
MODELING THE CONTRIBUTIONS OF LEFT 

VENTRICULAR GEOMETRY, AFTERLOAD, AND FIBER 

ORIENTATION ON THE PROGRESSION OF HEART 

FAILURE WITH PRESERVED EJECTION FRACTION 
by 

Sujan Dewanjee 

 Supervisor: Dr. Sheikh Mohammad Shavik 

A thesis submitted in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE IN MECHANICAL ENGINEERING 

Department of Mechanical Engineering 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

Dhaka, Bangladesh 

December 2020 



ii 

MODELING THE CONTRIBUTIONS OF LEFT 

VENTRICULAR GEOMETRY, AFTERLOAD, AND FIBER 

ORIENTATION ON THE PROGRESSION OF HEART 

FAILURE WITH PRESERVED EJECTION FRACTION 
by 

Sujan Dewanjee 

Supervisor: Dr. Sheikh Mohammad Shavik 

A thesis submitted in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE IN MECHANICAL ENGINEERING 

Department of Mechanical Engineering 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

Dhaka, Bangladesh 

December 2020 







v 

DEDICATION 

Dedicated to My Parents and Brother 



vi 

TABLE OF CONTENTS 
LIST OF FIGURES .................................................................................................... ix 

LIST OF TABLES  ................................................................................................... xiii 

ACKNOWLEDGEMENT  ....................................................................................... xiv 

ABBREVIATION…………………………………………………………………...xv 

ABSTRACT ………………………………………………………………………..xvi 

CHAPTER 1 INTRODUCTION ................................................................................. 1 

1.1 Human Heart Anatomy in Brief .................................................................... 2 

1.2 Circulatory System: Systemic and Pulmonary Circulation ........................... 4 

1.3 Cardiac Cycle ................................................................................................ 6 

1.4 Left Ventricular Pressure-Volume Relationship ........................................... 7 

1.5 Contractility, Preload and Afterload ............................................................ 11 

1.6 Heart Failure ................................................................................................ 13 

1.7 Heart Failure with Preserved Ejection Fraction (HFpEF) ........................... 15 

1.7.1 Factors which Cause HFpEF ................................................................ 16 

1.7.2 The Most Common Symptoms of HFpEF ........................................... 16 

1.8 Progression of HFpEF ................................................................................. 17 

1.9 Finite Element Analysis of Human Heart ................................................... 18 

1.10 Objectives of the Study ............................................................................... 20 

CHAPTER 2 LITERATURE REVIEW .................................................................... 21 

CHAPTER 3 MODELING THE LEFT VENTRICLE AND CIRCULATORY 

SYSTEM .............................................................................................. 25 

3.1 Modeling the Systemic Circulatory System ................................................ 25 

3.2 Formulation of the Left Ventricular Finite Element model......................... 29 

3.3 LV Geometry, Meshing and Microstructure of the LV ............................... 33 



vii 
 

3.4 Constitutive Law of the LV ......................................................................... 37 

3.5 Calculation of Myocardial Strain ................................................................ 42 

3.6 Grid Independence Test ............................................................................... 43 

CHAPTER 4 RESULTS AND DISCUSSION .......................................................... 45 

4.1 Comparison between Simulation and Clinical Measurements for the Normal 

Subject ......................................................................................................... 45 

4.2 Comparison between Simulation and Clinical Measurements for the HFpEF 

Patient .......................................................................................................... 48 

4.3 Comparison of Strain between the Normal and HFpEF Case ..................... 51 

4.4 Comparison of Stress between the Normal and HFpEF case ...................... 54 

4.5 Summary...................................................................................................... 57 

4.6 Effect of LV Wall Thickness Change in HFpEF Patient ............................ 58 

4.6.1 Effect on PV Loop ............................................................................... 58 

4.6.2 Effect on Strain .................................................................................... 60 

4.6.3 Effect on Stress .................................................................................... 61 

4.6.4 Summary .............................................................................................. 62 

4.7 Effect of Preload Change in HFpEF Patient................................................ 63 

4.7.1 Effect on PV Loop ............................................................................... 63 

4.7.2 Effect on Strain .................................................................................... 65 

4.7.3 Effect on Stress .................................................................................... 66 

4.7.4 Summary .............................................................................................. 68 

4.8 Effect of Afterload Change in HFpEF Patient ............................................ 68 

4.8.1 Effect on PV Loop ............................................................................... 68 

4.8.2 Effect on Strain .................................................................................... 70 

4.8.3 Effect on Stress .................................................................................... 71 

4.8.4 Summary .............................................................................................. 72 



viii 
 

4.9 Effect of Fiber Orientation Change in HFpEF Patient ................................ 73 

4.9.1 Effect on PV Loop ............................................................................... 73 

4.9.2 Effect on Strain .................................................................................... 75 

4.9.3 Effect on Stress .................................................................................... 76 

4.9.4 Summary .............................................................................................. 78 

CHAPTER 5 CONCLUSION .................................................................................... 79 

5.1 Conclusions ................................................................................................. 79 

5.2 Limitations of the Work .............................................................................. 81 

5.3 Recommendation for Future Works ............................................................ 82 

REFERENCES ........................................................................................................... 83 

 

 
  



ix 
 

LIST OF FIGURES  
Figure 1. 1: Simplified structure of the human heart, and direction of blood flow 

through the heart chambers and heart valves. [13] .................................. 4 

Figure 1. 2: Circulatory pathway of the cardiovascular system during systemic and 

pulmonary circulation [14]. ..................................................................... 5 

Figure 1. 3: Brief presentation of the phases of cardiac cycle during systemic and 

pulmonary circulation [14]. ..................................................................... 7 

Figure 1. 4: (a) A typical pressure – volume (PV) loop, (b) PV loop with identifiable 

physiological parameters, and (c) PV loop with ESPVR and EDPVR [15].

 ................................................................................................................. 8 

Figure 1. 5: Wiggers diagram showing aortic, left atrical, left ventricular pressure; left 

ventricular volume; electrocardiogram; phonocardiogram with respect to 

heart cycle time [13]. ............................................................................... 9 

Figure 1. 6: Effect of change in (a) contractility, (b) preload, and (c) afterload on PV 

loop over single cardiac cycle [15]. ....................................................... 12 

 

Figure 3. 1: Schematic diagram of the modeling framework showing the LV FE model 

and other compartments of the systemic circulation which were modeled 

using their electrical analog [34]. .......................................................... 25 

Figure 3. 2: Simulation flow diagram for obtaining the steady state solution using the 

coupled LV FE lumped parameter systemic circulatory model. ........... 32 

Figure 3. 3: Half prolate ellipsoid geometrical models of LV, constructed based on 

the acquired MRI images of (a) normal subject and (b) HFpEF patient.

 ............................................................................................................... 34 

Figure 3. 4: LV geometry defined using a half prolate ellipsoid and discretized with 

quadratic tetrahedral elements ............................................................... 36 

Figure 3. 5: Linear transmural variation of helix angle associated with the myofiber 

direction from endocardium to the epicardium shown in a (a) real heart 

image and (b) computational model [94]. .............................................. 36 

Figure 3. 6: Variation of the helix angle associated with the myofiber direction from 

the LV endocardium to the epicardium used in the FE model .............. 37 



x 
 

Figure 3. 7:  Myocardial fiber direction f, sheet direction s and sheet normal direction 

n. ............................................................................................................ 38 

Figure 3. 8: Comparison of steady-state LV (a) PV loop, (b) volume waveforms, (c) 

pressure waveforms for normal case for different number of quadratic 

tetrahedral elements. .............................................................................. 44 

 

Figure 4. 1: Comparison between the model prediction and measurements for LV (a) 

PV loop, (b) volume waveforms and (c) pressure waveforms for the 

normal subject. ....................................................................................... 46 

Figure 4. 2: Scatter plot of simulated (y-axis) LV Volume from the model and 

measured (x-axis) LV Volume from the clinical data for normal case. The 

R-squared or co-efficient of determination value is 0.937. ................... 47 

Figure 4. 3: Scatter plot of simulated (y-axis) LV Pressure from the model and 

measured (x-axis) LV Pressure from the clinical data for normal case. The 

R-squared or co-efficient of determination value is 0.945. ................... 48 

Figure 4. 4: Comparison between the model prediction and measurements for LV (a) 

PV loop, (b) volume waveforms and (c) pressure waveforms for the 

HFpEF patient. ....................................................................................... 49 

Figure 4. 5: Scatter plot of simulated (y-axis) LV Volume from the model and 

measured (x-axis) LV Volume from the clinical data for HFpEF case. The 

R-squared or co-efficient of determination value is 0.964. ................... 50 

Figure 4. 6: Scatter plot of simulated (y-axis) LV Pressure from the model and 

measured (x-axis) LV Pressure from the clinical data for HFpEF case. 

The best linear fit for the pressure points had a R-squared or co-efficient 

of determination value of 0.982. ............................................................ 51 

Figure 4. 7: Longitudinal strain waveform calculated by the model for normal and 

HFpEF cases compared with echo measurements (dotted [99] and dashed 

[97] lines). .............................................................................................. 53 

Figure 4. 8: Circumferential strain waveform calculated by the model for normal and 

HFpEF cases compared with echo measurements (dotted [98] and dashed 

[97] lines) ............................................................................................... 53 



xi 
 

Figure 4. 9: Snapshot at (a) transverse cross section at midplane, (b) vertical cross 

section along central axis, (c) isometric orientation of myofiber stress at 

end systole for normal case. Color-map shows the stress values in kPa.

 ............................................................................................................... 55 

Figure 4. 10: Snapshot at (a) transverse cross section at midplane, (b) vertical cross 

section along central axis, (c) isometric orientation of fiber stress at end-

systole for HFpEF case, Color-map shows the stress values in kPa. .... 56 

Figure 4. 11 Comparison among (A) LV PV loop, (B) LV volume waveforms, (C) LV 

and aortic pressure waveforms for remodeling via wall thickness (WT) 

change for the HFpEF patient. ............................................................... 59 

Figure 4. 12: Circumferential strain for the variations of LV wall thickness (WT) 

change in HFpEF patient. ...................................................................... 60 

Figure 4. 13: Longitudinal strain for the variations of LV wall thickness in HFpEF 

patient. ................................................................................................... 61 

Figure 4. 14: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having LV wall thickness of (a) 1 cm, (b) 1.45 cm and (c) 

1.9 cm; Color-map shows the stress values in kPa. ............................... 62 

Figure 4. 15: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) LV 

and aortic pressure waveforms for different preloads in the HFpEF 

patient. ................................................................................................... 64 

Figure 4. 16: Circumferential strain for the variations of LV preload in HFpEF patient.

 ............................................................................................................... 65 

Figure 4. 17: Longitudinal strain for the variations of LV preload in HFpEF patient.

 ............................................................................................................... 66 

Figure 4. 18: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having preload of (a) 144.6 ml, (b) 168.6 ml and (c) 194.9 

ml; Color-map shows the stress values in kPa....................................... 67 

Figure 4. 19: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) LV 

and aortic pressure waveforms for afterload change (Rper, unit Pa ms 

ml−1) for the HFpEF patient. .................................................................. 69 

Figure 4. 20: Circumferential strain for the variations of LV afterload in HFpEF 

patient. ................................................................................................... 70 



xii 
 

Figure 4. 21: Longitudinal strain for the variations of LV afterload in HFpEF patient.

 ............................................................................................................... 71 

Figure 4. 22: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having afterload (Rper, unit Pa ms ml−1) (a) 110000, (b) 

192500; Color-map shows the stress values in kPa. .............................. 72 

Figure 4. 23: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) LV 

and aortic pressure waveforms for fiber angle change for the HFpEF 

patient. ................................................................................................... 74 

Figure 4. 24: Circumferential strain for the variations of LV fiber orientation in 

HFpEF patient. ....................................................................................... 75 

Figure 4. 25: Longitudinal strain for the variations of LV fiber orientation in HFpEF 

patient. ................................................................................................... 76 

Figure 4. 26: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having fiber orientation of (a) -50o/50o, (b) -60o/60o and (c) 

-70o/ 70o; colormap shows the stress values in kPa. .............................. 77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

LIST OF TABLES  
Table 3. 1: Time varying elastance model parameters for left atrium [31]. .............. 28 

Table 3. 2: Parameters of the closed loop lumped parameter circulatory model [31].

