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Preliminary Introduction (1)

The function of the heart is to pump blood throughout the body .

Electric fields are widely used in a number of clinical situations in

2 An inadequate pumping of the blood leads to disastrous conse- cardiology.

quences (death...).
Perhaps the most striking example is defibrillation :
The way a healthy heart is functioning is by contracting simulta- é

- . >

neously all the muscle. This is achieved by an elaborate system

s

i electric waves propagate throughout the muscle and trigger con-

tractions.

_ . ) _ Apply a strong shock (~ 10Vem ™!, duration ~ 5ms)
A disruption of the electric wave propagation induces a dramatic

™
drop of the pump efficiency, and ultimately to death . A Dangerous regimes of wave propagation stop ]

The most common source of problems : Elementary questions, such as what happens during defibrillation,

or why does defibrillation work at all are not completely answered.
Disruption of the pattern of propagation of electric waves = inefli-

cient contractions. In fact, in many cases, one may suppress dangerous wave activity by

sending trains of clectrical stimuli of small amplitude. The method
CLINICAL PROBLEM : is known as Anti Tachycardia Pacing (ATP).
AVOID/CURE THE DISORGANIZED
REGIMES OF ELECTRICAL ACTIVITY

In implantable devices, the method leads to a high rate of success

(% 80%).
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Introduction (2)

Scientific objectives :

(i) improve the fundamental understanding of the interactions be-
tween cardiac tissue and the electric field.
(i) propose ways to improve the current methods of treatment of

cardiac arrhythmias.

Qutline of the presentation :

1. Propagation of Action Potential in cardiac tissues : clementary
description.
2. Understanding Anti Tachycardia Pacing :
Spiral wave drift induced by stimulating wave trains.
3. Ilow to detach spiral wave pinned by obstacles 7
... how to suppress re-entrant arrhythmias...

4. The problem of spontaneous ectopicity in the heart.

Propagation of Action Potential in cardiac tissue (1)

At rest, the membranes of the nerves, muscles and of the heart are

depolarized due to a difference in ionic concentrations.

L No. +J PCM'% 3

".‘7_,.-" [ Vq,'.'j s oo™~ : E Kt l S w-?ﬁ

Cur] Came ‘.'}

Muscular contraction is triggered by a wave of electrical activ-
ity, consisting in a depolarization of the membrane, similar to what
happens in the nerves (Hodgkin & Huxley, 1952).

The muscular contraction happens"(;ﬁef the electric signal has prop-
agated, and the mechanical process is slow as compared to the elec-
trical one

E = focus on the electrical phenomenon. Z/

The electric signalling involves exchanges of ions between the cells

and the external medium. Schematically,

e propagation is triggered by an influx of Sodium ions, leading to a

fast depolarization (~ 2ms)

e the membrane is repolarized thanks to a flux of potassium ions

from the cell to the external medium. This is a slow process (~

200ms).
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Propagation of Action Potential in cardiac tissue (2)

The cabl_g_ _t!]gg_ry_.

Model a patch of membrane in 1-dimension by :

eofxacil'mte, V'P““"ae. gateol
L AR 'é:—() - T G) ienic  cusrewts
l < in TAEDE

The patch of membranes are coupled electrically, due to the finite
conductivity of the intracellular and extracellular media (electrolytic

solutions).
Yy e ~T
S AVAAAAA s AAAAAN S et A AAAN
Cin (M-1) Gin(n) Ein{mar) Eia (m+2)

Kirchoff’s laws (introduce e = (e, — €out)) :

Coe =— Z(ionic currents) + Ir¢
d 1 d
(7350 +eout))

dx

Conventions :
e the ionic currents are positive outwards;
e the externally imposed intracellular currents are positive inwards.

Tre 70

7 Liewe 70

Propagation of Action Potential in cardiac tissue (3)

The description of the ionic currents involves an ever growing num-
ber of ionic channels : ~ 100 ionic channels have been identified.
al

It is not really feasible, and in fact, not esse desirable, to use a very

accurate description of the channels.

In fact, much can be understood with the help of the (extremely)

simplified FitzZHugh model, with two variables, e and w.

Ore = f(e) — w4+ DO%e

iiatw = (e — kw)/ 7,

 S—

e ¢ represents the difference between the membrane potential and
its value in the resting state
e w represents the repolarizing current(s)

¢ f(e) models in an approximate way the fast (sodium) currents

| & 7, is the slow recovery time scale.
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Propagation of Action Potential in cardiac tissue (4)

The FitzHugh model can be understood with the help of qualitative

considerations. Case where f(e) = Ae(l — e)(e — u) (u ~ 0.2).

