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TexHonornyeckas Lemnoyka
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A. A. Danilov, et al. Modelling of bioimpedance measurements: unstructured mesh application to real human anatomy. RJNAMM, 2012.
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[MlocTaHOBKa 3a4auu



MocTaHOBKa 3aA4auu Bidomain

(e — BHEKNETOUHbIVN 3NEKTPUYECKUA NOTEHUMAN
V — TpaHCMeMbBPAHHOE HanpshkeHne

X<Cmg\t/+/ion(u7v)> *v'(O'jV(V*i’(Zse)):/; BQ

V- ((oi + 0e)Voe + 0;VV) = —liotal B Q2
ou _ f(u,v)
ot 7

Cm —yOenbHas eMKOCTb KNeTOUHOW MembpaHbl
X — OTHOLWEHKE NNOoWaamn K 06bemy KNeTku
0j W 0 — BHYTPUKIETOYHAA N BHEK/IETOYHAA NPOBOANMOCTH
li, liotar = i + lo = BHYTPUKNETOUYHbIN 1 CYMMApPHbIN UCTOUYHUKN
U — BEKTOp Pa30BbIX MEPEMEHHbIX

lion W f — 3a0aHHble hYHKLVW, ONMUCbIBAIOLLME KNETOYHYIO MOJEeNb
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MocTaHOBKa 3aA4auu Bidomain

['PaHnYHble ycnosus

n-(o;V(v+¢e)) =0 HaoQ
n-(oeVge) =0 HaoN

3agadva “Bidomain with bath” 00,
90
V- (0pVee) =0 B Qp Q Qs
n-opVoe =0 Ha E)Qb\aQ

2/20



MocTaHOBKa 3aaaum Monodomain

MycTb oo = Ko

X (Cm o + /io,l(u,v)> —V-(eVv)=1 BQ

) at
u
E§E - (U, V)
n-(ocVv) = Ha 09
= K .
el

| = NCTOYHNK TOKA
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CermeHTauums N306pakeHnn un
MOCTPOEHUE CETOK



CermeHTauus Topca Visible Human Project

567 x 305 x 843 Bokcenemn
1Tx1x1TMM
26 OpraHoB 1 TKaHewn

Bcero 146M Bokceneit, 68M BHyTpyW Tena

4/20



HecTpyKTypupoBaHHbie TeTpa3apanbHble CETKK

CGAL Mesh (www.cgal.org) - noctpoeHue cetku [enoHe
Ani3D (sf.net/p/ani3d) - ynyulieHne KauyecTsa CeTKM

413508 BepLmH, 2315329 TeTpasapos, 84 430 GOKOBbIX rpaHen
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NMepcoHanM3mpoBaHHas cermeHTaLms
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NMepcoHanM3mpoBaHHas cermeHTaLms
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Mopenb Topca n cepaua
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Topc: 5.97M aueek, 981K BepLnH
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Mopenb Topca n cepaua

qv

yKenyooukn cepaua: 2.47M dayeek, 440K BeplnH
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yKenyooukn cepaua: 2.47M dayeek, 440K BeplnH
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Mpencepaus, Trayanova Lab, JHU

h, MKkm Ny, MAH N7, MH

600 0.65 3.1
500 1 55
400 2 10
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Mpencepaus, Trayanova Lab, JHU

h, Mkm Ny, MAH Ny, MIH

400 12 6.8
350 1.8 10
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Nesbin Xenyaouek, Trayanova Lab, JHU

h, Mmkm Ny, MAH Ny, MIH  BpeMs, MUH

680 0.97 5.4
400 4.5 27
375 55 33 15

350 6.8 41 20 10/20



UncneHHaa cxema




YUncneHHas cxema

- Cxema pacuienfieHns 1 HesiBHaa Cxema no BpemeHu

- MK3 ¢ Py 3anieMeHTaMu Ha TeTpasfpasbHbIX ceTKax

- PeanusoBaHo ¢ nomouybio naketa Ani3D (sf.net/p/ani3d)
-+ Cuctema Of1Y - SUNDIALS/CVODE

Ki+e¢g+1 = —KV" + Migotal
1 1 1 1. 1. 1
— K+ —MJ VT =M V" — —iion + —ii | = —Kigh™
(Xcm : ) <At Colen t XCm ’> XCm ie
Kire —maTpuua onepatopa —V - (o + 0¢)V

Ki - matpuua onepatopa —V - o;V
M - matpuua macc
o — BEKTOP HEN3BECTHbIX ¢

n

V' — BEKTOpP HeuU3BeCTHbIX V

i. — BeKTOp Mpasbix yacrtei l.
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UncneHHas Bepurkaumns: aHanuTUYecKoe peleHne

Q=1[0,1°
u=(uy,Uxu3), =0, liotar=0
(uy + u3 — v)2u3 + 0.5(u7 + uz — VU3 (v — u3)
f(u,v) = —(ur + us —V)u3
0
C vV—u
lion(U, V) = —7m(uw + U3 = V)Us(v — u3) + 6(X3)

