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Q@ The cardiac muscle is made of fibers

@ Fiber contraction is induced by an electrical potential
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9 Fiber scale : active constitutive law

= ke — (a|éc| + |ue|)Te + o0|ue]+
—(OK‘E:C‘ _I_ ‘uc‘)kc _|_ k0|uc|+
= 7.+ Ve,
¢ Electric command : J. Bestel, M. Sorine)
¢If u.>0: o, increases — contraction

¢If uc <0 :0c andk, decreases — relaxation

Q@ Tissue scale :

The fiber model is coupled with a 3D nonlinear

material
(D. Chapelle, |. Sainte-Marie, Ph. Moireau)
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Myocardium contraction
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| 2-lead electrocardiograms

|2 measures of electrical potential on the body surface

limb leads
(Einthoven)
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Electrocardiograms (ECG)

What is the purpose of ECG numerical simulation ?
ECG is the main clinical data on the heart activity
Necessary step for the inverse problem

A kind of “wealk’ validation

Only a few ECGs obtained from 3D PDE:

¢ Lines, Sundnes, Tveito (1999, 2006)

¢  Coudiere, Pierre (2005, ECG en 2D)

€ Pulan (1996), Pulan, Buist, Chen (2005, ECG en 2D)
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Cell scale
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intra-cellular potential u;

extra-cellular potential Ue dg + G(Vin,g) =0

transmembrane potential Vi, = u; — U d

(Hodkin-Huxley 52, Cronin 81, Pullan et al. 05, Sundes et al. 06,...)
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Fitzhugh-Nagumo model

]ion(vmag) =0

(Vin,g) =0
(Fitzhugh 1961)

s/ Poor qualitative solution : overshoot, stiff repolarization.




Fitzhugh-Nagumo model

- Tion(Vin, g) =0

dg
. G Vm7 — O

(Fitzhugh 1961)

s/ Poor qualitative solution : overshoot, stiff repolarization.

\/Difﬁcult to set the four phases of the cardiac cycle
(initiation, plateau, decay, recovery)
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. (Mitchell, Schaeffer 2003-04)
s/simple model: 2 variables, 5 parameters

s/“physiologic” shape of the transmembrane potential
\/ Adapted from Fenton-Karma (1994). Close to van Capelle-Durer (1980)

\/ Easy to calibrate the four phases.

-
s/ Ex:Action Potential Duration APD =~ 7¢)os In <4out>
Tin
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Tissue scale

Qi intra-cellular medium
1 ¢ extra-cellular medium
>, membrane

O;,0. intra and extra-cellular conductivity

Electrical balance

diV(O‘iVUi) 0, 1n QH,i
div(g.Vue) =0
oiVu; - n=0c.Vus,-n
oV, on

iVui - n = Cp—— + Lion(Vin,
oiVu; - n 5 + (Vin, 9)

, In Qe
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Tissue scale

® Bidomain equations :

( OV ,
Am Cmﬁ + Lion(Vin,g) | — div(oiVuy) = AmLapp,

div(o.Vu,) = — div(o;Vuy),
dg

E + G(Vmag) — Oa

o;Vu; -n =0,

UeVUe N = 07




Tissue scale

® Bidomain equations :

( OV

Am Cy o +Iion(Vm,g) —diV(O‘iVUi):AmIapp, in Qg

div(e.Vu,) = —div(o;Vu;), in Qg
Og

oiVui-n =0, on Iep;

® Anisotropic conductivity “
‘ =S,
X j% f"%*‘??;sﬁ \gﬂ@@%@ \‘:u

f i v;v%i‘ \

AR AN, YA

o: . (r)=0o" [ +(0: . — o0 _)Jalx) ¥ alx L A
1, i,e 1,e 1,e LRI SN
§A§ ‘ﬁ‘!‘t‘\‘ﬁ@\ %Y

® |f the anisotropy is the same in both media :
mono-domain equations




Heart-torso coupling

Z)
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h""'%» j
NVAVAVAS

@ Bidomain model in the heart

Q@ Torso:
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\ O'TVUT -nrT
@ Coupling conditions:

Ue uTr,
oc.Viue.-n=ocorVur -n, on I'epi
\

(Krassowsca-Neu 94, Clements et al. 04, Pierre 05, Lines et. al 06,...)
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® A possible simplification:

If we neglect the impact of the torso:

)
Ue = UT, on ILep;