W Jr / e foar moolion .
.\\ / -
pard \l, 5 / / N
\ / / 1 slow wolim
N\ / f/ N\
/ \\
l“'c;\'fv\ar :'“., / / -
e S —— e
/ ===2> Phle)=cd
/ ‘ .
The standard phase space picture
Consequences :

The resting state is stable with respect to perturbations of small

amplitude, but unstable with respect to perturbations of finite am-

_plitudes.
Once a perturbation is started, it leads to a characteristic ”pulse”,

which returns in a finite time to the resting state.

L=> The heart behaves as an excitable medium |

...analogies with other problems, such as the Belousov-Zhabotinsky

chemical reaction and others...

Penctration of an electric field in cardiac tissue

Consider a fiber of cardiac muscle, in a weak externally applied
electric field (epy = Ez). In the linearized regime, and in the

steady state, the equations reduce to :

I 2 .

f d“e e

o de e
| @2

Which implies that near the boundary,

E e ~exp(—z/A), A~1mm 'L
Due to the effective resistivity of the membrane, the potential inside
the membrane adjusts to the membrane potential outside.
(2 T /',
ll/a —>
>

fmm,

——

The effect has indeed been observed experimentally (Weidmann,
1970).

Paradoxical situation :

The externally applied electric field does not penetrate inside the
tissue beyond a "skin depth” of order A = 1mm. How then can an
clectric field act on a muscle which is ~ 1em thick (left ventricle),

and ~ 10em large 7
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Spiral wave drift induced by stimulating wave trains (1)

v
Interaction of a spiral wave sith a stimulating wave trains

The effect

Besides defibrillation, which involves large amplitude electric shocks, y

the Anti-Tachycardia-Pacing (ATP) method, which uses trains of ‘ (\ ;\

small amplitude electric pulses, is often sufficient to stop arrhyth- {// N 1

mias. _ D WeUE
wWivE T& N
TN |

Problem :

What happens in reality 7 How to model the process... and improve

efficiency 7 Too Te looo-

Model problem studied : Expetimenil cealivalion (B E. ceaclion ).

Understand the interaction of a rotating wave (vortex) and of a wave

A_._._,_f'

e use the analogy between cardiac muscle and simpler excitable m ' —ﬂ- eni
e 2 s smaelitss £
media (such as the Belousov-Zhabotinsky reaction) & samna—
e
. . x ————EEEETT RTINS ———
e rely on the study of simple mathematical models. media (such as —— -~ : e
- Al ‘-..-N\\....,
the Belousov-Zhabotinsky reaction) ———— .. s ———
s 3 T
W . , [P

Fig. 3. The drin of spiral wave 5, induced b:
Yy high-frequency waves. Plane waves are ing fr ) ich i
g from
;T"T:; : :ﬂv:cm -';:e bol;:r;-o :f the figure. Plane waves with a higher frequency convert spiral wmu:; into a w.l'.'i“,:.':
b closes on [he lollawing wave ¢). which results in the break of this latter d). This process is repeated periodically
o . b and el causing a slow drift of the break from the electrode, The period of spiral wave S,
of the plane waves is 40s. The time interval between the frames is 4 min. e Sy is 503 and thac
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Spiral wave drift induced by stimulating wave trains (3)

Prediction of the velocity of drift of the spiral ?

Spiral wave drift induced by stimulating wave trains (2)

Several regimes of spiral waves (dense spirals, sparse spirals, mean-
The main idea (1-dimensional case) _ , e
dering spirals) must be distinguished.
1. Think of the spiral wave as a source radiating waves far away,

with a period T;. ) .. .
: ) By decomposing the motion of the spiral between two collisions with

% Send wave pulses on the spiral wave, with a period To: the incident wave, one may obtain a very good representation of the

3. Use the fact that waves i ita ihi )
se the fact that waves in excitable media annihilate each other drift velocity (Gottwald, Pumir and Krinsky, 2001).

during a collision. 4— ave TRMN

S rff!lg core. (@ ?:‘ /)( ¢ ¢ ¢ t=o n.b. The meandering is not important in this picture.
® ) R e et t=
(& 5 5{ ¢ £ L A=2
06— Kl —— A=3
X location where e waoves awnililate |

.
[ If the period 1, < 7§, ultimately, the wave train reaches the emitting
spiral

= strong interaction with the core of the spiral.

In 2 dimensions, as a result of the interaction, the spiral wave drifts,

until it reaches the boundary of the medium, and disappears.
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FIG. I. Dynamics of a spiral wave § induced by a wave train W,,. The
activator u is shown. The time increases from left to right. (a) A planar front
W, is sent towards a spiral wave arm §. (b) Shortly after the collision. (c)
Broken front W, is created. (d) Broken end W, evolves into a new spiral
wave arm. (e) The next pulse W, of the stimulating wave train is launched.
The wave pattern is similar to (a), but the spiral wave appears shifted.
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FIG. 6. Comparison of numerical results (points) and the phenomenological
model (10) (lines). In (a)-(c) cases A~C from Fig. | are shown, respec-
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)

FIG. 5. (a) [llustration of the phenomenological model. (b) Close-up of the
tip motion on the circle CB. § is a spiral wave arm moving along the core
with radius R. W is a stimulating wave train. 5, is the spiral wave at the

start of its travel time along the core. S, is the same spiral wave arm at the

lime of collision.

