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Hypertension has been recognized as a leading cause of cardiovascular diseases. It 

is principally determined by the amount of the blood ejected by the heart and the 

properties of the receiving arteries. There is a strong correlation of a reduction in large 

artery compliance and high blood pressure. Thus, it is important to identify the causative 

factors that contribute to the severity of hypertension in terms of blood pressure, flow and 

mechanical properties of arteries. 

 Numerous methods have been used to measure peripheral arterial blood pressure. 

As pressure waveform travels away from heart, it is amplified because of increased 

elastic stiffness which gives rise to wave reflections. As a result, peripheral pressure 

cannot accurately describe cardiovascular events. On the other hand, central aortic 

pressure is a much better predictor, but it can only be measured directly with an invasive 

catheter. For this reason, several pressure-based generalized transfer function methods 

have been proposed. 
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In this thesis, a novel flow-based generalized transfer function is established. This 

new method is tested using carotid flow waveform as an input to predict ascending aortic 

flow. Additionally a three element windkessel model was used to predict ascending aortic 

pressure.  Results show good correspondence of predicted ascending aortic flow and 

pressure.  

The present approach can be effectively applied in clinical situations where either 

peripheral arterial flow or ascending aortic flow noninvasively obtained by Doppler 

ultrasound can be used to obtain ascending aortic pressure. The derived aortic pressure 

waveform can then be further analyzed in terms of large artery compliance and systolic 

pressure augmentation, both critical in determining the severity of hypertension. 
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Chapter 1: Introduction 

1.1 Risk factors for Hypertension and Cardiovascular disease: 

Blood pressure is the pressure against the walls of that arteries when heart pumps 

the blood to the body. Blood pressure is determined by amount of the blood the heart 

ejects and resistance to the blood flow in the arteries. Hypertension is also termed high 

blood pressure. In hypertension, force of the blood against artery is high. In many cases, 

cause of hypertension is unknown, but there are several factors identified which can 

increase your risk of developing blood pressure. Risk factors include family history, age, 

diabetes (Wang et al., 2006).  

Cardiovascular diseases are disease affecting heart and blood vessels. These 

include arrhythmia, heart failure, coronary heart disease etc. Risk factors for 

cardiovascular disease include hypertension, diabetes, cholesterol, obesity, age and 

family history. Hypertension has been known as the leading risk factor for cardiovascular 

disease. Controlling the risk factors like hypertension, diabetes, unhealthy diet can 

decrease the risk of the cardiovascular disease. 
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1.2 Hemodynamics of Hypertension: 
 

 

Figure 1.1: Schematic of the systemic arterial tree 
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1.2.1 The Arterial System: 

Circulatory System helps transporting materials throughout the entire body. 

Circulatory system is made up of heart, arterial system, venous system and 

microcirculatory system. Heart pumps blood throughout the body. Arterial system is a 

network between hearts and other organs.  Main function of this system is to provide 

nutrients and oxygen to peripheral tissues in the bed. Main function of venous system is 

to return blood to atria. Microcirculatory system provides homeostatic environment for 

cells (Li, 2004). Figure 1.1 shows schematic of arterial tree of dog. 

Distribution of branching arteries inside our body resembles a tree structure. 

There are different arteries that branch off main aorta. Ascending aorta starts after aortic 

valve. There are many arteries like renal artery, femoral artery that branches off the 

descending aorta. The arterial system is made up of aorta and these arteries, which 

connects heart to external tissues. Arteries provide oxygenated blood to the peripheral 

tissue. Veins provide deoxygenated blood back to heart. Arteries have higher blood 

pressure to be able to carry blood from heart to distal tissues. The walls of arteries are 

thicker and elastic to handle high pressure in arteries. Vein are thin walled and have low 

pressure. Veins have less elastin than arteries. This makes veins stiffer than arteries. 

Branching and tapering varies from aorta to peripheral arteries. Smaller arteries branch 

off larger arteries. Smaller arteries are always narrower than larger arteries, but has larger 

cross sectional area in normal arterial system.  
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Arterial wall is consist of elastin, collagen and smooth muscle. There are three 

level of arterial wall. Figure 1.2 shows breakdown of the arterial wall. Tunica intima, the 

innermost layer of the arterial wall is consist of thin layer of endothelial cells, connective 

tissue and basement membrane. This layer lines arteries and veins. Medial layer contains 

arranged elastic lamina. Outermost layer of arterial wall is made up of the collagen fibers. 

Structure of arterial wall corresponds very well with its function. Large arteries and aorta 

has more elastic laminae to be able to stand high pressure. These elastic laminae allow 

them to contract and dilate for pumping action of the heart. On the other hand, Arterioles 

is actually one of the smallest branch of artery. They have more smooth muscles and less 

elastic tissue. They have vascular resistance that helps to reduce pressure and velocity of 

the blood flow. As you go away from the aorta, amount of elastic laminae decrease in the 

arterial wall, smooth muscle increases. This causes net stiffness to increase and pulse 

wave velocity increases. Hypertension is defined as a force of the blood flow against your 

arterial wall. Hypertension can increase arterial wall thickness. 
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Figure 1.2: Breakdown of the arterial wall showing three principle layers. 
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1.2.2 Pathology Related to Hypertension:  

Cardiovascular diseases are leading cause of the death all over the world. 

Hypertension is one of the risk factor for cardiovascular disease. Hypertension and 

diabetes are two of the leading risk factors for atherosclerosis (Cheung et al., 2012). 

Hypertension actually puts pressure on the arterial wall. This pressure on the arteries can 

damage arteries. Plaque can build in damaged arteries, which leads to atherosclerosis. 

Hypertension is more frequent in patients with Arterial Stenosis than in the control 

population without the disease (Kaden et al., 2008). Association between Aortic Stenosis 

and Hypertension is not very clear (Bermejo, 2005). Hypertension on the weak arterial 

wall can cause arterial wall to enlarge and bulge in that area called aneurysm. Aneurysm 

can rupture and cause internal bleeding. Left ventricular hypertrophy is thickening of 

wall of left ventricle. Left ventricular hypertrophy and hypertension are correlated 

(Katholi et al., 2011). Constant pressure on the left ventricle causes left ventricle to be 

stiff. Constant high pressure on the heart may weaken heart and lead to heart failure. 
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1.2.3 Mechanical properties of arterial wall: 

Mechanical properties: 

Young’s modulus of elasticity is defined as ratio of force per area to ratio of change in 

length to original length. 

E=F/A/∆L/L                                                                                                                  (1.1) 

F: Force  

A: Area  

∆L: Change in length 

L: Original Length 

Strain can be longitudinal direction or radial direction. Strain can be defined amount of 

artery that stretched. Young’s modulus can give approximation of elasticity of arterial 

wall. 

Compliance can be defined as change in volume over change in pressure.  

C=∆V/∆P                                                                                                                       (1.2) 

C: Compliance 

∆V: Change in flow 

∆P: Change in pressure 
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Arterial pressure and pressure waveform provides useful information about 

vascular stiffness, reflected wave, compliance, and other features (Chen et al., 1997). As 

pulse travel away from the heart, pressure and flow waveforms at different anatomic 

locations have differences in waveform due to their structural and geometric non-

uniformities (Li, 2004). The arterial pressure waveform is generated when aortic valve 

opens up and blood ejected from left ventricle to aorta. Systolic pressure in aorta 

increases as blood flow in the aorta and reaches plateau. Eventually, arterial pressure 

declines as blood flows from aorta to peripheral arteries. As pulse travel away from heart, 

amplitude of the pressure pulse increases and flow pulse decreases due to wave 

reflections (Nichols et al., 2011). Systolic peak in the pressure waveform becomes 

steeper as pulse travels towards periphery. Flow waveform behaves exactly in opposite 

manner as pulse travels towards periphery. Dicrotic notch, which appears due to the 

aortic valve closure becomes rounder and distinct as pulse travels towards periphery. 

