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The first chapter
Modelling
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Multiscale models

Cellular level Tissue level

gan level

Larger scale models depend on the smaller scale model.
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The cellular level

Extracellular
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Intracellular

dv
» Cardiomyocytes - excitable cells, I= dt + lion(v)
action potential (AP)
» Modelling » lion - sum of ionic
» membrane - capacitor currents, ODEs
» ionic channels - conductors > Up to 15 different

> jonic pump - source .
lonic currents
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Mitchell-Schaeffer model

1

Tout

1
lion(v, h) = :hvz(v -1)— v
mn

oth+g(v,h) =0

1—h :
,if v < Vgate,

g(V7 h) = Tfle;" :
if v> Vgate

Telose ’

Phase 1
Phase 2

+25 mV

0 mV

Phase 0 @ Phase 3

> Phase 4

-80 mV'
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The tissue level

What do we model?

Propagation of AP
» Gap junctions
» Communication

» Coordinated contraction

» Huge number of equations

» Huge number of
transmission conditions

» Very small space step

-
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The tissue level |

Mathematical assumptions:

» periodic micro-structure

> anisotropic intra- and
extra-cellular spaces

> the transmembrane potential
- cable equation

Microscale model —/omogenisation_, BIDOMAIN MODEL

-
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The bidomain model

Degenerate parabolic reaction-diffusion system + ODE

8tV + Iion(v7 h) =V (Uivui)7 in Q7
OtV + lion(v, h) = =V - (0 Vue), in €,
Oth+g(v,h) =0, in Q.

V = U; — Ue - transmembrane potential
The standard boundary conditions for isolated heart:

(0iVuij)-n=0, on 02,
(0eVue)-n=0, on 09.

/ue=0.
Q

-
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The Gauge condition:




Not a conclusive model - tissue heterogeneities

» Laminar stricture.

B

. papillary
sub-epi mid sub-endo mus:
——.

cleavage plan
myolaminae bload vessel
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Structural heterogeneities
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Reentry

ST

e

[] Long APD Region

Short APD Region
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The second chapter

The new model

Andjela Davidovi¢ -Role and modelling of heterogeneities for cardiac electrophysiolog



The new mesoscale model

Assumption: periodic diffusive inclusions

&,
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Q20101010 G]
9:0:0j0i0]r.
220101000
™i0i010:0
Q

Figure: The 2D full domain €.
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The new mesoscale model |

OeVe + lion(ve, he) = V - (6'Vul),
OtVe + lion(ve, he) =V - (o eVu) Bidomain

at‘h +g(V5 5)
V(o qu ). Diffusive incl.

V = U; — Ue - transmembrane potential.
0j,0e - the standard anisotropic conductivities
4 - the isotropic conductivity in the diffusive region

(0'Vul) - n=0,
(0¢Vue)-n=(c9Vud) - n on the inner boundary 77
e d

ud = ug.
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The new mesoscale model Il

We write
b ué, in QB | 0e, in Q5
=T ud, in QP 7T\ oo inQD
The problem
atVE + l/on(VE; ) V. (UIVU£), in QEB,
X8 (0t Ve + lion(ve, he)) = V - (6 V), in Q,
dth. + g(ve, he) =0, in Q5.

On the inner boundary

(c'Vul)-n=0
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Homogenisation

» Given model:
La(Ug) - f

» Assume: u. — u

» Find L s.t.
L(u) ="

Formal approach

UE(X) = UO(X) +€U1(X,X/5) + ...
u(x,y) = w(y) - Vuo(x)
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Twoscale convergence method (Allaire)

v

Rigorous, exploits periodicity

v

Solves two problems simultaneously

» New convergence definition - specific periodic test functions

v

Requires: uniform a priori estimates, independent of ¢

Method
1. Existence of (v., ul, u.) for fixed ¢ (Boulakia et. al.)

2. A priori bounds

> energy estimates for v, h., Vul, Vue
» bound on non-linear functions li,n(v, h) and g(v, h)
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Method

3. Derivation of twoscale homogenisation system - var. form.

» From the bounds
ve > vo, h.— hg
» Derived convergence
Vul = Vuh(x) + Vyui(x,y), Vue — Vug(x) + V,ui(x,y)
» assume /o, - Lipschitz function!
lion(Vey he) = lion(vo, o), g(ve, he) — g(vo, ho)

4. Express u{ =w;- Vu6 and u; = w - Vup.
5. Read off the homogenised and the cell problems.
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The new macroscale model

(8tV0 + /ion(V07 hO)) =V (vau(i))? in Q’
(0:vo + lion(vo, ho)) = =V - ((0 + o))V uwo), in Q,
8tho+g(V0,ho) =0, in €.

New effective conductivities

N 1 . . .
Oiy = Oy + ‘Y |(Ufk1Allj + O—ikQAl2j + Uik3Agj)?
U:k/ Uek/ |Y | (UeklAi + (Tek2A2_/ + Uek3A3_[)
Ody = Tdg v, |Y ‘ + m(o—dklA(ljj + Udszgj + 0dk3Agj)~

AQ(J, Aij, AZJ - from the cell problems.
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The cell problems

Solved only once - on the unit cell Y.

