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Abstract 

Wave dissipation was previously investigated intensively in the frequency 

domain, in which the dissipation of waves is described as attenuation of 

pressure pulse decay with respect to the frequency or harmonics. In this thesis, 

wave dissipation, including decay of pressure pulse, peak of wave intensity and 

wave energy, is investigated in the time domain using wave intensity analysis 

(WIA). Wave intensity analysis benefits to this research in several aspects 

including: 1) WIA allows for wave dissipation investigated in the time domain; 2) 

WIA does not make any assumptions about the tube's wall non-linearity and the 

analysis takes into account the effects of the vessel's wall viscoelastic 

properties, convective, frictional effects and fluid viscosity; 3) WIA offers a 

technique (separation) to study wave dissipation in one direction whilst taking 

into account the effect of reflections from the opposite direction; 4) The physical 

meaning of wave intensity provides a convenient method to study the 

dissipation of energy carried by the waves along flexible tubes. 

In this research, it is found that the degree of dissipation in flexible tube 

were not only affected by the mechanical properties of the wall property and 

viscosity of liquid but also by the other factors including initial pressure and 

pumping speed Of Piston as well as direction of wave in relation to direction of 

flow. 

Also an new technique to separate waves into forward and backward 

directions only using diameter and velocity might potentially be used to separate 

the waves in both directions non-invasively based on the non-invasive 

measurement of diameter (wall movement) available. 
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Chapter One: Introduction 

Chapter 1 

Introduction 
1.1 Background 

The character of the arterial pulse has long been an important part of the clinical 

evaluation of patients with cardiovascular diseases (Murgo et al., 1980). The 

features of pressure and flow wave propagation along the aorta, including 

amplification of pressure wave and steeping of the wave front, has also been 

well recognized (Murgo et al. 1980,1981), Figurell. l. Several mechanisms that 

have been suggested to explain these features are (1) dissipation of waves; (2) 

effect of reflected waves; (3) effect of the increasing elastic stiffness; (4) 

tapering of aorta and (5) non-linear elastic behaviour of arteries (Mcdonald 

1974). Wave attenuation, a parameter is used to express decay of pressure 

pulse against the frequencies, received little attention. The knowledge of 

relative contribution of these factors to the shape of pressure and flow 

waveform along the aorta, including wave dissipation, would offer valuable 

information to the diagnosis of cardiovascular diseases. This project is mainly 

concerned with the pattern of wave dissipation, including pressure pulse, wave 

intensity and wave energy, along the travelled distance. Also, this project aims 

to investigate the effect of reflected waves, elastic property of vessel wall and 

experimental conditions on wave dissipation. 
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Chapter One: Introduction 

1.2 Historical and clinical review 
1.1. Wave propagation in frequency domain 

Wave propagation in flexible tubes and arteries has been studied extensively 

(Westerhof et al., 1972; Bertram, 1980; Taylor, 1959; Bergel, 1961). Previous 

work was mostly carried out in the frequency domain through impedance 

approach using Fourier transform, in which the complex propagation coefficient 

that varies with frequency was used to describe both pulse wave velocity and 

aftenuation (Mcdonald et al., 1968, Taylor, 1959). 

Bergel made the first predictions of attenuation using the measurement 

of the complex elastic properties of excised vessels (Bergel, 1961a, b). 

However, the direct measurement of this parameter in arteries in vivo is difficult 

due to the presence of reflected waves (Mcdonald et al., 1968). To determine 

the complex elastic properties in the presence of reflected waves, the three- 

point method was proposed by Taylor (1959) and then was extended by 

McDonald and Gessner(1968). This technique has also been used by Learoyd 

and Taylor (1966) and extended to the study of arteries in vivo by Gow and 

Taylor (1968). However, the limitation of this technique lies in its experimental 

difficulty of the placement and precise matching of three manometers in the 

arteries, which restricted the investigation of the attenuation using three-point 

method throughout the arterial tree (Mcdonald, 1974). The results from Bergel 

(1961 b) were compared to the results from three-point method in the thoracic 

and also compared to the attenuation expected when only the viscosity of liquid 

was considered. All the results demonstrated that the measured attenuation in 

the artery is much higher than that expected when only viscosity of the blood 

was considered (Pedley, 1980). 
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Chapter One: Introduction 

Milnor and Nichols devised a method only requiring two observation sites 

with measurement of pressure and flow to investigate the propagation of blood 

flow (Milnar and Nichols, 1975). Milnor and Bertram also investigated the 

relation between arterial viscoelasticity and wave propagation in the canine 

femoral artery in vivo using their own method, which was introduced by Milnor 

and Nichols in 1975, and concluded that the dissipation is greater than that 

predicted by the linear models in a blood vessel of given dimensions and 

viscoelasticity (Milnor and Nichols, 1978). Newman and Greenwald also carried 

out experimental work on wave propagation and found that impulse waves 

attenuated along the distance travelled as an approximately mono-exponential 

function in both latex rubber tubes and the aorta of dogs (Newman et al. 1981; 

Greenwald, et al., 1985). 

Anliker and his colleagues (Anliker et al., 1968a; 1968b; 1969; 1971; 

Histand et al., 1973; Moritz et al., 1974) studied the dispersion and attenuation 

of small artificial pressure waves in the canine arteries and veins by using finite 

sine waves trains superimposed on the naturally pressure fluctuations. They 

found for the frequency range considered that amplitude of small waves 

attenuated exponentially with the distance travelled. 