Diastole starts after closure of the aortic valve and it continues till next systole. Decrease 

in end diastolic pressure can be seen as pulse travels towards periphery. These changes in 

pressure and flow waveforms from the central to periphery can be seen in Figure 3. These 

changes in waveform happens due to wave reflections, geometric tapering and changes in 

the stiffness of the arteries and damping (Li, 2004). Pulse pressure waveform is made up 

of forward wave and backward wave. Forward wave is generated when blood is ejected 

from left ventricle. Backward wave (reflected wave) is generated because of differences 

in the elastic properties of the arteries. Reflective sites include branching points, area 

where arterial stiffness alters and arterioles (Nichols et al., 2011). 
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Figure 1.3: Sketch of pressure and flow waveforms in different arteries as you travel 

away from heart (Redrawn from Nichols et al., 2011) 
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1.2.4 Lumped Windkessel model: 

Windkessel model considers lumped capacitance and resistance elements (Nichols 

et al., 2011). Windkessel is air filled compression chamber that smooths oscillations of 

water pump to have continuous flow of water through hose (Nichols et al., 2011). This is 

similar in terms of arterial system. Heart pumps blood into aorta (elastic element). Blood 

is actually stored in the aorta in Systole. Blood then travels from aorta to stiff peripheral 

arteries during elastic recoil. Arterial system acts as a cushion and arterioles acts as a 

resistance to make pulsatile flow of heart continuous. This representation has been seen 

in Figure 1.4. This analogy was initially developed by Hales. German scientist Otto Frank 

is accredited for developing Windkessel model. 

Windkessel model takes in account for arterial compliance and peripheral 

resistance. Arterial compliance is a measure of elasticity of arteries under pressure during 

cardiac cycle. Peripheral resistance can be defined as resistance of arteries to blood flow. 

Electrical representation of the windkessel model of the arterial system is shown in 

Figure 1.5. Two-element windkessel model is the simplest representation in terms of 

electric analog. Here arterial compliance is illustrated by a capacitor and peripheral 

resistance is illustrated by a resistor (Li, 2004). Two element model is insufficient to 

describe vascular impedance and other arterial properties. 

The three-element model was then introduced as an improvement on the classical 

two-element model. Three-element model of Windkessel has been shown in Figure 1.6. It 

is popular model used to characterize the arterial load of the heart. Resistor is added in 
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series in this model. Three-element model of windkessel also considers arterial 

compliance and peripheral resistance like two-element model of windkessel. In addition 

to arterial compliance and peripheral resistance, three-element model also considers 

impedance of proximal aorta. Hydraulic equivalent of the three-element model is shown 

in Figure 7. Change in volume of the bottle will cause change in the pressure (Li, 2004). 

This would represent aortic compliance (Li, 2004). Here resistance to flow can be varied 

by opening or closing needle valve just like peripheral resistance (Li, 2004). Here finite 

tube geometry and property represent the characteristic impedance of the aorta (Li, 2004).  

Windkessel model is very simple model. It helps us to understand cardiovascular 

system, but it is unrealistic. Windkessel model do not account for wave reflection and 

wave propagation (Nichols et al., 2011). Pressure is amplified and pressure waveform 

changes continuously as it travels away from heart (McEniery et al., 2014). Central and 

peripheral arteries have different physical properties and they respond to different 

situations differently like aging and hypertension. Blood flow distribution and changes in 

the distribution cannot be represented with windkessel model (Westerhof et al., 2008). 

Windkessel model is simple and accurate, but it fails to describe arterial pressure and 

flow waveform in term of wave propagation and wave reflection.  
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Figure 1.4: Sketch of the left ventricle and arterial circulation based on Windkessel 

theory. (Li, 2004) 

 

Figure 1.5: Two-element windkessel model (Li, 2004)  

In two-element windkessel model, 

As per equation (1.2), C=∆V/∆P  

Rs=Mean P/Mean Q                                                                                                      (1.3) 
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Figure 1.6: Three-element windkessel model (Li, 2004) 

In three-element windkessel, 

As per equation (1.2), C=∆V/∆P  

As per equation (1.3), Rs= Mean P/Mean Q                                                                                                       

Z0= pc/πr2                                                                                                                 (1.4) 

P: Blood density 

c: Pulse wave velocity 

r: Radius 
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Figure 1.7: Hydrodynamic equivalent of the three-element Windkessel (Li, 2004) 
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1.3 Blood Pressure Measurement: 

 Blood pressure assessment is an internal part of clinical practice. Direct 

and indirect methods exists to measure blood pressure. Direct method include catheter 

with pressure transducer. In this method, catheter is entered in the artery with pressure 

transducer attached. This method is invasive. Indirect method includes auscultatory 

method, oscillometric method and arterial tonometry. Auscultatory method is popular to 

measure blood pressure in clinical setting.  Cuff is allowed to exceed systolic pressure 

and it collapses artery. Stethoscope is used to listen to Korotkoff sounds in the artery. 

Oscillometric method measures pressure variation of the cuff caused by oscillation of 

blood flow. Arterial tonometry method can provide continuous recording of pressure 

waveform (Drzwiecki et al., 1983). Tonometry is based on compressing and partial 

flattening of artery against the underlying structure preferably bone (Weiss et al., 1996). 

All these noninvasive techniques are used to measure peripheral pressure. There are 

couple of the limitations of measuring peripheral blood pressure. Peripheral arterial blood 

pressure is amplified due to wave reflections than central arteria blood pressure. As a 

result, peripheral arterial blood pressure does not accurately reflect central arterial blood 

pressure. Descending pressure in the large elastic artery like aorta and carotid is a key 

determinant of degenerative changes due to aging and hypertension than peripheral 

arteries (Agabiti-Rosei et al., 2007). Central aortic pressure seem to be a more accurate 

predicator of cardiovascular events than peripheral pressures (Nelson et al., 2010). As a 

result, it is important to measure central arterial blood pressure. 

Central arterial blood pressure can be measured directly with of pressure-sensing 

catheterization, but it is invasive. There is no direct noninvasive method to measure 
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central arterial blood pressure. There are other noninvasive transfer function based 

methods exist to measure central arterial blood pressure. These methods generate 

ascending aortic pressure waveform from peripheral pressure waveform. Transfer 

function is a mathematical definition of change in pulsatile phenomena between two sites 

(Söderström et al., 2002). It is expressed in the frequency domain in terms of modulus 

and phase (Söderström et al., 2002). Generalized transfer function technique exists for 

deriving the central aortic pressure based on the peripheral pressure. Chen et al. 

accurately estimated central aortic pressure from radial tonometry with use of generalized 

transfer function (1997). Reconstructed waveform using generalized transfer function can 

provide arterial compliance but it may underestimate the augmentation index (Chen et al., 

1997). Söderström et al. investigated SphygmoCor™, a commercially available system to 

synthesize ascending aortic pressure wave from radial pressure wave through generalized 

transfer function (2002). This system improved monitoring of left ventricular afterload 

noninvasively (Söderström et al., 2002). Average black box transfer function is created 

using central aortic and peripheral arterial waveforms from subjects in generalized 

transfer function. Then peripheral arterial waveform information is used as an input to the 

transfer function and central aortic transfer pressure waveform is estimated. Generalized 

transfer function technique allows us to determine central aortic pressure in different 

conditions. This technique does not take into account physiological differences between 

patients or age related changes in arterial compliance. 
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Chapter 2: Aims and Significance of the Thesis 
 

2.1 Objectives of the Thesis: 

 Hypertension is one of the risk factor for cardiovascular disease. Cardiovascular 

diseases are leading cause of the death all over the world. As a result, it is important to 

monitor pressure and flow of central aorta. 

Central pressure and flow are more accurate predicator of cardiovascular events 

than peripheral pressures and flow. Peripheral pressure can be measured directly non-

invasively easily, but central pressure can be measured directly invasively only. 

Noninvasive flow-based transfer function is proposed in this thesis to monitor ascending 

aortic flow and to derive ascending aortic pressure. 

2.2 Specific Aims: 

1. Proposed Noninvasive Method for Assessing Cardiovas cular Disease: 

 Central aortic pressure and flow waveforms have known to be accurate predictor 

of cardiovascular events than peripheral waveforms. Central aortic pressure waveform 

can be measured directly with catheters, but this method is invasive. There are no direct 

noninvasive method for measuring central aortic pressure. Indirect method proposed in 

this thesis is noninvasive and allows prediction of ascending aortic flow and pressure. 
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2. Proposed Methodology Flow Based Transfer Function: 

 Central aortic pressure can be measured directly using catheters, but this 

technique is invasive. Some pressure based transfer function methods have been proposed 

before to measure central aortic pressure. Noninvasive flow-based transfer function has 

been proposed in this thesis to predict ascending aortic flow and to derive ascending 

aortic pressure. 

3. Compare Pressure and Flow Transfer Function: 

 Flow-based transfer function has been proposed in this thesis to predict ascending 

aortic flow. This flow-based transfer function can be compared to pressure based transfer 

functions that has been used to estimate central aortic pressure. 