<

o.Vus, -n =20, on I'epi
\




Other heart-torso coupling conditions

® A possible simplification: :?f/ ﬁs
~

If we neglect the impact of the torso:

on ILep;

® Pericardium resistive-capacitor effect:

( oV, n = Cperi%(uT — Ug) +

L orVur -n=0.Viue - n,

Rperi

. pericardium resistance

Cperi . pericardium capacitance

(Boulakia-Fernandez-|FG-Zemzemi FIMHO?7)




The heart-torso coupled problem

Vm:ui_ue

( OV . .
Am (me -+ Iion(Vm,g)> — dlv(aiVui) — [appa 111 QH

div(o.Vue) = —div(e;Vu;), in Qg

O'iV’U,i N = O, o1l Fepi
(Vm,g) = O, n QH

diV(O‘TVUT):O, n QT

on Fepi

‘M, on I'ep;




The heart-torso coupled problem

Vm — Ui — Ue
8(ui — ue)
ot
O(u; — Ue)
ot

)

+ Iion(vmag)> o dlv(alvul) — Iappp

Am (Om + ]ion(vmag)> + div(o'iVue) — Iappy

O'iVVm ”l’LZO,

0g
E + G(Vmag) - Oa

diV(O'TVuT) = O,

.
Ue — UT, on Fepi

o0.Viue-n=ocrVur - n, on I'ep
\

It involves:

® ) degenerated non-linear reaction-diffusion equations
® a system of ODFE’s and a diffusion equation

n QH

in QH

o1 Fepi

n QH

n QT




The heart-torso coupled problem
Vin = w5 — Ue

( OV . .
A (me + [ion(Vm,g)> — div(oiV V) — div(o;Vue) = Lypp,

div(e;V V) + div ((o'i + ae)Vue) =0,
o;VVy, n+o;Vue.-n =0,

d0g B
E + G(Vmag) - 07

\ diV(O‘TVUT) = O,

/
ue p— UT’ on Fepl

0.Viue-n=ocrVur - -n, on I'ep
\
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® |solated bidomain model (no coupling with torso):
Colli Franzone et al. 02, Bendahmane et al. 06, Bourgault et al. 06, Veneroni 06

® We consider here two kind of ionic models:
* Generalized FitzHugh-Nagumo: Tion(Vin, 9) = fi(Vin) + fo(Vin)g
G(Vin, 9) = 91(Vin) + 929
e Regularized Mitchell-Schaeffer

v
[ion(vmag) — _%fl(v) -+

-, G(Vm,g)=( 1
hoo(v):lll—tanh(v_vcr)], 0> 0

n Tclose — Topen hoo(vm)> (g o hoo(vm))

Tclose TcloseTopen

out
2 n




Well-posedness analysis

® |solated bidomain model (no coupling with torso):
Colli Franzone et al. 02, Bendahmane et al. 06, Bourgault et al. 06, Veneroni 06

® We consider here two kind of ionic models:
* Generalized FitzHugh-Nagumo: Lion(Vin, 9) = fi(Vim) + f2(Vi)g
G(Vin,9) = 91(Vim) + 929

e Regularized Mitchell-Schaeffer

Vm 1 Tclose — Topen
[ion(vmag) — _Tﬁfl(v) + ’ G(vag) =+ : 2 hOO(Vm)> (g o hOO(Vm))

out Tclose TcloseTopen

hoo (1) = % [1 _ tanh (” _nv“)] ,

Theorem: (Boulakia-Fernandez-JFG-Zemzemi 07)

Under the assumptions A <ertealolP, fi(v)v > alvl* = blof
f2(v) =p+ qu, 191(v)] < 3 + ca|v|?
the coupled heart-torso problem has a global weak solution

Vin € L*(0,T; H (Qm)), 0V € L*(0,T;(H' (m))), g€ H' (0,T;L*(m)), (ue,ur) € L*(0,T; H(Q))
Uniqueness holds for the FitzHugh-Nagumo model.
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Well-posedness analysis

® |solated bidomain model (no coupling with torso):
Colli Franzone et al. 02, Bendahmane et al. 06, Bourgault et al. 06, Veneroni 06

® We consider here two kind of ionic models:
* Generalized FitzHugh-Nagumo: Lion(Vin, 9) = fi(Vim) + f2(Vi)g
G(Vim,9) = 91(Vin) + 929
e Regularized Mitchell-Schaeffer

g |74
[ion(vmag) — _T.—fl(v) -+

-, G(Vm,g)Z( 1
hoo(v):lll—tanh(v_vcr)], 0> 0

n Tclose — Topen hoo(vm)> (g o hoo(vm))

out Tclose TcloseTopen
2 1
Theorem: (Boulakia-Fernandez-JFG-Zemzemi 07)

|dea of the proof:

|. Faedo-Galerkin to an approximate non-degnerate system: we add

1 1
n n
ﬁatui ; —gﬁtue .