Theoretical analysis on the complex properties of visco-elastic wall 

facilitates the comparison between the mathematical simulation and 

experimental results. Horsten studied the dissipation of pulsatile waves in 

viscoelastic tubes using a one-dimensional linear model and found that the 

viscoelastic behaviour of the tube's wall dominate the damping of the pressure 

pulse (Horsten et al., 1989). By comparing his experimental results with linear 

and non-linear modelling results, Reuderink found that disregarding the 
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viscoelastic properties of the tube's wall results in an underestimation in the 

damping (Reuderink et al. 1989). They also found that the linear viscoelastic 

Womersley model (Womersley, 1957) describes the pulse wave dissipation of 

the non-linear system satisfactorily. 

It appears that there is still a considerable disparity in estimating the 

degree of wave dissipation, despite the extensive work on wave dissipation. To 

investigate the causes of disparity on the estimation of wave dissipation 

coefficient, Ursino and Bertram compared different methods, which were 

employed to determining wave propagation coefficient, but arrived to different 

conclusions (Ursino, et al. 1992,1994; Bertram et al. 1997). Ursino argued that 

the experimental methods, such as the three-point method, proposed by Taylor 

(1959) and used by Mcdonald and Gessner (1968), are the sources of 

inaccuracy of the attenuation values. Bertram however, concluded that the 

discrepancy is not caused by the experimental methods, but rather by the 

experimental conditions, such as blood pressure and the placement position of 

pressure transducers (Bertram, et al. 1997). 

In addition, there is also a disagreement regarding the cause of wave 

dissipation. Bertram studied the energy dissipation and pulse wave attenuation 

in the canine carotid artery and concluded that wall viscoelasticity contributes 

relatively little to energy dissipation per cardiac cycle and pulse wave 

attenuation (Bertram, et al. 1980). More recently, Bertram concluded that 

"Relative contribution to energy dissipation of wall viscoelasticity and viscous 

shear depend strongly on the size of vessels"(Bertram, et al. 1997). He also 

implied in this study that the main sources of dissipation of bigger sizes of tube 

was viscoelastic vessels, while viscosity of blood was mostly the cause of wave 
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dissipation for small-sized vessels. However, three main causes accounting for 

the attribution of waves dissipation were suggested in Anliker's study (1) 

dissipation mechanisms in the vessel wall; (2) radiation of energy into the 

surrounding tissue or vascular bed; and (3) viscosity of blood. They also 

demonstrated experimentally that the effect of surrounding medium play a minor 

role in their study and demonstrated theoretically that the viscosity of the blood 

can account for only a small fraction of the observed attenuation for the 

frequency range in their study (Jones and Anliker, 1971 a; 1971b). Therefore, 

they concluded that the dissipation of pressure waves must be attributed 

primarily to viscosity of vessel wall. 

Most of work carried out in investigating wave dissipation to date used 

only the measured pressure waves. However, it is well accepted that the 

measured pressure is made of the interaction between the incident and 

reflected waves (Westerhof, et al., 1972). Therefore, studying the dissipation of 

waves travelling in one direction using the measured pressure will almost 

certainly be affected by the waves travelling in the other direction, which may 

lead to inaccuracies in determining the pattern by which waves dissipate along 

a specific direction. Bertram investigated the pulse wave attenuation 

measurement in nonlinearly elastic tubes using linear and nonlinear method 

(Bertram, et al. 1999). In his research, he found the separation of the measured 

pulse into forward and backward waves by either linear or non-linear means 

produced similar results; for the forward-going waves (downstream) the 

attenuation values were comparable to those found by the linear methods but 

the backward-going waves gave physically unreasonable attenuation results. 

5 



Chapter One: Introduction 

1.2.2. Wave propagation in time domain 

As discussed above, arterial wave propagation had been mainly assessed in 

the frequency domain using impedance approach, the results of which are 

normally interpreted as a function of harmonics. A new analysis tool, wave 

intensity analysis (WIA), proposed by Parker and Jones (1988), allows for 

assessment of arterial wave in time domain, which is more intuitively than 

impedance approach and other techniques such as three points method in 

frequency domain. In addition, using WIA, the measured pressure and flow 

wave can be separated into forward and backward elements in time domain 

(Parker and Jones, 1990). 

The concept of wave intensity (WI) is the analogue of the acoustic 

intensity in the theory of sound waves (Jones et al., 1994). Wl is the measure of 

the energy flux transported by waves in the cardiovascular system and carry the 

information about both upstream and downstream events when it is measured 

at a given sites of arteries. Although Wl is very small compared with total power 

of the ventricle, it can provide the important information about the change of 

working condition of heart as it acts with arterial system. Since the Wl was 

introduced to the cardiovascular studies (Parker and Jones, 1988), it has been 

proven to be useful and regarded as a hemodynamic index in studying waves in 

the aorta (Koh et al., 1998; Khir and Parker, 2005), in the coronary arteries (Sun 

et al. 2003; Davies et al. 2006) and in the carotid artery (Niki et al, 1999,2002). 

The propagation of arterial pressure wave in the cardiovascular system 

and the mechanism of arterial pressure waveform has been investigated in time 

domain by a few bio-scientists using WIA. Parker studied arterial pressure wave 

propagation in the aorta and concluded that non-linearity of arterial tree is 
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mainly responsible for the profile of arterial pressure waveform (Jones, et al. 

1992). Wang also studied wave propagation in the circulation using a complex 

numerical model and concluded that the complex pattern of wave propagation is 

a dominant factor to determine the aortic pressure and velocity waveforms 

(Wang, et al., 2004). Up to date the dissipation of wave in the arterial system 

has not been studied either in vitro or in vivo with time domain techniques. 