 ............................................................................................................... 29 

Table 3. 3: Parameters supplied as the initial conditions for the compartmental 

volumes and pressures. .......................................................................... 33 

Table 3. 4: Geometrical Parameters of LV for Normal and HFpEF baseline model.35 

Table 3. 5: Constitutive model parameters for the Left Ventricle. [57, 59] .............. 41 

 
Table 4. 1: Parameters matched with clinical data for normal subject. ..................... 47 

Table 4. 2: Parameters matched with clinical data for HFpEF case. ......................... 50 

Table 4. 3: Model predicted hemodynamic and functional indices for normal and 

HFpEF cases. ......................................................................................... 57 

Table 4. 4: Design of experiment to find the effect of wall thickness change in HFpEF 

patient. ................................................................................................... 58 

Table 4. 5: Design of experiment to find the effect of preload change in HFpEF patient.

 ............................................................................................................... 63 

Table 4. 6: Design of experiment to find the effect of afterload change in HFpEF 

patient. ................................................................................................... 68 

Table 4. 7: Design of experiment to find the effect of fiber orientation change in 

HFpEF patient. ....................................................................................... 73 

  



xiv 
 

ACKNOWLEDGEMENT 

I would like to express my deepest gratitude and indebtedness to my supervisor Dr. 

Sheikh Mohammad Shavik, Assistant Professor, Department of Mechanical 

Engineering, BUET for his kind supervision, constant guidance, encouragement, 

support, and thoughtful discussion throughout the entire research. Without his 

guidance, it was impossible to complete the thesis work. 

I am also grateful to the Department of Mechanical Engineering, BUET, for giving me 

the opportunity to use the “Postgraduate Computer Lab” for the research. 

I would like to acknowledge the contribution of Dr. Lik Chuan Lee, Associate 

Professor, Department of Mechanical Engineering, Michigan State University, for 

providing clinical data and giving permission to use these data for successful 

completion of this thesis. 

I wish to thank my parents, brother, relatives, colleagues, friends and well-wishers for 

their help and mental support during the research.  

 

Finally, I wish to thank almighty for everything in my entire life. 

 

Author 

 

 

 

 

 

 

 

 

 



xv 
 

ABBREVIATION 
HF : Heart Failure 

EF     : Ejection Fraction 

HFrEF     : Heart Failure with reduced Ejection Fraction 

HFpEF   : Heart Failure with preserved Ejection Fraction 

ED : End Diastole 

ES : End Systole 

LV : Left Ventricle 

LA : Left Atrium 

RV : Right Ventricle 

RA : Right Atrium 

SL : Semilunar Valve  

HTN : Hypertension  

DD : Diastolic Dysfunction  

AV : Atrioventricular Valve 

SV : Stroke Volume 

MR : Magnetic Resonance  

ECG : Electrocardiography 

DBP : Diastolic Blood Pressure  

SBP : Systolic Blood Pressure  

ESPVR : End-Systolic Pressure-Volume Relationship  

EDPVR : End-Diastolic Pressure-Volume Relationship  

TPR : Total Peripheral Resistance 

Ees : End Systolic Elastance 

Pes : End Systolic Pressure 

STE : Speckle Tracking Echocardiography  

 

 

 

 

 

 



xvi 
 

ABSTRACT 
Heart Failure with preserved ejection fraction (HFpEF) has emerged as a prevalent 

heart disease which has high risk of short-term and long-term mortality rate. HFpEF 

has been associated with a progressively impaired interaction between the left ventricle 

(LV) and the systemic arteries. The progression of HFpEF along with the key factors 

which contributes to this process, is an area of active research. Since the structural and 

functional changes of Left Ventricle (LV) governs the progression of HFpEF, 

computational models have emerged as a robust tool to study the features of HFpEF 

as well as to develop effective treatment plan in recent years. FE model of LV would 

help to assess the contributions of the key factors to the progression of HFpEF. In the 

present study a coupled LV FE-lumped parameter circulatory modeling framework 

has been developed and calibrated with the measurements acquired from a normal 

subject and a HFpEF patient. The models for normal and HFpEF cases reproduced the 

clinical datasets within acceptable limits though the longitudinal strain was found 

nearly equal for both the cases, which can be a consequence of higher ejection fraction 

found in the HFpEF case.  After that, the HFpEF model parameters such as, geometry 

(thickness 1 – 1.9 cm), preload (LV end diastolic volume 144.6 – 194.9 ml), afterload 

(110000 - 192500 Pa ms ml−1), and transmural myofiber orientation (fiber angle -

50o/50o to -70o/70o), were varied to physiologically reproduce the effects of these 

parameters on progression of HFpEF due to remodeling, diastolic dysfunction, 

hypertension, hypertrophy etc. which are the causes and effects of HFpEF progression. 

The model predicts features of HFpEF progression except increased circumferential 

strain as LV wall thickness is increased, which is found in HFpEF patient. Reduced 

preload replicated the prominent feature of HFpEF progression that is, decrease in 

longitudinal strain. So increased LV wall thickness with reduced preload can be a 

possible path of HFpEF progression. Increasing afterload predicts decrease in both 

circumferential and longitudinal strains, but the associated systolic pressure shows 

unphysiological increment. Change in fiber angle has negligible effect on LV 

functioning, but has a considerable effect on strains. It has been found that, though 

isolated variation of these parameters shows contribution towards progression of 

HFpEF, but it is likely that more than one mechanism has to be combined to reproduce 

all the pathophysiological features found during the progression of HFpEF. 
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CHAPTER 1 
INTRODUCTION 

The most common cause of death globally is Cardiovascular diseases, which accounts 

for 30% of global deaths [1]. More than 75% of these are because of coronary artery 

disease and stroke [1]. Smoking, being overweight, little exercise, high cholesterol, 

high blood pressure, and poorly controlled diabetes are the common factors which 

develops Cardiovascular diseases. These cardiovascular diseases frequently do not 

have symptoms or may cause chest pain or shortness of breath. Diagnosis of heart 

disease is often done by the taking of a medical history, listening to the heart-sounds 

with a stethoscope, ECG, and ultrasound etc. Ejection fraction which is the percentage 

of the volume of blood ejected from the left ventricle with each heartbeat divided by 

the volume of blood when the left ventricle is maximally filled, is being used as the 

indicator of Heart Failure (HF) clinically as, it is the most important clinical parameter 

that is used to detect HF. 

Heart failure with preserved ejection fraction (HFpEF) is a form of heart failure. In 

HFpEF, the ejection fraction is normal, which greater than 50% [2]. The ejection 

fraction is usually measured by echocardiography or cardiac catheterization. Roughly 

half of people with heart failure have HFpEF, while the other half have a reduction in 

ejection fraction, which is called heart failure with reduced ejection fraction (HFrEF).  

Hypertension,  diabetes, hyperlipidemia, smoking, and obstructive sleep apnea are the 

major risk factors for HFpEF [3]. In most cases HFpEF is marked by 

abnormal diastolic function. Usually in HFpEF there is an increase in the stiffness of 

the left ventricle. This in turn causes a decrease in left ventricular relaxation during 

diastole and resultant increased pressure and/or impaired filling [4]. HFpEF has been 

also found to be associated with the increased risk of atrial fibrillation and pulmonary 

hypertension.  

Over the years, computer heart models with realistic description of cardiac geometry 

and muscle architecture have advanced significantly [5-9]. Computer model prompts 

the researcher to investigate the root cause of heart diseases which cannot even be 

thought to be studied in clinical setting. There are some unresolved issues and aspects 

https://en.wikipedia.org/wiki/Heart_failure
https://en.wikipedia.org/wiki/Ejection_fraction
https://en.wikipedia.org/wiki/Echocardiography
https://en.wikipedia.org/wiki/Cardiac_catheterization
https://en.wikipedia.org/wiki/Hypertension
https://en.wikipedia.org/wiki/Diabetes
https://en.wikipedia.org/wiki/Hyperlipidemia
https://en.wikipedia.org/wiki/Smoking
https://en.wikipedia.org/wiki/Obstructive_sleep_apnea
https://en.wikipedia.org/wiki/Diastole
https://en.wikipedia.org/wiki/Left_ventricle
https://en.wikipedia.org/wiki/Pulmonary_hypertension
https://en.wikipedia.org/wiki/Pulmonary_hypertension
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that need improvements despite these significant advancements. The goal of this study 

is to investigate one of those issues by understanding the underlying mechanics in heart 

failure with preserved ejection fraction (HFpEF). 

This thesis focuses on the progression of HFpEF, due to the remodeling of Left 

Ventricular (LV) geometrical and structural parameters and change in afterload via 

computer simulation of the Finite Element Model of LV. Due to complex mechanisms 

of systemic and cardiac adaptation that vary over time, particularly with aging, HFpEF 

is usually progressive [10-11]. This highly prevalent, heterogeneous clinical syndrome 

grows by change in left ventricular (LV) size and structure in elderly who subjects 

with hypertension (HTN), LV diastolic dysfunction (DD) etc. These have prominent 

role in the pathophysiology of heart failure with preserved ejection fraction (HFpEF) 

[12]. This causes substantial morbidity and mortality and has no effective treatment. 

The current study will quantify the effects of changes in heart function due to 

undergoing changes in parameters like geometry, afterload, myo-fiber orientation in 

HFpEF diagnosed heart, and will relate these changes to clinical characteristics and 

risk of incident HF. This is a step towards developing strategies to prevent HF of 

HFpEF patient. 

This chapter discusses about basic anatomy and functioning of heart and the different 

viewpoints regarding progression of HFpEF, challenges as well as reliability concerns 

for impeding HFpEF progression. 

 

 

1.1 Human Heart Anatomy in Brief 
A muscular organ that pumps blood through the systemic and pulmonary vascular 

systems is known as heart. The basic task of the heart and vasculature is to sustain an 

adequate supply of oxygen and nutrients to all the tissues for all operating conditions 

of human body. The normal adult human heart is partitioned into four muscular 

chambers, two atria and two ventricles. (Figure 1.1). The left heart is comprised of the 

left atrium and left ventricle. It drives blood from the pulmonary veins to the aorta. 

The human left ventricle has an axisymmetric, truncated ellipsoid shape, that has 
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approximately 1 cm wall thickness [13]. The right heart comprises of right atrium and 

right ventricle that pumps blood from the vena cava to the pulmonary arteries. The left 

ventricle is more powerful than the right ventricle. Right ventricle has a crescent-shape 

and a thinner wall. Myofibers, which are arranged in a highly organized way, construct 

the heart wall. The local myofiber orientation alters along the transmural direction 

from the inner (endocardium) to the outer (epicardium) wall and is mostly 

circumferential at the mid-wall [13]. The tricuspid valve in the right heart and the 

mitral valve in the left heart isolate the atria from their corresponding ventricle. The 

valves are arranged in a manner to make sure one-way flow through the heart and 

forbids backward flow during the contraction of the ventricles. By preventing blood 

from flowing from the artery back into the ventricle the aortic and pulmonary valve 

separate each ventricle from its arterial connection and ensure unidirectional flow. The 

cardiovascular system works in a closed loop. The average human heart is a little larger 

than the size of average human fist and weighs between 200 to 425 grams. On an 

average heart beats 100,000 times, pumping about 2,000 gallons (7,571 liters) of blood 

each day [13]. The average of time of a single heartbeat is around 864 milliseconds. 

