BbluncanTtenbHbili (opeiimBopK ans

3/1EKTPOMEXaHNYECKO Modenun cepaua

A. Nerkniit?, A. YepHbiwerko?

1 NuetutyT BeIMNCAUTENLHON MaTemaTukn um. .U, Mapuyka
2 MoCKOBCKU pr3NKO-TEXHUYECKIH UHCTUTYT

BIOMATH 2020. 3 nosibpst 2020

A. Nerkuii—’ =, A. Yephsiwenko™ (* UncTmiBeiuncnnTtensheiii chpeiimeopk ansi anektpomBIOMATH 2020. 3 Hosibpsi 2020 1/13



Modelling components for cardiac electromechanics

@ Geometrical models + mesh
generation

© VHP heart or ceCT/MRI data
@ User-guided ITK-SNAP based segmentation
o CGAL/Gmsh + Ani3d
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Modelling components for cardiac electromechanics

@ Geometrical models + mesh
generation

@ Tissue anisotropy -
rule-based methods
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o Ventricles: Bayer JD, ..., Trayanova N., A novel rule-based algorithm for
assigning myocardial fiber orientation to computational heart models, 2012

@ Atria: Piersanti R, ..., Quarteroni A., Modeling cardiac muscle fibers in
ventricular and atrial electrophysiology simulations, 2020
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Modelling components for cardiac electromechanics

@ Geometrical models + mesh
generation

@ Tissue anisotropy -
rule-based methods

© Equations and numerical
schemes

o Electophysiology: monodomain/bidomain equaitons
@ lonic model (CellML model repository)

@ Mechanics: active strain/active stress model
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Bidomain problem

Domain Q with boundary 9Q
¢ extracellular electrical potential

v transmembrane voltage

0
(G + o)) =V (0¥ 4 00) =
= ((Ui + Ue)V(be + Uivv) = _/totala
ow
E = f(W, V)7

+ b.c.

C,» cell membrane capacitance, x - cell membrane surface-to-volume ratio
o; & o intra- & extracellular conductivity tensors

I;, I. intra- and extra-cellular stimulus currents

lota1 = I; + . total stimulus current

lion - current in ionic channels, f cellular model, w - state variables
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Numerical methods

o FEM discretization on tetrahedral meshes

@ implicit first order/BDF2 time scheme

FEM system for bidomain problem
M+ K K } [ vl ] _ { M(kv" — Xiion + ii)

n+1 a
e Mitotal

FEM system for monodomain problem

[EM + K] Vi M(kv" — Xi%, + istim)

M - mass matrix, K;, Kiie stiffness matrices
lions Iis Itotal - vectors of currents and stimulus.
k = xCpn/T, T - timestep
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Parallel implementation

o Finite Element Method: Ani3D framework, BCGStab linear solver + ILU(0)
preconditioner

o INMOST platform for MPI parallelization, ParMETIS for partitioning

@ ODEs parallelization:

© CVODE solver and OpenMP
@ Massively Parallel GPU-ODE Solver (MPGOS)

o Verification: A. Chernyshenko, A. Danilov, Y .Vassilevski, Numerical
Simulations for Cardiac Electrophysiology Problems// BIOMAT 2018 book.

o Parallel Performance: A. Chernyshenko, A. Danilov, V. Kramarenko,
Coupling of PDE and ODE Solvers in INMOST Parallel Platform: Application
to Electrophysiology//RuSCDays 2019
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Mechanics

X :
N tme =71

E, (\Z x,
E, X, F
% B e
E,

) 1

X, time =0

@ X € Qp - HavanbHOE COCTOsIHUE, X € §); - TeKyLlee COCTOsIHME

° x = ¢(X,t) - pecbopmaLius

@ u=x — X - nepemeLueHue

o [ - rpagnent gecbopmauun, E - Tenzop gedopmauun Kown-Iprna

_09 0w g LT _
F=og=I+o0 E=S(FTF-1I), J=detF
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Cardiac mechanic equations

