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Y4yaCTHUKU NpoeKTa:

MHcTUTYT ummyHonoruu u ¢pusuonornm YpO PAH (MNP YpO PAH), nabopaTopua matematuyeckon GpUsnonornm um.
B.C. MapxacuHa

YpanbCKuii rocyaapcTBeHHbIA MeaULMHCKUIL yHUBepcuTeT (YIMY): ueHTpanbHas Hay4yHO-UCCeA0BaTeNbCKas
nabopartopua YIMY (UHWUN), kadeapa xnmpypruyeckmx b6onesHen n cepaeyHo — cocyancton xmpyprium Yrmy
(KXBCCX)

CsepanoBcKaa obnacTtHaa KnnHunuyeckasa 6onbHMua Nel (COKB Neil)

Ypanbckuit pegepanbHbI YHUBEPCUTET, Hay4Haa nabopatopua «MaTemaTnyeckoe moaenmpoBaHmne B pU3nonorum
N MeguLMHe C UCNO/Ib30BAHMEM CyNnepPKOMMbIOTEPHbIX TeXHONOTNIA» (H/1 YpdY)

PYKOBOAOUTE/NDb NMPOEKTA: UgoB 3.M., a.m.H, npodeccop, 3aB. Kapeapon KXBCCX, c.H.c UHWU/., pupekTop
LleHTpa cepaua n cocyaos COKBb Nel

YymapHasa T.B., K.6.H., c.H.c. U YpO PAH, HN YpdY, UHUN

Muxaiinos C.IM., K.m.H., aoueHT KXBCCX, c.H.c. UHWU/, Bpau-Kapguoxupypr COKB Nel

LlWaxmaesa H.b., m.H.c UHWU/, Bpau Kapauonor COKb Nel

Anyesa H0.C., m.H.c. UHWUN, Bpauy pyHKLuMOHanbHO anarHoctuku COKB Nel,

BbiKoB A. H., K.M.H., 3aB. otaeneHmem «lMnaHosou Kapanonornn» COKb Nel

Conosbea 0.3., A.¢.-m.H, aupektop MNP YpO PAH, 3aB. H/1 YpdY
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reON\eTpl/lFl JI, MbllleYyHble BOJIOKHA U HeoOAHOPOAHOCTb MMNOKAPAA

LV Anatomy and Fiber Orientation. Myocardial Heterogeneity
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Poveda et. al. 2013

Taylor et. al. 2016



[eomeTpuma JIIK, MbllleYHble BO/NIOKHA M HEOAHOPOAHOCTb MMOKapAa

Experimental data on regional heterogeneity in LV cellular activity
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Left Ventricular Functional Geometry

Left ventricle

Right ventricle

https://humananatomy-libs.com

Relaxed Contracted

Dynamic changes in the left ventricular (LV) configuration during cardiac cycle contribute
essentially to the heart pump function optimization. These changes could be described by the

term LV “functional geometry”.

Yymaphas u ap., Pocc. ®usnon. XK., 2008



MeToabl

NHApeKcbl YHKLMOHANbHOM reOMEeTPUM: NPOCTPAHCTBEHHO-BPEMEHHASA
HeoAHOPOAHOCTb

EDS. —ESS. Segments
REF; = W 1-3  basal lateral
J 4-8  mid lateral
sa - [(ESS)) 9-10 apical lateral
T t(ESS) 11-12 apical septal
13-17  mid septal
CVREF = ~o(REF)) 18-20 basal septal
mean(REF;)

*PervoHanbHble ppakumum Boibpoca (REF)
*PernoHanbHbI NOKa3aTelb aCUHXPOHU3MA ABUKEHMA CTEHKM 1IEBOrO Kenyao4dka (SAl) .
*KoapPpuuUMeHTbl BapuaLmm MHAMBUAYaANbHbIX 3HadYeHult REF mu SAl naumeHTa — WMHOEKChbI

NPOCTPAHCTBEHHOMN M BPEMEHHOW HEOAHOPOAHOCTM ABUKEHUA CTEHKM N1E€BOTO Ke/yA04Ka.

Chumarnaya T. et al. Features of the Left Ventricular Functional Geometry in Patients with Myocardial Diseases with Varying Degrees of Systolic
Dysfunction. Bulletin of experimental biology and medicine. 2016; 162(1):30-34.