2.3 Proposed Methodology: 

 Three carotid waveforms and three ascending aorta flow waveforms were 

obtained. These waveforms were digitalized and averaged. Matlab program was written 

to find flow based transfer using these waveforms. Carotid waveform is then input into 

flow based transfer function to predict ascending aortic flow waveform. Three-element 

windkessel model was used to derive ascending aortic pressure from ascending aortic 

flow waveform. 

2.4 Significance of the Thesis: 

 Traditionally, peripheral aortic pressure was used to predict cardiovascular events. 

Many noninvasive techniques have been known to measure pressure and flow of the 

peripheral arteries. Central aortic pressure and flow are better predictor of the 

cardiovascular events than peripheral pressure. Central aortic pressure can be measured 
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directly using a catheter, but this method is invasive and can lead to complications. As a 

result, it is not ideal method for measuring central aortic pressure. Generalized transfer 

function based non-invasive techniques has been proposed by other investigators to 

predict central aortic pressure.  

Flow-based transfer function based method has been proposed in this thesis to 

predict ascending aortic flow. Generalized flow based transfer function was established 

between carotid artery and ascending aorta. Then this generalized transfer function was 

used to predict ascending aortic flow. This proposed method is non-invasive. Then three-

element windkessel model was used to predict ascending aortic pressure from flow. 

Ascending aortic flow and pressure are critical in predicting cardiovascular events. 
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Chapter 3: Methods 
 

3.1 Introduction: 

 Three flow waveforms for carotid and ascending aortic flow waveforms were 

obtained. These waveforms were digitalized using digitalizing software into equal 

number of points. Three carotid waveforms were averaged and three ascending aorta 

waveforms were averaged. Matlab program was written to find flow based transfer 

function using averaged waveforms for carotid flow and ascending aortic flow. Carotid 

waveform can be digitalized and this transfer function can be used to predict ascending 

aortic flow. Then three-element windkessel model was used to predict ascending aortic 

pressure from flow. 

3.2 Data source: 

 Three carotid waveforms were obtained (Holdsworth et al., 1999; Hirata et al., 

2006). Three ascending aorta waveforms were obtained (Sankaranarayanan et al., 2006; 

Sankaranarayanan et al., 2005; “STACOM 2013 CFD Challenge”). Carotid test 

waveforms were obtained to test flow based transfer function (“Medison.ru”). Average 

carotid flow waveform and average ascending aorta flow waveform was used to derive 

individualized transfer function (Reymond et al., 2009). 

3.3 Data Processing: 

 All waveforms were digitized using webplotdigitizer software. All the waveforms 

were digitized using webplotdigitizer using x step interpolation into 64 points from 0s to 

1s. Carotid artery waveforms were in speed. This waveform was converted to flow by 

multiplying it by average area of carotid artery. Mean diameter of carotid artery was 
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approximated to be 5.82 mm (Denarié et al., 2000). Area of carotid artery was estimated 

using π*r^2, where r is radius of carotid artery. Then Fast Fourier Transform (FFT) of 

these data was taken. Fourier analysis converts a signal form time or space domain to 

frequency domain. Fourier transform is reversible. Fourier transform was calculated 

using fft(x) command of matlab. Inverse Fourier Transform was calculated using ifft(x) 

function of matlab. These transforms can be defined as below: 

                                                     (3.1) 

Where,  

Inverse Fourier transformation can be described as below: 

                                  (3.2) 

3.4 Transfer Function (TF): 

 Transfer function is a ratio of output signal to input of the signal. Single-input 

single output transfer function was used to predict ascending aortic flow. This transfer 

function is linear and time invariant. Figure 3.1 below shows single-input single output 

transfer function. If input signal is X and output signal is Y, then transfer function can be 

defined as a ratio of output signal to input of the signal. 
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Transfer function=Y/X                                                                                                   (3.3) 

 

 

Figure 3.1: Block diagram of transfer function 

If carotid artery flow is input for this transfer function and ascending aortic flow is output 

for the system, then transfer function can be defined as ratio of ascending aortic flow to 

carotid artery flow. 

 

Figure 3.2: Block diagram for TF proposed  

Transfer function magnitude :|𝐻(𝑗𝜔)| = |QAO| / | QCA|                                                 (3.4) 

Transfer function phase: ϕ(𝜔)=PhaseAO – PhaseCA                                                      (3.5) 

This transfer function can be applied to carotid artery flow waveform to obtain 

ascending aortic flow waveform. Then waveform can be recovered from frequency 

TF 
QCA QAO 
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domain to time domain by taking inverse Fast Fourier Transform of the waveform of all 

64 Hz data. 

3.5 Windkessel model: 

 

 Figure 3.3: Shows electric analogy of three-element windkessel model.  

Below equations can be derived from the model: 

Qao (t) = QRs(t) + QC(t)                                                                                                (3.5) 

Qao (t) : flow through ascending aorta 

QRs(t): flow through resistive section 

QC(t): flow through compliance section 

QC(t)=C* 
𝑑𝑃(𝑡)

𝑑𝑡
                                                                                                             (3.6) 

QRs(t)= 
𝑃𝑠(𝑡)

𝑅𝑠
                                                                                                                 (3.7) 

𝑑𝑃(𝑡)

𝑑𝑡
=

1

𝐶
[𝑄𝑎𝑜(𝑡) −

𝑃(𝑡)

𝑅𝑠
]                                                                                            (3.8)        

dP(t)/dt : Change in pressure with change in time 

C: Compliance 

Input 

QAO Predict PAO with 

provided parameters 

Rs ,C, Zo 

Output 
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Rs: Peripheral Resistance 

Q(t): Flow 

P(t): Pressure at time t 

Pi+1= Pi +  
𝑑𝑡

𝐶
(Qi -  

𝑃𝑖

𝑅𝑠
)                                                                                                 (3.9) 

C: Compliance 

Rs: Peripheral Resistance 

Pi: Initial pressure (Diastolic pressure) 

Qi: Flow  

 Pa(t)=Q(t)*Zo+P(t)                                                                                                     (3.10) 

Pa(t): Aortic Pressure  

Q(t): Flow 

Zo: Characteristic Impedance 

P(t): Pressure  

 Equation 3.9 and 3.10 were used to derive ascending aortic pressure waveform 

from ascending aorta flow waveform. Diastolic pressure was estimated to be 80 mmHg. 

Peripheral resistance (Rs), Compliance (C) and characteristic Impedance (Zo) were 

estimated to best fit pressure waveform. 
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3.6 Flow Chart of Methodology: 

 

Figure 3.4: Flow chart of the proposed methodology 
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Chapter 4: Results 
 

4.1 Generalized Transfer function: 

  

  

Figure 4.1: Average carotid flow waveform Figure 4.2: Average ascending aorta flow 

waveform 
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Figure 4.3: Magnitude of carotid artery flow waveform of first 12 harmonics 

 

Figure 4.4: Phase of carotid artery flow waveform of first 12 harmonics 
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Figure 4.5: Magnitude of ascending aorta flow waveform of first 12 harmonics 

 

Figure 4.6: Phase of ascending aorta flow waveform of first 12 harmonics 
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Figure 4.7: Transfer function – magnitude of first 12 harmonics 

 

Figure 4.8: Transfer function – phase of first 12 harmonics 
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Generalized flow based transfer function was derived based on average carotid 

waveform and average ascending aorta waveform shown in Figure 4.1. Ascending aorta 

flow waveform has higher magnitude then carotid artery. This can be seen from 

magnitude plot of carotid artery flow waveform and ascending aortic flow waveforms. 

Ascending aorta flow phase plot has higher increase in slope than carotid artery flow 

phase plot. Increase in amplitude of transfer function can be seen from Figure 4.7. Phase 

plot of the generalized transfer function shows positive slope as seen in Figure 4.8. This 

transfer function has been used to derive ascending aorta flow waveform as shown in 

section 4.2. 

 

4.2 Estimated Ascending Aorta Flow and Pressure Waveforms using 

Generalized Transfer Function: 

 Section 4.2 show original digitized carotid flow waveforms, estimated ascending 

aortic flow waveforms and derived ascending aortic pressure waveforms. Overall shape 

of all five estimated ascending aorta waveforms look very close to the general ascending 

aortic flow waveform shown in Figure 4.2. They look slightly different because of 

variability of each waveform. Derived ascending aortic pressure waveforms looks very 

close to the general shape of the pressure waveform. All ascending aorta pressure 

waveform shows pressure ranging in 80-120 mmHg, which is normal range of pressure. 

