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ABSTRACT OF THE THESIS 

Arterial Hemodynamics and Its Interaction with the Left Ventricle in Heart Failure 

By GINA N. HEGYI 

 

 

Thesis Director: Professor John K-J. Li 

 

 

 Monitoring heart-arterial system (LV-AS) interactions of cardiovascular patients is 

important in achieving successful diagnosis and treatment. This is particularly true in the cases of 

hypertension and heart failure. However, there has been limited quantitative hemodynamic 

analysis aimed at improving the outcome for the 70-million hypertensive patients and millions of 

heart failure patients.  This thesis develops a model-based strategy to provide a comprehensive 

evaluation of the state of the vascular system and its coupling to the heart, and ultimately aims to 

distinguish patient groups of heart failure with preserved or reduced ejection fraction (HFpEF and 

HFrEF). 

 

The first aspect of this study is analysis of arterial hemodynamics from animal 

experimental data collected during normotensive, vasodilation, and induced hypertension 

conditions. Total arterial compliance (C), peripheral resistance (Rs), and aortic characteristic 

impedance (Z0) based on the 3-element Windkessel model were obtained, together with 

frequency-domain impedance, wave reflection information, and parameters for assessing global 

cardiac function. Subsequently, clinical human data were collected and analyzed, focusing on the 

LV-AS interactions. We identified critical parameters in LV-AS interaction, i.e. effective arterial 

system elastance, Ea, LV systolic elastance, Emax, LV-AS coupling index, k (=Ea/Emax), and C.  
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Results characterized hypertension by a significantly reduced C and increased Rs, 

confirmed by increased vascular impedance and wave reflections. Unloading the heart reversed 

these observations via vasodilator treatment. For human studies, we found C to be more effective 

than Ea in distinguishing groups of HFpEF and HFrEF patients. It was found that HFpEF patients 

tended to have a relatively independent coupling index, k, with respect to arterial parameter 

changes. 

 

The findings in this work can be incorporated into larger scale clinical studies that 

implement the use of pulse waveform analysis and the identified critical LV-AS interaction 

parameters to improve patient treatment and outcome. 
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Chapter 1. Introduction 
 

 The cardiovascular system is complex and vital.  Vascular networks distribute blood 

throughout the entire human body, and are responsible for exchanging nutrients and waste in the 

body’s tissues and organs. Because of the complex and robust nature of these interactions, it can 

be difficult to identify or detect early signs of cardiovascular disease. Advances in medical 

equipment, procedures, and education are needed to address these diagnostic and treatment 

problems. 

 

1.1 Physiological Background 

 The cardiovascular system (CVS) is composed of the heart and the many distributing 

blood vessels found in the body, namely, arteries, veins, and capillaries. The main functions of 

the CVS are to: (1) efficiently deliver nutrients to the entire body system, as well as remove 

waste; (2) act as a control system by regulating hormones to tissues; (3) maintain and distribute 

body temperature; and (4) control reproductive mechanisms (Levick, 2010). 

The pumping of the heart induces rapid movement of blood by means of convective 

transport, or bulk flow. This flow is used to move blood distances greater than 0.1 millimeters, 

and moves the fluid at a rate of about 3 centimeters/second, covering a meter or more from the 

lungs to the smallest capillaries in roughly 30 seconds (Levick, 2010). In convection, blood flows 

through the arteries like a wave, which significantly influences the fluid dynamics and kinetics of 

bulk transport. The concepts of wave propagation and reflection will be covered in more detail in 

chapter 3, and are a focus of this study.  

The other type of transport found in the CVS is diffusion, which occurs for the exchange 

of gases between the lungs and pulmonary circulation, as well as in the capillaries to the 

surrounding tissue. Diffusion is described as a voluntary transport of molecules down a 

concentration gradient. Diffusion in the CVS happens over distances of 0.3 to 10 microns, and 
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happens at a significantly slower rate than bulk flow (Levick, 2010). Convection and diffusion 

serve different, and important, roles in providing efficient and thorough transportation of fluids, 

nutrients, and gasses in the body — convection for energy-expensive, rapid, mass transport over 

long distances, and diffusion for energy-free, slower, passive transport over microscopic 

distances. 

 Arteries, arterioles, capillaries, venules, and veins are the CVS’s pipelines. Varying levels 

of endothelium (thin cell linings), elastic and fibrous tissues, and smooth muscle cells make up 

each different type of vessel. Starting with the body’s main artery, the aorta, these types of 

vessels move oxygenated blood away from the heart. As the aorta extends away from the heart, it 

branches into smaller, narrower, arteries, which continue to narrow and change composition, 

becoming arterioles and then capillaries. Once nutrients and waste are exchanged in the tissues in 

the capillary beds, veins carry partially deoxygenated blood back to the heart. The capillary beds 

transition and form more distinct vessels and grow in size as they move proximally and become 

venules, veins, and then the largest vein connected directly to the heart, the vena cava. 

The composition of each vessel type varies to serve different functions. Large arteries 

have more elastic and fibrous components, allowing for better volume capacitance and support 

against higher pressures. Smaller arteries contain more smooth muscle, which provide a control 

mechanism to change vessel diameter. This allows smaller arteries to regulate flow dynamics in 

local areas by either relaxing or constricting the smooth muscle embedded in their walls. The 

capillaries and venules are the only classes that do not contain any elastic or muscle components; 

capillaries are made entirely of a thin layer of endothelium, allowing for quick and easy diffusion 

of nutrients to the surrounding tissue, whereas venules are only made of endothelium and fibrous 

tissue (Li, 2004). 

 In order for blood to travel through the circulation, the heart needs to pump. The heart, a 

hollow conically shaped organ with walls made of cardiac muscle tissue (myocytes), consists of 

four chambers: two upper atria and two lower ventricles (Figure 1.1). These chambers contract 
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and relax in a sequence that produces pressure and flow of blood through the heart, out to the 

body, and then back to the heart in a cycle. The left half of the heart receives oxygenated blood 

from the lungs and pumps to the rest of the body. The right half of the heart receives partially 

deoxygenated blood from the body and sends it to the lungs to become oxygenated. Therefore, 

the circulation of blood can be classified into two branches: the pulmonary circulation (path 

taken: heart to lungs to heart) and systemic circulation (heart to body to heart) (Figure 1.2). There 

are valves in the heart and veins that ensure flow occurs in the proper direction, and the heart 

valves help identify the phases of the ventricular cycle (Widmaier et al., 2007). 

 The beating of the heart is synchronized and rhythmic. This rhythm is maintained by 

electro-chemical stimulation produced by specialized pacemaker cells found in the sino-atrial 

node (SA node) that induce the relaxation and contraction of the cardiac muscle (Figure 1.3). 

Cardiac relaxation, or diastole, is the time when a chamber of the heart fills with blood. 

Contraction of the muscle is called systole, and is when the blood-filled chamber ejects some of 

its volume into the next pathway of the circulation (Figure 1.4). 

 The ventricular cycle consists of four phases: filling, isovolumetric contraction, ejection, 

and isovolumetric relaxation. Due to the cyclic pumping of the heart, pressure and flow are also 

oscillatory and cyclic (Figure 1.5). The end result of the ejection phase is the release of blood into 

the aorta. This ejection is called ventricular outflow, Q, which is defined as the change of 

ventricular volume over time (Li, 2004). 

 There are three main control/regulatory mechanisms of the heart: mechanical, electrical, 

and chemical. The mechanical control can be summarized by the Frank-Starling principle, which 

states that muscle contractile force increases directly with the amount of stretch the muscle 

undergoes before contraction (Caro et al., 2012). In application to the heart, if the cardiac muscle 

is stretched due to increase in venous blood volume into the heart, the muscle will respond with a 

stronger contractile force to eject a proportional volume of blood out of the heart. As described 

above, the electrical control mechanisms of the heart are vital to pacing the rhythmic beating. The 
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autonomic nervous system plays a role in the electrical regulation of the heart as well, 

specifically, the vagus nerve. Stimulation or inhibition of the firings of this nerve affects the 

cardiac output and heart rate beyond the normal self-stimulated pacemaker cells found in the SA 

node. Lastly, chemicals, for example hormones or dietary compounds, can affect heart rate and 

contractility. Chemical control is used mainly to regulate the heart in accordance to other systems 

in the body, for example the chemical compound caffeine stimulates the nervous system. But 

chemical pathways can be slow, especially hormones, but result in strong changes in average 

cardiac performance. 

 Understanding the basic physiological functions of each component of the cardiovascular 

system allows us to better identify and treat abnormalities and chronic illness. A major area of 

interest among physicians is heart failure (HF), which is a chronic and progressive syndrome. HF 

affects the heart’s ability to supply an adequate supply of blood to the rest of the body. It should 

be noted that heart failure does not imply that the heart can no longer beat, but that the ventricles, 

due to either functional or structural abnormalities, cannot fill with or eject enough blood (Yancy 

et al., 2013). 

 The normal ways the body tries to combat the decreased blood flow is by stretching the 

size of the heart chambers to be able to fill with more blood, and increasing the strength of the 

heart’s contractions to eject more blood. The heart may also increase its pumping rate to increase 

blood output, or it may increase the chamber wall’s muscle mass (hypertrophy) to increase 

contractility. Peripherally, blood vessels narrow to maintain a constant blood pressure and the 

body’s regulatory systems may divert blood from nonessential organs to maintain blood flow to 

vital systems like the brain and heart. However, these naturally occurring remedies do not solve 

the heart failure problem, and over time the body begins to show signs of fatigue and difficulty 

breathing. HF can affect either one side of the heart or both though it is most commonly seen in 

the left ventricle. 
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1.2 Risk Factors for Cardiovascular Disease 

 There are many factors linked to the development of cardiovascular diseases (CVDs), 

such as diabetes, obesity, aging, ethnicity, stress, life-style choices, and genetic predisposition. 

The World Health Organization has identified unhealthy diet, physical inactivity, tobacco use, 

and excessive alcohol consumption as the leading causes of CVD, and concluded that behavioral 

risk factors were responsible for ~80% of CVDs (World Health Organization, 2011a, 2013). 

Factors that increase the likelihood of developing a CVD include high levels of blood glucose, 

hypertension, elevated levels of blood lipids, and being overweight (World Health Organization, 

2011b). There are some risk factors, however, that are beyond behavioral influences, such as 

social, cultural, hereditary, and economic determinants. For example, populations in poverty 

(low- and middle-income countries) account for ~80% of total CVD-related deaths in the world 

(World Health Organization, 2013). Increased world population life expectancy suggests that 

people are no longer dying of communicable disease, but rather more advanced non-

communicable diseases due to old age and systematic failures like CVD. 