VpaBHeHUs Mogenu:

@ VpasHenue pasHosecusi (IP - nepsbiii Tensop Hanpsixennii Muona-Kupxroda):
—-VP; =08 Q°
@ YcnoBue HeOKNMAEMOCTH:
J—1=080Q°
o CwmeLuaHHble rpaHNyHbIE YCIIOBUS (890 =lpUlyUTl,):
u=0ralp, P-n=0ralpn, P-n=—pol-nnral,

@ YcnoBue runepynpyroctu, HEOKUMAEMOCTU U HaJIUMHMe aKTUBHOMO
Hanpsixeruns (VY - ynpyruii noteHuman, p - MHoxutens Jlarpanxa, f -
Hanpas/fieHne BOJIOKOH):

aw .
P=F2Y _ pJF
ag P’
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oW o
P=F2" — pJF-T +FTf & f
op ~ PJE T+ ®
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Coupled model. Active strain, first steps

o lMopxop akTusHbX Aedopmaunii (Fe - naccusras gedopmauus, F, -
akTuBHas, f - NpogonbHOE HanpaBfeHne BOMOKOH, t - nonepeqHoe):

F =F.F, = F. = FF;!
F,=T+vff+vt®t, J,=detlF,
@ Vnpyruii noteHyuan (npocras mogenb - Neo-Hookean, p - 3agano):

W = W, W(F.) = gtr(IE"eT F. —I)

@ MexaHo-anekTpuyeckoe B3aumogeiictaue (5,€1, ¢, CRy Umin, Umax - 3aAaHbl):

U — Umin /(/J 073
+e s = —
Umax — Umin + U 161+77([C3]+)(/(/) - 1) e 1+’}/f

ve(v,[Caly) = =B

F.Nobile, A.Quarteroni, R.Ruiz-Baier, An active strain electromechanical model
for cardiac tissue [/ 2011
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Coupled model. Active strain, first steps

o lMopxop aktusHbIX Aedopmaunii (Fe - naccusras gedopmauns, F, -
akTuBHas, f - NpogonbHOE HanpaBfeHne BOMOKOH, t - nonepeqHoe):

F =F.F, = F. = FF;!

F,=T+vff+t®t, J,=detlF,
@ Monodomain electromechanical system
—V  (puda(T+ Vu)FIF; T — pJ(I+Vu)~T) =0, 8 Q
J=18 QO
dJv —1 -T
X Cmﬁ +Jlion )| =V - (JI+Vu) " o(I+Vu)'Vv)=J 8 Q71

F.Nobile, A.Quarteroni, R.Ruiz-Baier, An active strain electromechanical model
for cardiac tissue [/ 2011
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Numerical methods

MK3 (P2-P1)
INMOST
CasADi gns aBTomaTnyeckoro andpdepeHumnpoBaHus

Bepundukauusi Ha cepun BeHumapkos

Land S., et. al, Verification of cardiac mechanics software: benchmark
problems and solutions for testing active and passive material behaviour [/
2015
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Cardiac mechanics. Benchmark 1
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Cardiac mechanics. Benchmark 2

PazpyTtne nsotponHoro annvunconga
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Cardiac mechanics. Benchmark 3

Pas,u,mie AHN3O0TPOMHOro anannconga C aKTUBHbIM HaMpsi>XXeHnem
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Conclusions

o [NpencTaBneHbl YMCAEHHbBIE METOLbI BbIYUCIUTENBHOTO (hpeiiMBOpKa Ast
SN1EKTPOMEXaHUYeECKOl Mofenn cepaLa

DNeKTPOU3NONOrNHECKNii CONBEP BEPUULMPOBAH, NCCaef0BaHa
napasnesnbHast 3peKTUBHOCTb

MexaHuueckuii consep BepnuUMpOBaH Ha cepumn BeHYMapKoB

MpoBoanTcs TecTupoBaHme obuieii 3agaun

Cnacubo 3a BHUMaHue!
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