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Fibrillation is an erratic electrical state of the heart, of rapid twitching rather than
organized contractions. Ventricular fibrillation is fatal if not treated promptly. The
standard treatment, defibrillation, is a strong electrical shock to reinitialize the elec-
trical dynamics and allow a normal heart beat. Both the normal and the fibrillatory
electrical dynamics of the heart are organized into movinpz/('ave fronts of changing
electrical signals, especially in the transmembrane voltagejaghicliig the potential dif-
ference between the cardiac cellular interior and the intra; a?ular region of the heart.

\b&Qm to top and is accom-

In a normal heart beat, the wave front motion is o-§
ions“and pump the blood. In a

panied by the release of Ca ions to induce contra
—

fibrillatory state, these wave fronts are organized in‘ss) rotating scroll waves, with a

centerline known as a filament. Treatmen‘( requires-altering the electrical state of the

heart through an externally applied eléegrica i}?ck, in a manner that precludes the

existence of the filaments and scroll&uxes.(d etailed mechanisms for the success of
a

this treatment are partially understo involve local shock-induced changes in

the transmembrane potential knoww as virtual electrode alterations. These trans-

membrane alterations are Jocatég

vessels and the heart ha&
M paper is the defibrillation shock and the subsequent

lﬂ\i.gnduces. Six partially overlapping causal factors for defibril-

tboundaries of the cardiac tissue, including blood

all, where discontinuities in electrical conductivity

occur. The primary focu

electrical pheno

lation successére 1dentified from the literature. We present evidence in favor of five

4

inst gne of them. A major conclusion is that a dynamically growing

of these 226 a
wave front, starting*at the heart surface appears to play a primary role during defib-
rillati Q critically reducing the volume required to sustain the dynamic motion of

sctoll wavesyin contrast, virtual electrode occurring at boundaries of small, isolated

bleo séls only cause minor effects. As a consequence, we suggest that the size

f theheart (specifically, the surface to volume ratio) is an important defibrillation

—
&Sriable.
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Publishin glribrillation is an erratic state of the electrical signals in the heart, character-
ized by twitching rather than organized contractions. It is fatal if not treated
promptly. It is a common cause of cardiac arrest, with 350,000 out of hospital US
occurrences annually. The recommended treatment is a strong electrical shock,
to reset the cardiac electrical activity, and allow resumption of a normal heart
beat. The imperfect understanding of defibrillation meclianisms.and the high di-
mensionality of its parameter space are obstacles to optimizZation of defibrillation
treatment protocols. This work focuses on virtual €lectrodes, which are charges
occurring at cardiac boundaries, (e. g. cardiac and‘hloodwessel surfaces), due to
shock induced alterations in the transmembrane poténtial. They are of primary
importance for defibrillation. We present gvidence-that a dynamically growing
wave front, starting at the heart surfacejand aided by the dynamics of the fib-
rillation scroll waves to be more important than small, isolated blood vessels in
terminating fibrillation. This conglusion is“important for multiple reasons. It
sheds light on mechanisms of virtual“electrode formation and defibrillation. It
allows a prioritization of experimental;ssimulation and modeling focus, It places
more emphasis on larger expeximental animals for assessing novel low strength

defibrillation strategies.

I. OVERVIEW
A. Backgreund

Ventrieylad fibrillation is a common cause of cardiac arrest. It is a fatal condition in
the apsence ofsprompt treatment. In both normal and fibrillatory states, the electrical
dynamies are’organized in moving wave fronts in the voltage difference between the interior
of\the caxdiac cells and the extracellular medium (i.e., the transmembrane potential). In a
nogmal heart, the moving electrical wave front proceeds from bottom to top and induces the
coutractions that pump the blood, whereas in a fibrillatory state, the moving wave fronts are
chaotic, and organized into rotating scroll waves, with a centerline, the filament. Treatment
for fibrillation is generally through an electrical shock, giving rise to modifications in the

transmembrane potential, called virtual electrodes' (VE), at cardiac surfaces (including
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Publishih]g» yd vessels) where the electrical conductivity is discontinuous. The VE disrupt the scroll
waves which sustain fibrillation, and possibly their organizing centers, the filaments, in

accomplishing defibrillation.

Shock treatment protocol parameters include the electrode location and the intensity,

duration, and orientation of the electric field; their optimization is gl( ngoing research effort.
We focus on the details of shock-induced virtual electrode for x&

aﬁjn on defibrillation

do not complete the full time frame of multiple low en n fact for the initial

per se) and thus consider only a portion of the high dimensidnal optimization problem. We
s

conditions and shock strength selected, chosen to emphasi t}hnportance of small blood

vessels, we find that virtually the entire heart is depol rizedﬁifter a single shock episode, so

that there is no basis to continue to later shocks. An important defibrillating mechanism

is the development of propagating wave fron\s%t?uﬂ g at the VE and initiated at the
tion

onset of the shock (make waves) or its teu{;‘\i\ break waves). Strong and weak shocks
ith

obey distinct defibrillation mechanism W.)Q strong shock defibrillation resulting from
break front waves, which leave mo {%h ardiac tissue in a non excitable state?. The

blood vessels play a supporting #ole?.
Antifibrillation Pacing (LEAPR)_ usés

shock.

