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Fig. 4. Electrical and mechanical characteristics during stable spiral simulation. Left: pseudo-ECG. Middle: volume fraction relative to end-diastolic volume.
Right: \r observed at the anterior wall of the LV, showing subepicardial (black), midwall (red), and subendocardial (green) transients. Note that \r is referred

to the prediastolic resting length with a LV cavity pressure of 0 kPa.

number of filaments steadily increased from 1 (the initial
spiral) to over 15. Between 4 and 8 s of time, the number of
filaments slightly decreased and oscillated around 13. The
average number of filaments found during the last 4 s was 13.6.
In addition, Fig. 6 shows a typical example of the number of
filaments present during developed VF. As shown in Figs. 5
and 6, there were clearly multiple independent filaments, while
the initial spiral wave remained intact.

After the initial phase and resulting mechanically induced
wavebreaks, we found that the LV remained in a contracted
state, similar to that of the stable spiral simulation. The LV
cavity volume fraction, mechanical 3-D deformations, and
fiber strains were similar to those of the stable spiral simulation
shown in Fig. 4.

We analyzed how filaments were created and destroyed over
time through death, birth, bifurcation, and amalgamation events (see

Fig. 7). The horizontal lines in Fig. 7 indicate individual
filaments and their lifespan. The start of a line is determined by
the birth of a filament or the bifurcation from another filament.
The righthand end of each line indicates when a filament
disappears due to the death or the amalgamation of a filament
with another filament. In Fig. 7, the short horizontal lines
correspond to short-living filaments and long lines correspond
to more persistent filaments. During the 8 s of simulation time,
we detected 1,276 filaments with 453 births, 496 deaths, 824
bifurcations, and 781 amalgamation events. As shown in Fig.
7, the initial spiral remained intact for the entire 8 s (bottom red
line). Most of the filaments existed for a short period of time,
although we also observed a small number of persistent inde-
pendent filaments.

We investigated the effects of different levels of activation
of stretch-activated channels (Gs) on the VF dynamics. For

Fig. 5. Wavefronts. Top: anterior view. Bottom: posterior view. From left to right, the first snapshot shows the spiral after its initiation on the posterior side of
the LV. The second snapshot shows the first wavebreak found on the anterior side (between the white circles) after ~1.6 s of simulation time. The third snapshot
shows the wave pattern after ~4 s of simulation time. Note that multiple waves are present, while the initial spiral wave remains intact.
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Fig. 6. Mechanically induced breakup. Left: pseudo-ECG. Middle: number of filaments for maximal conductance (Gs) = 75 wS/WF. Right: snapshot showing the
number of filaments after ~4 s of simulation time. The white circle indicates the initial filament spiral.

this, we repeated the above simulations with Gg set to 0, 30, 45,
60, and 75 pS/WF and analyzed the number of filaments
present during the simulation (see Fig. 7). For G = 30 wS/uF,
we found that the simulation remained stable during 4 s of
simulation time, although a small number of wavebreaks were
observed toward the end of the simulation. For larger G
values, we observed that the number of filaments steadily
increased over time with more filaments created for larger
values of G, thereby also increasing the complexity of the VF
dynamics.

The filament history dynamics shown in Fig. 7 resemble
those of mother rotor fibrillation (33). However, this may just
be a visual coincidence, since based on these results alone we
cannot claim that the wavebreaks are driven by the initial spiral
wave, nor can we claim that these breaks disappear if the initial
spiral wave is removed. On the other hand, we can explain such
filament dynamics by the maximal stretch distribution ob-
served during the simulation. Figure 8 shows the maximal fiber
extension values observed at each epicardial point on both the ante-
rior and posterior free walls during the first 4 s of the simula-
tion. We observed regions of stretch (A > 1) on the anterior
free wall, where most breaks are located. In contrast, we
observed that stretch did not occur (A < 1) close to or around
the core of the initial spiral wave on the posterior wall.

