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ABSTRACT 

 Degenerative mitral valve prolapse without proper monitoring can cause 

severe mitral valve failure and occasionally lead to sudden death if the surgical 

correction is not performed on time. In most cases, mitral valve prolapse would cause 

mitral regurgitation which in a severe case would lead to left ventricle failure due to 

hemodynamic burden. The aim of this study is to develop a model to predict the 

degeneration behaviour of mitral valve which will aid the medical practitioner to 

estimate the mitral valve condition based on the available mitral regurgitation data by 

echocardiogram assessment. Minimal hemodynamic model has been adopted with 

modification to obtain mitral regurgitation severity information. The stress-strain 

behaviour of mitral leaflet has also been studied to model the degeneration of the 

mitral valve leaflet. Both models were validated with the previously published data 

generated using Windkessel and Burkhoff methods. The coupling of both models 

gave the degenerative behaviour of mitral valve leaflet in relation with mitral 

regurgitation severity. The mitral valve degeneration was assessed by mitral valve 

leaflet elasticity properties while the severity of mitral regurgitation was measured by 

the volume of mitral regurgitation into the left atrium. It was found that the reduction 

of mitral valve leaflet elasticity would cause an increase of the mitral regurgitation 

volume into the left atrium. Mitral regurgitation severity was found to be less than 

10% of left ventricle stroke volume when the mitral valve leaflet degenerates more 

than 90%. At this point, even with a slight increase of less than 10% in the 

degeneration of mitral valve leaflet, the regurgitation volume might increase 

suddenly from 5% up to 95% of the left ventricle stroke volume.  

 



ABSTRAK 

 Kegelinciran injap mitral yang bertambah teruk tanpa sebarang rawatan atau 

perhatian, boleh menyebabkan kegagalan injap mitral dan seterusnya kematian 

mengejut sekiranya pembedahan koreksi tidak sempat dijalankan. Dalam kebanyakan 

kes, kerosakan injap mitral akan menyebabkan kebocoran yang mana dalam keadaan 

yang teruk akan menyebabkan kegagalan kepada ventrikel kiri akibat daripada beban 

hemodinamik. Kajian ini menyasarkan untuk membangunkan sebuah model bagi 

meramal sifat kemerosotan injap mitral yang akan dapat membantu pengamal 

perubatan untuk menganggarkan keadaan injap mitral berdasarkan data kebocoran 

pada injap mitral daripada imej echocardiogram. Model hemodinamik minimal telah 

dipadankan dan diubahsuai untuk mendapatkan maklumat keadaan kebocoran pada 

injap mitral. Sifat tegasan-terikan injap mitral  juga dikaji untuk menjana model bagi 

sifat kemerosotan injap mitral. Model tersebut disahkan dengan data yang telah 

diterbitkan dan dijana dengan menggunakan kaedah Windkessel dan Burkhoff. 

Penggabungan kedua-dua model tersebut membolehkan maklumat hubungan di 

antara sifat kemerosotan injap mitral terhadap isipadu yang bocor pada injap mitral 

diketahui. Kemerosotan injap mitral dinilai berdasarkan tahap kekenyalan injap 

tersebut manakala tahap kebocoran pula dinilai berdasarkan jumlah isipadu darah 

yang bocor ke dalam aurikel kiri. Kajian ini telah mendapati bahawa penurunan tahap 

kekenyalan injap mitral telah menyebabkan pertambahan isipadu yang bocor pada 

injap mitral ke dalam aurikel kiri. Keterukan kebocoran injap mitral adalah kurang 

10% daripada jumlah isipadu strok bagi ventrikel kiri apabila injap mitral telah 

merosot lebih daripada 90%. Pada takat ini, dengan pertambahan kemerosotan injap 

mitral pada kadar yang sedikit sahaja iaitu kurang daripada 10%, akan menyebabkan 

pertambahan isipadu yang bocor secara mendadak daripada 5% kepada 95% daripada 

jumlah isipadu strok ventrikel kiri. 
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 CHAPTER 1 

INTRODUCTION 

1.1 Background 

Mitral valve prolapse without proper monitoring can cause severe mitral 

valve failure and occasionally leading to sudden death if the surgical correction is 

unable to take place in time.  A study by Grigioni [1] indicates the sudden death rate 

due to the mitral valve failure was 1.8% per day . Some of the death occurs after the 

surgery of the replacement of the mitral valve leaflet. Some of the patients remain 

with their current condition without undergoing for surgery which indicates the 

surgery was not accepted widely as the solution at that time [2]. 