The heart, blood vessels (arteries, capillaries, and veins) and blood all together, 

construct the circulatory system. 
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Figure 1. 1: Simplified structure of the human heart, and direction of blood flow 

through the heart chambers and heart valves. [13]  

 
1.2 Circulatory System: Systemic and Pulmonary Circulation 
The cardiovascular system supplies oxygen and nutrients to the tissues and carries 

away waste materials that is to be eliminated by organs such as lungs, liver, and 

kidneys. The pulmonary and systemic circulations help in accomplishing this role. The 

pulmonary circulation is a low resistance, high capacitance bed, and the systemic 

circulation, in comparison, is a relatively high resistance vascular bed. As shown in 

Figure 1.2, the deoxygenated blood from the superior vena cava (from upper 

extremities, head, and chest wall), inferior vena cava (trunk, abdominal organs, and 

lower extremities) and the coronary sinuses (from myocardium) goes to the Right 

Atrium (RA). The RA is filled with deoxygenated blood, increasing pressure in the 

atrial chamber. As the atrial pressure exceeds the pressure in the RV, the tricuspid 

valve opens permitting this blood to enter the RV. As a result of this filling, and as the 
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RV starts to contract, the pressure in the RV builds up pushing the tricuspid valve to 

close and the pulmonary valve to open, thereby ejecting the blood into the pulmonary 

arteries and lung. Oxygenated blood from the lungs goes to the LA via the pulmonary 

veins and as a result, pressure in LA builds up and when it exceeds that of the LV, the 

mitral valve opens, permitting the blood to enter the LV. When the blood fills the LV, 

and as the LV starts to contract, the increase of the LV chamber pressure forces the 

mitral valve to close and aortic valve to open, thus ejecting blood into the aorta, that is 

to be distributed throughout the body. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2: Circulatory pathway of the cardiovascular system during systemic and 

pulmonary circulation [14]. 
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1.3 Cardiac Cycle 
The cardiac cycle consists of contraction and relaxation of both atria and ventricles 

(Figure 1.3). The heart does not contract or expand as a single unit. The cardiac cycle 

consists of cyclic structural and functional changes which the heart experiences every 

0.8 s on average to maintain the blood flow through the body. The cycle begins with 

an atrial systole. The atrial systole helps to, but is not essential for, ventricular filling, 

but it does become an important factor in a diseased heart. During this phase time, the 

atrioventricular (AV) valves are open, and the ventricles are relaxing. The semilunar 

valves (SL) (i.e., pulmonary valve and aortic valve) are closed, which stops re-entry 

of blood from the pulmonary artery or the aorta. The isovolumetric ventricular 

contraction (start of ventricular systole while the SL valves are closed) starts after the 

atrial systole, during which the ventricular volume remains constant. The 

isovolumetric ventricular contraction is preceded by the disperse of the electric 

impulse from the AV node to the rest of the ventricular myocardium. When the 

ventricular pressure becomes larger than the atrial pressure, the AV valves close, 

corresponding to the first heart sound, with the mitral valve closing fractionally before 

the tricuspid valve. The semilunar (SL) valves open as the pressure in the ventricles 

exceeds that of the pressure in the aorta and the pulmonary artery, which results rapid 

ventricular ejection. This results in a reduction in the ventricular volume because most 

of the ventricular blood (stroke volume) is ejected during this phase. The atria also 

begin to fill during this phase. At the end of the ventricular contraction the ejection of 

blood from the ventricles is slower as the ventricular pressure starts to drop. This is 

followed by isovolumetric ventricular relaxation characterized by closure of the aortic 

and pulmonic valves. The closure of the semilunar valves relates to the second heart 

sound. The AV valves are closed, and the ventricular volume stays constant. The 

pressure in the ventricles is decreased rapidly. While the ventricular pressure becomes 

less than the atrial pressure, the AV valves open indicating the end of the isovolumetric 

phase of ventricular relaxation and the onset of rapid ventricular filling. At the start of 

this phase of ventricular relaxation, there is passive filling of the ventricles with the 

blood from the atria, that is rapid. The rapid flow of blood from the atria into ventricles 

causes the third heart sound, that is normal in children but in adults is associated with 
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disease. Reduced ventricular filling sometimes referred to as diastasis, that is the 

longest period of the cardiac cycle, follows the rapid filling. Most of the myocardium 

gets its blood supply during this phase of the cardiac cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 3: Brief presentation of the phases of cardiac cycle during systemic and 

pulmonary circulation [14]. 

 

1.4 Left Ventricular Pressure-Volume Relationship 
Systole, and diastole are the two major phases of cardiac cycle. In systole the 

ventricular muscles convert from its totally relaxed state to the point of maximal 

mechanical activation or force. During diastole, the muscle relaxes from the end-

systolic (maximally activated) state back towards its resting state. The ventricular wall 

contracts and relaxes in each cardiac cycle. Correspondingly, during a cardiac cycle 

the mechanical properties of the ventricle are time-varying. The time-varying 

mechanical properties are linked to the pressure-volume relationship of the ventricle 

over the cardiac cycle (Figure 1.4 a), which is a suitable way to interpret the ventricular 

function. The PV points go around the loop in a counterclockwise direction as time 

proceeds in cardiac cycle. 
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(b) 

 
(c) 

 

Figure 1. 4: (a) A typical pressure – volume (PV) loop, (b) PV loop with identifiable 

physiological parameters, and (c) PV loop with ESPVR and EDPVR [15]. 
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Figure 1. 5: Wiggers diagram showing aortic, left atrial, left ventricular pressure; left 

ventricular volume; electrocardiogram; phonocardiogram with respect to heart cycle 

time [13]. 

 

Point A indicates the end of diastole or, start of the systole. Using this point as a 

reference, pressure rises but volume remains the same in the first part of the cycle 

which is known as the isovolumic contraction phase, where the ventricle contracts with 

both valves remaining closed. Ultimately ventricular pressure grows above the aortic 

pressure, the aortic valve opens (B), ejection begins, and volume starts to shrink during 

the ejection phase. After the ventricle gets to its maximum activated state (C, upper 

left corner of PV loop), the ventricular pressure drops below aortic pressure, following 

which the aortic valve closes and isovolumic relaxation initiates. Finally, filling starts 

when the mitral valve opens (D, bottom left corner) and terminates when the valve 

closes (A) and the cycle repeats. Several parameters and variables of physiologic 

importance can be taken from analysis of the PV loop (Figure 1.4 b). Specifically, the 

maximum volume of the cardiac cycle is described as the end-diastolic volume (EDV), 

which can be determined from point A (Figure 1.4 a). The minimum volume known 
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as the end-systolic volume (ESV) can be retrieved from point D, that is the ventricular 

volume at the end of the ejection phase. The difference between EDV and ESV 

determines the amount of blood ejected during the cardiac cycle and is referred as the 

stroke volume (SV). Near the top right of the loop, the point at which the ventricle 

begins to eject (the point at which ventricular pressure just exceeds aortic pressure and 

volume starts to decrease) can be identified. This pressure therefore reflects the 

pressure existing in the aorta at the start of ejection and is called the diastolic blood 

pressure (DBP). Aortic and ventricular pressures are essentially equal during the 

ejection phase. Therefore, the point of greatest pressure on the loop also signifies the 

greatest pressure in the aorta which is called the systolic blood pressure (SBP). The 

end-systolic pressure (Pes) is recognized as the pressure of the left upper corner of the 

loop. The pressure of the point at the bottom right corner (point D in Figure 1.4 a) of 

the loop is the pressure in the ventricle at the end of the cardiac cycle and is labeled as 

the end-diastolic pressure (EDP). Ventricular filling appears along the end-diastolic 

pressure-volume relationship (EDPVR), which is also called passive filling curve for 

the ventricle. The curvature of this line is decided by the mechanical properties of the 

muscle as well as the structural and geometrical features of the ventricle (e.g., wall 

thickness). The maximal pressure that can be built by the ventricle, is defined by the 

end-systolic pressure-volume relationship (ESPVR). An example of a PV loop is 

shown (Figure 1.4 c), that is bounded by the ESPVR and EDPVR. The upper left-hand 

corner (end-systolic point) of each loop appears on the ESPVR, while the bottom right 

part of the loop appears on the EDPVR. The slope of the ESPVR is recognized as the 

end-systolic elastance, Ees. It is a measure of the ventricular contractility. Wiggers 

diagram (Figure 1.5) shows aortic, left atrical, left ventricular pressure; left ventricular 

volume; electrocardiogram; phonocardiogram with respect to heart cycle time [13]. 
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1.5 Contractility, Preload and Afterload 
Contractility, preload, and afterload are three important ideas that are related to the 

ventricular function. Contractility implies to the intrinsic strength of the ventricle or 

cardiac muscle. It represents the intrinsic ability of the cardiac muscle to produce force 

that is not dependent on external loads or stretch. Myocardial contractility arises from 

the excitation-contraction coupling, the sequence of events that lead to myocardial 

contraction stimulated by electrical depolarization of the cells. Myocardial 

contractility can be changed by modifying one or combination of events (for instance, 

number of myofilaments available to participate in the contraction process, the amount 

of calcium released, etc.) related to the excitation-contraction coupling process. The 

end systolic elastance Ees is an indicator of contractility as it varies with the ventricular 

contractility (Figure 1.6 a) but is not influenced by the changes in the arterial system 

(afterload and preload). Preload is recognized as the hemodynamic load or stretch on 

the myocardial wall at the end of diastole but just before contraction begins. 

Ventricular preload can be anticipated by measuring 1) EDP, 2) EDV, 3) wall stress at 

end-diastole and 4) end-diastolic sarcomere length. In the clinical setting, EDP 

probably offers the most meaningful measure of preload in the ventricle and it is 

assessed by measuring the pulmonary capillary wedge pressure (PCWP) using a 

catheter which is placed through the right ventricle into the pulmonary artery. A 

change in preload controls the SV and pressure but end systolic elastance Ees stays 

same (Figure 1.6 b). Afterload is the hydraulic load enforced on the ventricle during 

ejection. This load is normally imposed on the heart by the arterial system. There are 

several measures of afterload, which are used in different settings. These are 1) aortic 

pressure, 2) total peripheral resistance (TPR), 3) arterial impedance and 4) myocardial 

peak wall stress. The change in afterload also affects the SV and pressure of the 

ventricle, but the Ees remains unchanged (Figure 1.6 c). 

 

 

 

 

 



12 
 

 

 

 
(a) 

 
(b) 

 

 
(c) 

 

Figure 1. 6: Effect of change in (a) contractility, (b) preload, and (c) afterload on PV 

loop over single cardiac cycle [15]. 
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1.6 Heart Failure 
Heart failure (HF) is an impaired condition when the heart cannot pump sufficiently 

to maintain blood flow to satisfy the body's requirements. Common causes of heart 

failure include coronary artery disease, including a previous myocardial infarction 

(heart attack), high blood pressure (hypertension), atrial fibrillation, valvular heart 

disease, excess alcohol use, infection, and cardiomyopathy of an unknown cause [13]. 

Shortness of breath, excessive tiredness, and leg swelling are the common symptoms 

and signs of heart failure. Limited ability to exercise is also a frequent feature.  Usually, 

heart failure occurs due to alteration of either the structure or the function of the heart. 

Heart failure is not the similar as heart attack (in which part of the heart muscle dies) 

or cardiac arrest (in which blood flow stops completely). The severity of the heart 

failure is graded by the seriousness of symptoms with exercise. The diagnosis is 

normally based on the symptoms, physical findings, and echocardiography. Blood 

tests, electrocardiography (ECG or, EKG), chest radiography, Magnetic resonance 

(MR) imaging and Computed Tomography (CT) scans may be effective to determine 

the underlying cause [13]. Treatment depends on the seriousness and cause of the 

disease. In people with chronic stable mild heart failure, treatment commonly consists 

of lifestyle adjustments such as stopping smoking, physical exercise, and dietary 

changes, as well as medications. In those with heart failure due to left ventricular 

dysfunction, patients need to be under drug treatments with constant consultation with 

the clinicians. Sometimes, depending on the cause, an embedded device such as a 

pacemaker or an implantable cardiac defibrillator may be suggested. In some moderate 

or serious cases, cardiac resynchronization therapy or cardiac contractility modulation 

may be of benefit. A ventricular assist device (for the left, right, or both ventricles), or 

occasionally a heart transplant may be advised in those with severe disease that persists 

despite all other procedures. Heart failure is a common, costly, and potentially fatal 

situation. Around 2% of adults have heart failure and among those over the age of 65, 

this increases to 6–10%. Rates are expected to increase. The probability of death is 

about 35% the first year after diagnosis, while by the second year the risk of death is 

less than 10% for those who stay alive [1].  
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Failed heart may have a reduced force of contraction due to overburdening of the 

ventricle. Increased filling of the ventricle results in increased contraction force in a 

normal heart, and thus a rise in cardiac output. In heart failure, this mechanism fails, 

as the ventricle is loaded with blood to the point where heart muscle contraction comes 

to be less efficient.  

One historical method of categorizing heart failure is by the side of the heart affected 

(right heart failure versus left heart failure). Right heart failure was thought to 

compromise blood flow to the lungs comparing with left heart failure compromising 

blood flow to the aorta and therefore to the brain and the rest of the body's systemic 

circulation. However, integrated presentations are common and left heart failure is a 

usual cause of right heart failure. 

More accurate classification of heart failure type is rendered by measuring ejection 

fraction, or the proportion of blood pumped out of the heart during a solo contraction. 

The ejection fraction is the fractional amount of the end-diastolic volume (EDV) that 

is ejected with each beat; that is, it is stroke volume (SV) divided by end-diastolic 

volume (EDV). 

EF(%) =
SV

EDV
X100% 

Where the stroke volume is given by, SV= EDV – ESV 

 

EF is inherently a relative measurement, as is any percentage, fraction, or ratio, 

whereas the stroke volume, end-diastolic volume or end-systolic volume are absolute 

quantities. The normal range of EF is between 50 and 70% [2].  

There are two types of Heart Failure, they are: 

 

1) Heart failure due to reduced ejection fraction (HFrEF): HFrEF is defined when 

ejection fraction less than 40% [2]. 

 

2) Heart failure with preserved ejection fraction (HFpEF): HFpEF occurs when the left 

ventricle contracts normally during systole, but does not relax normally during 

diastole, as the ventricle is stiff and, which impairs filling. 