These pressure waveforms vary slightly due to variability of ascending aorta flow 

waveforms. Overall, this method can derive ascending aorta flow and pressure 

waveforms. 
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Figure 4.9: Carotid artery flow waveform 1 Figure 4.10: Estimated ascending aorta flow 

waveform 1 using generalized TF 

 

Figure 4.11: Estimated ascending aortic pressure waveform 1  
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Figure 4.12 : Carotid artery flow waveform 2 Figure 4.13:  Estimated ascending aorta        

waveform 2 using generalized TF 

 

 

Figure 4.14: Estimated ascending aortic pressure waveform 2 
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Figure 4.15 : Carotid artery flow waveform 3 Figure 4.16:  Estimated ascending aorta 

waveform 3 using generalized TF 

 

 

Figure 4.17: Estimated ascending aorta pressure waveform 3 
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Figure 4.18: Carotid artery flow         

waveform 4 

Figure 4.19:  Estimated ascending aorta 

waveform 4 using generalized TF 

 

 

Figure 4.20: Estimated ascending aorta pressure waveform 4 

0 0.2 0.4 0.6 0.8 1
2

4

6

8

10

12

14
Carotid Artery Flow Waveform

F
lo

w
 (

m
l/
s
)

Time(s)

0 0.2 0.4 0.6 0.8 1
-50

0

50

100

150

200

250

300
Estimated Ascending Aortic Flow Waveform

F
lo

w
 (

m
l/
s
)

Time(s)

0 0.2 0.4 0.6 0.8 1
2

4

6

8

10

12

14
Carotid Artery Flow Waveform

F
lo

w
 (

m
l/
s
)

Time(s)

0 0.2 0.4 0.6 0.8 1
-50

0

50

100

150

200

250

300
Estimated Ascending Aortic Flow Waveform

F
lo

w
 (

m
l/
s
)

Time(s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
76

78

80

82

84

86

88

90

92

94
Estimated Ascending Aortic Pressure Waveform

P
re

s
s
u
re

(m
m

H
g
)

Time(s)



35 

 

  

Figure 4.21 : Carotid artery flow         

waveform 5 

Figure 4.22:  Estimated ascending aorta 

waveform 5 using generalized TF 

 

 

Figure 4.23: Estimated ascending aorta pressure waveform 5 
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4.3 Individualized transfer function: 

  

Figure 4.24: Carotid artery flow 

 

Figure 4.25: Ascending aorta flow waveform 
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Figure 4.26: Magnitude of carotid flow waveform 

 

 
Figure 4.27: Phase of carotid flow waveform 
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Figure 4.28: Magnitude of ascending aorta flow waveform 

 
Figure 4.29: Phase of ascending aorta flow waveform 
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Figure 4.30: Transfer function magnitude 

 

Figure 4.31: Transfer function phase 
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Figure 4.32: Carotid artery flow waveform  

  

Figure 4.33: Ascending artery flow waveform original and estimate  
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Original-Ascending aorta flow waveform

Estimated-Ascending aorta flow waveform
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                 Figure 4.24 and Figure 4.25 shows average carotid flow waveform and 

average ascending aorta flow waveform from single source. Individualized transfer 

function was derived from these waveforms. TF magnitude and TF phase plots can be 

seen in Figure 4.30 and Figure 4.31. Main characteristics of these plots are similar to 

generalized transfer function magnitude and phase plots. Original average carotid flow 

waveform is used as input to this individualized transfer function to estimate ascending 

aorta flow. Reconstructed ascending aorta waveform looked similar to original 

ascending aorta waveform. This can be seen in Figure 4.33.  Individualized transfer 

function was derived to make sure that transfer function derivation is working correctly 

and to make sure that original flow waveform can be retrieved using this method. 
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Chapter 5: Discussion and Suggestion for Future 

Research 
 

5.1 Pressure Based Transfer Functions: 

 There are many direct and indirect methods for the measurement of blood 

pressure. As pressure waveform travels from central aorta to the periphery, pressure 

waveform is amplified due to impedance mismatching which gives rise to wave 

reflections. Central aortic pressure has been recognized as a better predictor of 

cardiovascular events than peripheral pressure. It can be measured directly using catheter, 

but this technique is invasive. There is no direct noninvasive method to measure central 

aortic pressure, but there are several non-invasive techniques that have been proposed to 

measure central aortic pressure. 

 Pressure transfer function based techniques have been proposed before to derive 

central aortic pressure (Karamanoglu et al., 1993; Chen et al., 1997; Hope et al., 2003; 

Söderström et al., 2002). Peripheral and central pressure waveforms are measured for 

subjects.  Generalized pressure based transfer function is derived from these waveforms. 

Peripheral pressure waveform is used as an input to transfer function to predict central 

aortic pressure waveform. This method of predicting central aorta pressure is non-

invasive and it can estimate pressure of central aorta in different conditions.  
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5.2 Comparison of Pressure based Transfer functions and Flow based 

Transfer function: 

 Pressure based transfer function to predict central aorta pressure have been 

proposed and studied before. Generalized flow based transfer function has been proposed 

in this thesis to predict ascending aortic pressure and flow. Generalized flow based 

transfer function was derived from three carotid and three ascending aorta flow 

waveforms, since there were less ascending aorta waveforms available to start with. 

Ascending aorta pressure was estimated from ascending aorta flow waveform using three 

element windkessel model. Carotid flow waveform will be input to flow transfer function 

to estimate flow and pressure of ascending aorta. This is a non-invasive method, which 

allows you to estimate flow and pressure of ascending aorta. This technique has 

advantage over pressure transfer function that it allows one to take a look at flow and 

pressure at the same time.  

 Karamanoglu et al. derived pressure-based generalized transfer function 

between ascending aorta and carotid artery as seen in Figure 5.1 (1996). Here we have 

defined generalized flow transfer function between carotid artery and ascending aorta. 
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Figure 5.1: In the left, TF-mag and TF-Phase shows magnitude and phase of generalized 

flow transfer function from carotid to ascending aorta. In the right, magnitude and phase 

of generalized pressure based transfer function from ascending aorta to carotid (Figure 

was taken from Karamanoglu et al., 1996 and then it was digitalized and redrawn) 

 From comparing, magnitude plot of flow based and pressure based transfer 

function looks different. Increase in amplitude can be seen form both of magnitude plots. 

As pressure waveform travels away from heart, pressure amplitude increases and this can 

be seen from magnitude plot of ascending aorta to carotid pressure transfer function. 

Flow amplitude is highest when pulse is closest to heart. This can be seen from 
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magnitude plot of carotid to ascending aorta flow transfer function. Phase plots of both 

transfer functions show positive slope. Transfer function magnitude and phase plots are 

site dependent. 

 Individualized transfer function from carotid to ascending aorta was also 

derived to ensure that transfer function is working properly. Average carotid flow 

waveform and average ascending aorta flow waveforms were taken to derive transfer 

function using similar methodology. Ascending aorta waveform was then reconstructed 

using average carotid waveform as a input to the transfer function. Reconstructed 

ascending aorta flow waveform looks similar to original ascending aorta waveform as 

seen in Figure 4.33. Figure 5.2 shows flow based generalized and individualized carotid 

to ascending aorta transfer function magnitude and phase plots. General shape of 

magnitude plots for generalized transfer function and individualized transfer function 

looks similar. Phase plots of both transfer functions show positive slope. Differences are 

due to the different waveforms are being used to derive transfer function.            
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Generalized Flow TF 

 

Individual Flow TF

 

 

Figure 5.2: Generalized transfer function magnitude and phase plots on the Top and 

individualized transfer function magnitude and phase plots on the bottom 
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5.3 Pressure estimation using three-element windkessel model: 

 

Table 5.1 Pulsatile hemodynamics derived from waveforms. 
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After achieving ascending aorta flow waveforms, ascending aorta waveform was 

converted to pressure waveform using three-element windkessel model. Initial diastolic 

pressure was estimated to be 80 mmHg. It was also assumed that aortic valve closes in 

diastole and flow becomes zero. Compliance (C), Resistance(R) and impedance (Zo) 

were adjusted to minimize error in estimation. See table 1 for Z, C and R values. 

