Detailed derivations of this single-cell model have
been described elsewhere.”!* Briefly, this model simulates
the electrophysiologic responses of an isolated cardiac
ventricular cell to uniform external field stimuli. The cell
itself is idealized anatomically as a highly eccentric pro-
late spheroid suspended within an unbounded extracel-
lular medium, with any imposed extracellular fields
aligned parallel to the cell’s long axis (Fig. 1A). As such,
the system remains radially symmetric about this long
axis and thus, can be modeled as a simple, short one-
dimensional cable. Further simplifications to this model
are achieved by assuming that, except during a field stim-
ulus, both the intracellular and extracellular domains
remain spatially (but independently) isopotential; during
a stimulus, a nonzero spatial potential gradient is
impressed only within the extracellular domain. These
simplifications are well supported by previous theoretical
studies®*'>'¢ and significantly improve computational per-
formance while having little or no impact on the accu-
racy of or conclusions derived from the model. Figure 1B
depicts a schematic of the resultant lumped membrane
cable model used in these single-cell simulations, where
the cell has been subdivided into 11 discrete subcellular
membrane elements. Each membrane element indepen-
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Fig. 1. (A) Schematic of an idealized cardiac cell situated within an unbounded extracellular volume supporting a uni-
form electric field, E. For these simulations, the cell is divided into 11 discrete subcellular elements. (B) The lumped
membrane cable model associated with the cell in A. All intracellular nodes share a common potential, V,, while poten-
tials at the extracellular nodes, V., remain distinct. The electric field is imposed as boundary potentials, V,, along the
extracellular surface of the cell. (C) Schematic of a 3-cell segment from a 500-cell model of a cardiac strand. The extra-
cellular domain is continuous but restricted in volume, while the otherwise continuous intracellular domain is inter-
rupted by cell-to-cell junctions. For these simulations, each cell is subdivided into three discrete elements. (D) The
lumped membrane cable model associated with the strand segment in C. Axial intracellular and extracellular resistivi-
ties are modeled as discrete internodal resistances, R, and R, while intercellular junctions are incorporated through peri-
odic junctional resistances, R.. In both models, membrane elements (represented as boxes in B and D) obey the

ventricular kinetics described by Luo and Rudy."”