Gottald Punir , Krn«'x.sk‘e , 200
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UNPINNING OF A ROTATING WAVE IN CARDIAC MUSCLE 315

“ }"f \'!t&n‘vﬂ.

\ru.odcl:

Beebler. Raw
tmodel -

F16. 2. Unpinning of a rotating wave by a weak electric fild in the FH model (a~c), in the BR model (d-f) and schematic
(g-k). FH modcl: (a) a rotating wave pinned to an obstacle, (b) right after the electric shock. W is an excited region created by
positive Weidmann zone W 4 , arrows indicate dircction of propagation. (c) The spiral wave § is detached (unpinned) from the
obstacle. Solid line—variable E = 0.5, dashed line—w = 0.1 [w = 0.05 is also shown in (b)}. Electric shock amplitude
Eq=0.5, 20ms duration, directed antiparallel to X-axis (“+" is at the right side). Parameters: & = 758", u=02,
A=7505"", k=6, Ax =0.6mm and At =0.8 ms. The grid contains 100 x 100 elements, and the size of the obstacle is
4.8 mm. BR model: (d) t = 10 ms after the end of the shock, (c) ¢ = 20 ms, () t = 30 ms. Solid lines—potential E = — 50 mV,
dashed line—inactivation h = 0.5. Electric shock 0.46 V cm ~*, 10 ms duration, obstacle size 6 mm. BR equations, parameters:
I =06gw, Fcu = 0.59c,,, Where gu., and gc,, are the normal values of conductivities, grid 100x 100 elements,
D =0.1 mm? ms !, Ax = 0.3 mm, Ar = 0.5 ms. Sch ic: (g-i)—unpinning, (j, k}—no unpinning. (g) Wave W prop in
one direction only (it was created inside VW), (h) after collision and annihilation; wave S is unpinned, (i) the frec end of wave
§ starts rotating around the core C, (j) wave W propagates in all directions (it was created outside VW) and (k) after collision
and wave interconnection, wave § is not unpinned.

fooun Punuie £ Risky, 1929
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- The bidomain model

currents

extracellular space

-
-

: extracellular space

le

b

E|i % Iion

: intracellular space

i

i I, - Tonic current.

i

intracellular space

- Circuit representation

U e
Y -
E % >
PR T | o]
E | |
5 | I
o e
E &
§ ¥ |
Sl I
g & S
g - B
o b L
=
E 5
B o
£ g
by k=

(i — de) + Lin ) : Trange-membrane current per unit volume.

a
™ ot

ﬁ(c

: Membrane capacitance.

: Surface to volume ratio which converts current per unit area to per unit volume.

B

@, : Potentials in the extra- and intra-cellular space.

y
Pe

: Conductivity tensors in the extra- and intra-cellular space

Fe: 05

é_\: the !'C\fld—%qﬁtu"?_‘) temlory ase AVISOT ROP I~

Potential distribution around an obstacle (1)

Physical problem : Consider a tissue with an obstacle.

Question :

In the obstacle, the cells are uncoupled (o; = 0) and unexcitable.

Potential distribution around the obstacle when a uni-

form current is applied far away from the obstacle 77

Numecrical result :

The bidomain model predicts a six-fold angular structure of the

membrane potential.

— d&ﬁc{ﬂb\
~
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. + [ _ P ~
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Iion X @m

Linear ionic current model :
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Potential distribution around an obstacle (3)

Solution at 0th order :

e inside the obstacle :
V2o = 0, pm = arbitrary

¢ outside the obstacle :

v%m—d)’\—’;=0

2, _ _Pm
vd)e—%'ﬁ'

with A = ((Ge + Gi)BGm/(GeG:))Y? and X = (G /Ge)Y2.

¢ boundary conditions at infinity :

(e + 0;)Vde = I = I(cos(0r), sin(6r))

Potential distribution around an obstacle (4)

Solution (outside the obstacle) :

The solution has an angular dependence of the form cos(0 — ;).