Mean Systolic (Ps) and diastolic (Pd) pressures were within normal range.  Mean 

arterial pressure (MAP) was calculated using formula MAP=[(2* Pd )+ Ps ]/3. Mean 

arterial pressure was found to be 87.7 ± 2.1mmHg here. Normal mean arterial pressure 

range has been reported to be 102 ± 3.6 mmHg (Nichols et al, 1986). Mean arterial 

pressure was slightly lower than normal range. R was reported 1.3 ± 0.3 mmHg*s/ml. 

mmHg. Normal mean R was reported to be 1344 ± 183 dyne*sec/cm-5 (1±0.13 mmHg) 

(Nichols et al, 1986).  R was slightly higher than normal range. Zo mean was estimated to 

be 0.04 mmHg*s/ml here. Mean of Zo for normal patients was reported to be 63±19 

dyne*sec/ cm-5 (0.047±0.014 mmHg*sec/ml) (Nichols et al., 1986). Zo mean was within 

the range of normal patients. Period of each waveforms used in the study was 1sec. As a 

result, heart rate (HR) was estimated to be 60 beats/sec. Cardiac output was measured 

based on this heart rate. Cardiac output was calculated based on CO=Stroke volume (SV) 

/ Heart rate (HR). SV was calculated by subtracting end-diastolic volume (EDV) from 

end-systolic volume (ESV).  EDV and ESV were estimated from ascending aorta flow 

waveforms. For the mean arteria pressure range 87.7 ± 2.1mmHg, mean of the 

compliance was found to be 2.3 ml/mmHg. Normotensive group at mean aortic pressure 

of 96.3 ± 5.3 mmHg, aortic compliance was average to be 1.47 ± 0.60 ml/mmHg (Liu et 
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al., 1989). Compliance was slightly overestimated here. Here constant values were 

changed to best fit the waveform.  

 Flow based transfer function can be used between any two arterial area to predict 

physiological parameters. This method provides estimation of pressure waveform in 

ascending aorta under normal conditions. This pressure waveform and flow waveform 

can be used to predict cardiovascular events. Furthermore, augmentation index (AI) can 

be calculated. Ps refers to systolic pressure, Pi refers to pressure inflection point. 

∆P=Ps-Pi (Pi-pressure inflection point)                                                                         (5.1) 

AI=∆P/Pulse pressure                                                                                                    (5.2) 

Augmentation index can give information about cardiovascular disease and wave 

reflections. Additionally, forward and backward pressure wave can be calculated also 

calculated using below equations: 

Pf= (P+Q*Zo)/2                                                                                                             (5.3) 

Pr= (P-Q*Zo)/2                                                                                                              (5.4) 

 

5.4 Limitations of the study: 

 Limitation of this study is that this transfer function is based on 3 carotid and 3 

ascending aorta waveforms. Initial ascending aortic flow waveform and carotid flow 

waveform are not taken from same subjects. This can introduce some error in estimating 

flow and pressure waveform of ascending aorta. Compliance, resistance and impedance 
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values are estimated to best fit pressure waveform. This can also introduce some error in 

estimating pressure waveform. Additionally, error in predicting ascending aorta pressure 

cannot be calculated because there was no measured ascending aorta waveform to 

compare with. Since this is generalized transfer function, it doesn’t take in account for 

physiological changes between patients.  

 

5.5 Future Research: 
 

 Flow based transfer function from carotid to ascending aorta has been proposed in 

this thesis. Then three element windkessel model was used to derive pressure waveforms 

from flow waveform of ascending aorta. In future, ascending aorta pressure can be 

measured and root-mean-square error can be calculated between predicted and measured 

ascending aortic pressure waveform. Compliance, resistance and impedance values were 

changed to best fit pressure waveform in this study. In future, ascending aorta flow and 

pressure waveform can be measured to determine optimal values for C, R and Zo for 

normal patients. Average of all these parameters can be used as an initial set of 

parameters to estimate ascending aortic pressure waveform. Then this parameters can be 

adjusted as needed to best fit pressure waveform. Parameters like arterial compliance and 

resistance can be derived from these waveforms. Arterial compliance can be predictor of 

hypertension. Arterial compliance decreases during hypertension. Furthermore, 

augmentation index can be calculated. Augmentation index can be used to predict 

cardiovascular risk. Proposed method in this thesis can be used between artery to define 

transfer function and to derive physiological variables. This method is based on 

generalized transfer function and it does not consider physiological differences between 
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patients. Additionally, nonlinear pressure dependent compliance instead of linear 

compliance can be incorporated into three – element windkessel model to predict aortic 

pressure accurately (Li et al., 1990). 

 Other adaptive and individualized based transfer function has been proposed to 

improve accuracy of the measurement (Gao et al., 2016; Sugimachi 2001; Swamy et al. 

2009; Mukkamala et al., 2014; Westerhof et al., 2008). These techniques allow us to 

improve accuracy of the measurement. Such method can be also applied to this approach 

to derive transfer function to increase accuracy. 
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Appendix I – Matlab Code 

 

clc; 
clear all; 
close all; 
%Derivation of generalized TF-Mag and TF-Phase  
%Signal carotid 
A = xlsread('ave_carotid_1.xlsx',1); 
t1=A(:,1); 
q1=A(:,2); 
figure (1) 
subplot(1,2,1) 
plot(t1,q1) 
title('Average carotid artery flow') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
B = xlsread('ave_aorta_1.xlsx',1); 
t2=B(:,1); 
q2=B(:,2); 
subplot(1,2,2) 
plot(t2,q2) 
title('Average ascending aortic flow waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Taking FFT of caratoid artery 
yc = fft(q1);  
 %Compute DFT of x 
 mc = abs(yc);        % Magnitude 
 pc =angle(yc); 
 figure (2) 
subplot(1,2,1) 
plot(mc(1:12)) 
title('Magnitude of Carotid Artery Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(1,2,2) 
plot(pc(1:12)) 
title('Phase of the Carotid Artery Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 

  
% %Taking FFT of aorta 
ya = fft(q2);                               % Compute DFT of x 
ma = abs(ya);                               % Magnitude 
pa = angle(ya); 
figure (3) 
subplot(1,2,1) 
plot(ma(1:12)) 
title('Magnitude of Ascending Aorta Flow Waveform') 
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xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(1,2,2) 
plot(pa(1:12)) 
title('Phase of Ascending Aorta Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 

  
% % %Transfer function  
  TF=ma./mc; 
  TFP=pa-pc; 

  
  TF_amp_chen=xlsread('TF-Amplitude-Karamanoglu et al..xls',1) 
  freq1=TF_amp_chen(:,1); 
 Ampl=TF_amp_chen(:,2); 

  
 TF_phase_chen=xlsread('TF-Phase-Karamanoglu et al..xls',1) 
  freq2=TF_phase_chen(:,1); 
 phase=TF_phase_chen(:,2); 

  
 figure (4) 
subplot(2,2,1) 
plot(TF(1:12)) 
title('Flow TF-mag.') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(2,2,3) 
plot(TFP(1:12)) 
title('Flow TF-Phase.') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 

  

  
 subplot(2,2,2) 
plot(freq1,Ampl) 
title('Pressure TF-Mag Karamanoglu') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(2,2,4) 
plot(freq2,phase) 
title('Pressure TF-Phase Karamanoglu') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 
ylim([-6 4]) 
 

%Estimation of Carotid waveform 1 
C = xlsread('Test 1.xlsx',1); 
t3=C(:,1); 
q3=C(:,3); 
figure (5) 
subplot(1,2,1) 
plot(t3,q3) 
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title('Carotid Artery Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc =angle(yc); 

  
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 

  
subplot(1,2,2) 
plot(t3,X_new) 
title('Estimated Ascending Aorta Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Pressure estimation of flow waveform 1 
q_est=real(X_new);%flow measured 
dt=0.01;%Delta T 
Rs=0.9; 
C=2.3; 
Zo=0.04; 
t=0:0.015625:.9844; 
for i=1:(length(q_est)-1)%Estimate all till length of P 
   pestimated(1)=80;%Take 1st measured pressure as Pe(1)  
    if t(i)>=0.5%Change this variable depending on when flow becomes 

zero. 
         q_est(i)=0;%Flow becomes zero after valve closes 
     end 
       pestimated(i+1)=pestimated(i)+(dt*(q_est(i)-

(pestimated(i)/Rs))./C); 
end 
Estimate_pressure=pestimated'+(q_est*Zo); 
figure (6) 
 plot(t1,Estimate_pressure) 
 title('Estimated Ascending Aortic Pressure Waveform') 
ylabel('Pressure(mmHg)') 
xlabel('Time(s)') 