 

Degenerative mitral valve disease is a common mitral valve disorder 

affecting approximately 2% of worldwide population [3] and  mitral valve prolapse 

is the common cause of the degenerative mitral valve disease [4]. However, in some 

cases, mitral valve prolapse did not cause any symptoms or even mitral regurgitation 

to patients [5]. 

 

Unmonitored mitral regurgitation with mitral valves leaflet degeneration 

always leads to congestive heart failure which is a condition where the heart cannot 

pump sufficient blood to the body [6]. Approximately 23 million people are 

diagnosed with congestive heart failure globally. Patients with severe cases of 

congestive heart failure died within one year from the discovery in majority [7]. 

Furthermore, heart failure was the most common cause of hospitalization in Asia 

representing about 24% of the total patients [8]. Due to the above case, many studies 
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on the mitral valve diseases and failures have been conducted not only by medical 

practitioners, but also by non-medical practitioners and engineers [9-17].  

 

Although no specific statistics published for mitral valve disease in Malaysia, 

there are statistics on causes of death in Malaysia with ischemic heart disease was 

ranked the highest cause of death in Malaysia by statistics for the year of 2005 to 

2008 [18-21]. The Statistics on Causes of Death by Department of Statistics, 

Malaysia for the years from 2005 to 2008 indicated that certified cause of death due 

to heart disease increased from 11.5% in 2005 to 12.9% in 2008. The percentage of 

11.5% in 2005 represents approximately 9,986 deaths and was increased to 10,064 in 

2008. On the time of this thesis was completed, the available Statistics on Causes of 

Death in Malaysia was only up to the year of 2008. Additionally, ischemic heart 

disease was also major cause of death and disability in developed countries based on 

a study conducted in 2012 [22].  

 

 Debates on timing for surgery by medical practitioners on their patient with 

mitral valve prolapse and mitral regurgitation is still ongoing [23-26]. Medical 

specialists have different opinions on the reasons for early surgery and delay in 

surgery with highlights on advantages for both choices. Differences in opinions on 

timing for surgery whether early surgery should be encouraged to the patients or 

otherwise had leaded to the proposal for a tool for medical practitioners to aid their 

decision on the issue.  

 

It is therefore, this research was aimed to develop a model to aid the medical 

practitioners in making their decision on the treatment for patients. The model is 

meant to provide clearer information for the medical practitioners to assess the 

severity of the mitral valve prolapse. The data obtained in this research then can be 

used to determine the suitable treatment for the patients such as replacement, repair 

or reinforcement of the mitral valve leaflet. 

 

This research was focusing on the blood flow into the left ventricle via mitral 

valve. The study was conducted on the case of mitral valve prolapse which lead to 

mitral regurgitation. This study was done by simulation and also by experiment. 
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Experimental data was obtained from the echocardiogram images of patients with 

mitral regurgitation.  

1.2 Research Problem 

 Mitral valve prolapse in most cases lead to mitral regurgitation [6]. Presently, 

most medical practitioners utilize echocardiogram to evaluate patients’ condition for 

their decision on patients’ treatments [15, 27, 28]. Therefore, it is important to 

understand the mitral valve leaflet behaviour especially for prolapse mitral valve and 

to relate this leaflet behaviour to the mitral regurgitation severity. 

 

 This study was conducted to analyze the correlation between mitral 

regurgitation and mitral valve leaflet behaviour for mitral valve with prolapse 

condition, and to find the representation of mitral regurgitation severity and mitral 

valve prolapse condition for a development of a model to be utilized by medical 

practitioners as rapid diagnosis tool. 

1.3 Research Objectives 

The study was conducted to fulfill the following objectives: 

 

(a) to predict the mitral valve leaflet condition by estimation of mitral valve 

leaflet elastic behaviour. 

(b) to model mitral regurgitation behaviour over a cardiac cycle and under 

different mitral valve leaflet conditions. 

