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

Taylor et. al. 2016 

Геометрия ЛЖ, мышечные волокна и неоднородность миокарда 



Experimental data on regional heterogeneity in LV cellular activity 

Glukhov et al., 2012 

 

Cordeiro et al., 2003 
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Dilly et al., 2012 

 

Геометрия ЛЖ, мышечные волокна и неоднородность миокарда 
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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”. 

Left Ventricular Functional Geometry 

https://humananatomy-libs.com 

 Чумарная и др., Росс. Физиол. Ж., 2008 



Индексы функциональной геометрии: пространственно-временная 
неоднородность 
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•Региональные фракции выброса (REF)  

•Региональный показатель асинхронизма движения стенки левого желудочка (SAI) .  

•Коэффициенты вариации индивидуальных значений REF и SAI пациента – индексы 

пространственной и временной неоднородности движения стенки левого желудочка. 

Segments 

1-3 basal lateral 
4-8  mid lateral 

9-10  apical lateral 
11-12 apical septal 
13-17  mid septal 
18-20  basal septal 

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. 



Индексы функциональной геометрии: Индексы формы 
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Методы 
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Materials 
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Training set of the data for the classification model : 

24 healthy volunteers without signs of cardiovascular diseases and with normal 

systolic function (NSF); 

52 patients suffering from ischemic heart disease with preserved LV systolic 

function (ejection fraction >50%) – group with mild systolic dysfunction (MSD); 

25 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. 
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Segments 
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NSF MSD 

Functional Geometry: Regional Ejection Fraction. Training 

set.  

Group EF, % 

NSF 70±2 

MSD 65±4 

SSD 25± 2 *§ 
ED 

ES 

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

Training set  

r = -0.73; r2 = 0.52; p < 0.01; EF = 0.65 - 0.74 * CV REF 
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Classification model  
 

Methods 

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. 



Results: Classification models 
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NSF – 100% 
MSD – 100% 
SSD – 100% 

LV functional geometry  
model 

NSF – 13% 
MSD – 96% 
SSD – 100% 

Standard protocol  
model 

NSF – 45% 
MSD – 90% 
SSD – 100% 

Standard protocol + GLS 
model 

NSF MSD SSD 
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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.  

https://healthhearty.com 

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. 

 



To evaluate the time dependent changes in parameters of LV functional 

geometry in the transplanted heart by the analysis of echocardiographic 

LV images. 
g 

To test the hypothesis that the changes can be used as early markers of 

allograft dysfunction in the HT patients. 
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Aims 



Materials 
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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. 



Results: Acute rejection 
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LV functional geometry  
model 

Standard protocol  
model 

Standard protocol + GLS 
model 

MSD SSD 

Non Rejection 
94% 6% 

Rejection 79% 21% 

MSD SSD 

Non Rejection 
94% 6% 

Rejection 76% 24% 

MSD SSD 

Non Rejection 
82% 18% 

Rejection 10% 90% 

SSD SSD SSD 

NSF 
MSD 

NSF 
MSD NSF 

MSD 

Non rejection +  Acute rejection 



Materials 
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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).  



Results: Progression of CHF  

CHF MSD SSD 

II class 
100% 0% 

Progress 7% 93% 

III-IV class 0% 100% 

LV functional geometry  
model 

Standard protocol  
model 

Standard protocol + GLS 
model 

CHF MSD SSD 

II class 
93% 7% 

Progress 94% 6% 

III-IV class 7% 93% 

CHF MSD SSD 

II class 
96% 4% 

Progress 94% 6% 

III-IV class 4% 96% 

SSD NSF 

MSD 

SSD SSD 

NSF 
MSD 

NSF 
MSD 

II class CHF +  Progressive CHF III – IV class CHF 



Прогноз эффективности  
электрокардиостимуляционной  
ресинхронизирующей терапии у больных с 
дилатационной кардиомиопатией 
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Cardiac Resynchronization Therapy 
 

 

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:  
●67% of patients benefit from CRT,  
●39% of patients of patients receiving standard pharmacological therapy improve without CRT. 

СРТ - метод лечения ХСН, основанный 
на предсердно-синхронизированной 

бивентрикулярной стимуляции 
(стимуляции правого предсердия, 

правого желудочка и левого желудочка). 



Классификационная модель 
 

Мы использовали линейный дискриминантный анализ (LDA) для построения 

классификационных моделей прогноза ответа на СРТ. 

Блоки параметров Характеристики 

Демографические  пол, возраст, рост, вес 

Сердечная недостаточность  класс функциональной недостаточности 

ЭхоКГ ( стандартный протокол) Фракция выброса, Толщина задней стенки, межжелудочковой 

перегородки 

Конечно-диастолический , конечно – систолический объемы, Объем , 

ширина и высота левого предсердия, Деформация 

Функциональная геометрия  Индексы пространственной и временной неоднородности 

Индексы формы: Сферичности, Гибсона, Конусности, Сложности формы 

(Фурье) 

Лабораторные исследования  Общий анализ крови, Биохимический анализ крови, Калий, натрий, 

хлориды, Протромбиновое время, Протромбиновый тест 

ЭКГ  ЧСС, QRS, PQ, QT 



Модели прогноза в раннем послеоперационном периоде  

Модель 1 

Блоки параметров: Демографические, Сердечная недостаточность, Лабораторные исследования, ЭКГ, 

стандартный протокол ЭхоКГ. 