2. A priori energy estimates independent of n
3. Compactness
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Discretization and solution procedure

e [P finite elements in space

® Semi-implicit BDF2 scheme in time

® Coupling with torso:

{ Ue — UT, Ol Fepi

O.VUue. -1 =orVur - -n, on I'ep;

Dirichlet-to-Neumann iterations
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“Standard” numerical methods :

The real difficulty is modelling !

Options :
¢ Monodomain or bidomain !
@ Physiologic or phenomenologic ?
@ Fibers !
@ Strong coupling with the torso !
@ Cellular heterogeneity ?
@ His bundle modelling ? Initialization ?

Guideline:

@ Devise “a simplest” model which provides a good ECG
@ Forget anything which does not affect the ECG

4




An example from the literature

V1 V4

100 200 300 400 500 100 200 300 400 500

(Sundnes et al., Springer 2006)
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| st example: Fitzhugh-Nagumo

potentiel
0.02 1 j\

200 400 500

temne (Mg)




2d example: physiological ionic model




Discussion :

@ Impact of heart-torso coupling
@ Impact of ionic models

@ Cellular heterogeneity




Impact of heart-torso uncoupling

® Full heart-torso coupling:
I aVR
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Impact of heart-torso uncoupling

® Full heart-torso coupling:
I aVR

-1 -1 .II.II.IL -1 .n.n.l -1
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

® Uncoupled heart-torso (isolated heart):
I aVR

2 nr 2

| o Ll : o L

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

In “agreement” with Pullan et al. 05




Impact of ionic model

Mitchell-Schaeffer:
I
2 '||'|"TI

| 5 L | o L

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

FitzHugh-Nagumo:

7\

)




Impact of ionic model

Mitchell-Schaeffer:
I

1

2 '||'|!'TI .0'8

0.6

0.4

0.2

o

1 1 Loz | | | | | | 1 |,
- - 200 300 400 500 600 700 -

) 100
0 200 400 600 800 0 200 400 600 800 time (ms) 0 200 400 600 800 0 200 400 600 800

FitzHugh-Nagumo:
7\

)

P

! !
200 300
time (ms)




Cell heterogeneity




Cell heterogeneity

® We cannot consider only one cell type !

® Transmural LV cell heterogeneity

ADP

/

I
400

endo intra epi Qv

(Drouin et al. 95,Trudel et al. 04, Sampson-Henriquez 05) L .

660 [ms]




Transmenbrane potential

V_m (Endo)

Potential (mV)

N

100 200 2CC

tame (ms)

Potential (mV)

2.000e+01

-5.000e+00

-3.000e+01

-5.500e+0 |

-8.000e10 1

-
4 'u'u‘

500

Potential (mV)

Potential (mV)

V_m (Intra)

N

N\

N

100 200 300 400 ZCe
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Impact of cell heterogeneity

® Transmural left ventricle APD heterogeneity:
I aVR

T

1 o1 Ly -1 1 "
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

® Homogeneous APD:

I

V 4
-1 -1 1 L 1 W

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
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@ Mitchell-Schaefer phenomenological model
@ 3 different cells
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Our modelling choices

@ Weak coupling with the torso

@ Mitchell-Schaefer phenomenological model
@ 3 different cells

@ Bidomain equations and fibers

@ Careful initialization of the stimulation

3

2

Potential (mV)

Potential (mV)

2.800et01
1.975e+01
1.150e+01
3.250e+00

-5.000e+00




® Simulated ECG

2 '|I'IT

-1
0 200 400 600 800

II

-1

0 200 400 600 800

® Real ECG

",__,Jux,
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ECG simulations
Summary

¢ We built a model based on PDE to get “realistic” ECG
@ More complex models ? Unable to fix the parameters...
¢ Less complex models ? Completely wrong ECG !

Is the model relevant ?

¢ Difficult to answer... at least it can model a healthy case
¢ One positive point :

When we simulate a bundle branch block (left or right),
our cardiologist can recognise it on our ECG !