 



15 
 

 

 Acute or chronic heart failure is also a category of heart failure. The acute 

decompensated heart failure can result in acute respiratory difficulty, that is worsening 

of chronic heart failure symptoms. Chronic heart failure is a long-term disorder, and it 

is usually kept stable by the treatment of symptoms. Due to enhanced cardiac demand 

high-output heart failure can occur, that results in increased left ventricular diastolic 

pressure that can develop into pulmonary congestion. 

 

Several terms are intimately related to heart failure and may be the cause of heart 

failure but, these should not be confused with HF. Cardiac arrest and asystole describe 

to situations in which no cardiac output occurs at all. These result in sudden death 

without urgent treatment. Myocardial infarction ("Heart attack") [16] refers to heart 

muscle damage due to inadequate blood supply, usually because of a clogged coronary 

artery. Cardiomyopathy refers explicitly to problems within the heart muscle, and 

these problems can result in heart failure. Ischemic cardiomyopathy suggests that the 

cause of muscle damage is coronary artery disease. The dilated cardiomyopathy 

implies that the muscle damage has resulted in expansion of the heart. On the other 

hand, Hypertrophic cardiomyopathy includes enlargement and thickening of the heart 

muscle [17]. 

1.7 Heart Failure with Preserved Ejection Fraction (HFpEF)  
The volume of blood pumped by the heart depends on two aspects: 

(a) The contraction of the cardiac muscle, how well the heart squeezes 

(b) The filling of the cardiac chambers, how well the heart relaxes and fills with 

blood 

Heart failure is categorized based on which of these two functions is abnormal [13]. If 

the heart muscle is too weak, then the condition is recognized as heart failure with a 

reduced ejection fraction (HFrEF).  

If the heart pumps as usual but is too stiff to fill properly, the condition is known as 

heart failure with preserved ejection fraction (HFpEF) and if EF is less than 50% [2] 

then it is called HFrEF. 
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1.7.1 Factors which Cause HFpEF 
It has been found from current research that HFpEF occurs when chronic medical 

conditions harm the heart and the other organ systems of the body [18]. The following 

medical circumstances can contribute to HFpEF: 

 

• Obesity 

• Hypertension (high blood pressure) 

• Diabetes mellitus 

• Chronic kidney disease 

• Atrial fibrillation 

• Coronary artery disease 

• Chronic obstructive pulmonary disease (COPD) 

• Obstructive sleep apnea 

• Anemia 

 

Though it is not always true, patients with HFpEF often have one or more of the above 

conditions. These conditions are assumed to gradually change the structure and 

function of the heart over time. These changes stiffen the heart and then making it 

more difficult for it to fill properly. Insufficient filling of the heart restricts the amount 

of blood pumped with each beat during exercise (or even at rest). At this point the 

patient starts to show symptoms. 

 

1.7.2 The Most Common Symptoms of HFpEF 
The followings are the common symptoms of HFpEF, 

• Shortness of breath with exertion or at rest 

• Decreased exercise tolerance 

• Chest discomfort 

• Swelling in the lower extremities 

• Fatigue 

• Shortness of breath lying flat 
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The buildup of blood/fluid in the lungs, veins, and tissues of the body can be the source 

of the symptoms of HFpEF. As the heart is not filling sufficiently fluid backs up into 

these areas. The buildup of fluid in the lungs can cause shortness of breath while fluid 

in the legs causes swelling. These symptoms can also originate from the heart not being 

able to pump enough blood during exercise, or high workload. This can lead to 

decrease in an individual’s exercise capacity and fatigue. 

 

1.8 Progression of HFpEF 
Heart failure (HF) disproportionately affects the elderly who predominantly develop 

HF with preserved left ventricular (LV) ejection fraction (HFpEF), for which no 

efficacious therapies exist. HFpEF has emerged as a prevalent heart disease which has 

high risk of short-term and long-term mortality rate recently. Though the ejection 

fraction, the systolic function might become impaired in HFpEF patients [19 - 21] 

which is not well understood so far. On the other hand, HFpEF has been associated 

with a progressively impaired interaction between the left ventricle (LV) and the 

systemic arteries [22, 23]. Recent data flashes important role of LV diastolic 

dysfunction, ventricular remodeling, hypertension, myocyte stiffness, hypertrophy, 

fibrosis etc. on the progression of HFpEF [24]. Very few human data exist from 

broader samples linking the factors affecting progression of HFpEF. The knowledge 

for the natural history of clinical progression from the pre-clinical diastolic 

dysfunction (PDD) until the final clinical stages is considerably limited. The 

subclinical progression of PDD to the clinical phenotype of HFpEF and the further 

clinical progression to some more complex clinical models with multi-organ 

engagement, similar to heart failure with reduced ejection fraction (HFrEF), continue 

to be poorly recognized. Prospective studies are needed to explain the natural history 

of clinical progression in patients with HFpEF and to identify the exact left ventricular 

remodeling, other related physiological variation in the mechanism that underlies this 

progression. The relevant clinical trials are suboptimal in their design, and the 

treatment to a great degree is empiric [25]. The pathophysiology of HFpEF is likely to 

be multifactorial [26, 27]. The number of patients with HFpEF is increasing, partly 

that is related to the diastolic left ventricular (LV) dysfunction due to aging and to 
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contributing other comorbidities. The comorbidities have a noticeable effect on the 

diastolic LV function and on the appearance of the clinical characteristics of heart 

failure (HF) syndrome, in both phenotypes of HFrEF and HFpEF [25]. Probably the 

identification of the left ventricular remodeling and other physiological mechanism 

that underlie the HFpEF, would help to identify the natural history and progression of 

the syndrome. 

 

1.9 Finite Element Analysis of Human Heart  
 The goal of computational modeling of heart is to advance mechanistic insight, 

inspired diagnosis, and innovative therapies for cardiovascular disease by combining 

imaging sciences, mathematical modeling, informatics, and cardiovascular biology. 

Advances in medical imaging facilitate acquisition of the structure of vessels and the 

whole heart with high resolution has greatly enhanced the potential of developing 

realistic three-dimensional (3D) computational models in recent years. Then the 3D 

model of heart is solved using efficient FEM (Finite Element Method) solver to 

replicate the physiology more accurately [28]. Moreover, the increase in the amount 

of clinical data has improved the field of cardiovascular informatics. The 3D 

computational models of cardiac anatomy and function combined with clinical data 

can be used to create advanced patient-specific models which can boost the 

understanding of cardiovascular diseases. Computational simulations can cost-

efficiently prototype the mechanics and the biology of important components of the 

cardiovascular system. For example, a mathematical model can be developed to 

simulate the electrophysiological behavior of the myocardium once heart anatomy and 

structure of the heart is well-defined in 3D. Moreover, electromechanical heart models 

can mimic the overall organ function to structures from molecular level [29]. 

Pathological changes, that cause structural and functional cardiac remodeling, may 

affect the cardiac electromechanical performance [30]. Methods, aiming to simulate 

both types of remodeling were developed by researchers. Cardiovascular modeling has 

matured and is progressing towards personalized medicine. The study of cardiac flow 

is separated into cardiac and vascular hemodynamics. The former includes blood flow 

in heart chambers, while the latter confers blood transport to/from these chambers via 
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cardiac vessels. As simplified models can be readily employed in large vessels, the 

more sophisticated computational modeling focuses on the circulation of smaller 

arteries by incorporating mathematical lumped-parameter models to simulate the heart 

cycle [31]. As boundary conditions play a significant role in computational 

hemodynamics their proper establishing is important for the validity of the 

computational models. Therefore, lumped-parameter models can serve computational 

studies of larger vessels hemodynamics to tune the boundary conditions of the exterior 

arteries. Computational modeling has been recognized by manufacturers and 

regulatory officials as an economical, yet reliable tool to improve the device design 

with optimized efficacy. On the other hand, virtual intervention/surgery planning is a 

promising future step for computational models, wherein device type, sizing, and 

procedural guidelines might potentially be optimized in complicated clinical cases 

[32]. Computational models of heart still face several challenges that need to be 

addressed for the introduction of customized computational medicine into clinics. The 

Cardiovascular pathogenesis is accompanied by several other co-morbidities, such as 

diabetes and pulmonary edema, that is initiated and accompanied by several risk 

factors including smoking, obesity, and other negative life habits. More realistic 

prognoses and diagnoses would only be obtained if these confusing factors are also 

included. Over past few years the uses of FEM techniques to model different 

compartments of heart has been greatly strengthened to recreate hemodynamic 

behavior of human physiology considering the coupled peripheral mechanisms and 

closed loop circulation of blood [33-35]. Though these models are successful to predict 

pathophysiology of Heart failure to a certain extent, but using such modeling 

framework with the capability of simulating the physiological, hemodynamic, and 

functional indices found in HFpEF is relatively new in cardiovascular research society. 
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1.10 Objectives of the Study 
Finite element model of the LV with realistic geometry and microstructures is coupled 

to a closed-loop lumped parameter circulatory model to simulate the cardiac cycle in 

a normal subject as well as a HFpEF patient. The geometry of LV is created based on 

the Magnetic Resonance (MR) images acquired from the normal subject and the 

HFpEF patient. The models are calibrated with the clinical measurements observed in 

the normal subject and the HFpEF patient. 

  

The specific aims of this study are: 

1. To develop a lumped-finite element modeling framework of the systemic 

circulation that uses 3D FE models of the LV of normal subject and HFpEF 

patient. 

2. To calibrate the model with the clinical measurements of left ventricular 

volume and pressure waveforms acquired from the normal subject and the 

HFpEF patient. 

3. To quantify the longitudinal and circumferential strain and stress distributions 

in LV for both cases. 

4. To use the calibrated HFpEF model to quantify the contributions of some key 

factors, such as the LV geometry, afterload, and LV fiber orientation on the 

progression of HFpEF.    
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CHAPTER 2 
LITERATURE REVIEW 

One of the major causes of the death globally is Heart disease. Computational models 

are being used increasingly to better understand the mechanics of the normal and 

diseased heart. Over the years Finite element (FE) modeling of the heart having 

realistic geometry and architectural assembly of cardiac muscle descriptor has 

advanced significantly. Coupling between electrophysiology and mechanics [36-38] 

and long-term remodeling of the heart [39-42] have been achieved using such models. 

Though animal and clinical studies were most used to understand the mechanisms and 

effects of novel treatments and diseases in the past, computer models are increasingly 

used to explain the pathophysiology of heart diseases and mechanisms of treatments 

such as cardiac resynchronization therapy and surgical ventricular restoration [43-45]. 

Computational models can be used to supplement the animal and clinical studies 

because of their versatility and low cost. In animal studies often only a limited number 

of parameters can be manipulated without affecting the others. It makes the process 

very difficult to distinguish between the contributions of different factors that may 

affect the pathophysiology of heart diseases. Nevertheless, computer heart models that 

are validated based on physiological principles are reproducible and has the flexibility 

to investigate the isolated effects [46, 47] of each parameter without the confounding 

effects of others. There are some issues still unresolved and facets that need 

improvements. Additionally, accurate heart models will prompt the researchers to 

address important unanswered questions about human heart diseases that is not 

possible through experimentation. Using these models, patient specific medication 

plan can be developed swiftly in case of urgency, which is time consuming via 

traditional treatment process. 

 

According to the literature, FE models of the heart were developed either separately 

[45, 48-50] or an electrical analog of the circulatory system was coupled to the FE 

model in open [42, 51-54] or closed loop manners [34, 35]. The coupled electrical 

analog was developed using a simplified representation of the heart’s peripheral 

system, which is based on a time-varying elastance function. Though outlet boundary 
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conditions the FE ventricular model is generally coupled to a Windkessel model [35] 

to simulate the ejection of blood in an open-loop circulatory modeling framework. In 

this process the ends are restricted using physiological conditions. By increasing and 

constraining the ventricular cavity volume the isovolumic phases and expansion are 

simulated. So that the four distinct cardiac phases form a closed pressure volume loop 

to simulate actual heart functioning, the free parameters in the modeling framework 

are adjusted for both methods. Closed loop circulatory modeling framework is 

believably more physical since the total blood volume is naturally conserved in the 

cardiovascular system. In electrical analog (or lumped parameter) and finite element 

LV coupled model, the ventricular-arterial interactions and the peripheral 

cardiovascular system is described [55, 56], using highly idealized electrical circuit 

elements such as resistor, capacitor, and voltage generator. From the beginning of the 

mathematical modeling of cardiovascular system, one of the major challenges was to 

model cardiac fiber contraction. Initially only passive contraction [57] model, which 

is the imposed contraction of cardiac muscle due to its surrounding mechanical 

conditions, was used. But this does not accurately model cardiac functioning. Accurate 

description of ventricular active contraction behavior is particularly important in 

ensuring that the model predictions are consistent with well-established physiological 

principles at the whole heart level. Active contraction is driven by complicated process 

which includes calcium ions association-dissociation, number of actin sites available 

to react with myosin, classical kinetics, differential equation etc. A number of 

constitutive relations [58-60] for active fiber stress in cardiac muscle was proposed. 