Qusal factors (which are not mutually exclusive) have been proposed to

c&nplementary approach, known as Low Energy

Itiple weak shocks; our primary focus is the weak

explain brillation. We performed simulations incorporating novel implementation algo-

rithm§ using aw@riety of geometrical meshes (including the whole heart) to study the role of
boundari

previde @'idence that small vessels play only a minor role in the defibrillation process, while

')s of the heart tissue at the wall surfaces and blood vessels. Our main results

V‘njui electrodes formed at the heart surface play a primary role by generating large wave
frents that impinge on the existing fibrillatory scroll waves. We also study the sensitivity
of post-shock activity on model parameters such as vessel wall conductivity, wall thickness,
and tissue conductivity. Other than these sensitivity studies all simulations use a common

model of cardiac electrical properties.
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Publishi@g Purported mechanisms of defibrillation

The causal factors proposed for defibrillation, are: (a) distributed sources, (b) filament-

wall interaction, (c) filament tension, (d) stochastically dynamlc filament motion, (e) the

growing depolarized region (wave front) and (f) the global geomet \;mensmn (size) of
nt

the cardiac tissue. These have been identified under various n literature. They

are partially overlapping, i.e., non exclusive. The distribut%e hypothesis (a) states
e

that a large number of distributed weaker sources of VE aét uish filaments and lead
to the success of LEAP3. Virtual electrodes may be assogia with electrical discontinuities
located at the boundaries of fatty tissue within the heart 0§ intra cellular clefts, and with

46 in addition to those associa d with Blood vessel walls and the heart

walls. The filament-wall hypothesis (b) states that vigtuél electrodes disrupt the surfaces to
which the filaments are attached, thus fuﬁenta v altering scroll wave dynamics which

diseased tissue

are driven by filament shape (and fila ust end on no-flux boundaries or be closed
curves (i.e., scroll rings)”. The fila te n hypothesm (c) states that tissue properties
themselves can determine filameut sta 1ty If the heart substrate supports filaments with
positive tension then unanchaore %\n t tend to shrink and thus self-terminate. However,
if the tissue properties lead to n filament tension then unanchored filaments expand

and multiply, in whic ca%ﬁbrlllamon is much more difficult because the shock must

terminate all pre-sho€k scroll waves. The stochastically dynamic filament motion hypothesis

states that the p isticdiature of defibrillation results from the location of filaments at

the time of t

‘}oc and from a post-shock random motion of the filaments. (Filament

motion dupin rillation tends to be very dynamic’.) The growing depolarized region

hypothesis_(e) states that virtual electrodes generate growing wave fronts and that the

growifig regiombehind these wave fronts is unable to sustain a filament. The shape and
size.of the heéart (f) hypothesis states that the large boundary areas at the boundaries of
tlig heartysurfaces (e.g., blood in the chamber cavities and inside surface of the heart) play
Eo&mant role in defibrillation because of the large contiguous virtual electrodes created
atythese boundaries. Moreover, it states that volume to surface ratio or linear dimension
of the heart plays a role, and it states that as the electrical currents seek a minimum

resistance pathway, the global surface geometry and the fiber orientation are important.

In our questioning of a dominant role for causal factor (a), distributed sources, we choose
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Publishizngl 1lation protocols (initial conditions and shock voltages) which are maximally favorable

to this causal factor.

D. Small Blood Vessels

An analytically based study?® supports the distributed sour ﬂrp\oab\esis, with conclu-
sions linked to LEAP experimental outcomes through a thegry-experimental match in the
time required to terminate fibrillation. On the outer (epi :‘%Qr ace of the heart, their

evertual coalescence of the re-

generation of a growing wave front observed there, a @__1;
gion behind the wave fronts on the epicardial surfac rovid.f the experimental evidence in
support of this hypothesis. -

There are two questions which we raise regagding Ltil?s analysis. First, the blood vessels
(large and small) are densely and well dist '%n the epicardial surface of the heart,
but especially those of significant size E\to e sparse and isolated within the cardiac

interior tissue. In the rabbit, show i%c s sectional slice throughout the paper, larger

vessels are all located on or neay the dufer heart surface where they tend to cluster. The
remaining blood vessels are isolate r éxample in the septum between the two ventricle
chambers. In the rat, Figs. 1, y where we lack the heart geometry data, the blood

vessels also appear to clfister'@n the outer cardiac surface.

The rat model haé a hlfﬁesolved vasculature with only a single branch (veins or ar-
teries, not both), sanydine gtale blood vessels and no cardiac surface. The 3D defibrillation
weak shock ing e}b'{distinctly less successful than that for the rabbit. In contrast, the
rabbit has 300d vessels and a cardiac surface. The rabbit small blood vessels have
little effee. Blood Wwessels below 50 microns in radius are missing from the rabbit data. We
concldde that“tlie small blood vessels (rat) are distinctly less important than the cardiac
surface ab&t) in this simulation. Examination of the time developed rabbit 3D defibrilla-
tion ShOZ’( simulations (with and without blood vessel walls) shows that small blood vessels

&O role in the dynamics. The wave front simply sweeps through the small blood vessels
(where isolated, and they often are) with no enhancement of the wave front by the blood
vessel.