1.2.3 Arrival time of reflected wave 

The pressure waveform recorded in the arteries can be described as the sum of 

the forward pressure wave generated by the heart and the backward reflected 

pressure wave from the peripheral arteries (Nichols, W. W. and O'Rourke, M. F., 

2005). The arrival time of reflected waves to the ascending aorta is of 

physiological importance (Ueda et al. 2004). Several methods have been 

proposed to identify the arrival time of reflected waves. Westerhof used the 

input impedance to calculate the distance to the apparent reflection site, from 

which, they determined the arrival time of reflected waves (Westerhof et al, 

1972). Murgo suggested that the temporal difference from the initial pressure 

upstroke to the pressure inflection point is the time that it takes the wave to run 

forward, be reflected and arrive back (Murgo et al. 1980). Parker and Jones 

introduced wave intensity analysis (WIA) for studying travelling waves in 

arteries, which allows for the separation of waves into their forward and 

backward directions (Parker et al. 1990). Onset of backward wave can be used 

as the arrival time of reflected wave because of the WIA is a time domain 

technique. 
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1.2.4 Wave speed 

The determination of arrival time of the reflected wave usually required the 

knowledge of wave speed. It is known that wave speed is one of key factors 

describing the wave propagation of blood flow in arteries. Local wave speed is 

mainly related to the elastic property of arterial wall (Milnor, 1989). With the 

increase of age, wave speed in the arteries increases with an increase in blood 

pressure, due to the stiffer of arterial wall. Increase of wave speed is associated 

with cardiovascular diseases such as atherosclerosis and arteriosclerosis 

(Benetos et al. 2002). 

Wave speed is the speed by which disturbance travels along the 

medium. In frequency domain, wave speed is described as phase velocity, Cp, 

which is function of harmonics and determined by the difference of phase 

angles of the individual harmonics of two pressure recordings taken at two 

locations. Wave speed determined by phase angle might be affected by the 

reflected wave, which limited the accuracy of this technique (Latham et a/, 

1988). 

Theoretically, wave speed in the thin walled elastic tube can be 

FEh 
determined by Moens-Kortweg equation, c=9 if the fluid is assumed to be 

pD D 

incompressible (Kortweg, 1878; Moens, 1878), where, c is the wave speed, E is 

the Young's modules of tube wall, h is the wall thickness, p is density of liquid 

and D is the diameter of tube 

The conventional way to measure wave speed is based on foot-to-foot 

method. This method has been used extensively and the results confirm that 

the wave speed in the aorta is not uniform; a significant increase is observed 
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distally (Latham et al., 1985). Several methods have been used to determine 

local wave speed at the measurement site. Latham used the characteristic 

impedance to determine the local wave speed (Latham et al. 1987). Khir 

proposed PU-Ioop method to determine the wave speed using one-point 

measurements of pressure and velocity (Khir, et al. 2001). Harada also use the 

principle of the water-hammer equation to determine the wave speed online 

(Harada, et al., 2002). In addition, Harada derived wave speed from the 

stiffness parameter of the artery. Davies introduced a new technique for 

determining local wave speed also based on the measurements of the pressure 

and flow at the same site (Davies et al. 2006). 

1.3 Motivation 

Historical review reveals that the following issues remain to be unsolved: 

(1) Despite the fact that wave dissipation was studied extensively, there 

is still considerable disparity on the estimation of its degree. Firstly, there is 

always scatter, which is quantified by error bars (Bertram et al., 1995). 

Secondly, there is a disagreement between the results achieved by different 

groups. For example, the source of disparity on degree of dissipation given by 

Ursino (1994) is opposite to that given by Bertram (1997). 

(2) The dissipation predicted theoretically is not quantitatively consistent 

with that measured experimentally (Bertram, et al. 1999). 

(3) There is also disparity regarding the source of dissipation, although 

most research groups tends to accept that viscoelastic of wall dominate wave 

dissipation (Pedley, 1980), which is based on the underestimation of dissipation 

if only viscosity is considered. 

9 
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(4) Previous works on wave dissipation were mainly investigated in the 

frequency domain using Fourier analysis (Bertram, 1997,1999, Anliker, 1971, 

1973). The deficiency of Fourier analysis is that it considers system under 

investigation in a steady state and difficult to be used to examine the transient 

events. In addition, the assumption of linear relationship between pressure and 

flow in Fourier analysis is also unrealistic. 

(5) Using only measured pressure wave to examine the dissipation 

without taking account of the reflected wave would probably lead to misleading 

results. Hence, it is required that waves are separated into forward and 

backward directions for the investigation of wave dissipation. 

(6) Mostly, measuring wave dissipation to date required at least four 

measurements simultaneously, such as three-point method, which required 

measuring the pressure at three points and flow in the middle position. Milnor- 

Nichole method requires simultaneous measurements of pressure and flow at 

two different sites in the blood vessels. 

(7) It was pointed out that "The energy dissipation during wave travel, 

which is expressed as attenuation is probably the most important parameter in 

arterial haemodynamics" (Mcdonald, 1974). The energy dissipation here 

indicates the attenuation against the frequencies. The physical meaning of 

wave intensity, which is wave energy flux per cross-sectional area, also 

dissipated along the travelling distance. To date, the dissipation of the energy 

carried by the travelling wave, which is expressed as decay of wave intensity, 

have not been investigated. , 

(8) The wave dissipation was only investigated for the waves with 

St pushing effect" although the waves with "pulling effectyl are important in the 
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cardiovascular system. As much as explored insofar, propagation of wave with 

Is pulling effect" has not been thoroughly studied in either in vitro or in vivo 

regardless of time or frequency domain. 

To measure the wave dissipation reliably, the technique of separation of 

wave into forward and backward direction is necessary. Westerhof et al. (1972) 

proposed the impedance method for separation of waves and Pythoud et al. 