 Focusing on heart failure, certain conditions may lead to heart failure more often than 

others, and include coronary arterial disease, myocardial infarction, hypertension, abnormal heart 

valves, diabetes, cardiomyopathy, and sever lung disease (“Understand Your Risk for Heart 

Failure”, n.d.). Coronary artery disease is a build up of cholesterol and fatty deposits 

(atherosclerosis) in the arteries that supply blood to the heart. This buildup can block blood flow 

to the heart muscle, and can lead to chest pain (angina), heart attack (myocardial infarction), high 

blood pressure, and heart failure. Myocardial infarction (MI) occurs when heart muscle tissue 

dies, or is damaged due to a cutoff of blood to the heart. The damaged tissue then cannot contract 

effectively and weakens the heart’s pumping ability leading to possible heart failure. Having high 

blood pressure, or hypertension, increases the likelihood of having heart failure by two or three 

times due to the gradual weakening or thickening of the myocardium (American Heart 

Association, 2014). 
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1.3 Observed Hemodynamic Changes 

 Under healthy conditions, the CVS effectively regulates the pressure and flow of blood in 

the body by communication and feedback with the parasympathetic nervous system (part of the 

autonomic nervous system discussed previously). Pressure, flow, heart contractility and rate are 

kept in homeostasis via feedback of the nervous system and circulating hormones. Under disease 

conditions, however, the CVS struggles to maintain stable hemodynamic levels, and if not 

identified or treated expeditiously, chronic illness and heart failure may result. 

 As priorly mentioned, there are three main regulatory mechanisms used to maintain 

hemodynamic homeostasis (mechanical, electrical, and chemical). One of the most prominent 

control mechanisms, and one of high interest for our studies, is the mechanical contraction and 

relaxation of smooth muscle in blood vessel walls. This physical flexing and relaxing is used to 

regulate vessel diameter, and ultimately controls the flow, pressure, and distribution of blood in 

local areas (Levick, 2010). 

 Many regulatory pathways utilize vasoconstriction and dilation to influence circulation 

under extraneous conditions or disease states. Recall that smaller vessels, like capillaries and 

venues, have fewer regulation mechanisms in place to control diameter size. Resultantly, smaller 

vessels have more rigid walls. As the vessel walls stiffen, hemodynamic waveforms change in 

response to increased wall forces and decreased elasticity. Due to the body’s inability to control 

these regions, under disease conditions, the unregulated regions can propagate disadvantageous 

hemodynamic components onto normally well-maintained regions to a point beyond control even 

for the most regulated systems. This leads to the complex clinical problems often associated with 

CVD. An example of this interconnectivity and disease progression is seen in chronic 

hypertension with the progressive stiffening of large elastic arteries, the narrowing of small 

resistive arteries, and the decrease in regulatory responsiveness and sensitivity to pressure change, 

all of which are normally well-regulated (Caro et al., 2012; Levick, 2010). These changes affect 

many CVS functions, including increased peripheral resistance and mean arterial pressure, 



7 

 

increased pulse pressure and pulse wave velocity, and peripheral resetting of the baroreflex 

(Joyner, 2006; Levick, 2010; Li, 2004; Parati and Esler, 2012). 

 Many parameters used to measure heart and vascular system health are inter-related, and 

understanding how physiological changes affect these measures is important in understanding the 

causes and possible treatments for disease. For example, in high blood pressure conditions, the 

systemic (peripheral) vascular system begins to resist blood flow more and arterial stiffness 

increases (by the changes just described). Cardiologists created parameters based on physically 

measureable variables that describe both changes: total peripheral resistance (Rs) and total arterial 

compliance (C) (the inverse of arterial stiffness), shown in equations (1.1) and (1.2). 

 
 (1.1) 

 
 (1.2) 

It can be seen that peripheral resistance increases as mean pressure increases ( ) and/or mean 

flow decreases ( ). Compliance will decrease (hence, stiffness will increases) as change in 

distending pressure (dP) increases and/or change in volume (dV) decreases. 

 Another standard clinical measure of heart health is ejection fraction (EF)—the ratio of 

stroke volume (SV) to left ventricle end-diastolic volume (LV-EDV). The mathematics behind 

these measures are covered in more detail in chapter 3. Left ventricular EF is the standard 

measure of systolic function of the heart, and can be measured both invasively and noninvasively 

(Iwano and Little, 2013). A healthy EF is considered >0.50, and indicates that the heart is able to 

produce adequate pressure to eject blood from the LV into the aorta. Therefore, if the left 

ventricle is pumping 65% of its total chamber volume out per beat then EF is 0.65. Changes in EF 

are used to indicate disease and heart failure (HF). When EF is less than 0.40, a patient is 

diagnosed with heart failure with reduced ejection fraction (HFrEF). What causes EF to decrease 

in these patients can be described by an increase in LV-EDV relative to SV, and a dilation 
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(ballooning) of the left ventricle. A reduced EF is a clear signal of systolic dysfunction and heart 

failure; however, another type of heart failure can take place with a normal, or preserved, ejection 

fraction (HFpEF). Here, EF >0.05 and there is an equal ratio of SV to LV-EDV. Though a normal 

EF exists, that does not lessen the impacts of HFpEF, and recent studies have indicated that 

HFpEF patients display an increase in both LV and arterial elastance (Iwano and Little, 2013).  

 

 1.4 Model-Based Analysis 

 Due to the inter-connected nature of our body, being able to simulate specific systems, or 

parts of a system, is valuable in expanding our understanding of how individual components 

interact and function. Theoretical or experimental models allow us to accurately and confidently 

simplify complex networks of interactions, and help reveal prominent mechanisms or pathways 

that influence the overall system’s behavior. These models can be mathematical, physical, 

electrical, or computer based, and depending on the focus of a study, different models are more 

appropriate than others. 

 Historically, mathematic, analog, physical, computer-based, and combinations of these, 

have been used to simulate wave propagation and cardiovascular function (Burattini and Gnudi, 

1982; Chau et al., 1979; Hardy et al., 1982; Jager et al., 1965; Lee et al., 2004; McIlroy et al., 

1986; Noordergraaf, 1978; Shim et al., 2004; Sud et al., 1992; Westerhof et al., 1969). These 

models range from complex branching and lumped parameter electrical analog networks (Hardy 

et al., 1982; Jager et al., 1965; O’Rourke and Avolio, 1980; Westerhof et al., 1971) to simple 

vessel and T-tube models (Berger et al., 1996; Burattini et al., 1991; O’Rourke, 1967). 

Mathematically and physically, all models make assumptions and simplifications, such as 

lumping similarly behaving components, excluding minor changes, or assuming ideal conditions 

or steady states. The model used in this study is no exception to necessary simplifications. 

 The model that allows description of the hemodynamic behaviors in the arterial system is 

the lumped Windkessel model (Li, 2004; Westerhof et al., 2009). The basic Windkessel model 
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consists of two elements, an electrical resistor and capacitor, and was proposed mathematically 

by Otto Frank in 1899. The two-element Windkessel simulates the arterial blood flow ejected 

from the heart as it travels through the large elastic arteries, i.e. the aorta and resistive peripheral 

systemic vasculature. The two components of the model are total arterial compliance, C, and 

peripheral resistance, Rs. To be able to simplify such a complex network into these two 

parameters, it is required to lump similar components together (Figure 1.6). Therefore, the two-

element model describes pulsatile pressure and flow through the entire arterial system in terms of 

Rs and C.  This description is too basic to let us understand the details within the arterial system 

such as wave reflection and propagation. In order to study this, a more complex model is needed. 

To study flow and wave propagation, the two-element model was adapted with the 

addition of another element, the aortic characteristic impedance, Z0. This change came with 

advancements in technology to physically measure aortic flow, and computational power to 

perform Fourier analysis on pressure and flow waveforms to calculate input impedance (the 

concept of impedance is covered in more detail in chapter 3). Making a simple assumption about 

the observed characteristic impedance at high frequencies, the three-element Windkessel model 

was developed. This proposed model demonstrates the link between resistance, compliance, and 

wave propagation, because characteristic impedance is defined as wave speed multiplied by blood 

density and divided by aortic cross-sectional area. Figure 1.8 gives a visual representation of the 

two- and three-element Windkessel models in both hydraulic (physical) and electrical terms. 

 The use of the three-element Windkessel, though successful in describing the arterial 

system, is not sufficient in studying the coupling of the heart and the arterial system. A goal of 

this thesis is to study the interactions of the heart and arterial system and how they relate in heart 

failure. Additional components have been introduced to the three-element model to allow 

investigators to study the coupling that occurs between the left ventricle (LV) and the arterial 

system (AS). This expanded model will be used in this thesis to study the LV-AS coupling and 

interactions, and is covered in more detail in chapter 3. The hemodynamic changes that occur in 
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the two main classes of HF (HFpEF and HFrEF) can therefore be studied more closely using this 

model. 
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Figure 1.1: Anatomy and blood flow of the heart. The left heart and connected vessels (pink) 
pump oxygenated blood. The right heart and connect vessels (grey) pump deoxygenated blood. 
AoV and PuV are aortic and pulmonary valves, respecitvely (modified from Levick, 2010).
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Figure 1.2: Map of human circulation and oxygen gas transport: pulmonary and systemic 

circulation (modified from Levick, 2010).
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Figure 1.3: Cardiac conduction structures and pathways (modified from Levick, 2010).
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Figure 1.4: Heart valve openings and closings, and atrial and ventricular volume changes during 
a complete cardiac cycle in terms of ventricular and atrial systole and diastole (modified from 
Levick, 2010).
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Figure 1.5: Aortic and left ventricular pressure and aortic flow waveforms over time – measured 
simultaneously. Left ventricular pressure (LVP), aortic pressure (AoP), and aortic flow (Q) 
(modified from Li, 2004). 



16 

 

 

Figure 1.6: The Windkessel analogy: a reservoir represents the Windkessel component, and is 
key to allowing for storage of fluid for steady fluid streams out of the spout. Physically, the large 
arteries act as this reservoir (Windkessel) element. Arterial compliance, aortic valve openings and 
closings, and peripherally resistant pathways work together to provide a relatively constant 
peripheral flow (modified from Westerhof et al., 2009). 