The theoretical analysis of ref.? includes (as we also document) a minimum radius for

a blood vessel to participate in the formation of a VE. In their analysis, this radius is
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Publishimgportional to 1/E where E is the applied electrical field strength. For the largest of the
shock voltages, 3 V/cm, considered in ref.?, we find a minimum blood vessel size of 200 -
400 microns outer radius. For this size and especially for the size 10x larger, resulting from
the weakest of the shocks considered, 10x weaker, the blood vessels cannot be considered

to be well distributed. /

A second question concerns the minimum radius for a blo

‘vssse 0 participate in a
make wave. This minimum radius is computed approximately #a'ref.?. The approximate
value is sufficient to determine scaling law exponents, ich used in an asymptotic

vessel wall conductivity, the approximations introduged ints)t e cardiac equations, with a

analysis. Quantitative limitations of these estimates Q ront“the omission of the blood
=

single conductivity replacing the four separate @S of bidomain model, and with no

allowance for the orientation of the fibers relative @he electric field gradient, as they
wrap around the blood vessel. Quantitat'v&%i ; in this minimum blood vessel radius
by factors of 2 or 4 appear to result fr m&e omitted factors. Changes in the minimum

\ . . . .
density and well distributed nature of the remaining,

larger radius, blood vessels obser{i the data cited here.
C

Bﬁg‘t

radius for participation in a bre\wa'e initiation. Depending on the fiber orientation, we

radius have a significant effect on t

—

We examine the Bishop et al.? rization of the 200 micron minimum blood vessel
find agreement with thi V&ﬂ'ﬂxfor the case of arteries or an increase in the minimum radius.
With veins and depgnding«on the fiber orientation, increases in the minimum radius are
. : / . . e
possible according’ to“eur s}ab geometry studies. Some details of the test are modified in
this comparison. Ourtests are for make waves, for 3D simulations of the full ventricle and

for highly reselyved slab simulations.

1511der a LEAP regime are observed experimentally® on the epicardial surface. The
e epicardial surface is a generator of VE, a fact which assists the epicardial surface
small blood vessels in initiating make waves.

In view of the two questions raised with the small blood vessel analysis, we believe
its extrapolation from the epicardial surface to the cardiac interior should be revisited.

Improved resolution anatomical models with resolution 25 microns cf. Fig. 1c!!, including
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FIG. 1. Sharply contrasting levels of detail in the (Xﬂérimen al resolution of cardiac vasculature

(units in cm). Left: rabbit, right: rat (scale for ra ime@ls estimated from data in ref.'?).

ve&ems without gaps, so that each forms
\

identification of separate arterial and
a single connected network, would IIONiﬁcation of fine scale modeling features. 3D

simulations based on this data, uilip

and conductivity and fiber orientatign

rgiolegical parameters for blood vessel wall thickness
uld then assess whether the small scale blood vessels

provide only a contributory an \emiﬁg role or a leading and central role in the generation

of growing make/break #€ s to cover a sufficient volume to neutralize any scroll waves.
Ref.? follows this profra g‘:h quasi-two-dimensional thickened slice cut from the rabbit
heart. Revisitir;?ou élclyde examination of alternate hypotheses, such as the possibility
that distributed "VEssources on the VE epicardial surface function as postulated, while the
ﬁlr\ehing make wave into the interior is essentially self sustained, with

only mingr asgistange from the blood vessels.

propagatio

These suggestions for further research reflect limitations of the current study, in the area
ofdnp biol)gical data and in the completeness of the analysis of the small blood vessels
relative 5}) the many aspects of the LEAP protocols, with its multiple repeated shocks, its
‘ﬁu}ge\ applied shock strengths, its range of initial conditions for the ionic currents and the
influence of electrode placement. Here we consider only the strongest of the proposed LEAP

shocks and ionic state initial conditions most favorable to the generation of make waves.

The refs.!?1* develop causal models and protocols for defibrillation. The first two of these

references concern strong defibrillating shocks and is largely disjoint from the emphasis of
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Publishitigs paper, with a focus on tunneling of a wave front through windows of excitability within
the fibrillating state. The third reference concerns weak shocks and multiple defibrillating
shocks in the spirit of?. This reference describes a 3D simulation study of the right ventricle,
with major blood vessels included. The origin of the major VE signals are found in the

high curvature regions of the cardiac surface, with large blood V?éels located on the epi-

cardial surface contributing. These findings and choice of met logysgupport our major

conclusions, that the small blood vessels do not matter a“{\tthe global geometry of

@jan It also supports in silica
ated.shocks in a defibrillation

the cardiac surface and the fiber orientation are more i

the experimental study® of feasible low energy weak but
—

protocol. This reference is mainly concerned with th desiglsan optimization of treatment

protocols and does not address causal factors in (h’é sen scussed in this paper.

L -
E. Other Defibrillating Causal Facboi\\

~

Our simulations of the 3D rabbit modékshow a growing wave front moving across the
heart. This is the growing depol ized?oﬁ‘hypothesis, see Sec. [II B, and in the absence of
distributed sources. The wav ﬁl&\ grow to a sufficient volume to force defibrillation.

The motion of the scroll v;m filaments, a part of two of the LEAP hypothesized
causal factors, is discusgéd intgef.2. Motion of the scroll waves over the period of the LEAP
wave train is docu ?Bg. le top row of ref.?, in the supplementary materials for
ref.” and in the ppése studg.