MeToabl

NHAeKcbl dYHKUMOHANbHOM reomeTpum: MHAeKChbl Gopmbl

UBanekc HNunekc 'mbcoHa HHIeKC KOHYCHOCTH Hunexkc dypwe
chepUIHOCTH
A —long axis
SA — short axis

\ D

SA - short axis "o =A +§(A sinig; +8, cosip,)
AA - Apex axis
r
Apl=AA/SA ®
SI=SA/LA
GI=S1 / S2 FSPI=2(A12+B12) /AO2

[DG Gibson et al.] [Di Donato et al.] [Kass et al]



Materials

Training set of the data for the classification model :

124 healthy volunteers without signs of cardiovascular diseases and with normal
systolic function (NSF);

Q52 patients suffering from ischemic heart disease with preserved LV systolic
function (ejection fraction >50%) — group with mild systolic dysfunction (MSD);

Q25 patients with dilatational cardiomyopathy (ejection fraction < 35%) - group
with significant LV systolic dysfunction (SSD).

Chumarnaya T. et al. Features of the Left Ventricular Functional Geometry in Patients with Myocardial Diseases with
Varying Degrees of Systolic Dysfunction. Bulletin of experimental biology and medicine. 2016; 162(1):30-34.



Functional Geometry: Regional Ejection Fraction. Training
set.

Segments
1-3 ba.f,al lateral REE — EDS; — ESS; Group EF. %
4-8 mid lateral 1 EDS;
9-10 apical lateral NSF 70+2
11-12 apical septal MSD 65+4
13-17 mid septal "
18-20 basal septal SSD 252

REF

03 -

O,l T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

— s R e ssp

* - p<0.05 between pathology and NSF, - p<0.05 between SSD and MSD
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Functional Geometry: Coefficients of variation in the REF.

Training set

90% -
o(REF))
CVREF = .
mean(REF;)
60%
L
L
30%
0%

CV REF

%

m SSD
m MSD
B NSF

90%
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Methods

Classification model

We used linear discriminant analysis (LDA) to build classification models of systolic

dysfunction.

Standard protocol
model
Set 1:

LV ejection fraction

LV end-diastolic (ED) volume

LV end-systolic (ES) volume

Stroke volume

Septum thickness (ED and ES)
Posterior LV wall thickness (ED and ES)

Standard protocol +GLS
model
Set 2:

Set 1

+

Global longitudinal strain (GLS)

LV functional geometry model
Set 3:

Coefficient of variation of REF
Coefficient of variation of SAI
Sphericity index (ED and ES)
Gibson index (ED and ES)

Apical conicity index (ED and ES)

Fourier shape-power index (ED and ES)

Chumarnaya T., Mikhaylov S.P., Idov E.M., Solovyova O. Classification Model of Heart Transplant Outcomes Based on Features of Left Ventricular
Functional Geometry // Computing in Cardiology. 2018. V.45.



The second discriminant function

Results: Classification models

Standard protocol

Standard protocol + GLS

model model
- - A [ -
Ll A A a A“ % a AAA
m ‘s 3 . AA Al A
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- A = =
e 00, E ] o o ‘; - I
e
2 A 3 = As
" “ae .. > - s ®o
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= A -
-4 -2 0 2 6 4 2 0 2 4

The first discriminant function

@ NSF

NSF—-13%
MSD —96%
SSD —-100%

The first discriminant function

A MSD M SsSD

NSF —45%
MSD —-90%
SSD —-100%

The second discriminant function

LV functional geometry
model

'

A A
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The first discriminant function

NSF —100%
MSD - 100%
SSD - 100%

2 4
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Heart transplantation (HT) is still the only possible life-saving
treatment for end-stage heart failure.
Acute rejection, chronic rejection and coronary artery

vasculopathy remain leading causes of morbidity and graft loss.

Currently the “gold standard” for the diagnosis of allograft rejection and coronary artery
vasculopathy is cardiac catheterization with endomyocardial biopsy and selective coronary
angiography, respectively.

The search for non-invasive techniques to assess cardiac allograft function remains a high

priority objective.

14



Aims

To evaluate the time dependent changes in parameters of LV functional
geometry in the transplanted heart by the analysis of echocardiographic
LV images.

To test the hypothesis that the changes can be used as early markers of
allograft dysfunction in the HT patients.

15



Materials

31 patients after orthotopic HT with postoperative period
from 1 to 9 years.
Each patient was evaluated several times in during observation.