Source 

Steady 
Flow 
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Figure 1.7: Representations of the Windkessel multi-element model presented in hemodynamic 
and electrical forms. Zc is characteristic impedance of the aorta (modified from Westerhof et al., 
2009). 

2 Element 

3 Element 
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Chapter 2. Aims and Significance of the Research 
 

 For decades cardiovascular diseases (CVDs) have been, and continue to be the leading 

cause of global mortality. Of the total global deaths in 2008, 30% were due to CVD. It is 

projected that total mortality will continue to grow from more than 17 million deaths in 2008, to 

23.3 million deaths in 2030 (World Health Organization, 2011a, 2011b). High blood pressure, 

stroke, and heart attack constitute the main causes of CVD related deaths, with hypertension 

making up about 9.4 million, or 16.5% of all deaths annually (World Health Organization, 2013). 

Of deaths due to stroke or coronary heart disease, hypertension was found to be responsible for 

51% and 45% of cases, respectively (World Health Organization, 2013). These serious effects of 

hypertension lead to great interest in identifying the pertinent parameters that contribute to 

hypertension and heart failure, to allow for the diagnoses, treatments, and preventions of the 

conditions. 

 

2.1 Specific Aims 

This thesis focuses on: 

1. Quantifying hemodynamic changes that occur in hypertension and heart failure based on 

derivable model parameters. A list of these pertinent hemodynamic parameters include: 

Total arterial compliance (C) 

Total peripheral resistance (Rs) 

Stroke volume (SV) 

Cardiac output (CO) 

Heart rate (HR) 

Diastolic pressure (Pd) 

Systolic pressure (Ps)  

End-systolic pressure (Pes) 
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Ejection fraction (EF) 

Characteristic impedance (Z0) 

Input impedance (Z) 

Left ventricle maximum elastance (Emax) 

Effective arterial elastance (Ea) 

Left ventricle-arterial system coupling index (k) 

2. Quantifying pulse wave reflections, by resolving pulsatile pressure and flow into their 

forward and reflected components. 

3. Interpreting hemodynamic changes under altered physiological conditions of induced 

hypertension and subsequent anti-hypertensive vasodilator administration. 

4. Measuring heart-arterial system interactions (LVASI) by tracking stroke volume, ejection 

fraction, heart rate, and cardiac output in heart failure patients. 

5. Constructing left ventricular pressure-volume (P-V) loops for heart failure patients with 

reduced or preserved ejection fraction to calculate maximum elastance, effective 

elastance, and the LV-AS coupling index. 

6. Interpreting temporal LVASI changes and how wave reflections affect left ventricle 

function in heart failure by calculating arterial compliance. 

7. Differentiate patients with heart failure with preserved or reduced ejection fraction based 

on LVASI parameters. 
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2.2 Significance 

 There is a current need for advances in diagnostics, treatment, and monitoring of 

cardiovascular disease such as hypertension and heart failure. With cardiovascular disease being 

the main cause of global mortality, understanding how peripheral resistance, compliance, and 

impedance of the arterial system change in disease conditions will allow doctors to better treat 

patients, and ultimately avoid developing heart failure. Studying the interactions of the left 

ventricle and arterial system will give insight into key parameters that can be used to identify at-

risk patients, as well as classify heart failure patients into respective groups of reduced or 

preserved ejection fraction. There is a current need for a link between a universal index, or non-

dimensional ratio, and pertinent cardiovascular parameters that can be used to diagnose patients 

with HFpEF due to the almost-asymptomatic progression of the disease in the elderly, especially 

in those with hypertension. 

 Creating a tool for clinical use that makes detecting hypertension and critical heart failure 

in its early stages will benefit society greatly. Though many doctors are not trained in 

understanding the relationship between pressure and flow in the cardiovascular system, a simple 

index used to measure LVASI health that can translate a plethora of patient measurements and 

parameters into a diagnosis will allow for better treatment and care for those at risk of 

hypertension and hypertensive-related heart failure. Model-based analysis is the first step in 

developing this diagnostic technology, and allows for investigation into significant changes and 

trends seen in disease cases. 
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Chapter 3. Methods and Analysis 
 

3.1 Experimental Data Collection 

Retrospective Animal Experimental Studies: 

 Data was obtained from previous experiments in six anesthetized, open-chest mongrel 

canines (Li et al., 1990). Rutgers IACUC (Institutional Animal Use and Care Committee) 

previously approved the experimental protocol (Li et al., 1990). A pressure sensor on the tip of a 

catheter, and a Biotronex BL-610 flow probe positioned over the aorta were used to measure 

simultaneous measurements of aortic pressure and flow. EKG leads were also positioned and 

attached to provide simultaneous lead II EKG information. The collected signals were digitized 

using BIOPAC software at a sampling rate of 100 hertz. The pressure transducer’s and flow 

probe’s frequency responses were uniform beyond 100 Hz and uniform within 5% up to 35 Hz, 

respectively. Three conditions were studied: steady-state normotensive; induced hypertension by 

systemic intravenous administration of methoxamine; and subsequent vasodilation by intravenous 

sodium nitroprusside. 

 The weights of the six canines ranged from 20-24 kg. The anesthetic Nembutal 

(pentobarbital sodium) (30 mg/kg) was given intravenously, and ventilation was through the 

tracheal tube with an external respirator. The ascending aorta was isolated via a left thoracotomy 

at the fifth intercostals space, and a cuff-type electromagnetic probe was put in placement. A 

dual-sensor Millar catheter-tip semiconductor pressure transducer was inserted retrograde into the 

femoral artery and maneuvered to the point where the proximal sensor was positioned (the same 

location as the flow probe). 

 

Retrospective Human Studies: 

 Aortic and left ventricular pressure waveforms and echocardiogram data was obtained 

from previously collected medical records and procedures in 18 adult cardiovascular patients. All 
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patient data sets received for this study were without patient identifying information (PHI) or 

identification key code in accordance to HIPPA and Institutional Review Board (IRB) 

Authorization guidelines, and were obtained in close proximity to each other. IRB has approved 

the use of recorded data. The retrospective records included the use of aortic and left ventricle 

pressure waveforms, catheterization reports and measurements, echocardiogram reports, and 

medical history. 

For catheterization, the risks, benefits and alternatives of procedure were explained to 

each patient and appropriate consent was obtained before the procedure was performed in a 

hospital Cath Lab under aseptic technique using Lidocaine local anesthetic, appropriate guide 

wire, contrast media (Amersham Visipaque), pressure transducer tip catheters (6FR Arrow 

Wedge Pressure; Cordis 4FR JR4), sheaths (Cordis Corporation AVANTI), and dilators. 

Catheters were inserted retrograde into either the left or right femoral artery and maneuvered to 

the aorta and left heart where contrast dyes were used to visualize flow and abnormalities. 

Catheter measurement equipment was zeroed before each measurement, and the mid actuary line 

was estimated. Pressure and simultaneous electrocardiogram measurements were recorded in the 

aorta and left ventricle, and continuous data was collected and electronically saved. Following the 

procedure, the sheath(s) was/were removed and hemostasis was obtained. 

Transthoracic echocardiograms with complete 2D standard four-chamber view, M-Mode, 

color, and Doppler examinations were conducted for each patient using a 2-5 hertz transducer 

with adjusted resolution and varying phase for best visualization. M-Mode and 2D measurements 

and calculations were reported on the final patient report, along with time and Doppler 

measurements. No images or volume waveforms were provided in the patient data sets, though 

end systolic/diastolic volumes were reported.  

 LV and aortic pressure waveforms used in this work were obtained as scanned copies, 

which were then digitized using WebPlotDigitzer 3.6 software (Rohatgi, 2015) and imported into 

MATLAB 2014a (MathWorks Inc., 2014). 
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3.2 The Windkessel Model and Computation of Arterial System Parameters 

 The arterial tree was lumped into a simplified system using the 3-element Windkessel 

model (Figure 3.1). Compliance and total peripheral resistance were calculated from aortic 

pressure and flow waveform data (example waves shown in Figure 1.6). 

 As described in chapter 1, compliance (C) is a measure of arterial stiffness, and is defined 

in equation (1.2) as the ratio of change in volume over the simultaneous change in pressure 

measured during one period of the cardiac cycle. Total arterial compliance is the summation of 

compliances for the large elastic arteries and vessels. Peripheral resistance, Rs, is a measure of 

collective resistance to flow of fluid through the entire systemic vascular bed. As shown in 

equation (1.1), Rs is the average pressure divided by the average flow for a full period of the 

cardiac cycle. In this chapter, a deeper discussion and derivation of these equations will be 

covered. 

 The Windkessel model uses a capacitor to represent the storage properties of the large 

arteries, and a resistor to represent the small peripheral vessels. The terms compliance and 

peripheral resistance are paired to their respective components due to physiological 

characteristics of large arteries and small vascular beds. The pumping of the heart during systole 

distends the large arteries allowing them to hold a reservoir of blood, which during diastole is 

slowly ejected into the smaller peripheral vessels (Figure 3.2). This way the arterial stretching and 

contracting (mainly of the aorta) is what is thought to be largely responsible for the transition 

between pulsating flow from the heart to steady flow through the periphery (Li, 2004).  

 The Windkessel model simulates aortic stored flow with the term Qs, which is defined as 

the amount of dynamically stored blood flow during each contraction: 

 Qs = Qi - Qo (3.1) 
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Where Qi is the inflow to the large arteries, and Qo is the outflow to the small peripheral vessels. 

The outflow to the peripheral vessels is defined as the pressure difference due to peripheral 

resistance (Rs) between the arterial pressure (P) and the venous pressure (Pv): 

 Qo = (P - Pv)/Rs (3.2) 

If we assume steady flow (Qo = Qi) and a negligible Pv value, we obtain equation (1.1), shown 

again in (3.3): 

 Rs = �P / �Q (3.3) 

 We defined compliance earlier in this chapter, but mathematically, aortic compliance is 

defined as the amount of change in blood volume with respect to the amount of change of 

pressure in the aorta, as presented in chapter one equation (1.2), and again below: 

 C = dV / dP (3.4) 

It can be shown that Qs, which is approximately the change in aortic volume over time, is 

dependent on arterial compliance and change in arterial pressure over time: 

 Qs = C dP / dt (3.5) 

Rearranging (3.1) to solve for Qi we obtain: 

 Qi = Qs + Qo (3.6) 

Writing an expression for arterial flow in terms of arterial compliance, using the two Windkessel 

parameters, C and Rs, we obtain the following equation through substitution of (3.5) and (3.2) 

into (3.6), and assuming a negligible Pv: 

  (3.7) 

Which shows the relation of arterial flow to compliance, pressure, and peripheral resistance. If all 

else equal, Q will increase with an increase in C, or a decrease in Rs. 
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 During diastole, flow into the aorta is zero: 

   (3.8) 

Solving for dP/P yields: 

   (3.9) 

If we integrate both sides of (3.9) we obtain: 

   (3.10) 

or 

   (3.11) 

Valid for t = td, the diastolic period (shown in Figure 3.3). This shows that aortic pressure is a 

function of both arterial compliance and peripheral resistance. 