(c) to develop a model which correlates mitral regurgitation volume and mitral 

valve leaflet degeneration to be utilized as rapid diagnosis tool for medical 

practitioners. 
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1.4 Research Questions 

The research questions for this study were: 

 

a) What is the relation between mitral regurgitation orifice area and mitral 

regurgitation flow rate? 

b) How mitral regurgitation volume does correlates with mitral regurgitation 

orifice area? 

c) How mitral regurgitation severity does correlates with mitral valve leaflet 

condition? 

d) How does the degenerative behaviour of mitral valve leaflet affect the mitral 

regurgitation severity? 

1.5 Research Methodology 

 The research was conducted by two methods; experimental and numerical 

simulation. Echocardiogram images analysis was taken as the experimental aspect 

for this research and was being complemented by program code developed in 

MATLAB for the numerical simulation. 

 

 Echocardiogram images of patients with mitral valve prolapse and mitral 

regurgitation were analyzed visually for the extraction of mitral regurgitation and 

mitral leaflet deflection information. Mitral leaflet Young’s modulus and mitral 

regurgitation severity were calculated by employing beam deflection principle for 

mitral leaflet Young’s modulus and by grid independent technique for mitral 

regurgitation severity. Degenerative behaviour of mitral valve leaflet was estimated 

in relation to mitral regurgitation. 

 

 On the numerical simulation, established Cardiovascular System (CVS) 

Model was employed. The model was upgraded to capture the mitral regurgitation 

and mitral valve prolapse. Mitral valve leaflet degeneration was simulated in relation 

to mitral regurgitation volume to complement the same parameters evaluated by 

experimental method. 
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 Mitral valve leaflet elastic behaviour in relation to the first objective of this 

study was estimated by determination of mitral valve leaflet Young’s modulus. The 

Young’s modulus values were estimated based on the deflection of mitral valve 

leaflet with respect to the pressure differential between left atrium and left ventricle. 

 

 Next, mitral regurgitation behaviour was estimated based on the mitral 

regurgitation volume calculated with relation to pressure differential between left 

atrium and left ventricle, and the deflection of the mitral valve leaflet. The deflection 

of mitral valve leaflet determines mitral regurgitation orifice area which was utilized 

to calculate the volume of mitral regurgitation. 

 

 Finally, the behaviour mitral leaflet Young’s modulus and mitral 

regurgitation volume were coupled to create a model of correlation between the two 

behaviours. Additionally, the worsening condition of mitral valve leaflet which is 

also known as degenerative mitral valve leaflet condition was included in the model 

and also simulated against mitral regurgitation behaviour. The model can be utilized 

as rapid diagnostic tools to estimate mitral valve leaflet conditions with input 

information of mitral regurgitation volume or orifice area from echocardiogram 

images. 

1.6 Chapters Overview 

This thesis consists of six chapters discussing on the prediction of mitral 

valve behaviour by fluid and structure interaction approach inclusive of this chapter 

of introduction as Chapter 1. 

 

Chapter 2 covers the literature review on topics related to this study ranging 

from the basic of mitral valve to the previous studies conducted by several 

researchers which are being value added by this study. 

 

In the next chapter, the determination of mitral valve leaflet Young’s 

modulus with relation to mitral regurgitation volume is discussed. The related study 

appeared in a conference proceedings [29]. Determination of correlation between 
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Young’s modulus of mitral valve leaflet and mitral regurgitation volume was 

conducted by utilizing 2D echocardiogram images. 

 

Next, the numerical model on cardiovascular system is discussed in Chapter 

4. The methodology of this study on modeling of mitral valve behaviour is inclusive 

of overall cardiovascular system modeling to capture the accurate situation of mitral 

valve leaflet under the cardiac cycles. Additionally, the structure of the mitral valve 

leaflet was modeled based on deformation caused by the prolapsed mitral leaflet 

which allow the mitral regurgitation. The mitral regurgitation volume and mitral 

valve leaflet degeneration behaviour was coupled to establish correlation between 

them by mitral regurgitation orifice area and pressure differences which were utilized 

to calculate both mitral regurgitation volume and mitral valve leaflet degeneration. 

 

Chapter 5 discussed mainly on the simulation results to verify the model 

proposed in this study. All elements of output outlined in Chapter 4 are being 

discussed in this chapter. Most important is the findings on correlation between 

mitral valve leaflet Young’s modulus and mitral regurgitation volume also capturing 

the element of degenerative mitral valve leaflet. 