Acute rejection:
20 patients with postoperative period less than 2 years.
Total 105 cases; 38 cases - acute rejection.

16



The second discriminant function

Results: Acute rejection

Standard protocol

Standard protocol + GLS

model model
6.’"""""? """""""""""""" s T S
: : . . c 6 B e 4
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The first discriminant function The first discriminant function
Non rejection + Acute rejection
MSD SSD MSD SSD
Non Rejection Non Rejection
94% 6% 94% 6%
Rejection 79% 21% Rejection 76% 24%

The second discriminant function

-6

LV functional geometry

2t

model
________________ P SRRV
Ship®, cc, o 7

++ *
° +::.'F|-’=b+;-° . :
CEr ST :
+ NE L LR LR ERELESERENES NS
T —— b
-8 6 -4 -2 (0] 2 4
The first discriminant function
MSD SSD
Non Rejection
82% 18%
Rejection 10% 90%
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Materials

31 patients after orthotopic HT with postoperative period
from 1 to 9 years.

Each patient was evaluated several times in during observation.

Progressive chronic heart failure:

17 patients with postoperative period more than 2 years (total 67 cases):

27 cases - II class of CHF according to New York Heart Association(NYHA) classification;
25 cases — III and IV class of CHF;

15 cases, when echocardiography was evaluated in a month before the adverse outcomes
(progression of CHF).

18



Results: Progression of CHF

Standard protocol Standard protocol + GLS LV functional geometry

The second discriminant function

model model model
_____________________________________ o P e e =~ e e S L T S o e e
s - 3 & 6: + -} i MSD, i
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The first discriminant function The first discriminant function The first discriminant function
Il class CHF + Progressive CHF M (11— 1V class CHF
CHF MSD SSD CHF MSD SSD CHF MSD SSD
Il class Il class Il class
96% 4% 93% 7% 100% 0%
Progress 94% 6% Progress 94% 6% Progress 7% 93%
-1V class 4% 96% -1V class 7% 93% -1V class 0% 100%
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Cardiac Resynchronization Therapy

CPT - metop neueHmna XCH, ocHoBaHHbIN
Ha NpeacepaAHO-CUHXPOHU3UPOBAHHOM
OMBEHTPUKYNAPHOM CTUMYAALUN
(ctumynsunm npasoro npeacepaus,
MPaBOro Kenyao4Ka U 1EBOFO XKeNyao4Ka).

S

Current selection criteria: HF, electrical dyssynchrony (QRSd 130 - 149 with left bundle branch block (LBBB)
or QRSd > 150) and LV dysfunction (LV EF < 35%)
OUTPUT:

067% of patients benefit from CRT,
039% of patients of patients receiving standard pharmacological therapy improve without CRT.



KnaccudpumKaumoHHaa moaenb

Mbl MCNONb30BANM IMHEMHBIN ANCKPUMMHAHTHbBIN aHanu3 (LDA) ana noctpoeHms

KnaccuPuKaLMOHHbIX Moaeie NporHo3a oteeTa Ha CPT.

BnoKku napameTpos

XapaKTepuUCTUKm

Hdemorpaduyeckme

nona, BO3pacT, POCT, BeC

Ce pAevYHaAa HeaAO0CTaTOYHOCTb

Knacc d)yH I-(LI,I/IOHafIbHOVl HEeONOCTaTOYHOCTH

3x0oKr ( cTaHAapTHbIM NPOTOKON)

®pakuma  Bblbpoca, TonwmMHa  3a4HEN  CTEHKW,  MENKMKENYI04YKOBOM
neperopoaKm
KOHeYHO-AMaCTONNYECKUIA , KOHEYHO — CUCTONMYEcKMn obbembl, Obbem ,

WMpPWHa M BblCOTa IeBOTO Npeacepavs, dedopmaums

®yHKUMOHaNbHAA reoMeTpua

NHAaeKcbl NPOCTPaHCTBEHHON U BPEMEHHON HEOAHOPOAHOCTH
NHpekebl dopmbl: ChepuyHoctn, TMbcoHa, KoHycHocT, CRoKHOCTU GOpMbI

(Pypbe)

NabopaTopHble UccneaosaHms

Obwmin aHann3 KpoBM, BMOXMMWYECKM aHanu3 KpoBu, Kanui, HaTpui,

xn0pudpl, NpoTpomburHosoe Bpems, MpoTPOMOUHOBLIN TeCT

IKI

4CC, QRS, PQ, QT




Mopgenu nporHo3a B paHHeM nocaeonepauuoHHOM nepuoge

Mogenb 1

Bnokn napametpos: lemorpapuyeckme, CepaeyHas HeAOCTaTOMHOCTb, JTabopaTopHble nccneaosanmsa, IKT,

CTaHZAPTHbIM NpoToKoa IXoKT.