 For the present study, direct calculations of Rs and C were done based on the graphs of 

the experimental canine data. For example, Rs was found by taking the ratio of average pressure 

over one period, and the average flow over the corresponding period. Identifying the end-systolic 

pressure (Pes), diastolic pressure (Pd), and diastolic period (td) from the pressure waveform, the 

time constant (τ) and arterial compliance (C) could be calculated. Figure 3.3 shows the locations 

of these values for a pressure waveform. 

 To solve for τ we begin with the equation for diastolic pressure: 

  (3.12) 

and with all variables known, we can rearrange and solve for τ: 

  (3.13) 
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Conventionally, τ can also be defined in terms of Rs and C: 

  (3.14) 

Solving for compliance we obtain: 

  (3.15) 

 

or in terms of measured aortic pressures: 

  (3.16) 

 The 3-element model also includes a characteristic impedance term, Z0, which is viewed 

as the total arterial load to the heart, or average resistance to flow at the root of the aorta or 

ascending aorta. Z0 is a function of frequency, and at high frequencies it can be approximated as 

the average of the input impedance, Z. Z0 is defined as the complex ratio, by harmonic, of 

pressure and flow (Li, 2004). For each vascular impedance harmonic, n, there is a specific 

magnitude and phase component. Since pressure and flow waveforms are out of phase due to a 

time delay between their initiation and arrival to the same physical point, the derivation of the 

impedance term incorporates a phase angle within 90º (Li, 2004).  Mathematically, when the 

pressure wave arrives ahead of the flow wave the phase is positive, and when P lags Q, the phase 

is negative. Note, a phase difference is synonymous with a time delay when moving between the 

frequency and time domains (Li, 2004). The derivation of impedance in terms of harmonic 

components of pressure and flow is presented below, where the harmonic frequencies are nω, and 

phase is ϕn, where n is an increasing positive integer (1, 2, 3…). 

 For the oscillatory pressure waveform, the following mathematic transformation from the 

time to frequency domain can be performed where the total wave over time, t, is the sum of the 
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mean blood pressure and the collective harmonic sums of varying sinusoidal waves at different 

harmonic frequencies and phases. 

	    (3.17) 

  (3.18) 

Where f is frequency in hertz, and is physically represented by the number of heart beats per 

second. A similar equation to (3.17) can be written for the flow wave, q(t). 

 Converting from the time domain to the frequency domain, and expressing P and Q in 

terms of magnitude and phase, the following expressions are true for the nth harmonic: 

  (3.19) 

  (3.20) 

and the ratio of pressure to flow is: 

  (3.21) 

 Similar to (3.19) and (3.20), vascular impedance can be written in terms of magnitude 

and phase for the nth harmonic: 

   (3.22) 

with the magnitude of impedance as the ratio of the amplitude of pressure and flow for the nth 

harmonic, and phase lag, θn, defined as follows: 

   (3.23) 

   (3.24) 
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 As mentioned previously, characteristic impedance, Z0, is a term that is incorporated into 

the 3-element Windkessel model and is a function of frequency, and at high frequencies it can be 

approximated as the average of the input impedance, Z: 

  
 

 (3.25) 

  (3.26) 

 To calculate Z0, the experimental data was analyzed using MATLAB 2014a (MathWorks 

Inc., 2014). Fast Fourier transforms (FFT) and discrete Fourier transforms (DFT) were used for 

analysis of the control, hypertensive, and vasodilated conditions. The Fourier analysis converted 

the pressure and flow waveforms from time domain to frequency domain, revealing the amplitude 

versus frequency data for both pressure and flow pulse waves in accordance to harmonic index. 

This information was used to calculate frequency-/harmonic-specific results for impedance. 

Results were then compared between experimental and control conditions. 

 Next, we analyzed the arterial system dynamics associated with pulse wave reflections. It 

has been shown that pressure pulse amplitude increases as the wave propagates away from the 

heart (McDonald, 2005). This increase is a result of wave reflections due to either geometric or 

structural changes in the vessel structures, like the splitting of vessels into branches or increased 

vascular wall stiffness (Li, 1989). This wave reflection phenomenon is also true for flow 

waveforms. Reflected pressure and flow waves are 180 degrees out of phase. Therefore, higher 

amplitude in the reflected wave will result in an increase in total pressure amplitude (P), and a 

decrease in total flow amplitude (Q). This implies that the reflected wave for flow (Qr) has 

negative amplitude; therefore, the total flow wave (Q) has lower amplitude than the forward wave 

component of the flow (Qf). Moreover, pressure and flow are simply the summation of the 

forward and reflected waves measured at the same site (Figure 3.4) 

 P = Pf + Pr (3.27)  

 Q = Qf + Qr (3.28) 
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If the characteristic impedance, Z0, is known (or calculated using MATLAB methods described 

above), the forward and reflected terms can be solved for: 

  (3.29) 

  (3.30) 

  (3.31) 

  (3.32) 

Note that Z0 can also be defined in terms of forward and reflected components, and is not 

dependent on wave reflection. 

  (3.33) 

 The influences of reflected waves are demonstrated under varying CVS conditions, such 

as hypertension and vasodilation.  The differences seen in these conditions are beyond what used 

seen in the clinical setting, and the interpretation of this data in relation to impedance is focused 

on particularly in this study. 

 

3.3 Time-Varying Elastance Model of the Left Ventricle and Computation of Cardiac 

Parameters 

 The 3-element Windkessel model describes the arterial system in terms of characteristic 

impedance, total arterial compliance, and peripheral vascular resistance. The physical link 

between the heart and arterial system is found at the junction of the left ventricle and aorta. 

Therefore, the aortic compliance (especially during systole) influences the LV’s ability to eject 
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blood. In order to study the left ventricle-arterial system interactions (LVASI), we need to first 

introduce model parameters that account for the left ventricle. 

 Just as the 3-element Windkessel uses lumped parameters to describe the arterial system, 

the left ventricle can be modeled using a lumped parameter for LV maximal elastance (Emax). 

Emax is represented in model-form as a time-varying compliance (Figure 3.4), which describes 

the heart as a mechanical pump with a pressure-sensitive varying elastance. Emax is a function of 

LV pressure and volume; therefore as the cardiac cycle progresses from end diastole, Emax 

increases with pressure increase, and decreases as pressure falls after end systole. The LV 

compliance is dependent on the pressure-volume relationship during systole and diastole, which 

is directly connected to the arterial system dynamics. During ejection, the compliance of the LV 

is dependent on both the contractility of the heart and the resistance to flow embedded in the 

arterial system. 

 Emax is defined as LV end systolic pressure (ESP) divided by LV end systolic volume 

(ESV) minus the residual volume of the LV (V0): 

  (3.34) 

Here we assume V0 is equal to be zero. 

 

3.4 Analysis of Heart-Arterial System Interactions 

 One of the most commonly used measures of LVASI is the ratio of LV maximal 

elastance (Emax) to effective arterial elastance (Ea) (Chirinos, 2013; Korkhof, 2013). This ratio is 

termed the LVAS coupling index, k: 

 

€ 

k = Ea
Emax  (3.35) 

 Ea is used to describe the arterial system, and is another lumped index for arterial load.  

Ea is used to characterize the arterial system as a whole, but does not describe individual artery 

€ 

Emax =
ESP

ESV −V0
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elastic properties, nor is it exclusively dependent on arterial properties. Therefore, caution is 

needed when using Ea as an index when describing pulsatile LV load (Chirinos, 2013).  

The 3-element Windkessel, and pressure-volume analysis, can be used to derive Ea, which is 

shown to be a steady-state parameter that incorporates peripheral resistance (Rs), arterial 

compliance (C), characteristic impedance of the aorta (Z0), and the systolic and diastolic time 

intervals (ts and td, respectively): 

  (3.36) 

Here τ is the exponential diastolic pressure decay time constant, given by equation (3.14) as the 

product of Rs and C. 

 The properties of the aorta play a major role in cardiac performance due to its primary 

location as the bridge between the heart and the rest of the vascular system. One of these 

influences include preserving flow waves, which contributes to the vascular load on the heart—a 

concept of great interest to cardiologists studying CVD and heart failure. 

 To study LVASI, and overall heart health, clinicians look at the heart’s ability to pump an 

adequate amount of blood to the rest of the body. One measure of this is stroke volume (SV), or 

the amount of blood the heart can pump from each ventricle per beat: 

  (3.37) 

SV is the area under the flow curve over one period, T, which is defined as T = ts + td, and is 

shown in Figure 3.3. 

 SV is not only a function of preload, or the amount of blood and pressure in each 

ventricle before contraction, but also the heart’s ability to contract and the amount of tension in 

the ventricle wall during ejection, called afterload. A common measure of cardiac performance is 

the evaluation of the ejection fraction (EF) of the LV, which is defined as the ratio of total ejected 

volume, SV, to the total resting volume, end diastolic volume (EDV): 

€ 

Ea =
Rs

ts + τ(1 − e− td τ )

€ 

SV = Q(t)dt
0

T

∫
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  EF = SV / EDV (3.38) 

EF defines the diagnostic classification of heart failure into two main groups: heart failure with 

preserved ejection fraction (HFpEF) or heart failure with reduced ejection fraction (HFrEF). 

Clinically these classes are based on cutoff values for ejection fraction and range from EF = 45-

50%, where patients with an EF lower than the cutoff are diagnosed with HFrEF, and those at or 

above the cutoff are said to have HFpEF. This study uses an EF cutoff value of 49%. One of the 

aims of this study is to classify HFpEF patients from HFrEF patients based on LVASI 

parameters. 

 In conjunction with EF, clinicians use cardiac output (CO) as an indication of left 

ventricular health and performance. Cardiac output is the product of heart rate (HR) and stroke 

volume: 

  CO = SV × HR (3.39) 

Where HR is defined as: 

  HR = 1 / T (3.40) 

 Therefore, SV, EF, and HR can all be calculated from a set of flow and pressure waves, 

and can used to assess cardiac performance. 