 

Finally, Chapter 6 outlined the conclusions of this study and some 

recommendations have been made for further investigation on mitral valve behaviour 

with extension of current model employed in this study. 



REFERENCES 

[1] F. Grigioni, et al., "Sudden death in mitral regurgitation due to flail leaflet," 

Journal of the American College of Cardiology, vol. 34, pp. 2078-2085, 

1999. 

[2] B. Baccani, et al., "Model and influence of mitral valve opening during the 

left ventricular filling," Journal of Biomechanics, vol. 36, pp. 355-61, Mar 

2003. 

[3] D. H. Adams, et al., "Degenerative mitral valve regurgitation: best practice 

revolution," European Heart Journal, vol. 31, pp. 1958-1966, 2010. 

[4] J. Sathananthan, et al., "Mitral Valve Repair for Mitral Valve Prolapse: The 

Auckland Experience," Heart, Lung and Circulation, vol. 22, Supplement 1, 

p. S238, 2013. 

[5] Z. G. Turi, "Mitral Valve Disease," Circulation, vol. 109, pp. e38-e41, 

February 17, 2004. 

[6] C. Loardi, et al., "Biology of mitral valve prolapse: The harvest is big, but the 

workers are few," International Journal of Cardiology, vol. 151, pp. 129-135, 

9/1/ 2011. 

[7] L. Waite, et al., "A Lumped-Parameter Model of Mitral Valve Blood Flow 

for Assessment of Diastolic Left Ventricular Filling," in World Congress on 

Medical Physics and Biomedical Engineering, September 7 - 12, 2009, 

Munich, Germany, 2010, pp. 1984-1987. 

[8] C. S. Lam, et al., "Asian Sudden Cardiac Death in Heart Failure (ASIAN‐HF) 

registry," European journal of heart failure, vol. 15, pp. 928-936, 2013. 

[9] P. Hammer, et al., "Anisotropic Mass-Spring Method Accurately Simulates 

Mitral Valve Closure from Image-Based Models," in Functional Imaging and 

Modeling of the Heart. vol. 6666, D. Metaxas and L. Axel, Eds., ed: Springer 

Berlin Heidelberg, 2011, pp. 233-240. 



 96 

[10] J. S. Grashow, et al., "Biaixal stress-stretch behavior of the mitral valve 

anterior leaflet at physiologic strain rates," Annals of Biomedical 

Engineering, vol. 34, pp. 315-25, Feb 2006. 

[11] F. N. Delling, et al., "CMR Predictors of Mitral Regurgitation in Mitral Valve 

Prolapse," JACC: Cardiovascular Imaging, vol. 3, pp. 1037-1045, 2010. 

[12] M. Al-Atabi, et al., "Computer and Experimental Modelling of Blood Flow 

through the Mitral Valve of the Heart," Journal of Biomechanical Science 

and Engineering, vol. 5, pp. 78-84, 2010. 

[13] A. Avanzini and G. Donzella, "Coupled Fluid-Structural Analysis of Heart 

Mitral Valve," in COMSOL Conference 2008, Hannover, Germany, 2008. 

[14] D. Adams, et al., "Current concepts in mitral valve repair for degenerative 

disease," Heart Failure Reviews, vol. 11, pp. 241-257, 2006. 

[15] D. Adams, et al., "Degenerative mitral valve regurgitation: Surgical 

echocardiography," Current Cardiology Reports, vol. 10, pp. 226-232, 2008. 

[16] D. M. Espino, et al., "Determination of the pressure required to cause mitral 

valve failure," Medical Engineering & Physics, vol. 28, pp. 36-41, 2006. 

[17] E. L. FOSTER, "Evaluation of Mitral Valve Regurgitation: Implications for 

Percutaneous Mitral Valve Repair," 2005. 

[18] "Statistics on Causes of Death, Malaysia 2006," Department of Statistics 

Malaysia, Ed., ed. Putrajaya, Malaysia, 2009. 

[19] "Statistics on Causes of Death, Malaysia 2007," Department of Statistics 

Malaysia, Ed., ed. Putrajaya, Malaysia, 2009. 

[20] "Statistics on Causes of Death, Malaysia 2008," Department of Statistics 

Malaysia, Ed., ed. Putrajaya, Malaysia, 2010. 