(1996 a, b) also use the linear and non-linear methods to separate the 

waveforms in frequency domain. WIA allows for separation of waves into 

forward and backward directions in the time domain using the characteristic 

solution for one-dimensional flow in elastic tube. The approach of WIA has 

several benefits to this research, which will be discussed in the Chapter 2. 

In general, WIA provides an approach to analyse wave dissipation in the 

time domain rather than in the frequency domain, therefore, the results 

interpreted in terms of time and space would be more understandable. 

Furthermore, the dissipation displayed in both forward and backward direction 

would be valuable and reliable. 

In addition, as discussed, the arrival time of reflected wave is 

physiologically important. WIA allows us to determine the arrival time of 

reflected waves using backward waveforms. Furthermore, as is known, 

separation of waves into forward and backward directions using WIA is based 

on measurement of pressure and velocity, where, the pressure was usually 

measured invasively. Therefore, we consider developing a method to separate 

waves using diameter and velocity, which might be potentially used to separate 

the wave non-invasively. 
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1.4 Aims 

The aims of this thesis therefore are: (1) to investigate wave propagation (wave 

speed and dissipation) in flexible tube in time domain under the different 

conditions using WIA; (2) to compare the propagation of wave during pushing 

and pulling effect; (3) to develop a mathematic method determining the wave 

speed and separation of wave using the measured diameter and velocity 

directly and then the arrival time of reflected wave will be potentially determined 

non-invasively. 

12 
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FIGURE 7. Pressure wave forms as afunclion of location from the ascending aorta to the iliac bifurcation 
in one patient. Figure constructedfrom single or pairs ofpulses selectedfrom cardiac cycles with equal RR 
intervals and from similarphases of respiration. AoV= sensorjusi above aortic valve, Asc Ao =ascending 
aorta, - Hi D. Ao =high descending aorta. - Mid TAo = midthorack aorta; Diap Ao =d1aphragmatic aorta; 
Abd Ao =abdominal aorta; Term Ao = terminal abdominal aortajust before iliac bifurcation. See textfor 
discussion. 

Figure 1.1 The pressure wave forms from the ascending aorta to the iliac bifurcation 
(copy from Murgo, 1980) 
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Chapter 2 

Theoretical Analysis 

2.1 Introduction 

Euler introduced his one-dimensional analysis of flow in distensible tube, which 

is still used today and considered the oldest theory of blood flow in arteries 

(Euler, 1775). The equation derived by Euler mathematically quantitative 

remained unsolved until Riemann introduced the method of characteristics in 

1860. WIA, based on the solution of the Euler's mathematical model and 

equations using the method of characteristics, made it possible to consider the 

arterial waves as wavefronts where a wavefront is composed of infinitesimal 

wavelets (Parker and Jones, 1990). 

The investigation of propagation of blood wave in the arterial system has 

been dominated by the impedance method previously. Essentially, the 

approach of the impedance method considers a solution using Fourier 

transforms under the assumption of linearity of equation for flow (Womersley, 

1957). Compared with impedance method, WIA has several advantages to 

study the propagation of blood waves in the arterial system, which are 

explained as follows: 

(1) The impedance method presents the results in the frequency domain, 

which is not intuitive clinically. In contrast, WIA is a time domain approach, 

which allows for the interpretation of wave propagation in the arterial system or 

elastic tubes as a function of time and space. Therefore, the results can be 

directly related to physiological events. In addition, analysis in the frequency 
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domain can lead to the implicit assumption that the arterial flow is a steady 

oscillation, which imply that the arterial system will remain oscillating even when 

the ejection from the heart is stopped (Sherwin, 2003). This is not in accordance 

with physiological statues when the heart is blocked; during this periods neither 

flow nor pressure shows any hint of the "periodic" behaviour. 

(2) The impedance method considered arterial waveform as wave trains, 

which means that each waveform of a heart beat is similar to those of previous 

beats. However, there are differences between the shape of waveforms in 

different cycles due to the variation of the arterial system (for example: 

constriction and dilatation) and variation of output of the heart (for example: 

inspiration and expiration). In addition, the impedance method assumes a linear 

relationship between pressure and flow. In contrast, WIA does not make any 

assumptions about the tube's wall linearity or periodicity. 

Furthermore, the data analysed using WIA take into account the effects 

of the vessel wall 9s viscoelastic properties, convective and frictional effects and 

fluid viscosity. 

Apart from the advantages mentioned above, WIA has the other 

strengths for this study: 

(1) WIA provides a method to separate pressure and velocity waves 

travelling in the forward and backward directions from the measured pressure 

and velocity waveforms. Thus, the analysis offers a technique to study wave 

dissipation in one direction whilst taking into account the effect of reflections 

from the opposite direction. 

15 



Chapter Two: Theoretical Analysis 

(2) The physical meaning of WI is the flux of energy carried by the wave 

per unit cross-sectional area. Therefore, Wl provides a convenient method to 

study the dissipation of energy carried by the waves along flexible tubes. 

There are two assumptions to be made when one-dimensional flow 

equations are applied in the circulation. The reasons and suitability of these two 

assumptions are discussed as follows: 

1) The validation of one-dimensional model: 

If the flow in arteries were assumed as one-dimensional model, the 

measured pressure and flow can be expressed as the function of distance and 

time, that is P= P(x, t) and Q= Q(x, t). It has been reported that under normal 

conditions velocity distribution in the arteries tends to be axisymmetrical 

(Schultz et al. 1969). It is also been stated that axial flow is dominant in the 

aortic arch (Pedley, 1980). Lighthill stated that arterial radius expands and 

contracts by only a few percent of its undisturbed value, requiring radial motions 

negligible small compared with the longitudinal motion, which suggested that 

the one-dimensional theory is quite a reasonable and accurate enough to 

analyse the blood flow in the arterial system(Lighthill, 1978). 