We show t agshwt—

contributio m/the statistically dynamic motion of the filaments. The physical dimensions

E interactions over the LEAP time scale allow a defibrillation

of the héart then bBecome a significant variable, in that the interior points of meandering
filamgnts hav diminished chance of meeting a heart chamber surface as the chamber
wall.be me;thicker, quantified by a dimensional analysis presented here. The statistically
d 1amic§ﬁ1ament hypothesis also deals with circular filaments, having no point of contact

%iﬁh\eart boundaries or large blood vessels.

The physical dimension of the heart appears to be a highly significant variable. In the
absence of distributed sources, the other defibrillation mechanisms involve a distance (for
influence to propagate). Cardiac dimensions have been emphasized through an analysis of

the minimum dimensions to sustain a scroll wave!®, and are known medically as a heart
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Publishidigease risk factor.

The filament-wall interaction hypothesis assumes that the outer regions of a scroll wave
interact with depolarized tissue and thereby alter the filament dynamics. A simulation
study” finds delayed scroll wave termination, after a few scroll wave rotations, with scroll
waves interacting with VE at the epicardial and endocardial suziéces, in support of this
hypothesis.

The filament tension hypothesis is based on the observation that a filament will be dy-

namically unstable and will contract once its end point

rns t chamber wall or large

blood vessel has been severed due to a VE induced depo‘l_ir { région, Modeling and simula-

16,17

tion studies support this hypothesis, with the terminolog§ of unpinning. Once unpinned,

the unstable filament end can only repin to a hedrt surfa all or to a large blood vessel of
outer radius at least w/2, where w is the electrieal Waveaont width!®. The value of w ~ 500
microns was determined?, leading to mini ep1 ing radius of 250 microns, rather close

nts in the first place, so that only larger blood

to the minimum VE radius of 200 to 4 s estlmated here and in the literature. The
same analysis applies to the pinninggof ﬁla

vessels can play this role. \ S -~
II. METHODS \

A. Equatlons of lec \nysmlogy

The standar a1 equatlons for cardiac electro physiology!® consist of a diffusion
equation for tages in the intra cellular and extracellular cardiac tissue and non cardiac
tissue caé\/it coupled to an ordinary differential equation for the ionic currents. The
extracellula oltéy ge and the bath voltage are solved as a single continuous potential, with
no ﬂu Neuﬁlann boundary conditions for the external bath boundary and a discontinuous
d u81o tensor across the heart-bath boundary.

olution domain is denoted by €2 = H U B, where H is the heart tissue and B is the
>h.\The boundaries of the heart tissue and bath are denoted by OH and OB respectively.

Thé governing bidomain equations with the boundary conditions can be written as?

X(Om% + Lign(v,w)) = V- (D;Vv) =V - (D;Vv,) =0, in H (1)

10
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Publishing V- (D;Vu)+V-((D;+ D.)Vuv,) =0, in H (2)
o gew) =0, in H 3)
V- (DyVv.)=0, inB (4)
n-(D;Vv)+n-(D;Vv,) =0, on dH (5)
n- (DY) =n- (DY), on O 3\ (6)
n- (D Vu,) = 1., on OB\OH (7)
where Yy is the surface to volume ratio of the membrane, is}le eleetrical capacitance of the
—~

cardiac tissue per unit area, I;,, is the ionic current oyer<the membrane per unit area, which
is calculated by the transmembrane potential v and the gatelvariable w. The gate function

g and I, are determined by the cell ionic modely including the electroporation current?' 23

I.,. The intra cellular and extracellular pot nti}x$1d-i-ntra and extra conductivity tensors,

denoted by v;, v., D; and D, respectively, S@ﬁ& in the heart tissue H. The extracellular

potential is also defined in the bath B W&R\h@fb&ﬁh conductivity D,. The unit normal vector
rd

at the cardiac surface, n, is oriented W hile 1, represents the electrical current across

=

OB\JH. \\
B. Numerical Methods qurameters

Our simulation atf/(,)r‘)he Chaste (Cancer, Heart and Soft Tissue Environment)

software!®2425,

adimitecelemtnt code for the diffusion of the electrical potentials, and the
Rudy model RS%\the ionic currents, augmented with an electroporation current, and

(LR-A?") for enhanced numerical stability, a feature needed for modeling

rafion. The finite element code is supported by a mesh adapted to the boundary

data has}a resolution of 45 x 43 x 36 microns'!, so that analysis of structures finer than 100
Thi?rgls 1s problematic. An algorithm, apparently new, constructs outer blood vessel walls
f a given inner wall, see supplementary materials item 6* of the methods section. In the
present study, the algorithm was applied to the construction of the outer arterial wall only.

The finite element mesh has a total of about 42M elements. The mesh is not uniform,

with larger mesh elements in the bath. Within the cardiac tissue, the average of tetrahedron

11
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Publishiedge length is 124 microns. For the heart surface triangles, including blood vessel walls, the
average edge length is 114 microns.
Blood vessels as small as 50 microns in radius are resolved in this mesh. The visualization

mesh (blood vessels only) of Fig. 1, right, is identical to the simulation mesh.