The mechanism by which stretch of the tissue induces
wavebreak can be explained in the following way. Stretch-
activated channels produce an inward current, which depolar-
izes the myocyte membrane. This depolarization is not suffi-
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cient to generate an action potential (i.e., it is subthreshold);
however, it leads to a quite opposite effect: a depression of
excitability. This occurs as a result of voltage-dependent inac-
tivation of the Na™ channel. In 1952, Hodgkin and Huxley (22)
showed that slow depolarization of a nerve cell membrane
results in the progressive inactivation of Na* channels. Such
inactivation was also found in cardiac cells (see, e.g., Ref. 3)
and is present in all ionic models of cardiac cells. Thus,
stretch-induced membrane depolarization inactivates Na*
channels, which carry the main ionic current underlying the
initiation of the action potential upstroke. As a consequence, a
wave that arrives in a region of substantial stretch cannot
propagate through that region, and wavebreak is formed. We
(53) have previously presented a detailed study of this process
using a low-dimensional model of cardiac tissue. We have also
performed simulations using a higher-dimensional model,
which combined the mechanics used in Ref. 53 with the
biophysical TP06 ionic model of cardiac excitation. Video I in
the Supplementary Material shows the results of simulations
performed in a simple 2-D geometry on a grid of 705 X 705
elements with space step of 0.25 mm." We found that in this
case, I induces the break up of an otherwise stable single spiral
wave into a complex spatiotemporal pattern. Since these 2-D
simulations were performed using a space step of 0.25 mm, this

! Supplemental Material for this article is available online at the American
Journal of Physiology-Heart and Circulatory Physiology website.
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Fig. 7. Left: filament history. Gs = 75 wS/wF. Horizontal lines correspond to individual filaments and start at the time that a filament appears (through birth or
bifurcation) and stop at the time that a filament disappears (through death or amalgamation). Colors indicate clusters of filaments that can be traced back through
bifurcation events to a unique initial filament. We used different colors for filaments with the same ancestor only if the filament cluster had a size of 5 or more
filaments. All other filaments that either arose through birth rather than bifurcation or belong to a small cluster are colored black. The long red line at the bottom
represents the initial spiral, which persisted through the entire simulation. Right: number of filaments over time for G5 = 0, 30, 45, 60, and 75 wS/WF.
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Fig. 8. Maximal A; observed at each point during the first 4 s of simulation
time. Left: posterior view. Right: anterior view. The initial spiral was located
on the posterior wall in the region where no stretch was observed. Red areas
(At > 1) highlight regions where stretch-activated currents are generated,
whereas blue areas (Af < 1) indicate regions where the fibers are in a shortened
state.

also indicates that the break up observed in this study is not a
result of a coarse spatial discretization. Upon further investi-
gation, we confirmed that the mechanism of this effect is,
again, the voltage-dependent inactivation of Na™ channels.

DISCUSSION

In this study, we developed a 3-D strongly coupled electro-
mechanical model of the human LV to investigate the interac-
tive effects of electrical waves and mechanical contraction
during reentry. This 3-D electrophysiological model contains a
detailed description of human LV anatomy and fiber direction
anisotropy and represents the electrophysiological properties of
human ventricular myocytes using the ionic TP06 model (64).
This model contains detailed descriptions of voltage, ionic
currents, and intracellular ion concentrations and is based on a
wide range of human electrophysiological data. The intracel-
lular Ca?* concentration of the TP06 model was used as input
for the biophysical NHS model of cardiac tissue contraction
(48), which represents the contractile tension developed due to
molecular cross-bridge cycling. This active tension is coupled
to a 3-D finite element model of passive mechanics, which
represents the same human LV anatomy and fiber direction
anisotropy as described above for the electrophysiology model.
The mechanical model was subjected to a transversely isotro-
pic exponential material response to describe the passive prop-
erties. The stress equilibrium equations were solved to calcu-
late the deformed state of the LV and the corresponding local
metric tensors. Mechanoelectrical feedback was introduced via
local metric tensors by updating the local coordinate system
and by calculating the local deformation, which modulates .

We validated our LV electromechanical model using a
control excitation, for which we stimulated the entire LV
endocardium. We observed ~10% fiber shortening (compared
with resting length) and ~15% wall thickening during systolic
contraction. End-systolic cardiac strain distributions were sim-
ilar to experimental recordings reported from canine hearts
during normal atrioventricular conduction (2). The end-systolic
ejection fraction was 58%, corresponding to that of a healthy
human heart.

The mechanisms of wavebreak studied in this report are
substantially different from other mechanisms of breakup, such
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as negative filament tension (1, 5), fiber rotation (14), and
restitution (54). The onset of breakup by our mechanism does
not require the presence of any of the above factors. Mechan-
ically induced breakup is strongly associated with the defor-
mation of the heart and the presence of stretch-activated
channels and will not occur in the absence of either of these
factors.

