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Normal excitation of the heart

| : Signals spread
Pacemaker generates Signals delayed throughout

wave of signals at AV node ventricles
to contract




Some types of arrhythmias

Ectopic beats. The heart has an extra beat. Treatment usually
IS not needed.

Paroxysmal atrial tachycardia. The heart has episodes when it
beats fast, but regularly. This type of arrhythmia may be
unpleasant but is usually not dangerous.

Atrial fibrillation. The heart beats too fast and irregularly. This
type of arrnythmia requires treatment and can increase your
risk of stroke.

Ventricular tachycardia and ventricular fibrillation. The heart
beats too fast and may not pump enough blood. These types
of arrhythmias are very dangerous and need immediate
treatment.



VF epidemiology
VF is the single largest categorical cause of natural death in the
Western hemisphere.

If accounts for about 450 000 sudden deaths in the US annually

(Zhi-Jie Zheng et al., Circulation. 2001 Oct 30;104(18):2158-63.)



BASIC PROPERTIES OF CARDIAC EXCITATION

Conduction

Refractoriness (time during which a second wave cannot be initiated)




Wave can circulation of pulse in a ring of the length L
if L>R*v (refractory period times velocity)



In 2D we obtain a wave of spiral shape rotating around an obstacle
Period is determined by the ovstacle size L and wave velocity v: T=L/v



Period is determined by the
refractory period R: T=R




Scroll wave and its filament
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Sources of an arrhythmia and fibrillation

Cardiac arrhythmias — millions of cells






Virtual heart
Cell — Tissue — Organ

allows us to

extend one cell — whole organ
» study excitation in 3D

» study arrhythmias in human heart



Cell models: 2 ~ 100 ODEs
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lonic current description
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Steady-state and time constants of gating variables for Iy, (from: ten
Tusscher et al.,AJP,2004,284,H1573-1589)



Cardiac tissue models: monodomain
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Riemannian space and anisotropy

Laplacian in anisotropic medium

0 A%
== — 1
o \Paxy) O
Laplacian in isotropic medium in curvilinear system with a metric
tensor M N
0 A%
— — 2
o (haxy) @

Where g is det(gun).

If grrv = Dy provided det(Dasn) = const (1)=(2)



Law of motion for wave fronts in anisotropic media

Extended velocity-curvature relation

c = o — yIrK — 53, TrK — {(TrK)? + O(N?). (9)
HD, O. Bernus & H. Verschelde, Phys Rev Lett, 2011.

¢ Discussion:
@ Distances rescaled with metric tensor g; = Do(D™1);
® Covariant curvature measure: extrinsic curvature tensor K:

Daé, = K, %8s, TrK=K,* (10)

® Explicit coefhicients v, {,n known from 1D propagation
v = (Y| Plep), n= (Y| pP ) +2 (Y| Plu), (11)
w =17 (P i), ¢ = (Y (P—) B lu) — 5(¥ | wF(ug)un)

@ Intrinsic curvature of space (Riemann tensor)
does not enter law of motion directly

Hans Dierckx (Universiteit Gent) Wave propagation & curved space Paris, January 17, 2012 15 / 22



Results on filaments: law of motion (anisotropic)

Lowest order filament dynamics versceeide ot ar, £re, 2007

X = yi D2X + v0 Do X x D2X + O(XY)

¢ Discussion:

€ Stationary solutions need Df,)? = 0 = geodesics!
= proves Minimal principle for rotor filaments
® Higher order corrections (tidal forces) may violate Minimal Principle

Hans Dierckx (Universiteit Gent) Wave propagation & curved space Paris, January 17, 2012 19 / 22



PHYSICAL REVIEW E 88, 012908 (2013)

Drift laws for spiral waves on curved anisotropic surfaces

Hans Dierckx.” Evelien Brisard, Henri Verschelde, and Alexander V. Panfilov

¢ = wo+ qR + O(1Y),
X = —qigrad R — g x grad R,

- simulated (anisotropic)

—theory(anisotropic)
simulated (isotropic)

= =theory(isotropic)




Whole organ models

The diffusion tensor is given by the fiber orientation field «; as:

dij — dg * 6z',j + (d1 — dg)oziozj.

©Bioengineering Research Group  The University of Auckland

Anatomical data (Nielsen,LeGrice, Smaill and Hunter,1991)
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Anatomical data on ventricles of human heart (R.Hren,1996)




A model of the human ventricular

myocyte

e Bernus,Wilders,Zemlin,Verschelde,Panfilov, AJPv.282:H2296-308,2002
e Bernus,Verschelde,Panfilov, Phys Med Biol.,v.47:1947-59,2002
e Ten Tusscher,Noble,Noble,Panfilov AJP 286: H1573-H1589, 2004

e Ten Tusscher,Panfilov AJPv.291,p.H1088-1100,2006
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Ventricular fibrillation
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excitation —% contraction



Cardiac Resynchronization Therapy (CRT)




excitation —% contraction

\MEFJ



excitation —% contraction

MEF

arrhythmogenic (commotio cordis) life saving (precordial thump)
Vi
[ | ' 1

Mechanical stimulation
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lll(lm (From Franz et al, Circulation, 1992)




Coupled Reaction-diffusion-mechanics systems

» RD system:

IV /ot = div(DgradV) + F(V,E)

» mechanics: 5 5
TMN SC] _ O
OX s M 0X )

e constitutive relations:

MN _ pNM NM
T =1, (E)+T,""(E, V)

TMN_jis a second Piola-Kirchhoff stress tensor,
E- is the Green’s strain tensor,

TNM T.¥M- are passive and active stress tensors.