  
%% 
%Carotid waveform 2 
C = xlsread('test2.xls',1); 
t3=C(:,1); 
q3=C(:,3); 
figure (5) 
subplot(1,2,1) 
plot(t3,q3) 
title('Carotid Artery Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 
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yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc = angle(yc); 
 %figure (5) 
%subplot(1,3,1) 
%plot(new_mc) 
%title('Mag. of the Caratoid artery') 
%subplot(1,3,2) 
%plot(new_pc) 
%title('Phase of the Caratoid artery') 
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 
%subplot(1,3,3) 
subplot(1,2,2) 
plot(t3,X_new) 
title('Estimated Ascending Aortic Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Pressure estimation of flow waveform 2 
q_est=real(X_new);%flow measured 
dt=0.01;%Delta T 
Rs=1.10; 
C=2.3; 
Zo=0.04; 
t=0:0.015625:.9844; 
for i=1:(length(q_est)-1)%Estimate all till length of P 
   pestimated(1)=80;%Take 1st measured pressure as Pe(1)  
    if t(i)>=0.5%Change this variable depending on when flow becomes 

zero. 
         q_est(i)=0;%Flow becomes zero after valve closes 
     end 
       pestimated(i+1)=pestimated(i)+(dt*(q_est(i)-

(pestimated(i)/Rs))./C); 
end 
Estimate_pressure=pestimated'+(q_est*Zo) 
figure (6) 
 plot(t1,Estimate_pressure) 
title('Estimated Ascending Aortic Pressure Waveform') 
ylabel('Pressure(mmHg)') 
xlabel('Time(s)') 

  
%% 
%Estimate Carotid waveform 3 
C = xlsread('test 3.xls',1); 
t3=C(:,1); 
q3=C(:,3); 
figure (5) 
subplot(1,2,1) 
plot(t3,q3) 
title('Carotid Artery Flow Waveform') 
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ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc =unwrap(angle(yc)); 
 %figure (5) 
%subplot(1,3,1) 
%plot(new_mc) 
%title('Mag. of the Caratoid artery') 
%subplot(1,3,2) 
%plot(new_pc) 
%title('Phase of the Caratoid artery') 
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 
%subplot(1,3,3) 
subplot(1,2,2) 
plot(t3,X_new) 
title('Estimated Ascending Aortic Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Pressure estimation of flow waveform 3 
q_est=real(X_new);%flow measured 
dt=0.01;%Delta T 
Rs=1; 
C=2.3; 
Zo=0.04; 
t=0:0.015625:.9844; 
for i=1:(length(q_est)-1)%Estimate all till length of P 
   pestimated(1)=80;%Take 1st measured pressure as Pe(1)  
    if t(i)>=0.55%Change this variable depending on when flow becomes 

zero. 
         q_est(i)=0;%Flow becomes zero after valve closes 
     end 
       pestimated(i+1)=pestimated(i)+(dt*(q_est(i)-

(pestimated(i)/Rs))./C); 
end 
Estimate_pressure=pestimated'+(q_est*Zo) 
figure (6) 
 plot(t1,Estimate_pressure)%Pressure estimation of flow waveform 3 
title('Estimated Ascending Aortic Pressure Waveform') 
ylabel('Pressure(mmHg)') 
xlabel('Time(s)') 

  
%% 
%Estimate Carotid waveform 4 
C = xlsread('test 4.xls',1); 
t3=C(:,1); 
q3=C(:,3); 
figure (5) 
subplot(1,2,1) 
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plot(t3,q3) 
title('Carotid Artery Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc =unwrap(angle(yc)); 
 %figure (5) 
%subplot(1,3,1) 
%plot(new_mc) 
%title('Mag. of the Caratoid artery') 
%subplot(1,3,2) 
%plot(new_pc) 
%title('Phase of the Caratoid artery') 
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 
%subplot(1,3,3) 
subplot(1,2,2) 
plot(t3,X_new) 
title('Estimated Ascending Aortic Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Pressure estimation of flow waveform 4 
q_est=real(X_new);%flow measured 
dt=0.01;%Delta T 
Rs=1.68; 
C=2.3; 
Zo=0.04; 
t=0:0.015625:.9844; 
for i=1:(length(q_est)-1)%Estimate all till length of P 
   pestimated(1)=80;%Take 1st measured pressure as Pe(1)  
    if t(i)>=0.5625%Change this variable depending on when flow becomes 

zero. 
         q_est(i)=0;%Flow becomes zero after valve closes 
     end 
       pestimated(i+1)=pestimated(i)+(dt*(q_est(i)-

(pestimated(i)/Rs))./C); 
end 
Estimate_pressure=pestimated'+(q_est*Zo) 
figure (6) 
 plot(t1,Estimate_pressure)%Pressure estimation of flow waveform 4 
  title('Estimated Ascending Aortic Pressure Waveform') 
ylabel('Pressure(mmHg)') 
xlabel('Time(s)') 

  
 %% 

 
 %Estimate Carotid waveform 5 
C = xlsread('Test 5.xls',1); 
t3=C(:,1); 
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q3=C(:,3); 
figure (5) 
subplot(1,2,1) 
plot(t3,q3) 
title('Carotid Artery Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc =unwrap(angle(yc)); 
 %figure (5) 
%subplot(1,3,1) 
%plot(new_mc) 
%title('Mag. of the Caratoid artery') 
%subplot(1,3,2) 
%plot(new_pc) 
%title('Phase of the Caratoid artery') 
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 
%subplot(1,3,3) 
subplot(1,2,2) 
plot(t3,X_new) 
title('Estimated Ascending Aortic Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Pressure estimation of flow waveform 5 
q_est=real(X_new);%flow measured 
dt=0.01;%Delta T 
Rs=1.25; 
C=2.3; 
Zo=0.04; 
t=0:0.015625:.9844; 
for i=1:(length(q_est)-1)%Estimate all till length of P 
   pestimated(1)=80;%Take 1st measured pressure as Pe(1)  
    if t(i)>=0.6094%Change this variable depending on when flow becomes 

zero. 
         q_est(i)=0;%Flow becomes zero after valve closes 
     end 
       pestimated(i+1)=pestimated(i)+(dt*(q_est(i)-

(pestimated(i)/Rs))./C); 
end 
Estimate_pressure=pestimated'+(q_est*Zo) 
figure (6) 
 plot(t1,Estimate_pressure)%Pressure estimation of flow waveform 5 
  title('Estimated Ascending Aortic Pressure Waveform') 
ylabel('Pressure(mmHg)') 
xlabel('Time(s)') 

 

 
 



62 

 

%individual transfer function derivation 
clc; 
clear all; 
close all; 
%Signal carotid 
A = xlsread('Individual TF_Carotid artery.xls',1); 
t1=A(:,1); 
q1=A(:,2); 
figure (1) 
subplot(1,2,1) 
plot(t1,q1) 
title('Carotid artery flow waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
B = xlsread('Individual TF_Ascending aorta.xls',1); 
t2=B(:,1); 
q2=B(:,2); 
subplot(1,2,2) 
plot(t2,q2) 
title('Ascending aorta flow waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
%Taking FFT of carotid artery 
yc = fft(q1);  
 %Compute DFT of x 
 mc = abs(yc);        % Magnitude 
 pc =angle(yc); 
 figure (2) 
subplot(1,2,1) 
plot(mc(1:12)) 
title('Magnitude of Carotid Artery Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(1,2,2) 
plot(pc(1:12)) 
title('Phase of the Carotid Artery Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 

  
% %Taking FFT of aorta 
ya = fft(q2);                               % Compute DFT of x 
ma = abs(ya);                               % Magnitude 
pa = angle(ya); 
figure (3) 
subplot(1,2,1) 
plot(ma(1:12)) 
title('Magnitude of Ascending Aorta Flow Waveform') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(1,2,2) 
plot(pa(1:12)) 
title('Phase of Ascending Aorta Flow Waveform') 
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xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 

  
% % %Transfer function  
  TF=ma./mc; 
  TFP=pa-pc; 

  
 figure (4) 
subplot(1,2,1) 
plot(TF(1:12)) 
title('TF-mag.') 
xlabel('Frequency(Hz)') 
ylabel('Magnitude') 

  
subplot(1,2,2) 
plot(TFP(1:12)) 
title('TF-Phase.') 
xlabel('Frequency(Hz)') 
ylabel('Phase(radians)') 
%% 
%Carotid waveform 1 
C = xlsread('Individual TF_Carotid artery.xls',1); 
t3=C(:,1); 
q3=C(:,2); 
figure (5) 
subplot(1,2,1) 
plot(t3,q3) 
title('Carotid Artery Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 