Intracellular: )
V. (0iVwj) =0, in Yg,

oi(Vw/ +¢)-n=0, onT,

w!

/j is Y periodic.

Extracellular:
V- (eVwj) =0, in Y,
[oVw;-n]+ (0e —0g)ej-n=0, onT,

w; is Y periodic.
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The third chapter

Numerics
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2D Numerical experiments, convergence.

> Geometry:
» square domain, circular and elliptical inclusions

» c€{1/5,1/10,- - ,1/40}
» Conductivities:
oy, = 1.741,0, = 0.1934, 0., = 3.906, 0,,, = 1.970,

Odyy = Odyy = 3.
» Discretisation: dt = 0.5 and dx ~ 0.3

uuuuuuu

- M

0.0001
1 10

Figure: Convergence rate: 1.39 for V, 0.63 for h.
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The numerical results
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The numerical results
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The numerical results

. . _ 1
Homogenlsatlon process - € = 15

024182
240 022964
021745
0.20527
0.19309
0.18091
0.16873
0.15655
0.14436
0.13218

0.1z
0.10782

0.095636
0.083455

¥ U0y

-5.00 0.071273
0.059091

0.046909

0.004727
0.022545
0.010364

-0.0018182

-1zy

00000 OOGOEOPNONOSOSPOOS
oS00 O0OOOOOSOEOOSOOTPOOPS
LB K BN BN IR BE BN BN BN BN BN BN BN N
®0 0000000000000

000000000000 OO
0000000000000
0 00000000 OCGEOSOSOISIOPS
® 0 00000000000 OO
0000000 OQCOCOCOOSTOOOS

Microscale 1/15 at 3-J40

L R R R L R b L R B L B U B Y VL]

Andjela Davidovi¢ -Role and modelling of heterogeneities for cardiac electrophysiolog




The numerical results
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The numerical results

Homogenisation process
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The numerical results
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The numerical results

Homogenisation process - ¢ =
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The numerical results
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The numerical results

Homogenisation process - ¢ = +
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The numerical results, conductivities.

[ Geom | Volfr | o [of, [of, [oa, |oa, |0 [0e, |
- - - 174101939 |0 0 1.97
circle 0.2 0.1]126|0.17 | 2.85 | 0.00 | 0.005 | 1.81
circle 0.2 1 1.26 | 0.17 | 2.99 | 0.01 | 0.005 | 2.02
circle 0.2 6 1.26 | 0.17 | 3.73 | 0.04 | 0.005 | 3.27
circle 0.2 3 1.26 | 0.17 | 3.29 | 0.02 | 0.005 | 2.53
circle 0.4 3 1.07 | 0.15 | 3.42 | -0.17 | 0.02 | 3.53
circle 0.7 3 0.69 | 0.09 | 5.08 | -2.09 | -0.01 | 7.89
ellipse | 0.2 3 1.13 | 0.18 | 2.82 | 0.06 | 0.00 | 2.58
ellipse | 0.4 3 0.81 | 0.16 | 2.63 | -0.03 | -0.01 | 3.70
ellipse2 | 0.2 3 0.86 | 0.18 | 2.09 | 0.06 | 0.00 | 2.64
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The numerical results, comparison.
Timet =0.5

ERRTRE§RIESE

PREGERERERISRIqOEETEE

[ 1
t

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet=1.0

w . Im'
129
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12y ...
N

Figure: (Left) Standard bidomain. (Right) New model.

Andjela Davidovi¢ -Role and modelling of heterogeneities for cardiac electrophysiolog




The numerical results, comparison.
Timet=15

wuy oo 2
w . I’ ” lw
129 129
s s
120 12
12y --»n e
9 .
New v

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet =20

w ' I
129
s
120
12y o
N

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet =25

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet = 3.0

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet =35

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, comparison.
Timet =40

Figure: (Left) Standard bidomain. (Right) New model.
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The numerical results, scars.
Timet = 3.0

200

240

14.9

129

5.40

¥ 000

-5.00

-13.0

-J0.0
Loy

std Bid v at 3

R U CL I CT )

Andjela Davidovi

o

023731
0.22543
021356
020168
0.18981
017753
0.18605
0.15418
0.1423
0.13043
o.11855
0.10464
0.0048
0.082024
0.071049
0.069173
0.047297

P EY N A YU UL

-Role and modelling of heterogeneities for cardiac electrophysiolog




The numerical results, scars.
Timet =45
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The numerical results, scars.
Timet=17.5
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The numerical results, scars.
Time t = 10.0
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Conclusions
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Discussion and further work

» New model # standard bidomain model

» Depends on
> value of o9
» volume fraction - larger inclusions bigger difference
» geometry of inclusions

» Future work

» Simulations for 3D model

The real geometries

The data reading - MRI? 047

The impact on the dynamics of spiral waves?
Can we trigger the re-entrant waves?
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CARMEN team
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Thank You.
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