2) Blood is treated as an incompressible fluid: 

Pedley suggested that the blood can be approximately treated as 

incompressible liquid (Pedley, 1980). Lighthill also stated that the 

corn pressibi I ity of the blood is negligibly small compared to the large 

distensibility of the arterial wall (Lighthill, 1978). 
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2.2 Governing equations 

Blood flow in the arterial system follows the laws of conservation for 

mass and momentum. Based on the two assumptions above, the blood flow in 

the arterial system can be analysed using one-dimensional equation of flow in 

an uniform elastic tube: 

A, + (UA)x = 

Ut +UUx =-Pxlp+F 

Where 

A: Cross-sectional area of tube 

U: The mean velocity across the cross-sectional area. 

P: The mean pressure across the cross section. 

p: The density of the fluid. 

q: The volume flow rate per unit length out of the tube. 

F: Frictional force between fluid and tube wall. 

x: The distance along the tube. 

t: The time. 

The subscripts denote partial differentiation. 

(2.1) 

(2.2) 

Equation (2.1) describes the law of conservation of mass. The left side of 

the equation expresses the rate of flow into the tube and the right side of the 

equation indicates the rate of flow seepage out of the tube. Equation (2.2) 

follows the law of the conservation of the momentum. The left side of equation 

express the rate of momentum per mass and the right side of equation 

describes the difference of pressure with respect to the distance, x, and the 

friction dissipation. 
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Chapter Two: Theoretical Analysis 

Under the assumption of viscous losses is negligible and the tube wall is 

impermeable, the equations (2.1) and (2.2) can be simplified as: 

A, + (UA)x =0 (2.3) 

u +UU =-P /P txx (2.4) 

There are three variables, P, U5 A, in these two equations. Therefore, it is 

required to add another equation to get a solution. 

As the wave propagates in the elastic tube, the cross-section area is a 

function of pressure, while the pressure is also function of distance, x, and 

time, t. 

A= A(P(x, t)) (2.5) 

The change in the cross sectional area with respect to time and distance can be 

wriften: 

A, = 
dA 

P, and A,, = 
dA 

P, (2.6) 
dP dP 

Substitution of equation (2.6) into (2.3) gives: 

dA 
P+U 

dA 
P+ AUý, =0 (2.7) 

dP t dP 

Dividing (2.7) by 
dA 

and rearranging 
dP 

Pt +UP +AU =0 
(2-8) 

dA x 
dP 

The distensibility of the arterial vessel wall, D, can be defined as the relevant 

change of cross sectional area per the change of the pressure compared to 

initial area: 
1 dA 

D=- 
A dP 

(2.9) 
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Substitute (2.9) into (2.8) gives, 

pt +UP +1u =o 

Dx (2.10) 

Equation (2.4) and (2.8) can be written in the matrix form: 

cot +Q co, 0 

where, a)= u and 
[p] 

These equations are hyperbolic and amenable to solution by the method of 

characteristics. The eigenvalues, A, of the matrix can be determined from the 

equation In - All =0 and we can write: 

(U_A)2 _1 (2.12) 
pD 

If we define the right item of equation (2.12) as c2, 

(2.13) 
pD 

then, (U 
_ 

A)2 = C2 and the eigenvalues of the matrix are: 

A± =U±c (2.14) 

The physical meaning of the term c is the local wave speed. In equation (2.14), 

Is is Is the positive sign , +" indicates the forward direction and the negative sign - 

indicates the backward direction. Usually in the arterial system, the forward 

direction means that the wave is running from ventricle to the peripheral arteries 

and the backward direction means that the wave is running from the peripheral 

arteries to the ventricle. In this thesis, the forward wave refers the flow from inlet 

to outlet and the backward wave refers the wave from outlet to inlet of the tube. 
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The method of characteristics relies on the observation that the waves run in 

the space-time plane along the characteristics direction, which are 

&C 
=U dt (2.15) 

Along the characteristic directions the partial differential equations (2.11) can be 

reduced to the ordinary differential equations 

dU 1 dP 
-0 dt pc dt (2.16) 

Along the characteristics direction the equation (2.16) can be written in terms of 

the Riernann function, 

R+ =U+ 
dP fo, 
PC 

(2.17) 

Where, PO is initial pressure, the differential form of equation (2.17) can be 

wriften: 

dR+ = dU ± 
dP 

=o 
PC 

(2.18) 

In equation (2.18) the difference operator, d, is defined as the change across 

the characteristic. The physical meaning of this equation is that any change in 

pressure and velocity imposed on the flow will cause a change in the Riemann 

functions, which will propagate along the characteristic direction. As shown in 

Figure 2.1, at each point (tx), the local pressure and velocity can be 

determined at the intersection of forward and backward Riemann values. 