TouHoe pelwenmne ¢ = —(1+ t)/2 cos(nx) cos(2my) cos(3n2)

HayanbHble yCNoBUS 1 MpoYre NapameTpbl 3afaHbl B
P. Pathmanathan, R. A. Gray, Verification of computational models of cardiac
electro-physiology. IJNMBE 2014; 30: 525-544.
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AHanu3 cxoaumMocCTun

Tabnuua 1: Monodomain Tabnuua 2: Bidomain
N [lerr||,, nopsamok N llerr|l, nopsapok
555 7.045e-1 - 555 2.737e-1 -
3202 2.777e-1 1.73 3202 9.534e-2 1.96
21476  7.271e-2 2.24 21476  2.501e-2 2.24
152351 2.038e-3 1.96 152351 6.824e-3 2.00

3afa4a C aHaNnUTUYeCKUM pelleHrem 13
P. Pathmanathan, R. A. Gray, Verification of computational models of cardiac
electro-physiology. IJNMBE 2014; 30: 525-544.
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N-version Benchmark, Niederer et al., 2011

Figure 1. (a) Schematic showing the dimensions of the simulation domain. The stimulus was
applied within the cube marked S. (b) Summary of points at which activation time was evaluated.
Activation times at points P;—Pg were evaluated and are available in the electronic supplementary
material. Plots of the activation time were evaluated along the line from P to Pg and plots of the
activation along the plane shown are provided in two dimensions.
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N-version Benchmark, Niederer et al., 2011
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Figure 2. Activation times along the blue line depicted in figure 15 between points Py and Pg for
solutions with A¢t=0.005ms and Az =0.1mm (red line), 0.2mm (green line) and 0.5mm (blue
line). Plot labels correspond to code indexing listed in table 4.
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N-version Benchmark, Niederer et al., 2011
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S. A. Niederer et al, Verification of cardiac tissue electrophysiology
simulators using an N-version benchmark Phil. Trans. R. Soc. 369, (2011). 14/20



CpaBHeHue c Chaste

- YpaBHeHusi Monodomain

- CeTka — Oxford Rabbit Heart

- KneTouHada mogenb — Mahajan 2008

- $1-S2 npoTokon aktusauum (t, = 170 Mc)

- [loctynHo pethepeHTHOe peweHne B Chaste
[TonHas noctaHoBKa 3aayn B

P. Pathmanathan, R. A. Gray, Verification of computational models of cardiac
electro-physiology. IJNMBE 2014; 30: 525-544.
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CpaBHeHue c Chaste

300 mc Ani3D Chaste
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CpaBHeHue c Chaste

400 mc Ani3D Chaste
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CpaBHeHue c Chaste

70
I:%
-8.6e+01
I

500 mc Ani3D Chaste
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Mpamaa 3agaya IKI




BekTopHaa moaenb JKI

Qneart — 2NEKTPUYECKUI BEKTOP CcepAaLa

Qheart :/aVv dv
Q

P — BEKTOP npoekunn oTeeaeHuns

S — CUTHan oTBefeHnA

S = Qheart " P

Kotikanyadanam M., Goktepe S., Kuhl E. Computational modeling of
electrocardiograms: A finite element approach toward cardiac excitation.
I[JNMBE 2010; 26: 524-533
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MonHas mopenb KM

Qg - Teno BOKPYr cepaua
[ext — BHELWHAA rpaHuLa

Iy — nHTepdenc mexay Q n Qq

=V - ((oi+ 0e)Vedo) =V - (oiVVv) BQ

-V (O’oV(bo) =] B Qo
n- (IOV(bo =0 Ha rext
+ HenpepbIBHOCTb ¢ Ha [y

v — pelleHue 3agauv Monodomain / Bidomain
¢o — INEKTPUYECKMI noTeHLman

00 — TEH30p NPOBOAUMOCTYU (HEOAHOPOAHbIN)
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[NlonHasa moAenb Tena YenoBeka

Mogenb VHP, ceTka CGAL Mesh, petweHue Ani3D
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[NlonHasa moAenb Tena YenoBeka

Mogenb VHP, ceTka CGAL Mesh, petweHue Ani3D

OtBefieHne 3K s =V, - py
Vi — TpaHCMeMBPaHHOe HanpsXeHue, py — PUKCMPOBAHHbIN BEKTOP
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YyBcTBUTENbHOCTb IKI K cermeHTaumm
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YyBcTBUTENbHOCTb IKI K cermeHTaumm
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YyBcTBUTENbHOCTb IKI K cermeHTaumm
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- [peAcTaBneHbl MeTofdbl CermeHTaLmn 1 NOCTPOEHNS CEeTOK

- Pa3paboTaHa Mofenb 3NeKTpon3nonormm Ha ocHose Ani3D

- [IpoBeAeHO CpaBHeHME C GeEHUMapKamu

- PazpaboTaHbl MeToAbl 6bICTPOro pelleHns npamon 3agaumn KM

- [lpoBefieH aHanms3 YyBCTBUTENbHOCTU JKI K cermeHTaumm
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Cnacnb6o 3a BHMMaHue!
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