 Keeping LVASI the focus, we can give a new definition for arterial compliance, C. Based 

on equation (3.4) we see that C can be defined as the change in volume over the change in 

pressure. Therefore, C can be estimated based on LVASI parameters SV and pulse pressure (PP): 

  C ≈ SV / PP (3.41) 

Here SV is the difference of EDV and ESV, and PP is the difference of arterial systolic and 

diastolic pressure. 

 Given the definition for SV, another relation for Ea can be established. Generally, Ea is 

approximated by the ratio of end-systolic pressure (ESP) and SV: 

  (3.42) 
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Or using mean arterial pressure (MAP) to approximate LV ESP, Ea can be estimated as: 

  (3.43) 

The approximation shown in equation (3.43), however, is only acceptable under normal 

physiological states and non-vasoactive conditions, and should be avoided if possible (Chirinos, 

2013; Li, 2000). 

Ea can also be approximated based on Rs, HR, and CO. If Rs is defined as: 

   (3.44) 

Note: the formal definition for Rs is given in equation (3.3) 

then: 

   (3.45) 

This relation for Ea is a function of mean forward ascending aortic flow and coronary flow, per 

minute. The use of Ea as a measure of arterial functionality is limited, and though it can be 

insightful on a basic level, it should not be used as a pure index of arterial load. However, its 

usefulness has been proven when used to define the coupling index, k, to evaluate LVASI and 

systolic dysfunction (Chirinos, 2013).  

 Both Ea and Emax can be obtained in the LV pressure-volume plane. In this study, Ea 

and Emax were obtained using several methods depending on the available clinical 

measurements. For eleven patients, available clinical information was given for all needed 

parameters; for seven patients, further calculations were needed to estimate LV EDV based on 

given LV ESV and SV measurements: 

  EDV = ESV + SV (3.46) 

 For the human-based portion of this study, aortic and left ventricular pressure waveforms 

from hospital catheterizations, measurements from echocardiograms, and cardiac signals from 

electrocardiograms (EKG) were available. Without flow waveforms, a continuous function for 

€ 

Rs =
MAP
CO
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LV volume over time was unknown. To remedy the lack of continuous volume over time 

information, simulated LV pressure-volume (P-V) loops were created based on four key points 

(ESV, ESP, EDV, and EDP) and using a fixed time step equal to 0.025 seconds. LV P-V loops 

are constructed by plotting corresponding pressure versus volume values for each discrete time 

point over one cardiac period. A typical P-V loop is shown in Figure 3.5 below. P-V loops are 

useful in studying LVASI because the slope of the line that intersects through V0 and the end-

systolic point (ES) gives Emax; and the absolute value of the slope of the line that passes through 

the ES and ED (end-diastolic) points defines Ea (shown in Figure 3.5). This way, knowing the 

four points for left ventricular ESV, EDV, ESP, and EDP (and assuming V0 is approximately 

zero), Emax and Ea can be derived. This will ultimately give the coupling index, k.  

 Timings for LV volume changes were determined based on simultaneous EKG 

measurements on LV pressure waveforms (Figure 3.6). For example, the end of EDV occurs 

when the aortic valve opens, which correlates with the end of the S wave on an EKG; and ESV 

period ends when the atrial-ventricular (AV) valve opens, which occurs at the end of the T wave 

on an EKG. Through this the corresponding time points could be found and used in constructing 

simulated LV volume curves, and ultimately construct simulated LV P-V loops. The process of 

calculating Ea and Emax based on P-V loop slopes provides a visual tool for understanding 

otherwise purely mathematic calculations. Visualizing changes and relationships in LVASI gives 

further insight into the coupled relationship based on the elastic-dynamic properties of the arterial 

and left ventricular systems. The overall goal is to analyze the changes that occur in the matching 

of the arterial system and the left heart in patients with HFpEF or HFrEF. Identifying these 

changes will give insight into which physical properties may be contributing to disease, and 

which characteristics can be used to distinguish between these two patient groups. 

 Statistical analysis will be performed for human clinical studies using MATLAB 2014a 

statistics toolbox (MathWorks Inc., 2014) and will include linear regression analysis, mean and 

standard deviation, and t-test using significance at p < 0.05.
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Figure 3.1: Three-element Windkessel model, with Z0 as characteristic impedance, C as total 
arterial compliance, and Rs as total peripheral resistance.  



36 

 

 
 
 
Figure 3.2: Schematic of blood flow (Q) from the left ventricle (LV) through the systemic 
circulation with respect to the 3-element Windkessel model. The blood is ejected into an elastic 
vessel (aorta) that stores flow during systole (solid line) and releases flow into the rigid peripheral 
vessels  by elastic recoil during diastole (dotted line) (modified from Li, 2004).

LV	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Aorta	   	   Peripheral	  
Vessels	  
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Figure 3.3: Example of an aortic pressure waveform over one heartbeat showing the locations 
and common values for the systolic, diastolic, end-systolic, and mean blood pressures. The 
diastolic period (td) and systolic period (ts) are also shown (modified from Li, 2004). 
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Figure 3.4: Left ventricle-arterial system coupling. The LV is represented by a time-varying 
compliance Cv(t) and the arterial system is represented by a 3-element Windkessel with Z0 as 
characteristic impedance, C as total arterial compliance, and Rs as total peripheral resistance. 
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Figure 3.5: Example of a left ventricle pressure-volume loop (LV P-V loop). Note the dashed 
line for the end-systolic pressure-volume relation (ESPVR), which passes through the end-
systolic point and the residual volume (V0) intercept. The slope of the ESPVR gives the LV 
maximal elastance (Emax). The effective arterial elastance (EA) is derived from the slope of the 
line joining the end-diastolic volume (EDV) and the end-systolic pressure (ESP) points. The 
width of the loop represents the stroke volume (SV), and the hatched area is the LV potential 
energy (PE). (Taken and adapted from, (modified from Chantler et al., 2008)). 
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Figure 3.6: Cardiac cycle measurements for two heart beats. LV volume changes were 
determined based on EKG wave timing and corresponding LV pressure waveforms (Chang, 
2011). 
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Chapter 4. Results 
 

4.1  Retrospective Animal Experimental Studies 

4.1.1 Model Based Analysis 

  From collected experimental data for control, hypertensive, and vasodilated conditions, 

pulsatile pressure and flow waveforms were digitized and graphed.  It is seen that in comparison 

to the normal control condition, the systolic pressure in hypertension is significantly higher at 

about 200 mmHg compared to 105 mmHg (Fig. 4.1.1 and 4.1.2).  It is also seen that there is a 

small decrease in mean flow between hypertensive and control conditions: 13.24 ml/second 

versus 20.28 ml/second, respectively. For the vasodilated condition, the pressure is below control 

conditions (61 mmHg versus 90 mmHg), with a slight increase in mean flow (33.11 ml/second 

versus 20.28 ml/second). The cardiac period, T, for hypertension is about equal to the control 

(0.45 seconds compared to 0.43 seconds), whereas the vasodilated T decreases to 0.36 seconds. 

These and other pertinent hemodynamic parameters are tabulated in Table 4.1.1. 
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Figure 4.1.1: Experimental pressure and flow waveforms for normal healthy conditions over one 
cardiac cycle. Data collected at 100 Hz. 
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Figure 4.1.2: Experimental pressure and flow waveforms for hypertensive conditions over one 
cardiac cycle. Data collected at 100 Hz. 
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Figure 4.1.3: Experimental pressure and flow waveforms for vasodilated conditions over one 

cardiac cycle. Data collected at 100 Hz. 
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 From the pressure and flow waveforms, values for mean pressure and flow as well as Rs 

were calculated. Values for Ps, Pd, Pes, ts, td, and T were located by hand for each pressure wave 

(example estimation graph shown in Fig. 3.3). Compliance was calculated, as well as the time 

constant τ. Values such as HR, SV, CO, and EF are also included, and were calculated for each 

condition. Results are shown in Table 4.1.1. 

 As expected, mean pressure increases for hypertension and decreases in vasodilation (as 

stated above). As well, the opposite is seen for mean flow with a decrease in hypertension and 

increase in vasodilation. Peripheral resistance increases with increased pressure, up from 4.461 

mmHg-sec/ml to12.93 mmHg-sec/ml, and decreased with dilation to1.852 mmHg-sec/ml. These 

changes in Rs correspond with greatly reduced compliance in hypertension, down from 

0.423 ml/mmHg to 0.156 ml/mmHg, and significantly increased compliance in dilation to  

0.763 ml/mmHg. 

 Under the pressure-overload conditions in hypertension, heart rate, stroke volume, end 

diastolic volume, and cardiac output all decrease relative to normal health control conditions. The 

opposite is seen for vasodilated conditions, with an increase relative to the control for heart rate, 

stroke volume, end diastolic volume, and cardiac output. Ejection fraction was assumed to be 0.6 

for all conditions. 
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Table 4.1.1: Measured and calculated hemodynamic parameters for experimental pressure and 
flow waveforms, as well as calculated cardiac parameters (HR, SV, EDV, CO). 
 

	  	   	  	   Control	   Hypertension	   Vasodilator	  

�P	  (mmHg)	   90.47	   171.3	   61.33	  

�Q	  (ml/sec)	   20.28	   13.24	   33.11	  

Ca
lc
ul
at
ed
	  

Rs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

(mmHg/ml/s)	   4.461	   12.93	   1.852	  

Ps	  (mmHg)	   105	   200	   83.0	  

Pd	  (mmHg)	   79.0	   155	   61.3	  

Pes	  (mmHg)	   91.0	   178	   54.0	  

ts	  (sec)	   0.163	   0.170	   0.180	  

td	  (sec)	   0.267	   0.280	   0.180	  

M
ea
su
re
d	  

T	  (sec)	   0.430	   0.450	   0.360	  

τ	  (sec)	   1.89	   2.02	   1.40	  

C	  (ml/mmHg)	   0.423	   0.156	   0.763	  
Z0	  
(mmHg/ml/s)	   0.1686	   0.1871	   0.2683	  

HR	  (bpm)	  
139.5	   133.3	   166.7	  

SV	  (ml)	   8.72	   5.96	   11.9	  
EDV	  (ml)	   14.53	   9.933	   19.83	  

Ca
lc
ul
at
ed
	  

CO	  (ml/min)	   1216	   794.5	   1984	  

Cs
t.	   EF	  (%)	   60	   60	   60	  
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4.1.2 Frequency Domain Fourier Analysis 

 Canine experimental data was analyzed by fast Fourier transforms (FFT) for control, 

hypertensive, and vasodilated conditions. The first ten harmonics, excluding the characteristic  

0-order harmonic, are included in the pressure-flow analyses for each condition. 