Rewriting equation (2.18) along the characteristic directions gives the water- 

hammer equation: 

dp = +pcdU (2.19) 
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2.3 Wave separation 

If we assumed that the changes in pressure and velocity are the linear 

summation of increments of pressure and velocity in forward and backward 

directions, 

dP = dP, + dP (2.20) 

dU = dU+ + dU- (2.21) 

Substitution of equation (2.20) and (2.21) into (2.19) arrives at the forward and 

backward change of pressure and velocity, 

dP, =I (dP + pcdU) 2 

dTý =I (dP - pcdU) 2 

dU+ =I (dU + 
dP 

2 PC 

dU- =I (dU - 
dP 

2 PC 

(2.22) 

(2.23) 

Summation of forward and backward changes of pressure, dP,, and velocity, 

dU+ , respectively, gives the forward and backward pressure, P, and 

velocity, U± 9 
tt 

P+ = Po + dP+ , Fý L dfý (2.24) 

t=O t=O 

tt 

dU, U dU- (2.25) 
t=O t=O 

where PO is an initial static pressure and t is the time. An example of measured 

pressure and velocity waveform and their separated forward and backward 

pressure and velocity are shown in Figure 2.2. Also, the detailed relationship of 

the measured pressure and its separated forward and backward elements are 
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shown in Figure 2.3a, from which one can see the measured pressure are 

summation of forward and backward pressure. 

2.4 Wave Intensity Analysis 

Wave Intensity, W= dPdU, is the flux of energy carried by the waves per 

unit area, having units of W/m'. Also, W can be separated into forward wave 

intensity, dI+ = dP+dU+, and backward wave intensity, dl = dP dU-, which can 

be obtained from measurement of P and U, and knowledge of wave speed: 

dI± =±I (dP ±, ocdU)' 4, oc 
(2.26) 

Equation (2.26) shows that forward wave intensity is always positive and 

backward wave intensity is always negative. A typical example of separated 

wave intensity is shown in Fligure2.3b. 

Furthermore, the forward and backward wave energy can be obtained by 

integration of dI, with respect to time, 

dI+dt (2.27) 

Inherently, the I, have units of J/m'. 

2.5 Wave speed determined by PU-Ioop 

The separation of pressure and wave intensity into their forward and 

backward directions, P:, and dI,, requires knowledge of wave speed, which can 

be determined using the PU-loop method (Khir et al., 2001). The water hammer 

equation (2.19) can be used to determine the wave speed only if waves passing 

by the measurement site are running in one direction. Therefore, plotting the 

measured pressure against the measured velocity over the cycle we obtain a 
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PU-loop (Figure 2.4), whose slope during the very early part of the cycle, when 

wave are running only in the forward direction, equals pc. It has been accepted 

that local wave speed is mainly depended on the local elastic properties (Milnor, 

1989). Wave speed determined using PU-loop method only needs the 

measurements of pressure and flow at one point, hence directly associated with 

the local properties of tube wall. Wave speed determined using this method has 

been proven to be sensitive to the properties of tube wall (Feng, 2008). 

2.6 Reflected waves 

2.6.1 The type of reflection sites 

In this thesis, wave propagation was investigated in single long tubes. 

Generally, reflection sites in single long tubes can be positive or negative and 

P 
reflection coefficient can be determined by R=', where P is reflected 

Pi r 

pressure wave and Pi is incident pressure wave. The types of refiection sites 

can be classified as following: 

Positive reflection sites: O<R<l; 

Negative reflection sites: -1 <R <0; 

No reflection: R=O. 

Close end: R=1. 

Open end: R=-l. 

2.6.2 Types of reflected wave 

Waves can be classified into compression or expansion wave according 

to their effect on pressure. A compression wave causes an increase but an 
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expansion wave causes a decrease in pressure. The type of backward wave is 

depended on the incident wave and reflection sites. If the reflection site is 

positive, then the type of backward wave is the same as the forward wave is. 

For example, if the forward compression waves encounter the positive reflection 

sites, then a backward compression wave will be produced, but if a forward 

expansion wave encounters the positive reflection sites, then a backward 

expansion wave will be produced. In contrast to the positive reflection sites, 

negative reflection sites have the opposite effect; that is to say, the forward 

compression wave will be reflected by the negative reflection sites as the 

backward expansion wave and forward expansion wave will be reflected as the 

backward compression wave. The close-end reflection site is a typical of 

positive reflection, with value R=1 , and the open-end reflection site is a typical 

of negative reflection, with value R=-1. The relation of formation of forward and 

backward wave and reflection sites type are summarized in Table 2.1. 
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Figure 2.2 The measured pressure, P and velocity, U (solid line), separated forward 

-, 
(dashed line), and backward pressure, P, velocity, U_ pressure , 

P, and velocity, UI 

(dotted line), at 1.5m away from the inlet in 16mm diameter tube. 
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Figure 2.3 : a) The measured pressure, P (solid line), separated forward pressure, P, 

(dashed line), and backward pressure, 1ý (dotted line), at 1.3m away from the inlet of 

the 16mm diameter tube. The amplitudes of P- andP are shown using the double- 

dI- (dashed line). The double-arrow lines indicate the magnitude of dI, and dI-, and 

vertical dashed line indicate the onset of the backward wave intensity which is the same 
time as the onset of the backward pressure waveform. The integrated area under 
the dI+ curve (shaded) is the energy carried by the wave running in the forward 

direction, I, Note this area is composed of the forward compression wave due to the 

increase in pressure (first half of the pressure wave), and a forward expansion wave due 

to the decrease in pressure (second half of the pressure wave). 
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Chapter 3 

Methods and instrumentation 
Features of the general experimental setup and instrumentation are 

introduced in this chapter, which includes the experimental setup, the calibration 

procedure, static properties test and statistics analysis. Further description for 

each specific experiment will be discussed in Chapter 4,5,6, where a variation 

of the general experimental setup and instrumentation was needed. 

3.1 Experimental setup 

The general experimental setup used in the work carried out in this thesis is 

shown in Figure 3.1. A semi-sinusoidal wave was produced at the inlet of the 

tube. The pressure and flow measurements were made at known distances to 

observe the decay of the magnitude of waves. The followings are the 

components used. 

a. Tubes 

We investigated wave dissipation in four sizes of latex tubes, whose 

diameters and wall thicknesses are given in Table 3.1, and each of the tubes is 

uniform in both dimension and mechanical properties along its 2m in length. 