The time step used for the diffusion equation is 0.01 ms. This ?’ﬁ%\:as tested for time
1tic

»

step for the ionic currents is set by an adaptive ODE solve%ﬁ\sure convergence of the
olt

step refinement in 1D and 3D studies (details not shown), wit results. The time

simulation. Fine ionic current time steps are needed duri

g-w) e shock transients.
The rat mesh, constructed here, has 48M tetrah d‘g_s) an average edge length of 64
microns and an average edge length of surface triangle of 32 4nicrons. Blood vessels as small
as 15 microns in radius are resolved. No blood véssel walls“are included.

If a human heart, two times larger in latera ime@ns than a rabbit heart, were simu-
lated, the number of mesh elements increase a factor of 8, to about 500M elements.

Computational times, with a good e&)ner for the diffusion matrix, increase by a
similar factor. A conclusion of this lysisjgoupled with the view that the cardiac dimen-
sions are a key input to defibrilla 'on&ﬁ%e:ﬁs that scientifically meaningful approximations
and simplifications of the computatio odel will be essential for future progress.

We consider two defibrillatingsyoltages, a typical traditional defibrillation shock of 50
V/cm?!, denoted here a?.hsng shock, and 3 V/cm shock, the strongest of those consid-
ered in ref.?, denoted here“as a weak shock. The transmembrane initial conditions for all
simulations are sgt at“<83 ndV. for all spatial locations. The shock voltage is imposed at

the left and right %of the bath, in the orientation as shown in the 2D slices, with the

positive eleet on the left.
AdditQmu tion issues are discussed in the Supplementary Materials.

4

ﬂ
. Physiclogical Parameters

)

\Cﬁ 1ac tissue, blood vessel wall and bath conductivities are given in Table I, and except

as.explicitly noted in the text, from lines 1 and 2 of Table I. Alternate conductivity values
appear in the literature, see Table II. Alternate values for blood conductivity of 0.7 S/m
and blood vessel wall conductivity of 0.17 S/m have been reported?.

The blood vessel wall thickness | = 3.87a%% depends on the vessel outer radius a, with [

12
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PUbIIShI'?[g'BLE I. Conductivity in S/m of various regions of the rabbit heart. The isotropic intra cellular

and extracellular conductivities are calculated as the harmonic mean?32.

Tissue type |longitudinal |transverse|Reference

intra cellular 0.174 0.0192 2 A

extracellular 0.625 0.236

Vi
isotropic ,\\
intra cellular| harmonic mean 0.01 < ‘7@\
extracellular | harmonic mean 0.173 \"“\
511, 3

vessel wall 0.01
blood ( B 11,33
bath . 1
TABLE II. Experimental and rabbit s1mul iac conductivity as used by various authors.

I: intra cellular; E: extracellular L: long m}na& : transverse ; B: bath, all values in S/m. Ref.?

states: [The values used] “were then scaled to reduce conduction velocity by 25%, in-line

with similar reductions shown c&k\\ rt failure”.

dR‘e-ﬁﬂce IL |IT |EL |ET [B
< / Experiment
/ Qe{c?"* 0.17 [0.019 |0.62 |0.34

\Roberts el al.3%|0.28 [0.026 [0.22 [0.13

Roberts et al.?6/0.34 [0.060 |0.12 [0.080

£
9 / Simulation
5 Bishop et al.? |0.174[0.01930.625(0.236(1.0
,ﬁ
5 Bishop et al.3” 0.34 [0.060 |0.12 |0.080(1.0
I
and a in microns?°, as discussed in Sec. IIIF 2 and in the Supplementary Materials. This

formula is appropriate for arteries and the larger arterioles, It is applicable to the rabbit
vessels when considered as arteries. For smaller arteries in slab geometry studies, the values

of ref.3! will be used. For veins, the wall thickness is 0.09a, following ref.3!.

13
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FIG. 2. Simulation of transmembrane voltage at 4

vessel wall conductivity is 0.01 S/m. ‘\\
III. RESULTS 4%\
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A. Visualization of 3D solutio ~

In Fig. 2, we show the tra‘&@le voltage on the cardiac surface, with a cut-away
showing an interior slice.and portions of the interior surface. The image shown is taken
after 4 ms of onset of gsf\‘l:%ck, with blood vessel wall conductivity 0.01 S/m. The main
features of this ? atigh andivariations on it are examined in the following sections.

4

B. Small QVes els and VE
alw<<
ﬂ

1. R Raticomparisons

Ln\gg&)\re show slices of the rabbit (left) and rat (right) transmembrane voltages at 1
mQhriéﬁgure shows the concentration of blood vessels on the epicardial surface.

wn\ ig. 4, we assess the (lack of) importance of the small blood vessels for the rat model.
e rat model has small scale blood vessels and no heart surface. The comparison allows

a detailed analysis of the relative roles of the cardiac surface (missing) and the small blood

vessels (well resolved) based directly on the experimentally observed vascular geometry. We

show a strong shock defibrillation, indicating the robustness of the strong shock defibrillation,

14
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FIG. 3. A slice through the rabbit (left) and rat (right) od‘%\ns after application of a
i
weak shock. The white regions within the heart are the blood vessels, evidentially concentrated on

the epicardial surface. 3

-

which appears to succeed (in so far as evaluat herqgl the absence of either small blood
vessels (rabbit) or of the heart chamber rg%t). The response from the weak shock
shows a much smaller depolarized regioda\%hﬂ;%c termination for the rat, in the absence of
the heart chamber surface (rat), thad for thesabsence of the small blood vessels (rabbit). On
this basis, we conclude that the ﬁr\(zaﬁ

than are the small blood vegsels he rat simulation is isotropic, as the rat heart
geometry is not published, sShg\iKTbers, the heart surface and anisotropic modeling are

iﬁ?ﬁ}fomparison, the rabbit simulation is here repeated in an

all§s (rabbit) are more important for defibrillation

omitted. To allow a

, showa in the lower frames.

isotropic mode as w

The surface transntembrafie fronts observed in the upper frame of Fig. 4 arise from the
direct contact, 0 M tissue with the electrodes (no bath is included in the rat model).
They are seen‘eyolving in a symmetric manner near the two edges of the domain. A sequence
of small is shown in the Supplementary Material.