 In the healthy control condition, pressure magnitude maximum occurs in the first 

harmonic with a value of about 4.8 mmHg, whereas the maximum for flow magnitude is 18.75 

ml/sec. Both flow and pressure magnitudes quickly decrease, and by the fourth harmonic the 

values remain low and waver between about 0.2 and 0.5 mmHg for pressure, and 1 and 2.5 ml/sec 

for flow. The phase angle plots for pressure and flow demonstrate the time delay between the two 

waves, with pressure lagging flow. The unequal magnitudes and uneven switching between 

positive and negative angles between the two waves support this result of wave propagation 

delay. 

 Similar trends are seen in the hypertensive case. Here, when compared to the control 

situation, the first harmonic maximum magnitude value is higher at about 8.9 mmHg, and the 

flow maximum magnitude value is lower at about 14.5 ml/sec. Similarly, by the fourth harmonic 

the values for pressure and flow magnitude remain low and near values similar to those seen in 

the control condition, though the trend is not as drastic in the flow magnitude results, as there is 

seen a slight increase starting at harmonic five with 1.0 ml/sec, reaching about 2.5 ml/sec by 

harmonic ten. The phase analysis reveals the same trends in wave propagation delay, with 

pressure lagging behind flow. 

  The vasodilated FFT results show the pressure and flow maximum values for the first 

harmonic being about 7 mmHg and 27.5 ml/sec, respectively. These values are both an increase 

relative to the control, and a decrease in pressure and increase in flow relative to the hypertension 

values. Magnitude in pressure gradually approaches zero from the fourth to tenth harmonics, and 

the flow values rise for the fourth, but then fall to about zero by the tenth. The phase analysis 

shows very similar results between the pressure and flow waves, in both magnitude and sign. 
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Figure 4.1.4: Fast Fourier Transforms (FFT) of pressure and flow waveforms (Control 
condition). 
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Figure 4.1.5: Fast Fourier Transforms (FFT) of pressure and flow waveforms (Hypertensive 
condition). 
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Figure 4.1.6: Fast Fourier Transforms (FFT) of pressure and flow waveforms (Vasodilated 
condition). 
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 Once the |P| and |Q| data for each condition was calculated, as shown above, |Z| was 

evaluated. Peripheral resistance, Rs, is equal to the 0th order harmonic of impedance magnitude. 

For the hypertensive case, Rs increases from 4.46 mmHg-sec/ml to 12.9 mmHg-sec/ml. The 

opposite trend is seen in the vasodilated case, with a decrease in peripheral resistance to 1.85 

mmHg-sec/ml. Note that after about the third harmonic, the magnitude of impedance is relatively 

constant, and oscillates about a certain value. This value is assumed to be the characteristic 

impedance, Z0, and is significantly less than the values for Rs. In the control, hypertensive, and 

vasodilated cases, Z0 is about 0.1686 mmHg-sec/ml, 0.1871 mmHg-sec/ml, and 0.2683 mmHg-

sec/ml, respectively. 
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Figure 4.1.7: Magnitude of input impedance (Z) using Fast Fourier Transformations (FFT) of 
pressure and flow waveforms (Control condition). Peripheral resistance (Rs) and characteristic 
impedance (Z0) are shown. 
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Figure 4.1.8: Magnitude of input impedance (Z) using Fast Fourier Transformations (FFT) of 
pressure and flow waveforms (Hypertensive condition). Peripheral resistance (Rs) and 
characteristic impedance (Z0) are shown. 
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Figure 4.1.9: Magnitude of input impedance (Z) using Fast Fourier Transformations (FFT) of 
pressure and flow waveforms (Vasodilated condition). Peripheral resistance (Rs) and 
characteristic impedance (Z0) are shown. 
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4.1.3 Pulse Wave Reflections 

 Pressure and flow pulse waves were quantified by resolving each into their forward and 

reflected components. It should be noted that the waves have been normalized to the initial flow 

and pressure values. This was done for each test condition, and the same overall trends are seen 

among them: For pressure, the forward and reflected waves do not exceed the total final pressure 

wave curve, and both forward and reflected waves have positive amplitudes. For flow, the 

forward wave remains above the total flow wave curve, while the reflected wave has a negative 

amplitude for the majority of the time due to the out of phase nature of the wave propagations. 

 For pressure, when compared to the control condition, hypertension demonstrated an 

overall increase in mean pressure for both forward and reflected waves, however wave shape 

differs from the control. There is a decreased influence of the forward wave and increased 

positive shape in the reflected wave. For the vasodilated case, there is an overall decrease in mean 

pressure in both waves, with an increase in forward wave influence and shape, almost to the point 

of the two waves (total and forward) matching exactly, and a large decrease in reflected 

contribution. Through this analysis it is seen that in vasodilated conditions there is very little 

influence of reflected waves on the total pressure waveform. 

 Flow analysis for hypertension reveals an overall decrease in amplitude for both forward 

and reflected waves. It is difficult to compare wave shape changes between the hypertensive and 

control conditions due to the abnormal spike seen in the flow wave for the high pressure case, but 

there is a large negative influence from the reflected wave and a drastic decrease in positive 

amplitude influence from the forward wave. For the vasodilated condition, similar affects are 

seen in flow as were shown for pressure: the forward portion dominates the total flow wave, and 

the reflected portion hardly contributes. Interestingly, the total mean flow decreases in 

hypertension, but there is an increase in forward and reflected magnitudes, and an increase in 

forward flow wave in vasodilation and drastic decrease in reflected amplitude, with an overall 

increase seen in mean total flow for vasodilation. 
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Figure 4.1.10: Pulse wave reflections for pressure over one cardiac period, resolved into forward 
and reflected waves; showing the summation of these waves is equal to the total pressure 
waveform. (Healthy, control conditions). 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

0.01 0.06 0.11 0.16 0.21 0.26 0.31 0.36 0.41 

Pr
es

su
re

 (m
m

H
g)

 

Time (sec) 

Pressure Vs. Time (Control) 
Pf 
Pr 
P 



57 

 

Figure 4.1.11: Pulse wave reflections for flow over one cardiac period, resolved into forward and 
reflected waves; showing the summation of these waves is equal to the total flow waveform. 
(Healthy, control conditions). 
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Figure 4.1.12: Pulse wave reflections for pressure over one cardiac period, resolved into forward 
and reflected waves; showing the summation of these waves is equal to the total pressure 
waveform. (Induced hypertensive conditions). 
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Figure 4.1.13: Pulse wave reflections for flow over one cardiac period, resolved into forward and 
reflected waves; showing the summation of these waves is equal to the total flow waveform. 
(Induced hypertensive conditions). 
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Figure 4.1.14: Pulse wave reflections for pressure over one cardiac period, resolved into forward 
and reflected waves; showing the summation of these waves is equal to the total pressure 
waveform. (Vasodilated conditions). 
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Figure 4.1.15: Pulse wave reflections for flow over one cardiac period, resolved into forward and 
reflected waves; showing the summation of these waves is equal to the total flow waveform. 
(Vasodilated conditions). 
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4.2 Retrospective Human Studies 

4.2.1 Left Ventricular Pressure-Volume Loop Analysis 

 Based on collected clinical waveforms for left ventricular pressure, LV pressure-volume 

(PV) loops were constructed for 18 patients with either preserved or reduced heart failure (pEF 

cutoff was 49%). From each constructed PV loop, Ea, Emax, and k were calculated as described 

in chapter 3. Simulated volume over time was constructed and used to create each loop, and is 

shown below each corresponding pressure waveform. Data over several periods was used to 

calculate Ps and Pd; however, only one period was selected to create PV loops (shown in figures 

below). 
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Figure 4.2.1: Patient 7a-2 (EF = 55%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.2: Patient 7a-3 (EF = 30%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.3: Patient 7a-4 (EF = 25%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.4: Patient 7a-7 (EF = 30.2%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.5: Patient 7a-9 (EF = 60%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.6: Patient 7a-10 (EF = 35.7%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 

0 50 100 150 200
0

50

100

150

200

Pressure Vs. Volume � 7a(10)

V o lu m e (mL)

Pr
es

su
re

 (
m

m
H

g)

 

 

k = 1.3228

Emax = 1.0277
Ea = 1.3594

1.9 2 2.1 2.2 2.3 2.4 2.5
0

20

40

60

80

100

120

140
Pressure Vs. Time � One Cycle

Tim e (se c )

Pr
es

su
re

 (
m

m
H

g)

1.9 2 2.1 2.2 2.3 2.4 2.5
120

140

160

180

200
Simulated Volume Vs. Time � One Cycle

Tim e (se c )

V
ol

u
m

e 
(m

L)



69 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

Figure 4.2.7: Patient 7a-12 (EF = 55%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.8: Patient 7a-13 (EF = 68.4%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.9: Patient 7a-14 (EF = 33.3%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.10: Patient 7a-15 (EF = 60%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.11: Patient 7a-18 (EF = 75%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.12: Patient 7a-21 (EF = 66.7%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.13: Patient 7a-22 (EF = 50%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.14: Patient 7a-24 (EF = 31.7 (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.15: Patient 7a-25 (EF = 36.1%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.16: Patient 7b-2 (EF = 16.7%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.17: Patient 7b-18 (EF = 17.1%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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Figure 4.2.18: Patient 7b-25 (EF = 49.7%). (a) Pressure and simulated volume over time for one 

cardiac period. (b) LV Pressure-Volume loop, V0 = 0 (assumed). 
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4.2.2 Coupled LV-AS Parameter Analysis 

 Parameter interactions were investigated by comparing effective arterial elastance (Ea), 

maximal elastance of the LV (Emax), arterial compliance (C), and the coupling index (k). Plots 

for EF versus k, k versus Ea, and k versus C were constructed. Trends are shown on each plot 

below, along with corresponding R-squared values. Equations for each best-fit line are shown in 

the figure captions. Tables 4.2.1, 4.2.2, and 4.2.3 report the measured hemodynamic parameters, 

computed LV-AS parameters for heart failure patients, and statistical analysis results for 

significant difference between groups and parameters. 