[21] "Statistics on Causes of Death, Malaysia 2005," Department of Statistics 

Malaysia, Ed., ed. Putrajaya, Malaysia, 2009. 

[22] M. M. Alsmady, et al., "Chronic total occlusion of left main coronary artery 

in a young man," Asian Cardiovascular and Thoracic Annals, vol. 21, pp. 

453-455, August 1, 2013 2013. 

[23] M. Enriquez-Sarano and T. M. Sundt, "Early Surgery Is Recommended for 

Mitral Regurgitation," Circulation, vol. 121, pp. 804-812, February 16, 2010 

2010. 

[24] M. De Bonis and S. F. Bolling, "Mitral valve surgery: wait and see vs. early 

operation," European Heart Journal, 2012. 



 97 

[25] R. M. Suri, et al., "Association between early surgical intervention vs 

watchful waiting and outcomes for mitral regurgitation due to flail mitral 

valve leaflets," The Journal of American Medical Association, vol. 310, pp. 

609-616, 2013. 

[26] H. V. Schaff, et al., "Indications for Surgery in Degenerative Mitral Valve 

Disease," Seminars in Thoracic and Cardiovascular Surgery, vol. 19, pp. 97-

102, 2007. 

[27] H. Baumgartner, et al., "Echocardiographic assessment of valve stenosis: 

EAE/ASE recommendations for clinical practice," European Journal of 

Echocardiography, vol. 10, pp. 1-25, 2009. 

[28] P. A. Grayburn and P. Bhella, "Grading Severity of Mitral Regurgitation by 

Echocardiography: Science or Art?," JACC: Cardiovascular Imaging, vol. 3, 

pp. 244-246, 2010. 

[29] R. P. Jong, et al., "Determination of correlation between backflow volume 

and mitral valve leaflet young modulus from two dimensional 

echocardiogram images," AIP Conference Proceedings, vol. 1440, pp. 604-

611, 2012. 

[30] H. Fukuta and W. C. Little, "The Cardiac Cycle and the Physiologic Basis of 

Left Ventricular Contraction, Ejection, Relaxation, and Filling," Heart 

Failure Clinics, vol. 4, pp. 1-11, 2008. 

[31] F. Chan-Dewar, "The cardiac cycle," Anaesthesia & Intensive Care Medicine, 

vol. 13, pp. 391-396, 2012. 

[32] H. Oertel, et al., Modelling the human cardiac fluid mechanics: KIT 

Scientific Publishing, 2012. 

[33] S. Martin, et al., Fast segmentation of the mitral valve leaflet in 

echocardiography: Springer, 2006. 

[34] M. S. Sacks and A. P. Yoganathan, "Heart valve function: a biomechanical 

perspective," Philos Trans R Soc Lond B Biol Sci, vol. 362, pp. 1369-91, 

2007. 

[35] Y. Turgeman, et al., "Anatomy of the Mitral Valve," in Percutenous Mitral 

Valvotomy, H. S, Ed., ed New Delhi: Jaypee Brothers Medical Publishers, 

2012, pp. 13-23. 



 98 

[36] R. B. Dvereux, "Mitral Valve Prolapse," in Cardiology, M. H. Crawford, J. P. 

DiMarco, and W. J. Paulus, Eds., 3rd ed Philadelphia: Mosby Elsevier, 2010, 

pp. 1253-1262. 

[37] B. A. Carabello, "Mitral Regurgitation," in Cardiology, M. H. Crawford, J. P. 

DiMarco, and W. J. Paulus, Eds., 3rd ed Philadelphia: Mosby Elsevier, 2010, 

pp. 1239-1251. 

[38] L. Thomas, et al., "The mitral regurgitation index: an echocardiographic 

guide to severity," Journal of the American College of Cardiology, vol. 33, 

pp. 2016-2022, 1999. 

[39] J. C. Sun, et al., "Antithrombotic management of patients with prosthetic 

heart valves: current evidence and future trends," The Lancet, vol. 374, pp. 

565-576, 2009. 

[40] R. El Oakley, et al., "Choice of Prosthetic Heart Valve in Today’s Practice," 

Circulation, vol. 117, pp. 253-256, 2008. 