These relations give some tuning parameters to fit experimental data from the 

literature. This description of active contraction is still developing and an active 

research area. 

 

Approximately one-half of all chronic heart failure (HF) patients are associated with 

Heart failure with preserved ejection fraction (HFpEF). The occurrence of HFpEF is 

increasing at a rate of about 1% per year, [2,61, 62] with mortality rates comparable to 

HF with reduced ejection fraction (HFrEF) [63, 64]. Patients diagnosed with HFpEF 

are older and most of them have hypertension [2]. Though new therapies are being 

proposed [65-69] and discovered, but there is still no proven treatment option currently 
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exists for HFpEF patients [26, 70]. Many pathological features are present which 

impairs LV filling [71] such as, cardiomyocyte stiffening, [72] concentric hypertrophy 

[73], slow LV relaxation, [72] etc. Diastolic dysfunction, which was previously 

referred to as diastolic HF [62, 74], was initially believed to be the only mechanism 

underlying HFpEF. Recent studies have suggested that myocardial contractility in 

HFpEF patients may also be impaired. So, the original notion that systolic function is 

preserved, as EF is preserved in this syndrome [75-78] is also under question. It has 

been found that LV ejection fraction (EF) and end-systolic elastance (Ees) are normal 

or increased in HFpEF. This suggests the preservation or increment of global 

ventricular contractility [22, 79]. Contradictorily, HFpEF diagnosed hearts exhibit 

decreased global longitudinal strain, which in turn suggests that myocardial 

contractility is decreased. Only using clinical or experimental studies, these prominent 

conflicting observations are difficult to resolve. HFpEF patients also shows increased 

LV mass, increased vascular resistance (afterload), altered LV geometry. These has 

individual and coupled effect on longitudinal strain, which in turn confuse the link 

between myocardial contractility and longitudinal strain. But computational modeling 

framework inherently solve this problem by isolating the factors affecting LV function 

and progression in HFpEF patients. So, it is possible to separate the individual roles 

and contributions of these factors over preclinical and subclinical stages of HFpEF. 

However, there are only some studies that have explored the use of computational 

modeling to understand ventricular mechanics in HFpEF [80-84]. As understanding 

the mechanisms for progression of HFpEF provides the opportunity, to target these 

mechanisms in therapeutic or preventive strategies, the transition among stages of 

HFpEF is an area of intense research [85]. The traditional understanding of HFpEF 

progression is focused on structural left ventricular remodeling, left ventricular 

hypertrophy, hypertension, left ventricular diastolic dysfunction, left atrial dilatation, 

macrovascular stiffening, left ventricular fibrosis, etc. which involve both central and 

peripheral factors [86-87]. But until now, very few studies have been conducted to 

understand the mechanisms underlying the pathophysiology of HFpEF [10, 88]. 

Recent computational study investigated effect of increased myocardial stiffness [89] 

on HFpEF progression. So, to the best of our knowledge, the effects of LV geometry, 
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fiber orientation and after load on HFpEF progression have not received much 

attention so far which is the primary goal of this study. 
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CHAPTER 3 
MODELING THE LEFT VENTRICLE AND CIRCULATORY 

SYSTEM 
This chapter discusses the details about the systemic circulatory model, the finite 

element model of left ventricle and their coupling. 

 

3.1 Modeling the Systemic Circulatory System 
The systemic circulatory system was modeled using a Finite element model of the LV 

and coupling it with other compartments of the systemic circulation using a closed-

loop lumped parameter circulatory model.  

 

 
Figure 3. 1: Schematic diagram of the modeling framework showing the LV FE 

model and other compartments of the systemic circulation which were modeled using 

their electrical analog [34]. 

 



26 
 

 

 

 

 

Electrical analogs (Figure 3.1) were used to model other components of the circulatory 

system, namely, the left atrium (LA), the systemic arteries and the veins. As the total 

mass of blood in the circulatory system has to be conserved, the rate of volume change 

in each storage compartment of the circulatory system must be related to the net change 

of inflow and outflow rates by the following equations [34], 
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Where, 

 VLA, VLV, Vart and Vven are volumes of left atrium, left ventricle, systemic arteries, and 

systemic veins respectively, where the subscript LA, LV, art and ven denotes the left 

atrium, left ventricle, systemic arteries, and systemic veins, respectively. qven, qmv, qao 

and qper are flow rates at systemic veins, mitral valve, aorta, and peripheral system 

respectively (Figure 3.1).  

 

The flowrate depends on the pressure gradient and resistance to flow as described by 

the following equations at each segment [34],  
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Where, Rao and Rmv are the aortic valve and mitral valve resistances. The peripheral 

and venous vessel resistance of the systemic circulation are denoted by Rper and Rven 

respectively. The pressure in each storage compartment can be obtained as a function 

of its volume by incorporating the compliance of each vessel. The following pressure 

volume relationships were used in the model for the veins and the aorta [34], 
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Where, 

       Vven(0)   and Vart(0)  are resting volume of the veins and aorta, respectively. 

       Cven and Cart is the total compliance of the venous system and aorta, respectively. 

 

Pressure in the left atrium PLA(t) was calculated from a function of its volume VLA(t) 

by the following equations that describe its contraction which uses a time-varying 

elastance function e(t)  [34]: 
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          Where, 
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In Equations (11 a) & (11 b), Ees,LA  is the end-systolic elastance of the left atrium, V0,LA  

is the volume axis intercept of the end-systolic pressure volume relationship (ESPVR) 

of LA, and both ALA and BLA are parameters of the end-diastolic pressure volume 

relationship (EDPVR) of the left atrium. Here, the driving function e(t) is given in 

Equation (11 c) in which tmax is the point of highest chamber elastance of the LA, and 

τ is the time constant of relaxation of the LA. The values of Ees,LA, V0,LA, ALA, BLA, tmax, 

and τ are listed in Table 3.1. Pressure in the Left Ventricle depends on its 

corresponding volume through non-closed form functions, 

 =( ) ( ( ));,
LVP t f V tLV cav LV  (12) 

The functional relationships between pressure and volume of the LV has been achieved 

using the FE method described in the next section. 

 

Table 3. 1: Time varying elastance model parameters for left atrium [31]. 

Parameters Units Values 

(Normal and HFpEF 

baseline) 

End-systolic elastance, Ees,LA Pa/ml 60 

Scaling factor for EDPVR, ALA Pa 58.67 

Time constant of relaxation, τ ms 25 

Exponent for EDPVR, BLA ml−1 0.05 

Time to end-systole, tmax ms 120 

Volume axis intercept, V0,LA ml 10 

(11 c) 
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Table 3. 2: Parameters of the closed loop lumped parameter circulatory model [31]. 

Parameters Units Values 

(Normal 

baseline) 

Values 

(HFpEF 

baseline) 

Peripheral resistance, Rper Pa ms ml−1 150000 110000 

Mitral valve resistance, Rmv Pa ms ml−1 500 500 

Aortic valve resistance, Rao Pa ms ml−1 1600 500 

Venous resistance, Rven Pa ms ml−1 2,000 2,000 

Resting volume for vein, Vven,0 ml 3430 2900 

Venous compliance, Cven ml Pa 0.3 0.3 

Aortic compliance, Cao ml Pa 0.007 0.01 

Resting volume for aorta, Vart,0 ml 670 740 

 

 

 

 

 

3.2 Formulation of the Left Ventricular Finite Element model  
The left ventricle was modeled using the finite element method. The weak form 

associated with the left ventricular finite element model was derived based on the 

minimization of the following Lagrangian functional [90, 91], 

 

                       (uLV, pLV, PLV,cav, c1,LV, c2,LV) =  

 
0, 0,

0,

0,

( )  ( 1)    

( ( ) )    , ,

;  

LV LV

LV

LV

W dV p J dVLV LV LV

P V V dVLV cav LV cav LV

dV

− − −
 

− − −





 





uLV

u c uLV 1,LV LV
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In the above equation, uLV is the displacement field, PLV,cav  is the Lagrange multiplier 

to constrain the cavity volume VLV,cav(uLV) to a prescribed value VLV [90], pLV is a 

Lagrange multiplier to impose incompressibility of the tissue (i.e., Jacobian of the 

deformation gradient tensor JLV = 1), and both c1,LV  and c2,LV  are Lagrange multipliers 

to constrain rigid body translation (i.e., zero mean translation) and rotation (i.e., zero 

mean rotation) [91]. The functional relationship between the cavity volumes of the LV 

to its displacement fields is provided by 

 

 

 = = −
  

1
( ) .  ;, 3inner inner

V dv daLV cav u x nLV LV LV  (14) 

 

Where, Ωinner is the volume enclosed by the Гinner surface and the basal surface at z = 

0, and nLV is the outward unit normal vector. 

 

Taking the first variation of the functional in Equation (13) leads to the following 

expression: 
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In Equation (15), PLV  is the first Piola Kirchhoff stress tensor, FLV is the deformation 

gradient tensor, δuLV, δpLV, δPLV,cav, δc1,LV, δc2,LV  are the variation of the displacement 

field, Lagrange multipliers for enforcing incompressibility and volume constraint, zero 

mean translation and rotation, respectively. The Euler-Lagrange problem then 

(15) 
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becomes finding uLV∈ H1(Ω0.LV), pLV ∈ L2(Ω0.LV), PLV,cav ∈ ℝ, c1,LV ∈ ℝ 3, c2,LV∈ ℝ 3 that 

satisfies 

 

        (uLV, pLV, PLV,cav, c1,LV, c2,LV) = 0;  

 

Boundary Condition, 0z =u  (for constraining the basal deformation to be in-plane).  

 

 An explicit time integration scheme was used to solve the ODEs in Equations (1), (2), 

(3), (4). Specifically, compartment volumes (VLA, VLV, Vart, Vven) at each timestep ti was 

calculated from their respective values and the segmental flow rates (qven, qmv, qao, 

qper) at previous timestep ti−1 in Equation (1)-(4). Then the computed compartment 

volumes at ti were used to update the corresponding pressures (PLA, PLV,cav , Part, Pven). 

Pressures in the left atrium (PLA), aorta (Part) and veins (Pven) were calculated from 

Equations (11), (10) and (9) respectively. On the other hand, pressures in the LV 

(PLV,cav)  was calculated from the FE solutions of Equation (16) with the volume (VLV) 

at timestep ti  as input. Here PLV,cav is scalar Lagrange multiplier in the FE formulation 

for constraining the cavity volumes to the prescribed values (VLV). The computed 

pressures at timestep ti were then utilized to update the segmental flow rates in 

Equations (5), (6), (7), (8) that will be used to calculate the compartment volumes at 

timestep ti+1 in the next iteration. The steady-state pressure-volume loop was 

established by running the simulation over several cardiac cycles, each with a cycle 

time of 773 ms (equivalent to 78 bpm) for normal subject and 900 ms (equivalent to 

67 bpm) for the HFpEF case. All the parameter values used in the circulatory model 

are listed in Table 3.2. The initial conditions are tabulated in Table 3.3. The modeling 

framework was implemented using FEniCS [92], which is an open-source platform for 

solving PDEs. The simulation flow diagram for obtaining steady state solution using 

the described model is shown below:   

 

 

 

 

(16) 



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2: Simulation flow diagram for obtaining the steady state solution using 

the coupled LV FE lumped parameter systemic circulatory model. 
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Table 3. 3: Parameters supplied as the initial conditions for the compartmental 

volumes and pressures. 

Parameters Units Values 

Part  mmHg 0 

Pven  mmHg 0 

PLA  mmHg 0 

PLV,cav mmHg 0 

Vven ml 3700 

Vart ml 740 

VLA ml 12 

 

 

3.3 LV Geometry, Meshing and Microstructure of the LV 
Clinical data (Pressure, Volume for a single cardiac cycle) and MR images of left 

ventricle had been acquired from a normal subject and a patient who was diagnosed 

with HFpEF in National Heart Center (NHC), Singapore. LV endocardium surfaces 

were constructed (Figure 3.3) based on the acquired MR images of Normal patient and 

for HFpEF case. Using the reconstructed LV endocardium surfaces, the 3D LV 

geometry was created using a half prolate ellipsoid shape. The LV volume was 

constructed to match the minimum pressure condition which is a position in between 

ESV and EDV, but near to EDV, as acquired from the clinical data. The geometrical 

parameters of the LV models are shown in Table 3.4. Here the wall thickness of LV 

has been adjusted using previous studies [10, 24]. 
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(a) 

 

 
(b) 

Figure 3. 3: Half prolate ellipsoid geometrical models of LV, constructed based on 

the acquired MRI images of (a) normal subject and (b) HFpEF patient. 
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Table 3. 4: Geometrical Parameters of LV for Normal and HFpEF baseline model. 