  
B = xlsread('Individual TF_Ascending aorta.xls',1); 
t2=B(:,1); 
q2=B(:,2); 

  

  
yc = fft(q3);  
 %Compute DFT of x 
 new_mc = abs(yc);        % Magnitude 
 new_pc = angle(yc); 
newma=TF.*new_mc; 
newpa=TFP+new_pc; 
XF_new=newma.*exp(1i.*newpa); 

  
X_new=ifft(XF_new); 
%subplot(1,3,3) 
subplot(1,2,2) 
plot(t2,q2,t3,X_new) 
title('Estimated Ascending Aorta Flow Waveform') 
ylabel('Flow (ml/s)') 
xlabel('Time(s)') 
legend('Original-Ascending aorta flow waveform ','Estimated-Ascending 

aorta flow waveform') 
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Appendix II – Extended Research 
 

Noise reduction: 

 There was some noise seen in estimated ascending aorta flow waveforms as well 

as estimated pressure waveform. To reduce noise in the estimated signal, mean of the 

average carotid flow and average ascending aorta flow was subtracted from average 

carotid flow and average ascending aorta flow. Then 1st order butterworth low pass filter 

was used to reduce noise in both average carotid flow and average ascending aorta flow. 

Then fft of the both waveforms were taken. Mean of the ascending aorta flow was added 

back to the signal after taking inverse fft. Phase of the waveforms were found using 

angle(x) function in matlab. Angle function in matlab returns angles that jumps between 

± pi. This can be corrected with using unwrap function. This function corrects the radian 

phase angles in the vector by adding multiple of the ± 2*pi. Previously, we used all 64hz 

data to retrieve ascending aorta flow waveform in time domain. We can use data up to 

Nyquist frequency to retrieve the signal back in time domain to avoid high frequency 

noise. See below for the results of generalized transfer function for estimating ascending 

aorta flow. Ascending aorta pressure can be measured from improved ascending aorta 

flow waveforms as described earlier in the thesis. Similar approach can be applied to 

individualized transfer function to derive ascending aorta flow waveform. 
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Figure II.I : Magnitude and phase of average carotid waveform up to Nyquist frequency 

 

Figure II.II : Magnitude and phase of average ascending waveform up to Nyquist 

frequency 
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Figure II.III : Magnitude and phase of Transfer function up to Nyquist frequency 

 

Figure II.IV : Carotid flow waveform 1 and estimated ascending aorta flow waveform 

using data up to Nyquist frequency 
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Figure II.V : Carotid flow waveform 2 and estimated ascending aorta flow waveform 

using data up to Nyquist frequency 

 

Figure II.VI : Carotid flow waveform 3 and estimated ascending aorta flow waveform 

using data up to Nyquist frequency 
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Figure II.VII : Carotid flow waveform 4 and estimated ascending aorta flow waveform 

using data up to Nyquist frequency 

 

Figure II.VIII : Carotid flow waveform 5 and estimated ascending aorta flow waveform 

using data up to Nyquist frequency 
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Transfer function estimation: 

 Transfer function can be also estimated using tfestimate function in 

matlab. Transfer function derived in this thesis was compared to transfer function derived 

using tfestimate. General shape of magnitude plots derived using both methods looks 

similar. General shape of phase plots derived using both plots looks similar. Transfer 

function magnitude and phase plot derived using our method shows some noise at high 

frequency. Transfer function magnitude and phase plots derived using tfestimate function 

looks much smoother. In future, transfer function can be derived using tfestimate will 

provide smoother ascending aorta flow and pressure plots. 

Furthermore, we also derived flow based transfer function from ascending aorta 

(AA) to carotid artery (CA). Magnitude plot of transfer function (AA-CA) is reciprocal 

magnitude plot of transfer function (CA-AA). Phase plot of transfer function (CA-AA) 

has positive slope. Phase plot of transfer function (AA-CA) has negative slope. These 

characteristics can be seen in below figures of transfer function. These characteristics 

may look slightly different depending on the set of data that is used to derive it. 
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Figure II.IX : Magnitude and phase of flow based transfer function from carotid artery to 

ascending aorta on the top was derived using method described in this thesis. Magnitude 

and phase plot of flow based transfer function from carotid artery to ascending aorta on 

the bottom was derived using tfestimate function in matlab. 
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Figure II.X : Magnitude and phase of flow based transfer function from ascending aorta 

to carotid artery on the top was derived using method described in this thesis. Magnitude 

and phase plot of flow based transfer function from ascending aorta to carotid artery on 

the bottom was derived using tfestimate function in matlab. 
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Matlab code: 

 n=input('Enter a number:'); 

  
switch n 
   case 1 
       %Deriving flow based transfer function from Carotid artery to 

ascending 
       %aorta using method described in this thesis.  
    A = xlsread('ave_carotid_1.xlsx',1); 
    t1=A(:,1); 
    q1=A(:,2); 
    figure (1) 
    subplot(1,2,1) 
    plot(t1,q1) 
    title('Average carotid artery flow') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    B = xlsread('ave_aorta_1.xlsx',1); 
    t2=B(:,1); 
    q2=B(:,2); 
    subplot(1,2,2) 
    plot(t2,q2) 
    title('Average ascending aortic flow waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    %Taking FFT of caratoid artery 
    nq1=q1-mean(q1);%Minus out mean. 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq1 = filtfilt(b1,a1,nq1); 

  
    yc = fft(low_pass_data_nq1);  
     %Compute DFT of x 
     mc = abs(yc);        % Magnitude 
     pc =unwrap(angle(yc)); 
     figure (2) 
    subplot(1,2,1) 
    f=0:1:32; 
    plot(f',mc(1:33)) 
    title('Magnitude of Carotid Artery Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f',pc(1:33)) 
    title('Phase of the Carotid Artery Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 
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    % %Taking FFT of aorta 
    nq2=q2-mean(q2); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq2 = filtfilt(b1,a1,nq2); 

  
    ya = fft(low_pass_data_nq2);                               
    ma = abs(ya);% Magnitude 
    pa = unwrap(angle(ya)); 
    figure (3) 
    subplot(1,2,1) 
    plot(f',ma(1:33)) 
    title('Magnitude of Ascending Aorta Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f',pa(1:33)) 
    title('Phase of Ascending Aorta Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 

  
    %Transfer function  
      TF=ma./mc; 
      TFP=pa-pc; 

  
     figure (4) 
    subplot(1,2,1) 
    plot(f',(TF(1:33))) 
    title('Flow TF-mag.') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f',(TFP(1:33))) 
    title('Flow TF-Phase.') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 

     
    case 2 
    %Estimate ascending aorta flow waveform 1 
    C = xlsread('Test 1.xlsx',1); 
    t3=C(:,1); 
    q3=C(:,3); 
    figure (5) 
    subplot(1,2,1) 
    plot(t3,q3) 
    title('Carotid Artery Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

     
    nq3=q3-mean(q3); 
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    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq3 = filtfilt(b1,a1,nq3); 

  
    yc = fft(nq3);  
     %Compute DFT of x 
     new_mc = abs(yc);        % Magnitude 
     new_pc =unwrap(angle(yc)); 

  
    newma=TF.*new_mc; 
    newpa=TFP+new_pc; 
    XF_new=newma.*exp(1i.*newpa); 

  
    X_new=ifft(XF_new,33); 
    New_signal=real(X_new)+mean(q2); 

  
    subplot(1,2,2) 
    t4=linspace(0,1,33); 
    plot(t4,New_signal) 
    title('Estimated Ascending Aorta Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)')    

     
    case 3 
        %Estimate ascending aorta flow waveform 2 
     C = xlsread('test2.xls',1); 
    t3=C(:,1); 
    q3=C(:,3); 
    figure (5) 
    subplot(1,2,1) 
    plot(t3,q3) 
    title('Carotid Artery Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

     
    nq3=q3-mean(q3); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq3 = filtfilt(b1,a1,nq3); 

  
    yc = fft(nq3);  
     %Compute DFT of x 
     new_mc = abs(yc);        % Magnitude 
     new_pc =unwrap(angle(yc)); 

  
    newma=TF.*new_mc; 
    newpa=TFP+new_pc; 
    XF_new=newma.*exp(1i.*newpa); 