One obvious experimental validation of the effects of
stretch-activated channels on wave breakup might be a study
that compares the onset of fibrillation in a normal heart and in
a heart in which stretch-activated channels are blocked (e.g., by
gadolinium). One study (6) has shown that gadolinium indeed
decreases the vulnerability of rabbit hearts to atrial fibrillation;
however, to the best of our knowledge, such experimental
studies have not yet been performed for ventricles. It should
also be noted that the interpretation of the results of such
experiments may be not so straightforward since it is well
known that, in addition to block of stretch-activated channels,
gadolinium has additional important membrane effects (see,
e.g., Ref. 75).

Although our data show a new possibility of wavebreak in
the heart, we do not claim that all VF episodes occur due to
mechanoelectrical feedback. There are, of course, multiple
experimental studies showing that VF can be induced during
complete block of cardiac contraction caused by the applica-
tion of excitation-contraction decouplers used in optical map-
ping studies (see, e.g., Refs. 13 and 17). On the other hand, the
mechanisms considered in the present study are more likely to
occur in conditions where stretch of the tissue is more substan-
tial or is combined with other pathological factors, such as
ischemia or infarction. In fact, the results reviewed by Janse et al.
(29) show that the trigger for VF during phase 1B of ischemia
is most likely related to stretch [see also a recent modeling
study (30)].

During mechanically induced breakup, we did not observe
any wavebreaks close to the core of the spiral, resulting in
mother rotor-like VF patterns. Especially in the initial phase of
the simulation, we found that wavebreaks were small and
dependent on the initial spiral wave. The complexity of the
simulation increased as time increased, enhancing wavebreaks
over time due to the stretch-related processes. The complexity
of VF dynamics is dependent on the amount of stretch gener-
ated (e.g., determined by Ay, intracellular Ca%", T,, passive
material properties, etc.) and the magnitude of /; (determined
by Gs and E;). We observed that the complexity of VF and
number of filaments increased when G increased.

These preliminary results demonstrate that mechanoelectric
feedback can cause an otherwise stationary spiral wave to
break up, thus providing one possible explanation for the
degeneration of VT to VF activity. The effects shown here
should be considered as an indication of the importance of
mechanics on wave dynamics and not as a firmly established
mechanism. Further experimental research and numerical stud-
ies for variations of initial conditions, boundary constraints,
and model parameters are needed to quantify the effects of
mechanoelectrical feedback on wave dynamics. In general,
mechanoelectrical feedback has multiple effects on the electri-
cal activity of the heart, which are not limited to the factors
studied in this report. Extensive reviews and a dedicated
editorial on this subject are contained in Ref. 38.
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Limitations

We adopted an isotonic loading regime with a constant LV
endocardial pressure of 10 kPa. During the normal cardiac
cycle, there are variations in LV pressure and volume. This can
be improved using a Windkessel afterload model (7, 35).
However, such pressure-volume loops are typically not present
during VT or VF since cardiac output is often significantly
compromised.

Our geometric model only contained fiber orientations.
Thus, the LV model did not account for sheet or imbrication
angles, which may affect local mechanics, such as transverse
shear deformations, or the strains near the apex and base (15).
In addition, the effects of the right ventricle on electromechan-
ical dynamics were not accounted for in this study, but this will
be addressed in future research.

The mechanical properties of the LV myocardium were
described using a transversely isotropic material relation, with
parameters based on experimental data from the canine ven-
tricular myocardium. The parameters of the active tension
model were based on experimental data from rats. For the
present purposes, we made minor adjustments to some param-
eters to avoid tension accumulation during high-frequency
contractions. A similar active contractile mechanics model
needs to be developed based on human experimental contrac-
tion data to determine the correct parameters and maximum
tension values.

Mechanoelectrical feedback was modeled via the modula-
tion of diffusion pathways and /;. Mechanical deformation may
also affect the passive electrical properties and other ionic
currents of cardiac myocytes. At present, however, limited
experimental data are available upon which represent such
feedback mechanisms.

While we have identified some important issues above, the
conclusions of the present study do not depend on these
limitations. Indeed, these additional features and effects may
introduce other interesting dynamics and electromechanical
interactions.
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