Thie effect

the isotropic as opposed to anisotropic simulation can be assessed through

c arisgn t0 Fig. 8. The isotropic simulation shows a modest decrease in the depolarized
region. 5
<

C.\ Dynamic wave fronts

The major claim of this paper is that within the rabbit model, a single weak defibril-

lation shock achieves its primary effect through a moving wave front, starting at the VE
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FIG. 4. The transmembrane voltage a 4‘§\\Q\~f‘c‘e}xhock initiation is shown in color contour

plots for strong and weak (left and right frames) shocks in 2D slices from 3D simulations, units in
cm, blood vessel walls with no thigkness! ove: rat, vasculature only. Below: rabbit, isotropic
simulation, included for assessment of\isotropic model on simulation results.

located at the cardiac s

s, printarily the epicardial surface. In this,; it is aided by VE
lood vessels but not primarily driven by them and receives little

associated with the lafge
or no enhanceme nf’ th?s aller blood vessels. To achieve success, the region swept by
the moving Wa\z W s not need to encompass the entire heart, but only a sufficient
rt so that other mechanisms discussed here can contribute to terminate

fraction of t @
the ﬁbrﬂ%‘c . In Fig. 5 we show 4 frames, as a sequence of time steps (t = 1, 4, 7,
thee

10 ms) in, Vtﬁution of the wave front as evidence in support of this claim. Additional

time steps aﬁ shown in the supplementary materials.
Q
S «Filament dynamics and VE interactions
Filament dynamics may play a defibrillation role especially in cases where the shock

strength is lower, for larger animals, or where different initial states are encountered. As a

surrogate for this phenomena, we consider the 3 V/cm simulation at 4 ms, at which time
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FIG. 5. A color plot of the transmembrane voltage is shown fo lige through the heart front
from a 3D simulation of the application of a weak shock. T gjo rames are for times t = 1,

4, 7, 10 ms after the shock initiation. From the sequence, th ginwof the moving wave front at

—~
the epicardial surface is clear as is its continued growth with larser lood vessels assisting but not
primary drivers of the growth. ( o

L

the depolarized region is about 25% of the éardiacsdomain. We show in Fig. 6 (multimedia
view) three time steps relevant to weak slx‘bwamics (1700, 1750, 2000 ms), starting at
the initial time 1698 ms with data taken %‘ﬂovie of filament dynamics®. The dynamic
filaments are initially yellow everyw M change to blue after the first encounter of a
given filament segment or subsegwient with any portion of the depolarized region which

has grown from the VE. We Mhe overlap of filament locations (dynamic) with VE
locations (static) to represent the prebabilistic nature of defibrillation.

If we consider the 1%g motion of the filament as a Brownian motion, then the
formula S(t) = ee?( % //\/ﬁt) for the Brownian motion probability S(t) of first passage
time ¢ from th ent

ﬂ\ sition xy to a wall location x; along a normal line through the
cardiac wall 6@1 s relevant. We identify the dimensionless group (1 — z¢)/2v Dt to be

its/re ion to defibrillation success. The numerator, x; —xg, is related to the wall

width thus ’06 the overall heart dimensions, as relevant to defibrillation. The diffusion

coefficignt D}is the diffusion coefficient of the meandering (lateral) random motion of the
ﬁ

fi aments

\I<

E.\, Rabbit simulations: the role of global cardiac and fiber geometries

We look for polarized and depolarized regions associated with the blood vessels and for

the influence of the blood vessels on the overall dynamics. Any discontinuity or gradient in
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FIG. 6. Three frames based on a reanalysis of previou unp)blished filament dynamics for a
fibrillation state within the rabbit heart (multimedi \: or times ¢t = 1700 (first time step for
the dynamics recorded here), 1750, 2000 ms. eNﬂn&s Pathmanathan for permission to use
unpublished filament dynamics simulations :g‘g% one of the authors (RG) as input to our

filament dynamics analysis. In the origina fibrillating state in the rabbit was induced by

~
brillation in a rabbit, which could be constrained by

artificially shortening the action potent atiom to render the dynamics unstable to fibrillation.
The resulting dynamics do not refl ue
the small dimensions of the rabbi , but represent a fibrillation state more typical of a larger

species. The reanalysis of this movie“consists of recording which filament segments reach a VE

induced depolarized region,(whete upon their color is changed from yellow to blue). Thus the

filaments segments yellow at an initial time ¢ = 1698 and segments or subsegments

are colored blue unter with a VE. We observe the growing dominance of blue as the

time evolves. )

4

1 ie{ will produce some effect on the transmembrane voltages. Thus, strictly

an e

the c ct
speaking, themotion of a minimum sized blood vessel to produce an effect is not meaningful,

-
ot at leagt depends on some non-zero lower limit on the effect. Furthermore, in the context

"

the blood vessel size. Within these caveats, we can find support for the 200 micron

ulations we find the effect depends on the global solution structure and not merely

minimum radius suggested in ref.2. We observe a dependence of the minimum radius on the

fiber orientation and vessel type (artery vs. vein).