Значимость модели  Р<0.0001, коэффициент детерминации R2 = 0.79 

Точность классификации 88% ( специфичность 92%, чувствительность  82%),  точность кросс-проверки 86% 

Конечно-систолический размер до СРТ .225 

Конечно-систолический объем до СРТ -.017 

Толщина межжелудочковой перегородки (конечная 
систола)  до СРТ 

.455 

Толщина задней стенки (конечная диастола)  до СРТ -1.000 

Толщина задней стенки (конечная систола)  до СРТ .834 

Ширина правого предсердия до СРТ .182 

Деформация продольная до СРТ -.300 

Константа -27.192 

Нестандартизованные коэффициенты канонической 
дискриминантной функции 



Модели прогноза в раннем послеоперационном периоде  

Модель 2  

Блоки параметров: Функциональная геометрия, Демографические,  

Сердечная недостаточность, Лабораторные исследования, ЭКГ. 

Значимость модели  Р<0.0001, коэффициент детерминации R2 = 0.97 

Точность классификации 100% ( специфичность 100%, чувствительность  100%),  точность кросс-проверки 100% 

Конечно-диастолический размер до СРТ -.906 

Конечно-систолический размер до СРТ 1.464 

Ударный объем до СРТ .186 

Толщина межжелудочковой перегородки (конечная систола)  до 
СРТ 

1.881 

Толщина задней стенки (конечная диастола)  до СРТ -.785 

Толщина задней стенки (конечная систола)  до СРТ .554 

Ширина правого предсердия до СРТ -.172 

Площадь правого предсердия до СРТ .938 

Индекс пространственной неоднородности до СРТ 6.834 

Индекс временно неоднородности до СРТ -24.808 

Индекс конусности до СРТ 17.937 

Относительное изменение индекса Гибсона от диастолы к 
систоле  

31.958 

Константа -57.776 

Нестандартизованные коэффициенты канонической 
дискриминантной функции 

Подана заявка на патент: «Способ прогнозирования эффективности  электрокардиостимуляционной  
ресинхронизирующей терапии у больных с дилатационной кардиомиопатией в ранний 
послеоперационный период». В процессе регистрации. 



Персонифицированные математические модели и 
анализ данных для диагностики и прогнозирования 
эффективности лечения патологий сердца 
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Clinical Data of Patients 

26 

 

● Retrospective clinical data from 35 patients after CRT 

were used* 

● There are: 
○ Computer Tomography (CT) data, 

○ Magnetic Resonance Imaging (MRI) data, 

○ Information about the accurate location of CRT electrodes. 

 

 

 

 

 

 

 

                                       

An example of CT 
Data 

An example of MRI 
Data 

An example of CRT electrode 
position (X-Ray) 

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



A pipeline of patient-specific 
geometries reconstruction:  

1. Segmentation of the heart, torso, and lungs from the computer tomography data (Mevislab) 
2. The building of finite element tetrahedral meshes (GMSH, tetgen). 
3. Assignment of the myocardial fiber orientation field (Fenics, python). 
4. Calculation of the activation map (Fenics, python). 
5. Calculation of the cardiac extracellular potential, potentials on the torso, and ECG (Fenics, 

python). 

 

 

 

 

 

 

                             A pipeline of personalized cardiac modelling (for 35 patients). 

 27 



Electrodes location for ECG  
● We calculated 12-leads ECG signals. 

28 
A. Bazhutina et al., 2020 USBEREIT, Yekaterinburg, Russia, 
2020, pp. 0105-0108 





Electrophysiological Model  
● An Eikonal model[1]  was used for calculation of the heart activation time 

 

 

V is the conductivity tensor describing anisotropic properties of the myocardium; 

Ω is the myocardium volume; 

ta is a positive function describing the local activation time; 

 

30 

[1] Keener JP. An eikonal-curvature equation for action potential 
propagation in myocardium. J Math Biol. 1991; 29(7):629–651. 
[PubMed: 1940663] 

An example of the heart activation map calculated by 
Eikonal model. 

A. Bazhutina et al., 2020 USBEREIT, 

Yekaterinburg, Russia, 2020, pp. 
0105-0108 

  



ECG Calculation 
 ● Pseudo-bidomain model[2] for ECG calculation 

 

 

 
σi and σe are conductivity tensors of cardiac intra- and extra-cellular media; 

σt is conductivity tensor of torso domain; 

ue is cardiac extracellular potential; 

Vm is transmembrane potential; 

● TP06 model [3] of human ventricle cell electrophysiology for the action potential 

was used 
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[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 

32 

● Model electrodes location were varied in the RV and LV 
○ the RV electrodes (white points) - 3 positions 

○ the LV electrodes (black points) - 17 positions 

● In total 17*3*=51 electrodes position for each patient were considered. 

 
 

 

 

Original CRT electrodes 
location 

Variable CRT electrodes location 

E. F. Carpio, J. F. Gomez, R. Sebastian, A. Lopez-Perez, E. Castellanos, J. Almendral, J. M. Ferrero, and B. Trenor, “Optimization of lead placement in the 
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. 

● 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. 
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Results for the QRS duration 

 

 We improved CRT result for 32 of 35 patients. 
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A. Bazhutina et al., 2020 USBEREIT, 

Yekaterinburg, Russia, 2020, pp. 
0105-0108 
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