[41] R. P. Gallegos, "Selection of prosthetic heart valves," Curr Treat Options 

Cardiovasc Med, vol. 8, pp. 443-52, Dec 2006. 

[42] A. M. Gillinov, et al., "Valve repair versus valve replacement for 

degenerative mitral valve disease," The Journal of thoracic and 

cardiovascular surgery, vol. 135, pp. 885-893. e2, 2008. 

[43] J. Magne, et al., "Mitral Repair versus Replacement for Ischemic Mitral 

Regurgitation: Comparison of Short-Term and Long-Term Survival," 

Circulation, vol. 120, pp. S104-S111, September 15, 2009. 

[44] C. A. Conti, et al., "Mitral valve modelling in ischemic patients: Finite 

element analysis from cardiac magnetic resonance imaging," in Computing in 

Cardiology, 2010, 2010, pp. 1059-1062. 

[45] G. Krishnamurthy, et al., "Transient stiffening of mitral valve leaflets in the 

beating heart," American Journal of Physiology - Heart and Circulatory 

Physiology, vol. 298, pp. H2221-H2225, 2010. 

[46] V. Prot, et al., "On modelling and analysis of healthy and pathological human 

mitral valves: Two case studies," Journal of the Mechanical Behavior of 

Biomedical Materials, vol. 3, pp. 167-177, 2010. 

[47] Kazuhito Imanaka, et al., "The Stiffness of Normal and Abnormal Mitral 

Valves," Annals of Thoracic and Cardiovascular Surgery, vol. 13, pp. 178-

184, 2007. 



 99 

[48] X. Ma, et al., "Image-based fluid–structure interaction model of the human 

mitral valve," Computers & Fluids, vol. 71, pp. 417-425, 2013. 

[49] J. M. Richards, et al., "The mechanobiology of mitral valve function, 

degeneration, and repair," Journal of Veterinary Cardiology, vol. 14, pp. 47-

58, 2012. 

[50] M. Vermeulen, et al., "Mitral Valve Leakage Quantification by Means of 

Experimental and Numerical Flow Modeling," in Acta Mechanica Slovaca 

vol. 14, ed, 2010, p. 18. 

[51] N. Stergiopulos, et al., "The four-element Windkessel model," in Engineering 

in Medicine and Biology Society, 1996. Bridging Disciplines for Biomedicine. 

Proceedings of the 18th Annual International Conference of the IEEE, 1996, 

pp. 1715-1716 vol.4. 

[52] D. Burkhoff and K. Sagawa, "Ventricular efficiency predicted by an 

analytical model," Am J Physiol, vol. 250, pp. R1021-7, Jun 1986. 

[53] B. W. Smith, et al., "Minimal haemodynamic system model including 

ventricular interaction and valve dynamics," Medical Engineering &amp; 

Physics, vol. 26, pp. 131-139, 2004. 

[54] S. Paeme, et al., "Mathematical multi-scale model of the cardiovascular 

system including mitral valve dynamics. Application to ischemic mitral 

insufficiency," BioMedical Engineering OnLine, vol. 10, p. 86, 2011. 

[55] B. W. Smith, et al., "Experimentally verified minimal cardiovascular system 

model for rapid diagnostic assistance," Control Engineering Practice, vol. 13, 

pp. 1183-1193, 2005. 

[56] S. Paeme, et al., "Structural model of the mitral valve included in a 

cardiovascular closed-loop model: Static and dynamic validation," 2012. 

[57] K. T. Moorhead, et al., "A simplified model for mitral valve dynamics," 

Comput Methods Programs Biomed, vol. 109, pp. 190-6, Feb 2013. 

[58] K. Hemalatha, et al., "Numerical simulation of cardiac valve flow velocity 

patterns in normal and abnormal conditions," in Communication Control and 

Computing Technologies (ICCCCT), 2010 IEEE International Conference 

on, 2010, pp. 536-539. 

[59] L. D. Gillam and A. Schwartz, "Primum Non Nocere: The Case for Watchful 

Waiting in Asymptomatic “Severe” Degenerative Mitral Regurgitation," 

Circulation, vol. 121, pp. 813-821, 2010. 



 100 

[60] P. Lancellotti, et al., "European Association of Echocardiography 

recommendations for the assessment of valvular regurgitation. Part 2: mitral 

and tricuspid regurgitation (native valve disease)," European Journal of 

Echocardiography, vol. 11, pp. 307-332, 2010. 