  
    X_new=ifft(XF_new,33); 
    New_signal=real(X_new)+mean(q2); 
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    subplot(1,2,2) 
    t4=linspace(0,1,33); 
    plot(t4,New_signal) 
    title('Estimated Ascending Aorta Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)')    

        
    case 4 
        %Estimate ascending aorta flow waveform 3 
     C = xlsread('test 3.xls',1); 
    t3=C(:,1); 
    q3=C(:,3); 
    figure (5) 
    subplot(1,2,1) 
    plot(t3,q3) 
    title('Carotid Artery Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

     
    nq3=q3-mean(q3); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq3 = filtfilt(b1,a1,nq3); 

  
    yc = fft(nq3);  
     %Compute DFT of x 
     new_mc = abs(yc);        % Magnitude 
     new_pc =unwrap(angle(yc)); 

  
    newma=TF.*new_mc; 
    newpa=TFP+new_pc; 
    XF_new=newma.*exp(1i.*newpa); 

  
    X_new=ifft(XF_new,33); 
    New_signal=real(X_new)+mean(q2); 

  
    subplot(1,2,2) 
    t4=linspace(0,1,33); 
    plot(t4,New_signal) 
    title('Estimated Ascending Aorta Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)')    

        
    case 5 
         %Estimate ascending aorta flow waveform 4 
    C = xlsread('test 4.xls',1); 
    t3=C(:,1); 
    q3=C(:,3); 
    figure (5) 
    subplot(1,2,1) 
    plot(t3,q3) 
    title('Carotid Artery Flow Waveform') 
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    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

     
    nq3=q3-mean(q3); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq3 = filtfilt(b1,a1,nq3); 

  
    yc = fft(nq3);  
     %Compute DFT of x 
     new_mc = abs(yc);        % Magnitude 
     new_pc =unwrap(angle(yc)); 

  
    newma=TF.*new_mc; 
    newpa=TFP+new_pc; 
    XF_new=newma.*exp(1i.*newpa); 

  
    X_new=ifft(XF_new,33); 
    New_signal=real(X_new)+mean(q2); 

  
    subplot(1,2,2) 
    t4=linspace(0,1,33); 
    plot(t4,New_signal) 
    title('Estimated Ascending Aorta Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)')    

        
    case 6 
           %Estimate ascending aorta flow waveform 5 
    C= xlsread('Test 5.xls',1); 
    t3=C(:,1); 
    q3=C(:,3); 
    figure (5) 
    subplot(1,2,1) 
    plot(t3,q3) 
    title('Carotid Artery Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

     
    nq3=q3-mean(q3); 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq3 = filtfilt(b1,a1,nq3); 

  
    yc = fft(nq3);  
     %Compute DFT of x 
     new_mc = abs(yc);        % Magnitude 
     new_pc =unwrap(angle(yc)); 

  
    newma=TF.*new_mc; 
    newpa=TFP+new_pc; 
    XF_new=newma.*exp(1i.*newpa); 
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    X_new=ifft(XF_new,33); 
    New_signal=real(X_new)+mean(q2); 

  
    subplot(1,2,2) 
    t4=linspace(0,1,33); 
    plot(t4,New_signal) 
    title('Estimated Ascending Aorta Flow Waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)')    

     
     case 7 
      %Deriving transfer function from Carotid artery flow to ascending 
       %aorta flow using tfestimate function 
    A = xlsread('ave_carotid_1.xlsx',1); 
    t1=A(:,1); 
    q1=A(:,2); 
    figure (1) 
    subplot(1,2,1) 
    plot(t1,q1) 
    title('Average carotid artery flow') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    B = xlsread('ave_aorta_1.xlsx',1); 
    t2=B(:,1); 
    q2=B(:,2); 
    subplot(1,2,2) 
    plot(t2,q2) 
    title('Average ascending aortic flow waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    %Taking FFT of caratoid artery 
    nq1=q1-mean(q1);%Minus out mean. 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq1 = filtfilt(b1,a1,nq1); 

  
    %Taking FFT of aorta 
    nq2=q2-mean(q2); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq2 = filtfilt(b1,a1,nq2); 

  

        
    

[Txy,f]=tfestimate(low_pass_data_nq1,low_pass_data_nq2,[],[],[],fs); 
    TF=abs(Txy) 
    TFP=unwrap(angle(Txy)) 
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     figure (2) 
    subplot(1,2,1) 
    plot(f,TF) 
    title('Flow TF-mag.') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f,TFP) 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)')        
    title('Flow TF-Phase.') 

       

       
     case 8 
     %Deriving flow based transfer function from ascending aorta flow 

to 
     %carotid artery using method described in this thesis.        
    A = xlsread('ave_carotid_1.xlsx',1); 
    t1=A(:,1); 
    q1=A(:,2); 
    figure (1) 
    subplot(1,2,1) 
    plot(t1,q1) 
    title('Average carotid artery flow') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    B = xlsread('ave_aorta_1.xlsx',1); 
    t2=B(:,1); 
    q2=B(:,2); 
    subplot(1,2,2) 
    plot(t2,q2) 
    title('Average ascending aortic flow waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    %Taking FFT of caratoid artery 
    nq1=q1-mean(q1);%Minus out mean. 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq1 = filtfilt(b1,a1,nq1); 

  
    yc = fft(low_pass_data_nq1);  
     %Compute DFT of x 
     mc = abs(yc);        % Magnitude 
     pc =unwrap(angle(yc)); 
     figure (2) 
    subplot(1,2,1) 
    f=0:1:32; 
    plot(f',mc(1:33)) 
    title('Magnitude of Carotid Artery Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 
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    subplot(1,2,2) 
    plot(f',pc(1:33)) 
    title('Phase of the Carotid Artery Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 

  
    % %Taking FFT of aorta 
    nq2=q2-mean(q2); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq2 = filtfilt(b1,a1,nq2); 

  
    ya = fft(low_pass_data_nq2);                               
    ma = abs(ya);% Magnitude 
    pa = unwrap(angle(ya)); 
    figure (3) 
    subplot(1,2,1) 
    plot(f',ma(1:33)) 
    title('Magnitude of Ascending Aorta Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f',pa(1:33)) 
    title('Phase of Ascending Aorta Flow Waveform') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 

  
    %Transfer function  
      TF=mc./ma; 
      TFP=pc-pa; 

  
     figure (4) 
    subplot(1,2,1) 
    plot(f',(TF(1:33))) 
    title('Flow TF-mag.') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f',(TFP(1:33))) 
    title('Flow TF-Phase.') 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)') 

     
    case 9 
     %Deriving flow based transfer function from ascending aorta  
     %to carotid artery using tfestimate function 
    A = xlsread('ave_carotid_1.xlsx',1); 
    t1=A(:,1); 
    q1=A(:,2); 
    figure (1) 
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    subplot(1,2,1) 
    plot(t1,q1) 
    title('Average carotid artery flow') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    B = xlsread('ave_aorta_1.xlsx',1); 
    t2=B(:,1); 
    q2=B(:,2); 
    subplot(1,2,2) 
    plot(t2,q2) 
    title('Average ascending aortic flow waveform') 
    ylabel('Flow (ml/s)') 
    xlabel('Time(s)') 

  
    %Taking FFT of caratoid artery 
    nq1=q1-mean(q1);%Minus out mean. 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq1 = filtfilt(b1,a1,nq1); 

  
    %Taking FFT of aorta 
    nq2=q2-mean(q2); 
    %data=q1; % this is your data 
    fs = 64; % sampling freq = 64Hz 
    fnorm = 12/32; % normalized cut off freq 
    [b1,a1] = butter(2,fnorm,'low'); 
    low_pass_data_nq2 = filtfilt(b1,a1,nq2); 

  

        
    

[Txy,f]=tfestimate(low_pass_data_nq2,low_pass_data_nq1,[],[],[],fs); 
    TF=abs(Txy) 
    TFP=unwrap(angle(Txy)) 

     

        
     figure (2) 
    subplot(1,2,1) 
    plot(f,TF) 
    title('Flow TF-mag.') 
    xlabel('Frequency(Hz)') 
    ylabel('Magnitude') 

  
    subplot(1,2,2) 
    plot(f,TFP) 
    xlabel('Frequency(Hz)') 
    ylabel('Phase(radians)')        
    title('Flow TF-Phase.') 

           
end 

     

    

 