Qutline

Q@ Electrical activity of the heart
Electrocardiograms (ECGQG)

Cell scale

Tissue scale : the bidomain equations
ECG simulation
Applications
¢ Cardiac Resynchronisation Therapy

¢ MRI, Magnetohydrodynamics & ECG




An application:
Cardiac Resynchronisation Therapy




An application:
Cardiac Resynchronisation Therapy

@ Heart dyssynchrony yields a decrease of cardiac efficiency




An application:
Cardiac Resynchronisation Therapy

@ Heart dyssynchrony yields a decrease of cardiac efficiency

@ Multisite pacing (Dr. Cazeau, 1995)

ventricle SUTTTX L. S




An application:
Cardiac Resynchronisation Therapy

@ Heart dyssynchrony yields a decrease of cardiac efficiency

@ Multisite pacing (Dr. Cazeau, 1995)

ventricle > % . 4

@ Pacing : where ? when?
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Cardiac Resynchronisation Therapy

»Simulation of a reference and a pathological case

» Optimization of the location of the lead by genetic algorithms
» Choice of a cost function

J1 = [Trer = Thatn|

ref a

T* =inf{t > 0, Volume(£2;) > 0.95 Volume(Qy)}
O ={x€Qy, Vit,z)>V,)

El Alaoui, Dumas, JFG




Optimization with one lead

@ Healthy case: T ; = 28.5 ms
@ Pathological case : J; = 73 ms
@ Optimal location: J; = 20.75 ms

@ Arbitrary location : J; = 65 ms

El Alaoui, Dumas, JFG )




Optimization with one lead

@ Healthy case: T ; = 28.5 ms

@ Pathological case : J; = 73 ms

@ Optimal location: J; = 20.75 ms
@ Arbitrary location : J; = 65 ms

El Alaoui, Dumas, JFG )

Other possible choices for the cost function:

Q ECG : Z (Z |Lref1 path 12) ;

Q@ Mechanical crlterla
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Artifact MHD and MRI

Philips MRI, 3 Teslas

€ Permanent uniform magnetic field (typically 1.5 Teslas)
@ Today: 3 Teslas (human), 10 Teslas (animals)

@ Tomorrow : |10 Teslas (human), 17 Teslas (animals)
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ECG are used to synchronize MRI sequences (“gating”)
Several known artifacts. Among them : MHD

MHD artifact: T wave may be as large as the R wave
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Magnetohydrodynamics (MHD)

ECG are used to synchronize MRI sequences (“gating”)
Several known artifacts. Among them : MHD

MHD artifact: T wave may be as large as the R wave

(a) ECG hors champ (c) ECG dans champ 1.5 tesla

~(u A ol g

1

Modelling : A. Drochon, JFG,V. Martin
Signal processing: O. Fokapu, V. Robin
Imaging : F. Langevin

Goal of numerical simulation:

¢ Forecast the induced current

¢ Produce synthetic ECGs to train the signal processing algorithm
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MHD and blood flows

@ State of the art in numerical simulation:

Kinouchi et al. (Bioelectromag., 1996), Tenforde (Prog. Biophys. Mol.
Biol., 2005)

Simplified 2D stationnary computations : no fluid, no
electrophysiology

Prediction |10 Teslas:
*x 2200 mA/cm? in aorta, | |5 mA/cm? in the heart
* Remark : normal cardiac current 10-1000 mA/cm?
* Flow rate diminution : 5 %
In vivo observation Chakeres et al. 2003
patients at 8 Teslas

consistant pressure increase
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@ Maxwell-Ampere equation :
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MHD in blood flows

Maxwell-Ampere equation : gx?f curl £ =0

Quasi-static assumption: FE = —V o
Ohmlaw: j=0c(E+ux B)=0(—V¢r+u x B)

Magnetohydrodynamics equations :

( Ou 1 Ha? Ha?
T iu-Vu— —Aut+V " Vdr x B

gr "W VU T RAUT VP Re VT X BT
divu 0,

div (iwa) div (iu « B)
ol g0
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Test case (benchmark)

@ 3D computation from

a 2D benchmark
Tenforde, Yamaguchi,
Kinouchi, 1996

2D value =0.57 mV




MHD in blood flows

@  Preliminary results:

JFG-Martin
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MRI & MHD : summary
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MRI & MHD : summary
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