Nash and Panfilov PBMB 2004
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Multiphysics cardiac modelling



ultiphysics cardiac modelling

Griffith and Peskin



ultiphysics cardiac modelling

Flow in LV RV

Griffith and Peskin



Dynamical anchoring of cardiac
arrhythmias

Alexander Panfilov, Ivan Kazbanov, Nele
Vandersickel, Arme Defauw



The human heart Physiology Program Washington University
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Steep APD Gradient in the “M-cell”

region of a non-failing human left ventricle

Transmural APD gradient

APD
Gradient 204
(ms/mm)

Glukhov, Circ. Res. 2010
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Heterogeneity can create spirals

Krinsky 1966



High frequency pacing of a heterogeneity




Spiral at a distance from a heterogeneity




Attraction to an inexcitable obstacle (scar)
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Small size ionic heterogeneities can attract rotors

Defauw et al., Am. J. Physiol. 2014



Small size ionic heterogeneities can attract rotors




FIBROSIS and ARRHYTHMIAS



85

TP. Nguyen et al [ Journal of Molecular and Cellular Cardiology 70 (2014) 83-91
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Fig. 1.Cardiac fibrosis patterns influence arrhythmogenic potential. Red = collagen; yellow = myocardium. The most arrhythmogenic patterns are interstitial and patchy, whichresultin

interconnected strands of myocytes separated by collagen bund les.
Modified from de Jong et al. [ 14] with permission.







European Journal of Heart Failure (2010) 12, 913-921
FUROPEAN doi:10.1093/eurjhf/hfg092

SOCIETY OF
CARDHOLOGY

Heterogeneous Connexin43 distribution in heart
failure is associated with dispersed conduction
and enhanced susceptibility to ventricular
arrhythmias

Mohamed Boulaksil "2, Stephan K.G. Winckels%3, Markus A. Engelen24

Méra Stein 25, Toon A.B. van Veen2, John A. Jansen?, André C. Linnenbank!5,
Marti F.A. Bierhuizen2, W. Antoinette Groenewegen?,

Matthijs F.M. van Oosterhout?, Johannes H. Kirkels>, Nicolaas de Jonge3,
Andras Varro 8, Marc A. Vos?, Jacques M.T. de Bakker %6,

and Harold V.M. van Riien?*

Methods
and results

Conclusion

Clinical and (immuno)histological data of myocardial biopsies from CHF patients with (VT+) and without (VT —)
documented ventricular arrhythmia were compared with controls. In CHF patients, ejection fraction was decreased
and QRS duration was increased. Cell size and interstitial fibrosis were increased, but Connexin43 (Cx43) levels, the
most abundant gap junction in ventricular myocardium, were unchanged. No differences were found between VT4
and VT — patients, except for the distribution pattern of Cx43, which was significantly more heterogeneous in VT 4.
Mice were subjected to transverse aortic constriction (TAC) or sham operated. At 16 weeks, cardiac function was
determined by echocardiography and epicardial ventricular activation mapping was performed. Transverse aortic
constriction mice had decreased fractional shortening and prolonged QRS duration. Right ventricular conduction vel-
ocity was reduced, and polymorphic VTs were induced in 44% TAC and 0% sham mice. Interstitial fibrosis was
increased and Cx43 quantity was unchanged in TAC mice with and without arrhythmias. Similar to CHF patients,
heterogeneous Cx43 distribution was significantly associated with arrhythmias in TAC mice and with spatial hetero-
geneity of impulse conduction.

Heterogeneous Cx43 expression during CHF is associated with dispersed impulse conduction and may underlie
enhanced susceptibility to ventricular tachyarrhythmias.
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dependency of the period on the mean fibrosis for
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Fig. 1: Spiral wave anchoring to a fibrotic region in the 2D model. Inexcitable fibrotic tissue is shown with orange and
the transmembrane voltage is shown in shades of gray. A: A spiral wave initiated 4.3 cm away from the border of the
fibrotic region (t = 0 s). B: The wavefront breaks on the fibrotic region and some secondary sources propagate towards

the tip of the spiral wave (t = 4.8 s). C: One of the secondary sources merged with the tip of the spiral. This
estructuring of the activation pattern resulted in emergence of a single spiral wave anchored to the scar.
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MRI heart data

Original Segmented Reconstruction
image LV



Generation of fibers
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Generation of fibers
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Fibrosis

Gray level corresponds to Reconstructed heart with
the ratio of inexcitable tissue the scar

This was modeled with small inexcitable
obstacles



In presence of fibrosis
B C

t=2.65s

Kazbanov, Vandersickel et al., (in preparation)



In presence of fibrosis

Kazbanov, Vandersickel et al., (in preparation)



Coupling interval, ms
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V2
V3
V4

V2
V3
V4

In presence of fibrosis

500 ms 0 msec

VeI

Leads V2, V3, and V4 of clinical ECGs obtained during incuction of ventricular tachicardia for two patients with scars
in the left ventricle. First several beats until the mark "0 msec" correspond to external pacing.

Kazbanov, Vandersickel et al., (in preparation)



Global alernans instability

T 240 ms
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APD Restitution Curve
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Conclusions

Small sized heterogeneities attract rotors
via dynamical anchoring

Scars surrounded by the fibrotic regions attract rotors

Dynamical anchoring occurs due to spread of wavelets,
which may be cause by the global alternans instability
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