[61] K. J. Grande-Allen, et al., "Mitral valve stiffening in end-stage heart failure: 

Evidence of an organic contribution to functional mitral regurgitation," J 

Thorac Cardiovasc Surg, vol. 130, pp. 783-790, 2005. 

[62] M. Arita, et al., "Development of In-Vitro Evaluation System for 

Annuloplasty Rings," Asian Cardiovasc Thorac Ann, vol. 9, pp. 14-18, 2001. 

[63] K. S. Kunzelman, et al., "Fluid–structure interaction models of the mitral 

valve: function in normal and pathological states," Philosophical 

Transactions of the Royal Society B: Biological Sciences, vol. 362, pp. 1393-

1406, 2007. 

[64] I. S. Salgo, et al., "Effect of Annular Shape on Leaflet Curvature in Reducing 

Mitral Leaflet Stress," Circulation, vol. 106, pp. 711-717, August 6, 2002 

2002. 

[65] E. Votta, et al., "3-D Computational  Models for The Simulation of Mitral 

Valve Annuloplasty," presented at the 2003 Summer Bioengineering 

Conference, Sonesta Beach Resort in Key Biscayne, Florida, 2003. 

[66] H. G. Klues, et al., "Echocardiographic assessment of mitral valve size in 

obstructive hypertrophic cardiomyopathy. Anatomic validation from mitral 

valve specimen," Circulation, vol. 88, pp. 548-55, 1993. 

[67] H. G. Klues, et al., "Morphological determinants of echocardiographic 

patterns of mitral valve systolic anterior motion in obstructive hypertrophic 

cardiomyopathy," Circulation, vol. 87, pp. 1570-1579, 1993. 

[68] R. Pini, et al., "Mitral valve dimensions and motion and familial transmission 

of mitral valve prolapse with and without mitral leaflet billowing," Journal of 

the American College of Cardiology, vol. 12, pp. 1423-1431, 1988. 

[69] C. Gupta, et al., "Dimensions of the human adult mitral valve in the 

embalmed cadaver," J Morphol Sci, vol. 30, pp. 6-10, 2013. 

[70] A. Project. (2014, January 30). BioBook. Available: 

https://adaponline.org/images/biobook_images/Heart_pumping.gif 

[71] A. Inc. (2013, October 19). Heart Valves. Available: 

http://www.nlm.nih.gov/medlineplus/ency/imagepages/9380.htm 

http://www.nlm.nih.gov/medlineplus/ency/imagepages/9380.htm


 101 

[72] U. Surgery. (2014, February 2). Mitral Valve Replacement. Available: 

https://www.surgery.medsch.ucla.edu/cardiac/images/mitralvalveslg.jpg 

[73] Abbott Vascular. (2014, February 1). MitraClip Percutaneous Mitral Valve 

Repair System. Available: 

http://www.abbottvascular.com/static/cms_workspace/images/Structural_hear

t/MR-series.png 

[74] V. Govindarajan, "Three dimensional fluid structural interaction of tissue 

valves," Doctor of Philosophy Thesis, Biomedical Engineering, The 

University of Iowa, Iowa City, 2013. 

[75] M. A. H. Mohd Adib, et al., "Analysis of Blood Flow into the Main Artery 

via Mitral Valve: Fluid Structure Interaction Model," presented at the 2010 

International Conference on Science and Social Research, Seri Pacific Hotel, 

Kuala Lumpur, 2010. 

[76] R. Grytz and G. Meschke, "Constitutive modeling of crimped collagen fibrils 

in soft tissues," Journal of the Mechanical Behavior of Biomedical Materials, 

vol. 2, pp. 522-533, 2009. 

[77] V. E. Prot, "Modelling and numerical analysis of the porcine and human 

mitral apparatus," PhD, Faculty of Engineering Science and Technology, 

Norwegian University of Science and Technology, Trondheim, Norway, 

2008. 

[78] ADINA R&D Inc., "Material Model and Formulations," in Theory and 

Modeling Guide, Volume I : ADINA, ed. Massachusetts, USA: ADINA R&D, 

Inc., 2012, pp. 357-641. 