This length was chosen to represent the distance that the wave would have to 

run from the heart to the feet, reflected and returned in an average human. The 

tubes were fully merged into a water tank, where the water level was 

approximately 1 cm above the tubes. Each tube was carefully mounted and 

kept in the horizontal position. 
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Pump 

The inlet of the tube was connected to a piston pump, which produced an 

approximately semi-sinusoidal single pulse wave with the piston moving forward 

from the bottom to the top dead centre. The cylinder of the pump is of 5 cm in 

diameter and the stroke of the piston is 2 cm; giving a displaced volume of 

approximately 40ml. We used an 11 Wafts graphite brushes DC motor (Maxon 

110937, A-max 
, 

Sachseln, Switzerland) to drive the pump. The motor used a 

constant DC power supply of 5.5 Volts. The characteristics of this motor reveal 

that speed of motor will reduce when the load increase for a fixed Voltage of 

power supply. 

c. Reservoirs 

The inlet and outlet of each tube were connected to the inlet and outlet 

reservoirs, respectively. The height of the fluid in the reservoirs was adjusted to 

30 cm above the longitudinal axis of the tube; producing an initial hydrostatic 

pressure of 3 kPa. We note that although the transmural pressure for the 

different-sized tubes will vary, this variation was ignored as it was not significant 

and its effect was expected to be minimal. The inlet and outlet reservoirs were 

interconnected and their connections to the tube were made using rigid 

polyurethane tubing; hence a strong reflection site was expected at the exit of 

the latex tubes. 

d. Valve 

One-way valve was placed between inlet of the tubes and the inlet 

reservoir as illustrated in Figure 3.1. The function of this valve was to prevent 

any portion of the displaced volume of water at inlet flow into the reservoir. 
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3.2 Measurements 

Simultaneous pressure and flow waveforms were measured at the same sites, 

sequentially in time, every 5cm along the tubes. Pressure was measured using 

a 6F pressure transducer tipped catheter (Gaeltec, Scotland, UK), which was 

inserted into the tube through a Y-junction at the inlet of the tube or outlet of the 

tube. Due to the limited length of catheter of pressure transducer, no 

measurements were made at the position of 85,90 and 95cm away from the 

inlet of the tubes. Flow was measured using ultrasound flow probes (Transonic 

System Inc, Itheca, NY, USA). The static external diameter and wall thickness 

of each tube were measured using a digital calliper, and the internal diameters 

were obtained by the subtraction of thickness from external diameters and then 

were used with the flow rate to calculate the velocity at each site; assuming a 

flat flow velocity profile over the cross sectional area. 

The data of pressure and flow rate were acquired at 50OHz using 

Labview (National Instruments, Austin, Texas, USA), and analysed 

subsequently using programs in Matlab (The Mathworks, Natick, MA, USA). 

3.3 Calibration 

Before all measurements were taken, the pressure transducers and ultrasonic 

flow cuffs were calibrated. 

a. Pressure 

The pressure transducers were calibrated using the water-column 

methods. The pressure in Volt was recorded up to the tip of catheter was 

advanced into the water at interval of 10 cm up to 1m deep. The pressures in 
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water-column were converted into the kilo Pascal. The correlation of pressures 

in voltage with that in kilo Pascal was assessed using regression line and the 

equation of regression line is used to convert voltage into kilo Pascal (Figure 

3.2 

b. Flow and velocity 

The flow can be calibrated by the flow meter itself. For the varied size of 

flow probes, the flows were calibrated using the corresponding coefficient. For 

example, for the 8 mm flow probe the flow in 1V is equal to 200 ml/min. The 

calibration coefficient for 4 sized flow probes was shown in the Table 3.1. 

The velocity was calculated from the flow divided by the internal cross- 

sectional area. 

In addition, the accuracy of flow calibration using the coefficient of flow 

meter was also inspected by calculation of the volume within one cycle of wave. 

In our case, the displacement in volume, 40 ml, by the pump is expected and 

only a single wave is generated, therefore, the integration of flow with respect to 

time for one cycle is expected to be equal to the displacement in volume by 

pump, 40 mi. The inspection for each sized flow probe reveals that the 

integration of flow within one cycle is approximately 39.4 ml, which is very close 

to the expected value. 

3.4 Static property test 

The static properties of tube wall were determined from the static pressure- 

diameter relationship just before the dynamic measurements starts. The change 

of static pressure was established by either increase or decrease the height of 

water in the reservoirs. To eliminate the dynamic effect, the measurements for 
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both pressure and diameter at each stage were taken 2 minutes later after the 

level of liquid in the reservoirs was either increased or decreased. Figure 3.3 a, 

b, c and d show that the relationship of pressure and diameter when the head 

of water in the reservoirs was increased at intervals of 5 cm from 30 cm to 55 

cm and then decreased at the same intervals from 55 cm to 30 cm. The 

pressure was measured using 6F pressure transducer tipped catheter and the 

diameter of tube is measured with the digital vernier calliper. 

The internal cross-sectional area can be calculated from the measured 

2 diameter using equation, AD, where A is the cross-section area and D is 
4 

internal diameter of the tube, under the reasonable assumption of circular cross- 

sectional area of tube. To assess the wall properties of each tube, we measured 

the static compliance. The static compliance of each size of tube can be 

established using the changes of internal cross-section area of the tube and the 

change of pressure at each step, Cs = 
dA 

, where CS indicates the static 
dP 

compliance, dA is the change of cross-sectional area and dP is the change of 

static pressure when the level of liquid in the reservoirs either increase or 

decrease every 5 cm. The average of static compliance for each size of tube is 

shown in the Table 3.1. 