 Figure 4.2.19 shows the grouping of HFpEF and HFrEF patients along the EF axis. The 

overall trend for the relationship of EF to k is best modeled logarithmically. As k increases EF 

drops off exponentially. Amongst their respective groups, HFpEF patients fall in a more linear 

trend, as the logarithmic plot is more linear for smaller k values. 

 For k versus Ea, shown in Figure 4.2.20, HFrEF patients fall in a positive proportion 

between Ea and k (as Ea increases k increases) which is shown in the definition of k = Ea/Emax. 

For the HFpEF group, Ea and k show less of proportionality —Ea acts independent of k, and k 

remains constant and at a low value for changes in Ea. 

 Similar results are seen in k versus C (Figure 4.2.21). For HFpEF patients, k remains 

constant and at a low value for wide range of C values, but for HFrEF patients a smaller range of 

C values results in an entire range of k values. 
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Figure 4.2.19: Ejection Fraction vs. Coupling Index. HFpEF classified as EF greater than or 

equal to 49%. Linear best-fit for HFpEF (solid red): y = -26x + 74; R2 = 0.456 

Linear best-fit for HFrEF (dotted red): y = -4x + 36; R2 = 0.563 

Logarithmic best-fit for all data (dashed blue): y = -17log(x) + 42; R2 = 0.591 
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Figure 4.2.20: Coupling Index vs. Effective Arterial Elastance. HFpEF classified as EF greater 

than or equal to 49%. Linear best-fit for HFpEF (solid red): y = 0.0043x + 0.53; R2 = 0.00021 

Linear best-fit for HFrEF (dotted red, excluded points at Ea = 6.85, 1.90):	  y = 0.87x - 0.32; 

R2 = 0.9599 
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Figure 4.2.21: Coupling Index vs. Arterial Compliance. HFpEF classified as EF greater than or 

equal to 49%. Linear best-fit for HFpEF (solid red): y =	  0.047x + 0.45; R2 = 0.03997 

Linear best-fit for HFrEF (dotted red):	  y = -0.81x + 2.9; R2 = 0.09052 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Coupling Index (k) Vs. Arterial Compliance (C)

C  (mL/ m mHg)

k

 

 
EF >= 49%
EF < 49%
R² = 0.03997
R² = 0.09052



85 

 

 
Table 4.2.1: Measured Hemodynamic Variables of Heart Failure Patients.  
EDV calculations method or combination of methods is specified; if values were not reported 
from echocardiogram, EDV was calculated by adding ESV and SV (F stands for Ficks). Ao 
(aortic), HR (heart rate), CO (cardiac output), SV (stroke volume), EDV (end-diastolic volume), 
ESV (end-systolic volume). 
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Table 4.2.2: Computed Left Ventricle and Arterial System Parameters of Heart Failure Patients. 
EF (ejection fraction), Emax (LV maximum elastance), Ea (effective arterial elastance), Rs 
(arterial peripheral resistance), C (arterial compliance), k (coupling index, Ea/Emax). 
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Table 4.2.3: T-test Results for Computed Left Ventricle and Arterial System Parameters of Heart 
Failure Patients. Ea* excludes two values indicated on Figure 4.2.20.  
p < 0.05 shows statistical significance. 
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Chapter 5. Discussion and Suggestions for Future Research 

While there have been many studies with experimental animal studies and human studies, 

few have looked at combining modeling studies with the analysis of the interaction of the heart 

and the arterial system with respect to heart failure. This thesis provides one of the first such 

studies. 

 

5.1  Combining Animal Experiments with Model-based Characterization of the Arterial 

System Load to the Heart  

 The three-element Windkessel model in the present study was effective in estimating the 

arterial system’s load on the heart through calculation of arterial compliance, peripheral 

resistance, and aortic characteristic impedance in three physiological conditions (normal, 

hypertensive, and vasodilator-treated) in canines. This lumped model analysis allows the complex 

network of abundant arteries and veins to be simplified for rapid analysis through simple 

mathematics, without large compensations in accuracy and application. As mentioned in  

chapter 3, the Windkessel model describes the reservoir properties of large arteries in terms of 

arterial compliance, and the perfusion to small resistive vessels in terms of peripheral resistance. 

This is allows for both compliance and resistance components to be quantified in clinical 

applications, and provides a simple and fast diagnostic tool to detect disease such as hypertension 

and early signs of heart failure. 

 Previous work has been done on validating the Windkessel model for its estimates for 

arterial system performance (Westerhof et al., 2009). The three-element model is accurate in 

estimating overall wave shape, and at low frequencies, there is a small error in the calculation of 

impedance. This model also makes an overestimation for compliance because of an assumption 

that compliance is constant, rather than pressure dependent. However, a wide number of studies 
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support and continue to implement the three-element Windkessel since compliance 

overestimation is not drastic, and generally, linearity is preferred over nonlinearity (Fogliardi et 

al., 1996; Westerhof et al., 2009).  A more accurate model for the pressure-dependent arterial 

compliance behavior has been accounted for in a nonlinear system presented by Li et al. (1990), 

in which arterial compliance is shown to vary throughout the cardiac cycle. 

 As a general description of the arterial system in terms of three parameters that are viable 

measures of heart health, the three-element Windkessel is adequate in providing insight into many 

areas of analysis, such as those shown in this study. We have shown the application of the 

Windkessel in estimating compliance, peripheral resistance, and impedance. As well as being 

instrumental in interpretation of hemodynamics, pressure-flow relationships at the entrance of the 

arterial system, and pulse wave analysis in forward and reflected waves. 

 However, some limitations exist. For example, this model is unable to examine pressure-

flow interactions within individual vessels, i.e. distal pressures are skewed, as well as the need for 

direct and accurate measurement of the pressure and flow in the proximal aorta. Due to the 

lumped parameters used in the model, it is unable to give insight into effects of local 

hemodynamics on individual parts such as only the aorta, or only the vascular bed. Wave 

transmission mechanisms and wave propagation cannot be studied, and the assumption that pulse 

wave velocity is infinite can be limiting in some cases. However, the model is very useful in 

studying the ventricle-artery interactions of the circulatory system, and gives a deeper insight into 

arterial-heart conditions in terms of three distinct parameters. 

 It was shown in the current work that the frequency dependence of impedance is linked to 

forward and reflected waves in pressure and flow — the lower the frequency the greater the wave 

reflections. As wave frequency increases, out-of-phase cancellations occur more often, which 

reduces the number of backward reflected waves. This is seen for harmonics above the third, and 

results in the aorta’s characteristic impedance becoming dominant in determining total input 

impedance. As the amount of wave reflections increase (i.e. at low and intermediate frequencies), 
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the amount of energy required of the heart to pump increases (Li, 1989). Through the 

understanding of external work of the heart, it can be seen that at low frequencies the input 

impedance is equal to the peripheral resistance. As shown in Figures 4.1.7 through 4.1.9, Rs is 

much larger than the impedances at higher frequencies (estimated to be approximated by Z0). Due 

to this, the heart has to pump against a much greater load at lower frequencies, and through the 

following equation for external work (EW), it is seen that as mean aortic pressure, PAomean, 

increases, EW of the heart also increases: 

 EW ≈ PAomean × SV (5.1) 

The changes in PAomean due to increased input impedance are significantly greater than those 

decreases in SV seen in hypertension (Li, 1989). Therefore, it is insightful to understand the role 

frequency plays in pulse wave reflection for pressure and flow, and the implications this has on 

input impedance and the energy requirements of the heart. 

 The impedance results presented for this study reflect the findings of previous 

investigators, and support the claim that as peripheral resistance increases and compliance 

decreases, as is the case for hypertension, the characteristic impedance plays a more dominating 

role in input impedance. This is further supported by the demonstrated increase in wave 

reflections (Figures 4.1.8, 4.1.12, and 4.1.13). The opposite dynamic is seen in vasodilation 

(Figures 4.1.9, 4.1.14, and 4.1.15), and intuitively makes sense since it counteracts high-pressure 

dynamics. The response seen in vasodilation helps combat increased resistance and decreased 

compliance by ultimately lowering input impedance. These general and specific hemodynamic 

responses are to be expected, and have also been found by previous investigators (Berger et al., 

1996; Li, 2000, 2004; O’Rourke and Avolio, 1980; Westerhof et al., 1971). 

 The concept of frequency-dependent impedance ties in many aspects investigated in this 

study. For example, the increased load on the heart seen in hypertension is attributed to many 

interconnected factors all studied: increased cardiac cycle period (decreased frequency), which as 

just discussed, results in greater contribution of reflected waves (supported by the forward and 
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reflected wave components shown in Figures 4.1.12 and 4.1.13), as well as an increase in 

peripheral resistance and decrease in compliance. With a decrease in heart rate and mean flow, 

comes a decrease in stroke volume and cardiac output also seen in hypertension. These 

interconnected relationships are a general trend throughout physiology, and it is by investigating 

the derived arterial system parameters presented in the current work that practitioners may be able 

to better diagnose and monitor disease onset and progression. 

 The same interconnected trends are seen for vasodilation, but to the opposite direction. 

Looking at the frequency domain Fourier analysis of pressure and flow for the vasodilated 

condition (Figure 4.1.6), it is seen that there are similar phase plots for P and Q. Examining the 

graphs for forward and reflected waves (Figures 4.1.14 and 4.1.15) helps reveal a probable cause: 

a drastic, almost nonexistent, influence of reflected waves. Normally, pressure waves lag flow 

waves, but under vasodilated conditions, it appears that this is not the case, and even though all 

the required changes that must occur to counteract the high-pressure condition are present, there 

may be a deeper mechanism behind the seen hemodynamic changes in terms of wave reflections. 

The validity of the forward and reflected wave analysis performed in this study is supported by 

recent work of Li et al. (2010).  

 Many anti-hypertensive drugs are vasodilators, and generally work well in controlling 

mean arterial pressure. This form of treatment is normally the first line of defense against high 

blood pressure (Li, 2000). The results in this study demonstrate the hemodynamic changes that 

occur under both hypertensive and vasodilated conditions. The overall trend of the vasodilated 

results is a decrease in mean pressure, peripheral resistance, and impedance, along with an 

increase in mean flow, compliance, stroke volume, and cardiac output. These changes would be 

beneficial to a patient with hypertension, as they are all opposite of those under high-pressure 

situations, and would act to stabilize values back to normal healthy levels. 