 Normal HFpEF baseline 

 Model 

(unloaded) 

Clinical 

(at minimum 

pressure) 

Model 

(unloaded) 

Clinical 

(at minimum 

pressure) 

Cavity Diameter 

(cm) 

(at basal plane) 

4.63 4.72 5.5 5.31  

Length (cm) 4.82 4.86 5.49 5.49 

Wall 

thickness(cm)  

1.13 _ 1.45 _ 

 

The LV geometry was discretized (Figure 3.4) with 1150 - 1450 quadratic tetrahedral 

elements which was determined using grid independence test (Section 3.6). So, there 

were 10 nodes for each quadratic element, and each has 3 Degrees of freedom (DOF) 

in three cartesian co-ordinate directions. So, each quadratic element has total 30 DOF. 

The microstructure of Heart is fibrous. The myocardial fiber of left ventricle is 

arranged helically across its length (Figure 3.5). The helix angle associated with the 

myofiber direction was varied with a linear transmural variation from 60◦ at the 

endocardium to −60◦ at the epicardium in the LV for both normal and HFpEF cases 

based on previous experimental measurements [93, 94] (Figure 3.6). 
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Figure 3. 4: LV geometry defined using a half prolate ellipsoid and discretized with 

quadratic tetrahedral elements 

 

 
 

Figure 3. 5: Linear transmural variation of helix angle associated with the myofiber 

direction from endocardium to the epicardium shown in a (a) real heart image and (b) 

computational model [94]. 
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Epicardium 

Endocardium 
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Figure 3. 6: Variation of the helix angle associated with the myofiber direction from 

the LV endocardium to the epicardium used in the FE model 

 

 

3.4 Constitutive Law of the LV 
An active stress formulation was utilized to describe the LV’s mechanical behavior in 

the cardiac cycle. In this formulation, the stress tensor PLV  can be disintegrated 

additively into a passive component PLV,p  and an active component PLV,a (i.e., PLV = 

PLV,a +  PLV,p ). The active stress PLV,a  applied along the local fiber orientation [58]. 

 

 The passive stress tensor was defined by  

 =
dWLV
d

PLV, p FLV

 (17) 

 

Endocardium 

Fiber direction 

Epicardium 

Fiber direction 
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Where, WLV is a strain energy function of a Fung-type hyperelastic material and FLV 

is the deformation tensor gradient for Left ventricle. [58]. 

 

 = −
1

( 1);
2

QW C eLV  (18) 

Where, 

 
2 2 2 2 2( )

2 2 2 2      ( );

Q b bff xx

bfx

= + + + + +

+ + +

E E E E Eff ss nn sn ns

E E E Efn nf fs sf

 (19) 

Here, C is a material parameter (unit is Pa) that can be varied to change the stiffness of 

the material (resembles Young's modulus). The values of material parameters bff, bxx 

and bfx can be modified to change the stiffness along the direction of myofibers and 

the plane perpendicular to the myofibers to get polar anisotropic response. The values 

of material parameters bff, bxx and bfx that are used in this model are based on the 

previously published studies [57, 59]. The parameter C has been adjusted to match the 

measured end-diastolic pressure (EDP) of the normal and HFpEF cases.  

In Equation (19), Eij with (i, j) ϵ (f, s, n) are components of the Green-Lagrange strain 

tensor ELV with f, s, n denoting the myocardial fiber, sheet, and sheet normal directions, 

respectively (Figure 3.7). 

 
 

Figure 3. 7:  Myocardial fiber direction f, sheet direction s and sheet normal 

direction n. 
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The active stress PLV,a was computed along the local fiber direction using a previously 

developed active contraction model [59, 95]. 

 

 = 

+

2
0  ;max 2 2

0 50

CaT Ct
C ECa a

P e eLV,a f f0
 (20) 

 

In the above equation, ef   and ef0 are, respectively, the local vectors characterizing the 

muscle fiber direction in the current and reference configurations, Tmax is the isometric 

tension attained at the longest sarcomere length and Ca0 denotes the peak intracellular 

calcium concentration. The length dependent calcium sensitivity ECa50 and the variable 

Ct are given by, 

 

 =
− −

( )0 max ;50
exp( ( )) 10

CaECa
B l l

 (21) 

 = + + ;1 2 3C w w wt  (22) 

 

In Equation (21), B is a constant, (Ca0)max is the maximum peak intracellular calcium 

concentration and l0 is the sarcomere length at which no active tension develops. The 

variables w1, w2, w3 in Equation (22) is given by 
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In the above equation, t0 is the time taken to reach peak tension and tr is the duration 

of relaxation of Left ventricle. Time ttrans0 and ttrans  are used to specify the transition 

time for the different functional relations. In between ttrans0 and ttrans the relation is 

linear. Before ttrans0 the relation is sinusoidal and after ttrans the relation is exponential 

decay. 

The sarcomere length l can be calculated from the myofiber stretch λLV by 

 

  = . ;LV e C ef0 LV f0  (25) 

 = ;l lLV r  (26) 

 

In Equation (23), = ;TC F FLV LV LV
 is the right Cauchy Green deformation tensor and lr is 

the relaxed sarcomere length. Parameter values related to the LV constitutive model 

are tabulated in Table 3.5. 
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(24) 
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Table 3. 5: Constitutive model parameters for the Left Ventricle. [57, 59] 

 Parameters Description Values 

(Normal 

baseline) 

Values 

(HFpEF 

baseline) 

Passive 

material 

model 

C material parameter, kPa 0.05 0.05 

bff material parameter 29 29 

bxx material parameter 26.6 26.6 

bfx material parameter 16 16 

Active 

contraction 

model 

Tmax isometric tension under 

maximal activation, kPa 

400 170 

Ca0 peak intracellular calcium 

concentration, µM 

4.35 4.35 

(Ca0)max maximum peak intracellular 

calcium concentration, µM 

4.35 4.35 

B governs shape of peak 

isometric tension-sarcomere 

length relation, µm−1 

4.75 

 

4.75 

 

l0 sarcomere length at which no 

active tension develops, 

µm 

1.58 

 

1.58 

 

tr Left ventricular relaxation time 

constant, ms  

35 

 

60 

 

t0 time to peak tension, ms 350 330 

ttrans time constant, ms 350 350 

ttrans0 time constant, ms 340 340 

lr relaxed sarcomere length, µm 1.85 1.85 
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3.5 Calculation of Myocardial Strain  
Regional three-dimensional strains in the longitudinal and circumferential, and 

directions were computed using end-diastole as the reference configuration. 

Specifically, the myofiber stretch in these directions were expressed as:  

 

  = . ;i e C ei LV i  (27) 

where, = ;TC F FLV LV LV
 is the right Cauchy-Green deformation tensor, and ei  with i ϵ 

(l, c) are the unit vectors in the longitudinal l and circumferential c directions, 

respectively. The radial direction er is described to be normal to the LV wall. The 

circumferential direction ec is described to be orthogonal to er and the apex-base 

direction. Finally, the longitudinal direction, el is described to be orthogonal to both er 

and ec . Therefore, this longitudinal direction is tangential to the LV cavity wall surface. 

Euler-Almansi strains were calculated using the following definitions [34]: 

 

 



= −
1 1

(1 );
22i
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 (28) 

The spatially averaged strain has been computed for each time step by, 

  =


0,

1
;,

LV
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 (29) 
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3.6 Grid Independence Test 
 

To establish consistency in the finite element results with the variation of element 

numbers, grid independence study was conducted. Simulation study has been done for 

element size ranging from 240 - 1870 quadratic tetrahedral elements. After 800 

element numbers, the results do not change significantly with the number of elements. 

PV loop, LV volume and pressure waveforms for normal LV model are shown in 

Figure 3.8 for the variations of number of quadratic tetrahedral elements of the LV 

model. As change in pressure is more prominent than volume, we see that the 

maximum difference between the pressure values for 1150 elements and 1870 

elements is only ~1.91%. But running the model with 1870 elements significantly 

increase the simulation time. Therefore, to efficiently simulate the cases with respect 

to simulation time, 1150 - 1450 elements was chosen for the numerical simulation of 

the different cases in this study. From this discussion we can conclude that the results 

presented in this study are mesh independent. 
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(a) 

 
(b) 

 
(c) 

Figure 3. 8: Comparison of steady-state LV (a) PV loop, (b) volume waveforms, (c) 

pressure waveforms for normal case for different number of quadratic tetrahedral 

elements. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

The model has been calibrated with the clinical data of one normal subject and one 

HFpEF patient acquired from National Heart Center (NHC), Singapore. With these 

two models it has been verified that model can successfully predict the subject specific 

or patient specific characteristics. Later, the calibrated HFpEF model has been used to 

study some of the possible paths of progression by varying relevant parameters.  The 

model parameters that correspond to the geometry, afterload and fiber orientation were 

changed for different cases. The results (hemodynamics and overall mechanical 

behaviors) obtained from these HFpEF models with isolated change in geometry or, 

afterload or, fiber direction was compared with the baseline HFpEF model (calibrated 

with patient data). 

4.1 Comparison between Simulation and Clinical Measurements for 

the Normal Subject 

The PV loops, volume and pressure waveforms of the LV for the normal subject 

predicted by the model were closely matched with the measured data as shown in the 

Figure 4.1. The measured EDV (94 ml) and ESV (26.9 ml) were reasonably matched 

with the model (94 ml EDV and 29.4 ml ESV). As a result, the EF was 68.7% for the 

model which is close to the measured EF of 71.3% (which is within the normal range 

> 55%). Pressure waveforms of the LV (Figure 4.1) in the baseline case were also 

showed good match with the measurements. The simulated aortic pressure waveform 

is within the normal range with an aortic pulse pressure of 48 mmHg (systolic: 125 

mmHg, diastolic: 77 mmHg). R-squared values of the scatter plots of simulated vs. 

measured volume and pressure are 0.937 and 0.945 respectively, which confirms a 

good fit. The parameters matched for normal subject are tabulated in Table 4.1. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 1: Comparison between the model prediction and measurements for LV (a) 

PV loop, (b) volume waveforms and (c) pressure waveforms for the normal subject. 
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Table 4. 1: Parameters matched with clinical data for normal subject. 

Parameter matched Measured value Model value Error (%) 

EDV (ml) 94 94 0 

ESV (ml) 26.9 29.4 9.2 

EF (%) 71.3 68.7 3.6 

ESP (mmHg) 125 125 0 

 

 
Figure 4. 2: Scatter plot of simulated (y-axis) LV Volume from the model and 

measured (x-axis) LV Volume from the clinical data for normal case. The R-squared 

or co-efficient of determination value is 0.937. 

R² = 0.937 
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Figure 4. 3: Scatter plot of simulated (y-axis) LV Pressure from the model and 

measured (x-axis) LV Pressure from the clinical data for normal case. The R-squared 

or co-efficient of determination value is 0.945. 

 

4.2 Comparison between Simulation and Clinical Measurements 

for the HFpEF Patient 
 

Similar to the normal case, the PV loops, volume and pressure waveforms of the LV 

for the baseline HFpEF case as predicted by the model were reasonably matched with 

the measurements as shown in the Figure 4.4. 163.7 ml (measured 167.7 ml) EDV and 

60 ml (measured 58.3 ml) ESV was found from the HFpEF model. So, Model 

prediction of the LV ejection fraction (EF) was 63.3% (clinical EF = 65.2%), which is 

within the normal range in humans. Aorta pressure waveforms shows that the HFpEF 

patient has a hypertensive systolic pressure of 137.8 mmHg (> 130 mmHg) (Figure 

4.4). The aortic pulse pressure is around 52.4 mmHg (systolic: 137.8 mmHg, diastolic: 

85.4 mmHg). R-squared values of the scatter plots of simulated vs. measured volume 

and pressure are greater than 0.964 and 0.982 respectively, which confirms a good fit. 

The parameters matched for HFpEF case are tabulated in Table 4.2. 

R² = 0.945 
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(a) 

 
(b) 

 
(c) 

Figure 4. 4: Comparison between the model prediction and measurements for LV (a) 

PV loop, (b) volume waveforms and (c) pressure waveforms for the HFpEF patient. 
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Table 4. 2: Parameters matched with clinical data for HFpEF case. 