Ki(r/X)

0o _ _ (0 —
by, = EAK{(a{A) cos(0 — 0p)
o A [ Ei(r/N)
E=wray = me ), mam®)

Pe = cos(0 — 0r)(E1(r) x v+ Ba(r)/r)

1= ¢9, decays exponentially to zero away from the obstacle

= ¢2 decays like 1/r towards its asymptotic value.

v é“Pa\e L'he -SG‘»LUI‘#:QH -
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Potential distribution around an obstacle (5)

Problem at first order in ¢ : EO ( V/Cm )
The equation for the correction ¢l reads outside of the obstacle : = no - o o
. -l‘. T
21 : 2 g2y( 40 0 =3
Vv ¢m_Tr2’1+(6:c_ay)(¢m+¢e):0 =

Consequence : the solution ¢}, has an angular dependence of the

form : ot 15
¢L.(r,0) = ¢y cos(0 + 0r) + 3 cos(30 — ;)
A B -

Solution : 1 8
w3(r) ~ = when r— o0 : p N
" o
- 3

@1(r) ~exp(—=r/X) when r— oo )

002
02

ImRIications !

e The solution has a six-fold symmetry

¢ The membrane potential ¢. decay algebraically (~ 1/r®)

00€
0zZg

away from the obstacle.

00%
00+

08+

00§
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The problem of spontaneous ectopicity (1)

An intriguing question, which has serious clinical aspects :

what happens during an infarct ?

Practical importance : many people actually die during (or shortly

after) an infarct.

A well-known fact : an infarct results from the obstruction of a
blood vessel (clogged by an excess of fat). As a result, the heart

tissue is nor properly irrigated, and gets damaged.

It is difficult to sce what happens in-vivo

= study the problem in-vitro

Experimental setup (Arutunyan and Sarvazyan, 2000) :

e Make a 2-dimensional culture of cells.
» Create a well-controlled ’infarct’ by perfusing locally the tissue
with an 'ischemic solution’. (containing an excess of Potassium and

cells’ decouplers).

Visualize using Calcium sensitive dyes.
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The problem of spontaneous ectopicity (2)

Experimental observations :

After a transient phase,
e Waves generated outside the ischemized region no longer propa-

gate into the ischemized region (effect of uncouplers).

e Spontaneous activity is observed inside the infarcted part of the
tissue. It leads to the formation of waves of activity confined to the

ischemized region.

When reperfusing the heart with the normal (healthy) solution, a
transient regime is observed when ectopic waves can spread out into

the healthy part of the tissue.

Relevance : Several clinical studies point to the appearance of lethal

arrhythmias a few minutes after an infarct happened.
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The problem of spontaneous ectopicity (3)

Mathematical model.

e Consider a tissue made of
1/ Normal tissue
2/ Injured tissue with reduced coupling :
D — D x f.(t)

and with spontancous activity. In the FitzHugh Nagumo model,

modify the slow nullcline dynamics :
drw = € x (e — kw)
Lo
diw = ¢ X (e — au — kw)

WA
w;&/h_ ) W = é' {e#x&)

IR T Ze
/\—J// \ wsfle)

Take a random distribulion of values of o.

=» cells become spontancously active, each with a different period.

The problem of spontaneous ectopicity (4)

Numerical results (Arutunyan, Pumir, Krinsky, Swift and Sarvazyan,

2003) :

The model reproduces the main string of events as observed dur-
ing the experiment, by assuming a 'reasonable choice’ of the time
dependence of the activity and the coupling.

nb : the results do not depend on the precise nature of the model

(FitzHugh-Nagumo, Beeler-Reuter).
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The problem of spontancous ectopicity (5)

Underlying theoretical problems :

e Wave regimes in a spontaneously active, weakly coupled medium,

with a random distribution of activity.

- at very low coupling, each cell oscillates with its own fre-

quency.

- at much higher coupling, all cells tend to synchronize.

what happens at intermediate coupling ¢

e Propagation of waves (or lack thereof) from one medium to the

other.

Intriguing phenomenon : the waves remain confined to either

side of the tissue (ischemized, normal).

Nature of the bidirectional block between the two tissues ?

A related problem : Structure of the AV (Auriculo-Ventricular) node

(Keener and Sneyd, Efimov et al).
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Conclusions (1)

The methods used in clinics lead to interesting fundamental prob-
lems. Solving these riddles is likely to help to devise better ways to

treat cardiac arrhythmias.

Some of the examples include :

e HHow does Anti Tachycardia Pacing work 7

Simplified model of a spiral wave intcracting with an incoming
train of pulses : understand the drift of the spiral.
e Problem of unpinning of a spiral wave around an obstacle.

no need to apply a large electric shock; a small amplitude, prop-

erly timed shock is enough.

Conclusions (2)

Importance of the dynamics during an infarct. Interesting new pos-
sibilities with a 2-dimensional in-vitro experiment (~ well-controlled

infarct).

Observe an interesting set of dynamical phenomena, which can be

modelled with simple theoretical tools.

Ultimate goal :

Applications to clinics (devising better algorithm to deliver the elec-

tric stimuli).

... Much work is still needed...