[79] M. A. H. Mohd Adib, et al., "Analysis of blood flow into the main artery via 

mitral valve: Fluid structure interaction model," in Science and Social 

Research (CSSR), 2010 International Conference on, 2010, pp. 356-360. 

[80] M. A. H. M. Adib, et al., "Analysis of Echocardiography Images Using Grid 

Independent Technique for Patients with Mitral Valve Problems (MVP)," in 

Information Science and Applications (ICISA), 2011 International 

Conference on, 2011, pp. 1-5. 

[81] C. E. Hann, et al., "Efficient implementation of non-linear valve law and 

ventricular interaction dynamics in the minimal cardiac model," Computer 

Methods and Programs in Biomedicine, vol. 80, pp. 65-74, 2005. 

http://www.surgery.medsch.ucla.edu/cardiac/images/mitralvalveslg.jpg
http://www.abbottvascular.com/static/cms_workspace/images/Structural_heart/MR-series.png
http://www.abbottvascular.com/static/cms_workspace/images/Structural_heart/MR-series.png


 102 

[82] L. Waite and J. Fine, "Applied Biofluid Mechanics," ed: McGraw-Hill, New 

York, 2007. 

[83] N. Westerhof, et al., "Law of Poiseuille," in Snapshots of Hemodynamics. 

vol. 18, ed: Springer US, 2005, pp. 7-10. 

[84] S. Greenwald, "Pulse pressure and arterial elasticity," Quarterly Journal of 

Medicine, vol. 95, pp. 107-112, 2002. 

[85] W. P. Santamore and D. Burkhoff, "Hemodynamic consequences of 

ventricular interaction as assessed by model analysis," Am J Physiol, vol. 260, 

pp. H146-57, Jan 1991. 

[86] D. Burkhoff, et al., "Assessment of systolic and diastolic ventricular 

properties via pressure-volume analysis: a guide for clinical, translational, 

and basic researchers," American Journal of Physiology - Heart and 

Circulatory Physiology, vol. 289, pp. H501-H512, 2005. 

[87] C. E. Hann, et al., "Unique parameter identification for cardiac diagnosis in 

critical care using minimal data sets," Computer methods and programs in 

biomedicine, vol. 99, pp. 75-87, 2010. 

[88] W. S. Bram, et al., "Simulating transient ventricular interaction using a 

minimal cardiovascular system model," Physiological Measurement, vol. 27, 

p. 165, 2006. 

[89] P. Segers, et al., "Left ventricular wall stress normalization in chronic 

pressure-overloaded heart: a mathematical model study," Am J Physiol Heart 

Circ Physiol, vol. 279, pp. H1120-7, Sep 2000. 

[90] P. Antoine, et al., "Simulation of Left Atrial Function Using a Multi-Scale 

Model of the Cardiovascular System," PLoS ONE, vol. 8, 2013. 

[91] D. J. Stevenson, et al., "Estimating the driver function of a cardiovascular 

system model," in UKACC International Conference on Control 2010, 2010, 

pp. 1-6. 

[92] P. A. Grayburn, "How to measure severity of mitral regurgitation," 

Postgraduate medical journal, vol. 84, pp. 395-402, 2008. 

[93] P. A. Grayburn, "The Importance of Regurgitant Orifice Shape in Mitral 

Regurgitation⁎," JACC: Cardiovascular Imaging, vol. 4, pp. 1097-1099, 

2011. 



 103 

[94] A.-H. Hakki, et al., "A simplified valve formula for the calculation of stenotic 

cardiac valve areas," Circulation, vol. 63, pp. 1050-1055, 1981. 

[95] M. Grigioni, et al., "A study of discharge coefficient in bileaflet valves," in 

Engineering in Medicine and Biology Society, 2001. Proceedings of the 23rd 

Annual International Conference of the IEEE, 2001, pp. 127-130. 

[96] S. Paeme, et al., "Mathematical model of the mitral valve and the 

cardiovascular system Application for studying and monitoring valvular 

pathologies," in Control 2010, UKACC International Conference on, 2010, 

pp. 1-6. 

[97] J. W. Lankhaar, et al., "Modeling the instantaneous pressure-volume relation 

of the left ventricle: a comparison of six models," Ann Biomed Eng, vol. 37, 

pp. 1710-26, Sep 2009. 

 