Parameter matched Measured value Model value Error (%) 

EDV (ml) 167.7 163.7 2.3 

ESV (ml) 58.3 60 2.9 

EF (%) 65.2 63.3 2.9 

ESP (mmHg) 137 137.8 0.58 

 

 
Figure 4. 5: Scatter plot of simulated (y-axis) LV Volume from the model and 

measured (x-axis) LV Volume from the clinical data for HFpEF case. The R-squared 

or co-efficient of determination value is 0.964. 

R² = 0.964 
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Figure 4. 6: Scatter plot of simulated (y-axis) LV Pressure from the model and 

measured (x-axis) LV Pressure from the clinical data for HFpEF case. The best linear 

fit for the pressure points had a R-squared or co-efficient of determination value of 

0.982. 

 

 

 

 

4.3 Comparison of Strain between the Normal and HFpEF Case 
The longitudinal and circumferential strain profiles have been created for the normal 

and baseline HFpEF cases (Figure 4.7 and 4.8). Clinically, longitudinal and 

circumferential strains in LV are generally measured using 2D-Doppler and speckle 

tracking echocardiography (STE) [96-98]. Typical strain profiles for normal humans 

measured in clinics are also shown in the figure (Figure 4.7 and 4.8). For the 

circumferential strain, the model predicted profile was consistent with measurements 

found in humans. The simulated circumferential strain peaks about 350 ms during 

systole which falls in the range of 300 - 400 ms for the clinical measurements. Also, 

similar to the clinical measurements, a rapid change in the circumferential strain occurs 

at late diastole at around 600 ms for the normal case arising from the contraction of 

R² = 0.982 
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left atrium. On the other hand, although the shape of the simulated longitudinal strain 

profile is largely similar to the measurements, but the rate of relaxation during the 

isovolumic relaxation phase is much slower compared to the clinical measurements 

(Figure 4.7). For normal case, the peak circumferential and longitudinal strain values 

of 0.20 and 0.32, respectively falls within the clinical measurements [75]. For the 

baseline HFpEF case, the peak circumferential is significantly reduced (by 0.6 

absolute) compared to the normal (0.26 in baseline HFpEF vs. 0.32 in normal). 

Whereas the peak longitudinal strain slightly increased (by 0.01 absolute) for the 

baseline HFpEF case compared to the normal. It has been found the longitudinal strain 

becomes impaired due to HFpEF [99]. A clinical trial including 219 HFpEF patients 

demonstrated that LV peak longitudinal and peak circumferential strains are 

significantly lower in HFpEF patients when compared with normal cases [75]. 

However, studies have also suggested that reduction in peak longitudinal strain in 

HFpEF patients are related to the presence of some previously unrecognized 

myocardial systolic dysfunction associated with this disease [100] and correlates to the 

reduction in EF during the progression of this disease [75]. The baseline HFpEF patient 

considered in this study has a relatively high EF of 63.3%, which can be a possibility 

for the model prediction of 21% peak longitudinal strain similar to the normal subject. 

As the disease progresses, the peak longitudinal strain of this HFpEF patient will 

eventually decrease significantly compared the normal. 
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Figure 4. 7: Longitudinal strain waveform calculated by the model for normal and 

HFpEF cases compared with echo measurements (dotted [99] and dashed [97] lines).  

 
Figure 4. 8: Circumferential strain waveform calculated by the model for normal and 

HFpEF cases compared with echo measurements (dotted [98] and dashed [97] lines) 
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4.4 Comparison of Stress between the Normal and HFpEF case 
 

The myofiber stress is associated with the ventricular remodeling [101]. Although the 

myofiber stress cannot be measured in-vivo or, clinically, computational models can 

be used to calculate the myofiber stress which can provide important insights on 

ventricular mechanics and remodeling. The myofiber stress distribution for entire LV 

at end-systole for normal and baseline HFpEF cases are shown in Figure 4.9 and Figure 

4.10. We have considered the end-systolic point as the myofiber stress becomes the 

maximum at this point for a cardiac cycle. The peak stress for baseline HFpEF case is 

higher compared to the normal case. Elevated myofiber stress is a feature that is 

associated with ventricular remodeling [101]. So, the stress distribution found in the 

HFpEF patient’s LV is reasonable. The range of stress values for normal and HFpEF 

cases (85 to 110 kPa) are within the range found in previously reported studies [102, 

103]. The location of peak stress is mostly in the endocardium wall for both normal 

subject and HFpEF case as it can be seen from the colormaps. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 9: Snapshot at (a) transverse cross section at midplane, (b) vertical cross 

section along central axis, (c) isometric orientation of myofiber stress at end systole 

for normal case. Color-map shows the stress values in kPa. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 10: Snapshot at (a) transverse cross section at midplane, (b) vertical cross 

section along central axis, (c) isometric orientation of fiber stress at end-systole for 

HFpEF case, Color-map shows the stress values in kPa. 
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4.5 Summary 
Table 4.1 shows the different hemodynamic and functional indices predicted by the 

model for normal and baseline HFpEF. We can see though the ejection fraction is 

within normal range for both normal and HFpEF cases, but the HFpEF patient has 

increased EDV that shows the symptoms of remodeling and increased systolic blood 

pressure which is the symptom of hypertension. HFpEF patient has higher end-

diastolic pressure (EDP) (19.3 mmHg in HFpEF vs. 7.5 mmHg in normal) than normal 

which suggests HFpEF patient’s LV is stiffer than the normal LV. Clinically, EDP 

higher than 15 mmHg is considered as sign of diastolic dysfunction which is a common 

feature in HFpEF. In addition, the peak circumferential strain significantly decreased 

in HFpEF patient compared to the normal whereas the peak longitudinal strain almost 

remained same. The peak LV myofiber stress is higher in HFpEF than normal which 

is associated with LV remodeling. 

 

Table 4. 3: Model predicted hemodynamic and functional indices for normal and 

HFpEF cases. 

Parameters Normal case HFpEF case 

Cycle time (ms) 773 900 

End Diastolic Volume (ml) 94.0 163.7 

Ejection fraction (%) 68.7 (Clinical 71.3) 63.3 (Clinical 65.2) 

End Diastolic Pressure (mmHg) 7.5 19.3 

Systolic Blood Pressure (mmHg) 125 137.8 

Diastolic Blood Pressure (mmHg) 77 85.4 

Peak Circumferential Strain 0.32 0.26 

Peak Longitudinal Strain 0.20 0.21 

Peak Myofiber Stress (kPa) 85.0 110.0 
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4.6 Effect of LV Wall Thickness Change in HFpEF Patient  
The preserved LV EF in HFpEF patients is not well understood. To compensate for 

the applied hemodynamic burden or load, the heart might choose one or, multiple 

compensatory mechanisms such as, change crossbridge formation, augment muscle 

mass to bear the extra load, recruit mechanisms to increase contractility or, change 

volume to meet the required load etc. In response to pressure overload in conditions 

such as hypertension, the parallel addition of sarcomeres causes an increase in myocyte 

width, which in turn increases wall thickness. This remodeling results in concentric 

hypertrophy which is, increase in ratio of wall thickness to chamber dimension. We 

have used our baseline HFpEF model and changed the wall thickness of the LV to 

simulate the progression of concentric hypertrophy commonly found in many HFpEF 

patients. The parameters varied and kept constant in this experiment are tabulated in 

Table 4.4. 

Table 4. 4: Design of experiment to find the effect of wall thickness change in 

HFpEF patient. 

Parameter varied Other parameters 

Wall thickness 

(cm) 

1, 

1.45, 

1.9. 

Preload/EDV (ml) 168.6 

Afterload (Pa ms ml−1) 110000 

Fiber Orientation (degree) -60o/60o 

 

4.6.1 Effect on PV Loop  
PV loop, volume waveforms and pressure waveforms for the variation of LV wall 

thickness are shown in Figure 4.11. It can be observed from PV loops that both EDV 

and ESV of LV decreased with the increased LV wall thickness. As a result, the EF 

decreases with increased LV wall thickness. In addition, the LV can generate less 

pressure; the systolic pressure decreases as the LV wall gets thicker. With increased 

thickness, the LV wall becomes stiffer and inflate less during filling phase indicated 

by the higher filling pressures. These results are consistent with the clinical 

observations such as an alteration of lusitropy which shows similar changes in LV PV 

loop [104, 105].  
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(a) 

 
(b) 

 
(c) 

Figure 4. 11 Comparison among (A) LV PV loop, (B) LV volume waveforms, (C) 

LV and aortic pressure waveforms for remodeling via wall thickness (WT) change 

for the HFpEF patient. 
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4.6.2 Effect on Strain  
The major observation from the strain waveforms of circumferential (Figure 4.12) and 

longitudinal (Figure 4.13) strains is the peak circumferential strain increases, but the 

peak longitudinal strain decreases with the increased LV wall thickness. The 

decrement of longitudinal strain is intuitive as the LV stiffness is increased due to the 

increased of wall thickness which in turn decrease the longitudinal strain. The 

increased wall thickness oppositely affects the circumferential strain as then there are 

more fibers to strain more circumferentially. Longitudinal strain has a major effect on 

blood ejection. So decreased longitudinal strain is the major concern in the progression 

of HFpEF. 

 
Figure 4. 12: Circumferential strain for the variations of LV wall thickness (WT) 

change in HFpEF patient. 
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Figure 4. 13: Longitudinal strain for the variations of LV wall thickness in HFpEF 

patient. 

 

 

4.6.3 Effect on Stress 
As it can be seen from the colormap (Figure 4.14) the myofiber stress is decreased 

while wall thickness is increased. With the increase of wall thickness, the LV systolic 

pressure decreases. As the reduced pressure is acting against thicker wall, the myofiber 

stress is decreased with the increased wall thickness. 
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(a) 

 
(b) 

 
(c) 

 

Figure 4. 14: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having LV wall thickness of (a) 1 cm, (b) 1.45 cm and (c) 1.9 cm; 

Color-map shows the stress values in kPa. 

 

4.6.4 Summary 
In many HFpEF patients as the disease progress, the LV becomes thicker as a result of 

concentric hypertrophy. This in turn increase the LV passive stiffness which increase 

the filling pressure and leads to diastolic heart failure. Recalling that, the key 
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pathophysiological features of the HFpEF are preserved EF, hypertension (elevated 

systolic pressure), reduced peak longitudinal and circumferential strains. With isolated 

increase of LV wall thickness the model reproduced all the features except the peak 

circumferential strain (which increased with the increased LV wall thickness). Thus, 

the model predicts that only increase of LV wall thickness cannot reproduce the 

progression of HFpEF. Some other mechanism(s) must be combined with the 

increased LV wall thickness to reproduce all the key features found in HFpEF. 

 

 

4.7 Effect of Preload Change in HFpEF Patient  
As the LV undergoes remodeling in HFpEF patients, the LV mass to cavity volume 

ratio might increase progressively. The LV EDV change can be adapted as preload 

change in the model. The present section shows the effect of change of preload (LV 

EDV) in HFpEF with our model. The parameters varied and kept constant in this 

experiment are tabulated in Table 4.5. 

 

Table 4. 5: Design of experiment to find the effect of preload change in HFpEF 

patient. 

Parameter varied Other parameters 

Preload/EDV (ml) 144.6, 

168.6, 

194.9. 

Wall thickness (cm) 1.45 

Afterload (Pa ms ml−1) 110000 

Fiber Orientation (degree) -60o/60o 

 

4.7.1 Effect on PV Loop  
The PV loops, LV volume and pressure waveforms and aortic pressure waveforms are 

shown in Figure 4.15 for the variations of preload. It can be observed from PV loop 

plots that with increased preload the EF of the LV increases. In addition, the peak 

systolic pressure which is indicates hypertension is increased with the increased 

preload. The end-diastolic pressure (EDP) is slightly increased with the increased 

preload which indicates higher LV stiffness and diastolic dysfunction. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 15: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) 

LV and aortic pressure waveforms for different preloads in the HFpEF patient. 
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4.7.2 Effect on Strain  
From circumferential (Figure 4.16) and longitudinal (Figure 4.17) strain waveforms, 

it can be seen that the peak circumferential strain is increased, and the peak 

longitudinal strain is reduced when preload is decreased. The impaired longitudinal 

strain is an indication towards progression of HFpEF. 

 
Figure 4. 16: Circumferential strain for the variations of LV preload in HFpEF 

patient. 
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Figure 4. 17: Longitudinal strain for the variations of LV preload in HFpEF patient. 

 

 

 

 

4.7.3 Effect on Stress  
Figure 4.18 shows the myofiber stress is increased with the increase of the preload. 

The increase of preload increases the LV stiffness and pressure attributed from the 

increased myofiber stress. 
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(a) 

 
(b) 

 
(c) 

 

Figure 4. 18: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having preload of (a) 144.6 ml, (b) 168.6 ml and (c) 194.9 ml; Color-

map shows the stress values in kPa. 