3HaunmmocTb mogenn P<0.0001, koadduumeHT geTepmmnHaumm R? = 0.79

TouHOCTb KnaccudpuKkaumm 88% ( cneumdPpuyHocTb 92%, YyBCTBUTENBHOCTb 82%), TOYHOCTb KpOCC-NpoBepKu 86%

HectaHaapTM30BaHHble KO3GOULMEHTbI KAHOHUYECKOM

OVUCKPUMUNHAHTHOM QYHKLNK

KoHeyHo-cuctonmndeckunii pasmep go CPT
KoHeyHo-cuctonnyecknii ob6vem ao CPT

TonwmHa MeXKKenyao04KoBoM neperopogKm (KoHeuHas
cuctona) po CPT

TonuwmHa 3agHel cTeHKM (KoHeyHasa gmacTtona) go CPT
TonuwmHa 3agHel cTeHKM (KoHevyHas cuctona) ao CPT
WunpuHa npasoro npeacepaua go CPT

Hedopmauma npogonbHas go CPT
KOHCTaHTa

.225
-.017

455

-1.000
.834

182

-.300
-27.192

BepoATHOCTb DBITE pECNOHAEPOM
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3HaveHne JUCKPUMMHHAHTHON PYHKUMK




Moaenu nporHo3a B paHHem nocaeonepaLmoHHOM nepuoge

Mogenb 2

Bnoku napameTpoBs: PyHKLUMOHANbHAsA reomeTpus, lemorpadpuyeckue,

CeppeyHana HeoCTaTOYHOCTb, JTabopaTopHble nccneposanma, JKI.
3HaumMmocTb mogenm P<0.0001, koadpdpuumeHT aetepmmHaumm R? = 0.97

TouHocTb Knaccndmkaumm 100% ( cneumndpumuHoctb 100%, uysctBuTenbHoctb 100%), TOYHOCTbL Kpocc-nposepku 100%

HecTaHaapTM30BaHHble KO3GPULMEHTbI KAHOHUYECKOM

OVNCKPUMUHAHTHOM QYHKLMK
> 1004 © e
KoHeuyHo-anactonunyecknin pasmep go CPT -.906
KoHeuHo-cucTonuueckuii pasmep go CPT 1.464 = © Hepecnonaep
. 5] ® Pecnongep

YaapHbii 06bem go CPT 186 = go
TonwmMHa MeXKKeNnya04KoBOM NeperopoaKkm (KoHeuHas cuctona) Ao =

1.881 &
CPT g5
TonwmHa 3aHen cTeHKU (KoHeYHas amnacTtona) go CPT -785 2 RO+
TonuwuHa 3agHel cTeHKM (KoHeyHas cuctona) ago CPT 554 ¢

]
LWnpwnHa npasoro npeacepgma go CPT -172 &=
Mnowagb npasoro npegcepaua go CPT .938 E A0
MHAeKc NpocTpaHCTBEHHOM HeoaHopoaHocTh Ao CPT 6.834 E
MHaeKc BpemeHHO HeogHopoaHoctn ao CPT -24.808 % o
MHaeKc kKoHycHocTn o CPT 17.937 E‘ '
OTHOCUTENbHOE U3MEHeHMe nHAeKca MbcoHa oT AnacTonbl K 31.958
cnerone 00 SENDS
KOHCTaHTa -57.776 I I I I I
-10,00 -5,00 00 500 10,00

JHaveHHe JHCKPHMHHAHTHOW (hYHKUMH

[MoaaHa 3aABKa Ha NaTeHT: «Cnocob NporHo3npoBaHma 3OPEKTUBHOCTU 3NEKTPOKAPANOCTUMYNALNOHHOM
PECUHXPOHM3MPYIOLLLEN Tepanum y BObHbIX C ANNATALMOHHOM KapANOMMONaTUEN B PAHHNM
nocseonepauyMoHHbIA nepuoa». B npouecce perncrtpaumu.
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Clinical Data of Patients

e Retrospective clinical data from 35 patients after CRT

were used*

e There are:
o _Computer Tomography (CT) data,

tic Resonance Imaging (MRI) data,
e location of CRT electrodes.