 Hypertension causes artery stiffening (decreased compliance), which then is tied into a 

plethora of hemodynamic and cardiac system changes, as discussed previously, but one 
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interesting aspect of the disease is that hypertension-related heart failure has been shown to 

preserve the ejection fraction of the left ventricle. Heart failure occurs when ejection fraction is 

less than 30%.  Heart failure with preserved ejection fraction (HFpEF) is currently a highly 

debated topic among investigators as to the leading causes. It is currently believed that there are 

abnormalities in the left ventricle’s ability to relax fully during diastole, and not caused by 

increased ventricle stiffness (Udelson, 2011). As shown in this study, hypertension induces 

decreased compliance and increased peripheral resistance, which normally leads to a thickening 

of the LV wall (Levick, 2010). Wall tension in the left ventricle in hypertension can be 

understood more accurately by evaluating the cylindrical wall stresses defined by Laplace’s Law 

and the Lamé equation. Laplace’s Law states that wall stress (T) is equal to pressure (P) times the 

vessel’s radius of curvature (r); while Lamé’s equation has T equal to the product of P and r, 

divided by wall thickness, h: 

 Laplace’s Law: T = P × r (5.2) 

 Lamé: T = (P × r)/ h (5.3) 

 In hypertension, ejection fraction is preserved, and for wall tension to remain constant in 

accordance to Lamé, as P increases the wall thickness, h, must also increase to normalize wall 

tension. This is indeed what is seen in real life hypertensive cases with reduced SV as well as 

EDV. Compared to heart failure with reduced ejection fraction (HFrEF), which demonstrates 

failure of the left ventricle to pump blood to the rest of the body, with a decrease in SV, HFpEF is 

more a defect in diastolic function of the LV, where as HFrEF is a defect in systolic function of 

the LV. 

 

5.2 Heart Failure with Preserved or Reduced Ejection Fraction and Heart-Arterial 

System Interaction in Human Studies 

 The clinical studies investigated in the present research focused on LV-AS interactions.  

This thesis identified critical parameters to characterize the heart and the arterial system.   These 
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parameters included Ea, Emax, arterial compliance, C, and the LV-AS coupling index, k.  The 

goal was to examine the effectiveness of these parameters in separating patients with HFpEF 

from those with HFrEF.  The coupling of the arterial system dynamics to the heart, particularly 

the left ventricle-aortic interface, was studied through the examination in the LV pressure-volume 

plane. PV loop analysis takes into account a time varying LV elastance, offers a visual tool for 

identifying changes in SV, Ea, and Emax between patients, and allows for a more clinician-

friendly platform for observing and monitoring key LV-AS interactions. However, one limitation 

of PV loop analysis is that some physiological mechanisms central to LV-AS interactions, such as 

pulsatile load and wave reflections, are not captured in the LV pressure-volume plane alone, and 

limiting assumptions need to be made to derive Ea and Emax parameters (Chirinos, 2013). 

However, overall pressure-volume domain analysis has been a favorable and historically popular 

means of gaining insight into LV-AS interactions by focusing on mechanical and energetic 

aspects. 

 Ea as a measure for effective arterial elastance was derived based on several unrealistic 

simplifications: time invariant heart rate, and constant diastolic and systolic duration; a linear 

relation between arterial end-systolic pressure and stroke volume; and lumping together arterial 

tree impedances into one term (Sunagawa et al., 1983, 1985). Ideally, the coupling index k 

(defined Ea/Emax) should give a ratio of pure influences of the arterial system versus pure 

influences of the left ventricle. However, Ea, as defined by Sunagawa and used globally, 

describes more a system property than a pure index of arterial load. While in its derivation the 

assumption was made that heart rate is invariant over time (which would eliminate some 

influences of the heart on a supposedly pure parameter of the arterial system) it has been shown 

that Ea is greatly influenced by heart rate fluctuations (Chemla et al., 2003; Segers et al., 2002). It 

has also been shown to be insensitive to changes in pulsatile arterial load, and dominantly defined 

by resistance. Additionally, it’s inability to be useful in detecting pulsatile load renders a large 

problem for the parameter, because of the important role arterial pulse wave dynamics play in 
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LV-AS interactions in hypertension, heart failure, and aging. It has been shown that Ea is a poor 

representation for arterial stiffening due to its insufficiencies in describing physical elastance, as 

well as in its lack of responsiveness to arterial or total arterial stiffness (Chemla et al., 2003; 

Chirinos, 2013; Segers et al., 2002). Because of these drawbacks, more modern approaches are 

being implemented to avoid using Ea, and instead incorporating compliance. 

 Pressure-flow relations need to be considered for more accurate and useful analysis of 

LV-AS interactions. Arterial input impedance, characteristic impedance of the proximal aorta, 

magnitude and time of forward and reflected waves, and total arterial compliance calculations via 

pressure-flow analysis, like those demonstrated in the canine portions of this thesis, are the 

current gold standards for assessing pulsatile LV load (Chirinos, 2013; Nichols et al., 2011). 

Though flow waveforms were not directly reported in the data collected for the current human 

studies, total arterial compliance and discrete volume measurements were reported via 

echocardiograms. Using k versus total arterial compliance, trends in distinguishing HFpEF and 

HFrEF patients were demonstrated in Figure 4.2.21. Unlike the results for k vs. Ea, where the 

HFrEF group was linearly distributed over the whole range of k and Ea, the HFrEF group on the 

k vs. C plot had a more distinguishable behavior — confined in a range of C values between 0.4 

and 1.9, and the whole range of k values. This suggests that when using C as a parameter to 

distinguish HFrEF from HFpEF, the former group will be confined to smaller C values, and the 

later group will be confined to smaller k values. We saw a similar trend in HFpEF for both  

k vs. C and k vs. Ea plots: patients were confined to low k values, but spanned the range for Ea 

and C values, though C values were more distributed. This indicates that HFpEF preserves 

variability in total arterial compliance and effective arterial elastance, whereas HFrEF patients 

tend to have a limited range of variability in compliances and more dependent on the 

effectiveness of the LV-AS coupling.   
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5.3 Some Suggestions for Future Research 

 While arterial compliance is a more reliable and physical measure of arterial system 

properties than Ea, further comparisons of k vs. C and k vs. Ea need to be more widely utilized in 

a larger population pool in future clinical investigations. Additionally, the merit of pulsatile 

interactions, in terms of wave reflections and its popular substitute of augmentation index should 

be included. 

 It is noteworthy to consider the variability of the results and the caveats of the methods 

used in the present study. In calculating Emax, V0 was assumed to be equal to 0, though this is 

not physically accurate; most patients have a non-zero residual LV volume. Changing this point 

affects the slope of the ESPV line that Emax is derived from; therefore, depending on the value 

taken for V0, results can vary. Figures 5.2.1 through 5.2.6 demonstrate the changes in Emax for 

both HFpEF and HFrEF patients. Increasing V0 increases the slope of the ESPV line (increases 

Emax), and effectively decreases k. However, due to consistently assuming V0 = 0, the results 

shown in chapter 4 are valid. The only variation that would occur if V0 where taken to be non-

zero would be a uniform decrease in k and increase in Emax for each patient. 

 The results shown in this thesis are based on a specific patient population, where  

Figure 5.2.7 shows demographic and pertinent patient distributions. The included patients were 

mainly male, older than 55 years, did not have high blood pressure, and were equally divided in 

HFpEF and HFrEF groups. These specific biases may have an effect on the results obtained, 

while giving insight into trends among populations of similar characteristics.  Future studies 

inclusive of both male and female patients will allow prominence due to sex difference to be 

more clearly delineated, as it is known that female patients tend to have higher incidence of heart 

problems post-menopause (Chantler, 2012; Maurer, 2005; Nichols, 2002). 

 Though the results from this study have presented a comprehensive analysis of the 

primary clinical parameters of the heart and arterial system as far as pressure and flow wave 



96 

 

analysis, more research can be done investigating the interactions that the simplified lump 

parameter model was not able to examine. The results and analytic methods presented from this 

model-based strategy set up further studies to be done to develop an automatic method or 

software program capable of extracting relevant data from LV and aortic pressure and flow 

waveforms for use in clinical diagnostic and monitoring settings, especially in diagnosing 

hypertension and heart failure patients. Work done in the distinguishing HFpEF from HFrEF 

patients should be expanded and validated. Future work should focus on incorporating pulse wave 

analysis into diagnostic tools, and presenting it in a clinician-friendly platform to increase the 

effectiveness and overall success of detection, treatment, and prevention of cardiovascular 

disease.	  	  
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Figure 5.2.1: Patient 7a-9 (EF = 60%): LV Pressure-Volume loops with varying V0 values  
(a) V0 = 0 mL; Emax = 3.24; k = 0.433 (b) V0 = 5 mL; Emax = 3.65; k = 0.385 

0 50 100 150 200
0

50

100

150

200

Pressure Vs. Volume � 7a(9)

V o lu m e (mL)

Pr
es

su
re

 (
m

m
H

g)

 

 

k = 0.38527

Emax = 3.6477
Ea = 1.4053

0 50 100 150 200
0

50

100

150

200

Pressure Vs. Volume � 7a(9)

V o lu m e (mL)

Pr
es

su
re

 (
m

m
H

g)

 

 

k = 0.43343

Emax = 3.2424
Ea = 1.4053



98 

 

 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.2: Patient 7a-9 (EF = 60%): LV Pressure-Volume loops with varying V0 values  
(a) V0 = 10 mL; Emax = 4.17; k = 0.337 (b) V0 = 15 mL; Emax = 4.86; k = 0.289 
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Figure 5.2.3: Patient 7a-9 (EF = 60%): LV Pressure-Volume loops with varying V0 values  
V0 = 20 mL; Emax = 5.84; k = 0.241 
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Figure 5.2.4: Patient 7a-7 (EF = 30.2%): LV Pressure-Volume loops with varying V0 values  
(a) V0 = 0 mL; Emax = 1.03; k = 1.86 (b) V0 = 5 mL; Emax = 1.07; k = 1.78 
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Figure 5.2.5: Patient 7a-7 (EF = 30.2%): LV Pressure-Volume loops with varying V0 values  
(a) V0 = 10 mL; Emax = 1.12; k = 1.70 (b) V0 = 15 mL; Emax = 1.18; k = 1.63 
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Figure 5.2.6: Patient 7a-7 (EF = 30.2%): LV Pressure-Volume loops with varying V0 values  
V0 = 20 mL; Emax = 1.14; k = 1.55 
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Figure 5.2.7: Patient Distributions by Blood pressure (arterial systolic/diastolic, measured in 
mmHg), Ejection fraction, Age, and Sex. 
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