 

 

 



68 
 

 

4.7.4 Summary 
Reduced preload can reproduce the reduced peak circumferential and longitudinal 

strains; however, the EF and peak systolic pressure decreases. During the progression 

of HFpEF, the LV often undergoes concentric remodeling with increased LV wall 

thickness and decreased LV cavity diameter which in turn decrease the preload. The 

progressive concentric remodeling reduces the EF. The results suggest that decreased 

preload accompanied by increase in wall thickness might be possible path of 

progression in HFpEF. 

 

4.8 Effect of Afterload Change in HFpEF Patient  
Increased afterload increase the LV peak systolic pressure which indicates 

hypertension, a common feature in many HFpEF patients. Afterload can be altered by 

changing the peripheral resistance, Rper in the model. The parameters varied and kept 

constant in this experiment are tabulated in Table 4.6. 

 

Table 4. 6: Design of experiment to find the effect of afterload change in HFpEF 

patient. 

Parameter varied Other parameters 

Afterload (Pa ms ml−1) 110000, 

137500, 

165000, 

192500. 

Wall thickness (cm) 1.45 

Preload/EDV (ml) 168.6 

Fiber Orientation (degree) -60o/60o 

 

 

4.8.1 Effect on PV Loop  
For the variation of afterload PV loop, LV volume and pressure waveforms and aortic 

pressure waveforms are shown in Figure 4.19. It can be observed from the PV loops 

that the ESV increases keeping EDV approximately same, slightly decreasing the EF 

with increased afterload. The increased SBP and DBP indicates the increment of blood 

pressure due increased afterload which causes hypertension. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 19: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) 

LV and aortic pressure waveforms for afterload change (Rper, unit Pa ms ml−1) for 

the HFpEF patient. 
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4.8.2 Effect on Strain  
The major observation from the strain waveforms of circumferential (Figure 4.20) and 

longitudinal (Figure 4.21) strains is both peak circumferential strain and longitudinal 

strain decreases while afterload is increased. As strain values are more akin to the 

stroke volume or, EF, increased afterload reduces the peak circumferential and 

longitudinal strain despite the increase of the LV peak systolic pressure. 

 

 
Figure 4. 20: Circumferential strain for the variations of LV afterload in HFpEF 

patient. 
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Figure 4. 21: Longitudinal strain for the variations of LV afterload in HFpEF 

patient. 

 

 

 

4.8.3 Effect on Stress  
As it can be seen on the colormap (Figure 4.22), the myofiber stress is increased while 

afterload is increased. This is due to the requirement of higher blood pressure because 

of increased afterload. So, the increased fiber stress prompts to increase blood pressure 

though it reduces ejection fraction. 
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(a) 

 
(b) 

 

Figure 4. 22: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having afterload (Rper, unit Pa ms ml−1) (a) 110000, (b) 192500; 

Color-map shows the stress values in kPa. 

 

4.8.4 Summary 
Increase in afterload in HFpEF patient decrease both the peak circumferential and 

longitudinal strains, however, to significantly reduce the peak strains (in the order of 

decrease of peak circumferential and longitudinal strain by 0.03-0.05 absolute value 

found in the reported clinical studies), the model shows that the peak systolic pressure 

will be very high which is unphysiological. Therefore, a sole increase in afterload 

cannot reproduce all the features found in progression in HFpEF. But, increase in 

afterload could be one of the mechanisms as a significant number of HFpEF are 

hypertensive, but, it surely has to be combined with other mechanisms such as 

increased LV wall thickness. 
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4.9 Effect of Fiber Orientation Change in HFpEF Patient 
 

For the baseline HFpEF case, the myofiber orientation was varied from endocardium 

to epicardium by 60o/-60o. We have changed the fiber orientation by changing the fiber 

angles and investigated the effect of change of fiber orientation in HFpEF patient. The 

parameters varied and kept constant in this experiment are tabulated in Table 4.7. 

 

 

Table 4. 7: Design of experiment to find the effect of fiber orientation change in 

HFpEF patient. 

Parameter varied Other parameters 

Fiber Orientation 

(degree) 

 

-50o/50o, 

-55o/55o, 

-60o/60o, 

-65o/65o, 

-70o/70o. 

Wall thickness (cm) 1.45 

Preload/EDV (ml) 168.6 

Afterload (Pa ms ml−1) 110000 

 

 

 

 

4.9.1 Effect on PV Loop 
PV loop, LV volume and pressure waveforms and aortic pressure waveforms are 

shown in Figure 4.23 for variations of LV myocardial fiber angle. The change of the 

fiber angle has a small effect on both LV volume and pressure. 
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(a) 

 
(b) 

 
(c) 

Figure 4. 23: Comparison among (a) LV PV loop, (b) LV volume waveforms, (c) 

LV and aortic pressure waveforms for fiber angle change for the HFpEF patient. 
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4.9.2 Effect on Strain  
Interestingly, the change of the fiber orientation has a large effect on the 

circumferential and longitudinal strain. From circumferential (Figure 4.24) and 

Longitudinal (Figure 4.25) strain waveforms, it can be seen peak circumferential strain 

is increased and longitudinal strain is reduced when fiber angle is decreased. When the 

fiber angle is reduced the myofibers are arranged more circumferentially. A decrease 

of 10o fiber angle increase the circumferential strain by 0.05 absolute and decrease the 

longitudinal strain by 0.06 absolute. 

 
Figure 4. 24: Circumferential strain for the variations of LV fiber orientation in 

HFpEF patient. 
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Figure 4. 25: Longitudinal strain for the variations of LV fiber orientation in HFpEF 

patient.  

 

 

 

 

 

 

 

 

4.9.3 Effect on Stress  
Figure 4.26 shows the fiber stress remains nearly same while LV myocardial fiber 

angle is changed. This is largely due to having same LV wall thickness and left 

ventricular cavity volume. 
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(a) 

 
(b) 

 
(c) 

 

Figure 4. 26: Snapshot at vertical cross section along central axis at end-systole for 

HFpEF case, having fiber orientation of (a) -50o/50o, (b) -60o/60o and (c) -70o/ 70o; 

colormap shows the stress values in kPa. 
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4.9.4 Summary 
Isolated LV fiber angle change doesn’t have any apparent effect of on LV functioning 

though it has significant effect on myofiber strain. It has found in many studies that 

the fiber orientation becomes more circumferential in the diseased hearts [81]. Our 

model predicts as the fibers becomes more circumferential; the longitudinal strain 

decreases while increasing circumferential strain. So, Myofiber orientation change 

could be one of the mechanisms as a significant number of HFpEF patients show 

reduced longitudinal strain, but it has to be combined with other mechanisms such as 

increased LV wall thickness to get further insight in HFpEF progression.  Therefore, 

an isolated change in the fiber angle cannot reproduce all the features found during 

progression of HFpEF.  
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CHAPTER 5 
CONCLUSION 

5.1 Conclusions 
In this thesis, A coupled LV FE-lumped parameter circulatory modeling framework 

has been successfully developed and calibrated our model with the measurements of a 

normal subject and a HFpEF patient. Then the results from these two models were 

compared to observe important physiological difference between normal and HFpEF 

cases. After that, the HFpEF model parameters such as, geometry, afterload, and fiber 

orientation were varied to physiologically reproduce the effects of these parameters on 

progression of HFpEF due to remodeling, diastolic dysfunction, hypertension, 

hypertrophy etc. which are the causes and effects of HFpEF progression. The 

conclusions of this study are summarized below: 

• The models for normal and HFpEF cases reproduced the clinical datasets 

within acceptable limits, where R-squared values were greater than 0.90 for 

both the models.  

• From the model it has been found, the ejection fraction is within normal range 

for both normal and HFpEF cases, but the HFpEF patient has increased EDV 

that shows the symptoms of remodeling and increased systolic blood pressure 

which is the symptom of hypertension. HFpEF patient has higher end-diastolic 

pressure (EDP) (19.3 mmHg in HFpEF vs. 7.5 mmHg in normal) than normal 

which suggests HFpEF patient’s LV is stiffer than the normal LV. Clinically, 

EDP higher than 15 mmHg is considered as sign of diastolic dysfunction which 

is a common feature in HFpEF. In addition, the peak circumferential strain 

significantly decreased in HFpEF patient compared to the normal whereas the 

peak longitudinal strain almost remained same. The peak LV myofiber stress 

is higher in HFpEF than normal which is associated with LV remodeling.  

•  Increasing wall thickness recreates effects during left ventricular remodeling 

which progress HFpEF. According to literature, the LV becomes thicker 

because of concentric hypertrophy. This in turn increase the LV passive 

stiffness which increase the filling pressure, and leads to diastolic heart failure. 
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With isolated increase of LV wall thickness the model reproduced all the 

features except the peak circumferential strain (which increased with the 

increased LV wall thickness). Thus, the model predicts that only increase of 

LV wall thickness cannot reproduce the progression of HFpEF. Some other 

mechanism(s) must be combined with the increased LV wall thickness to 

reproduce all the key features found in HFpEF. 

• Decreasing preload (LV cavity volume) can predicts the reduction in peak 

circumferential and longitudinal strains. The EF and peak systolic pressure 

decrease due to reduced preload. During the progression of HFpEF, the LV 

often undergoes concentric remodeling with increased LV wall thickness and 

decreased LV cavity diameter which in turn decrease the preload. The 

progressive concentric remodeling reduces the EF. The results suggest that 

decreased preload accompanied by increase in wall thickness might be possible 

path of progression in HFpEF. 

• Increase in afterload in HFpEF patient decrease both the peak circumferential 

and longitudinal strains. However, to significantly reduce the peak strains (in 

the order of decrease of peak circumferential and longitudinal strain by 0.03-

0.05 absolute value found in the reported clinical studies), the model shows 

that the peak systolic pressure will be very high which is unphysiological. 

Therefore, a sole increase in afterload cannot reproduce all the features found 

in progression in HFpEF. But increase in afterload could be one of the 

mechanisms as a significant number of HFpEF are hypertensive. 

• Though, Isolated LV fiber angle change does not have any apparent effect of 

on LV functioning, it has significant effect on myofiber strain. Our model 

predicts as the fibers becomes more circumferential; the longitudinal strain 

decreases while increasing circumferential strain. So, Myofiber orientation 

change could be one of the mechanisms as a significant number of HFpEF 

patients show reduced longitudinal strain, but it must be combined with other 

mechanisms such as increased LV wall thickness to reproduce all the features 

found during progression of HFpEF. 
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5.2 Limitations of the Work 
Though it was shown that the models fairly reproduce the clinical results, however this 

model has some limitations. These are discussed below: 

• LV was modeled using idealized geometry. The approximated half-prolate 

geometry of LV neglected asymmetrical geometrical features. 

• Only Finite element model of Left ventricle was used in this study. Finite 

element model of other compartments such as, aorta, left atrium, veins could 

be incorporated to produce more accurate result. 

• In this study one parameter was varied while other parameters were kept 

constant. There can be a coupled effect among the parameters which cannot be 

evaluated if more than one parameter is not varied simultaneously. 

• The model assumes that the LV contracts homogeneously and neglects any 

regional activation patterns 

• A rule-based myofiber orientation was prescribed in this model, in which the 

myofiber helix angle varied linearly in the transmural direction from 

endocardium to epicardium. The myofiber orientation, in reality, may be more 

complex 

• The mechanical effects associated with the right ventricle (RV) and pulmonary 

circulation was neglected. Although cavity pressure in the RV is substantially 

lower than the LV, its presence may, nevertheless, affects the LV mechanics 

through the septum. 

• In the mathematical formulation the dynamical behavior of fluid and its 

interaction with the vessel wall were neglected, so this study did not consider 

the spatial variation of pressure waveform along the regions of left ventricle. 

• Lastly, as the pathophysiology of HFpEF itself, is an incompletely identified 

field till now, the proper bridging between physiological change with the 

progression of HFpEF is loosely defined. It requires more clinical study to 

discover the proper HFpEF progression mechanism. 
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5.3 Recommendation for Future Works 
As discussed, the present model has some limitations. The present model can be 

developed, and the investigation can be carried out for further improvement. These 

are: 

• More realistic model acquired from MRI scan of human heart and modeling it 

via CAD can be used to make the results more exactly fit with measured 

clinical data. 

• Finite elements models of other storage compartments like aorta, left atrium 

can be coupled with current left ventricle model rather than using only the 

electrical analog. This will surely produce more accurate results. 

• This model can be coupled with the fluid dynamics of blood flow to investigate 

the variation of pressure and velocity of the blood while flowing through 

various compartments. 

• This model has to be updated time to time to incorporate new findings as, 

mechanism of HFpEF is still an active research area. Researchers are exploring 

new frontiers in this field with the advancement of time.   
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