In Fig. 7, we show details of the growing wave front at 2, 3, and 4 ms of a weak shock

18
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FIG. 7. A VE and make wave origination site caused by, a&gﬁk'{mannel of high current flow,
enhanced by global features of the fiber orientation. Th makeSNave is near but distinct from a
region of high surface curvature and from a small bL@)la d blood vessel. In this sense the cause
of this make wave has to be found in the global geemetuy 0f the cardiac surface and of the fiber

orientation. The three frames are for times ti 4 ms after the shock initiation.

\
in the rabbit model. At the locati HSN by arrows, a developing wave front forms.
The location is near but not e ctly?n?[’dent with a region of high surface curvature.
The growing wave front (a V ;g\ associated cardiac surface) originates in a region of

high current flow, and is due t0\053~l~ features of the fiber orientation and associated high

conductivity channels, @cal features of surface curvature.
£
F. Sensitivit{ t

udies /

biologicalimodelin

shockfstre
&
Iwal conductivity
\

N
\In Fig. 8, we show the sensitivity of the transmembrane voltage to the blood vessel wall
conductivity, with values of 0.01, 0.20, 1.0 S/m. In effect, the value 1.0 corresponds to the

« We select for analysis what appear to be the more significant of these:

essel wall conductivity and thickness and tissue conductivity.

Uncertai Qvariability regarding multiple model parameters is a common feature of
n<gn\

absence of a vessel wall.

From Fig. 8 we see an observable but not major expansion of the depolarized region as

19
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FIG. 8. Transmembrane voltage sensitivity to blood vesse thivity, shown 4 ms after

weak shock initiation. Left to right, blood vessel wall condugctiviti S'Bthl, 0.20 and 1.0 S/m. The

right frame, with wall conductivity equal to that of blood is eq&ivalent to no wall for the blood

vessel. C
)

the vessel wall conductivity is increased. ithin the context of the studies of this paper,

the wall conductivity of the larger bloo vé\slg perhaps matters, but only at a level of finer

/

detail, while this variable for the smaller bBlgod vessels appears to have no influence.

~

2. Blood vessel minimu@.\ slab geometry
Y,

In an idealized slab eé‘rﬁb§m we employ the identical cell model and conductivities as
with the 3D rabbit or}e imulation. Thus only the geometry and the mesh (which is
finer for the sla?/ar odiffied. We determine the minimum blood vessel outer radius to

generate a significantanake wave response to a weak defibrillation shock. The response and

the minimum Qd vessel radius depends strongly on several factors identified here. They

thefvess

depend type (a vein or artery to fix its wall thickness as a function of the radius,
and idcluding ag‘artificial type with no wall at all) and they depend on the orientation of the
fibexs r tivb to the gradient of the applied electrical field. We assume in all cases that the
electric ®Id and the fibers are orthogonal to the blood vessel and we assume that the initial
We\o he tissue in the slab is polarized. With the variables considered, we form Table 111

ose entries are the minimum radii in each of six cases. Additional documentation to
justify the table entries is placed in the supplementary materials.

Thus we consider a long slab, 15000 x 1600 x 400 units in microns, and blood vessels, of

outer radius 100, 200 and 400 microns. For each blood vessel radius, we consider three types

20


http://dx.doi.org/10.1063/1.5019367

! I P | This manuscript was accepted by Chaos. Click here to see the version of record. |

PUbIISh”;lg' 3LE III. Minimum outer radius (microns) of a blood vessel having a significant response to a
weak electrical shock for each of six cases based on a wall conductivity of 0.1 S/m. Results of a

highly resolved study of an isolated blood vessel in an idealized slab geometry are shown.

Artery| vein |no wall

fibers perpendicular| 200 | 400 40(3\

fibers parallel > 400 |> 400 @ \
DA

8703 Js.in Sec. IIC for 100 micron

090 of the inner radius. The vein

of blood vessels. Arteries have a wall thickness | =
and larger artery vessels. Veins have a wall thict:s]s

and small artery wall thickness is from ref.3!. Th irajalood vessel type has no wall. The
| -

wall conductivity is 0.01 S/m in all cases.

The artery and to a lesser extent, t e%resistive element as far as the electrical
current is concerned. The low con uctiv%e vessel wall is an opposite and stronger
effect than the high conductivity ofd%ioed (except in the case of no wall). Current will

u

preferentially flow around and not&Q\

current along the slab center li \ﬁrm.ugh the vessel. The resistances (length/conductivity)
add, and are greater t IFKZOITG ponding values through tissue. The same applies to
ssin

other current streamline pe through the vessel. The result is a net resistive effect for
the vessel, until 2@ of origntations are included.