An example of CRT electrode
position (X-Ray)

An example of CT An example of MRI
Data Data

*The clinical data was provided by Almazov National Medical Research Centre, Saint Petersburg

26



A pipeline of patient-specific
geometries reconstruction:

VW

Segmentation of the heart, torso, and lungs from the computer tomography data (Mevislab)
The building of finite element tetrahedral meshes (GMSH, tetgen).

Assignment of the myocardial fiber orientation field (Fenics, python).

Calculation of the activation map (Fenics, python).

Calculation of the cardiac extracellular potential, potentials on the torso, and ECG (Fenics,
python).

27



Electrodes location for ECG

® We calculated 12-leads ECG signals.

A. Bazhutina et al., 2020 USBEREIT, Yekaterinburg, Russia,
2020, pp. 0105-0108
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Integrative model of human heart

Sub-cellular

Cellular Whole organ




Electrophysiological Model

® An Eikonal model®! was used for calculation of the heart activation time
VVtIVVt, =1 in Q
tg = ?f() in I’

Vis the conductivity tensor describing anisotropic properties of the myocardium;

Q is the myocardium volume;

[1] Keener JP. An eikonal-curvature equation for action potential

t, is a positive function describing the local activation time; propagation in myocardium. J Math Biol. 1991; 25(7):625-651.
[PubMed: 1940663]

Time (ms) g 160
[ 130

100

A. Bazhutina et al., 2020 USBEREIT, e of the - lculated b 5
Velaterinburg, Russia, 2020,pp. A e e o oty e .



ECG Calculation

e Pseudo-bidomain model'?! for ECG calculation

—V - (0; +0.)Vu, =V -0,VV,,n
-V - O'tV’UJe =0

o; and o, are conductivity tensors of cardiac intra- and extra-cellular media;
o, is conductivity tensor of torso domain;
u, is cardiac extracellular potential;

V,, is transmembrane potential;

® TP06 model B! of human ventricle cell electrophysiology for the action potential

was used rRf ECG signal

40

Membrane Action Potential
of TPO& model

[} 20

-20

Potential, ¥m, mv

A

Membrane
40

HO

31

-80

100 200 300 400 500 .
QRS duration

[2] M. J. Bishop and G. Plank, “Bidomain ecg simulations using an augmented monodomain model for the cardiac source,” IEEE transactions on biomedical engineering, vol. 58, no. 8, pp. 2297-2307, 2011.
[3] K. H. Ten Tusscher and A. V. Panfilov, “Alternans and spiral breakup in a human ventricular tissue model,” American Journal of Physiology-Heart and Circulatory Physiology, vol. 291, no. 3, pp. H1088-H1100,
2006.



Where is the optimal location of the LV/RV
pacing electrodes

® Model electrodes location were varied in the RV and LV
O the RV electrodes (white points) - 3 positions
O the LV electrodes (black points) - 17 positions

® |ntotal 17*3*=51 electrodes position for each patient were considered.

LV RV LV
By LV electrode
(epicardium)

LV electrodes
(endocardium)

RV electrode RV electrodes

Original CRT electrodes Variable CRT electrodes location
location

E. F. Carpio, J. F. Gomez, R. Sebastian, A. Lopez-Perez, E. Castellanos, J. Aimendral, J. M. Ferrero, and B. Trenor, “Optimization of lead placement in the 32
right ventricle during cardiac resynchronization therapy. a simulation study,” Frontiers in physiology, vol. 10, p. 74, 2019.



Protocol of In-Silico Study

® The success of CRT is related to the shortening of the heart total activation time

and QRS duration.

e We calculated 17*3*=51 electrical activation cases for 35 patients (in total 1785

stimulations).

® We compared the total activation time and QRS duration in cases of the original

CRT electrodes and modelling electrodes location for each 35 patients.

Total activation time (TAT) [

-100

160

130

Rt ECG signal

QRS duration
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Results for the QRS duration

—e— Minimal values for virtual positions of CRT electrodes
—o— Values for real positions of CRT electrodes

100

90 -

QRSd
g
3
—A

704
60
50
B N N IR
Patient #

A. Bazhutina et al., 2020 USBEREIT,
We improved CRT result for 32 of 35 patients. Yekaterinburg, Russia, 2020, pp.
0105-0108 34
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