The fiber orientabign preferentially enhances or counters the flow of current streamlines

the vessel. To see this, consider the extracellular

around the, vegsell and thus adds to its resistive nature or counters and possibly reverses

ductivity is higher in the direction of the fiber. When the fibers are

this effect. ec
perpeQﬂt;la o‘t/he electric field gradient, the ability to flow around the vessel is enhanced.
n ‘the fi

Whe éers are parallel to the electric field gradient, the ability to flow around the

=~
blood Ve'ssel is diminished or even reversed.

G is basis, we observe a reversed polarity response for the perpendicular fibers, weak-
ening and then disappearing as the wall becomes thinner (veins and no wall). We see a total
effect stronger for the perpendicular than the parallel fibers case. In combination, the low
wall conductance and the fiber orientation either combine to give a stronger effect or oppose

to give a weaker effect and possibly of a different direction. In the case of no wall, with the
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FIG. 9. Transmembrane voltages at 4 ms after a we ockuinitiation are shown in a color
plots in slices through 3D simulations for a strong fh((f he frames follow the order of the lines

in Table II, for two sets of conductivity values. e diﬂ3ence between the two frames is not
L

significant. \
N

enhanced conductivity of the blood&e\c rent will preferentially flow through the blood

fibers diminishes the effect.

N
These combinations of eﬁe(m the 6 different entries in Table III and in the detailed
effects observed in the %ntary Materials. In summary, we see a minimum radius for
all but two cases, W@:V e for the minimum radius depending on the fiber orientation
and the blood vizelw ) V.
J

3. Lagdiae tissue conductance

)

wn\ 1g. 9, we compare transmembrane voltages for distinct cardiac conductivity matrices
a

vessel. Here the case of perpendﬁ }ei‘&enhances this effect, while the case of parallel

4 ms after a weak shock initiation, showing slices through 3D simulations, frames in
the order of Table II. We find differences in detail at intermediate times, but an overall
qualitative and semiquantitative agreement between the solutions based on the different

conductivities.
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FIG. 10. Transmembrane voltages show a strong sensitivit strength, in slices through

—_—

3D simulations of a rabbit, shown 4 ms after shock initiation. Bs)o vessel wall conductivity 0.01

S/m. Left: weak shock, 3 V/cm. Right, strong shoc(,

50V
4. Shock voltage \\L..

The dynamics for the strong and w\e&a;fhocks are very different, with the strong
shock setting up polarized and depolarized channels between the epicardial and endocardial
X
n

surfaces where these ionic states nally induced as VE. The weak shock allows for a
stronger influence of the fiber ix.{\

epicardial surfaces. For this case, the polarized regions grow in a regular fashion, starting at

the epicardial and end@\ urfaces where they first arise from the cardiac surface VE.
to
4

usion, dominantly parallel to the endocardial and

The strong sensitivit 10ck voltage is shown in Fig. 10.

4
I

IV. CON@N‘S
e @1 ion of our simulations of the rabbit model is that a growing wave front,
at t

£

Th &
startifig at the'epicardial surface, aided but not driven by the large blood vessels, and aided
byethe nalhic motion of the filaments is the primary effect of a weak defibrillation shock.
find bhat the large scale aspects of the cardiac surface and the larger blood vessels are
Wexlmportant than the smaller blood vessel walls in the generation of VE. Blood vessels
100 microns in radius or smaller do not contribute appreciably to the rabbit weak shock
simulations.

We cite six partially overlapping causal factors for the interaction of filaments with VE,

leading to weak shock defibrillation. The first postulate, of widely distributed VE, is di-
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Publishi:nlgr ished in our simulations as a driver of the defibrillation make wave. The second and
third hypotheses involve the dynamics of filaments, either meandering statistically or with
a motion influenced by the partially neutralized scroll waves. Our results show the viability
of the dynamically meandering hypothesis. The fourth postulate is the filament tension

hypothesis, of self annihilation of a filament with “cut off” ends. Téé main conclusion of the

paper is to support the fifth hypothesis, of dynamically movin nts starting at the

importance for defibrillation success. Larger hearts tend ore complex dynam-

epicardial surface. The cardiac size is the sixth causal factor. 1eart size is of paramount
%\

ics including more filaments, thus making deﬁbrlllatlon arﬁicult Size here should be
considered in the context of the cell model dynamics We nete the observation of ref.? that

the rabbit is closer to a human in its cardiac afd fibriltatien properties than many other

animals. For the rabbit and human, ﬁbrillatid!i\sij@ated to be quasi-two-dimensional,
where as, for example in a dog, the fibrillation state\could be remarkably different and fully
3D. The cardiac size is a driver of comp ta&mrts, and leads to excessive requirements,
%&Qfor scientific progress, and for studies of the

human heart. Thus, the importance cientifically justified approximations and simplifi-
cations in the simulation mo li;&

A sensitivity study of the \obhe blood vessel wall conductivity, wall thickness, clus-
tering vs. localized blo me)ls and mesh refinement was also presented.

especially for the repeated simulati

é&( ENTARY MATERIAL

We p?))pose eight software developments to be used in conjunction with electro cardiac
hﬁka\ges, including an algorithm which appears to be new for the construction of outer
Is of blood vessels from a given inner wall. See supplementary material (URL link). We
present complete time sequences for the six simulations of Fig. 8 and also the time sequence
1 to 4 ms for the rat simulation, strong and weak shocks of Fig. 4. We show details of the

slab geometry study to justify conclusions regarding minimum radii for VE effectiveness.
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