3.5 Reproducibility 

To examine the reproducibility of data, measurements of the pressure at sites of 

0.3 m and 1.5 m away from the inlet were repeated 10 times, Figure 3.4. The 

maximum of the measured pressure at 0.3 m was 6217 ± 23Pa 
, and at 1.5m 
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was 6805 ±18Pa 
. The data are highly reproducible with a standard deviation of 

less than 0.5%. 

3.6 Statistics methods 

3.6.1 Normalization 

The same volume of flow, 40ml, was ejected into each of the four sizes 

of tubes. To examine the effect of tube sizes and the other parameters, such as 

initial pressure and pumping speed of pump, on wave dissipation, the results 

were normalized. The normalisation was expressed as the ratio of the value at 

each site along the tube compared to the value at the inlet of the tube. For 

example, the normalised P, is expressed as 
P+ 

, where P+ is forward pressure 
P+ i 

at the measurement site and P,, is forward pressure at inlet of the tube. 

Similarly, dI+ and I+ were normalized as and 
L. The percentages of 

dI-4-i I+i 

dissipation of the pressure wave at any specific site was calculated as I- -f+-. P+ i 

Similarly, the percentage of dissipation of dI-, and I, were determined 

using I- 
dI 

+ and I-I+ 
dl+j I+i 

3.6.2 Curve fitting 

The dissipation curves were constructed using the data best-fit function 

of Matlab. The power of the exponential equation was used to compare the 

decay of the forward pressure, forward wave intensity and forward wave 

energy, between the 4 tube sizes. The dissipation exponential equations are 
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x expressed as eI //A where x is the distance away from the inlet of the tube and A 

is the inverse of the power of the exponential equation. This allows the 

calculation of the dissipation at any given distance away from the inlet of the 

tube. 
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6 

rusning 

Figurell A schematic of experiment setup. 1, pump; 2, tank with water; 3 and 4, 

flow probe and catheter tipped pressure transducer; 5, latex tubes; 6, two reservoirs; 

personal computer; 8, valve. Arrows indicates the directions of piston moving when the 

pump produced the wave with pushing or pulling effect. Horizontal dashed line 

indicates that level of water in the tank and reservoirs. 
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I I)flir%n 
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7 

Figure 3.2 Calibration from Voltage to Pascal using water-column method; Abscissa 
denotes the readings in voltage from pressure transducer and vertical coordinate denotes 
the pressure in Pascal at depth in the water, where pressure transducer are placed. The 

equation of regression line is used to conversion from the measurement of pressure in 
Voltage to that in Pascal. 
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Figure 3.3 (a) Static relationship of pressure and diameter for 4 mm tube when the 
hydrostatic pressure (level of water in the reservoirs) increases (blue squares) at each 
step of 2.5 cm (Ap = 1000 x 9.81 x 2.5 / 100 = 245Pa). 
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Figure 3.3 (b) Static relationship of pressure and diameter for 8 mm tube when the 
hydrostatic pressure (level of water in the reservoirs) either increases (blue squares) or 
decrease (pink squares) at each step of 5 cm ( Ap = 1000 x 9.81 x5 /100 = 490Pa ). 
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Figure 3.3 (d) Static relationship of pressure and diameter for 16 mm tube when the 
hydrostatic pressure (level of water in the reservoirs) either increases (blue squares) or 
decrease (pink squares) at each step of 5 cm ( Ap = 1000 x 9.81 x5 /100 = 490Pa ). 

41 



Chapter Three: Methods and Instrumentation 

7 
? 

000 

b- 
r- 

500 

6000 

5600 

a) 5000 
CL 

4500 

4000 

3500 L 
3 3.6 

Times[s] 
4 4.5 

Figure 3.4 The measurements of the pressure at 30 cm (red lines) and 150 cm (Blue 
lines) away from inlet were repeated 10 times. The waveforms superimpose one 
another, giving confidence of the reproducibility of the pump. 
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Chapter 4 

Wave dissipation in time domain 
Wave propagation along the travelling distance including the wave speed 

and dissipation under different experimental conditions are described in this 

chapter. The effect of tube size (diameter), initial undisturbed pressure, the 

pumping speed of the piston, viscosity of liquid and wall property on the wave 

dissipation are also discussed in section 4.1,4.2,4.3 and 4.4, respectively. 

Section 4.5 contains a discussion of these parameters on the wave 

propagation. 

4.1 Wave dissipation in the different sized tubes 

4.1.1 Introduction 

The experimental setup is described in the Chapter 3. The effect of size 

of tube (diameter) on wave dissipation is investigated in four sized tubes. The 

tube size and the corresponding thickness are listed in Table 4.1. The local 

wave speed was determined using PU-Ioop method, which is discussed in 

Chapter 2. The degree of dissipation of the wave was assessed according to 

the amplitude of separated forward and backward pressure, peak of forward 

and backward intensity and forward wave energy, respectively, which is 

presented in the results sec ion. 
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4.1.2 Results 

4.1.2.1 Wave speed and the static compliance 

Table 4.1 shows the average of wave speed and the static compliance in 

the different sized tubes. One can see from this table that the average of wave 

speed in 4 mm tube is highest, which is approximately 7.1 m/s and in 16 mm 

tube it is approximately 3.5 m/s. In addition, the static compliance of tube wall is 

the smallest in the 4 mrn tube and the biggest in the 16 mm tube, which is 

approximately 4.55xlO-'m'Pa-' 

4.1.2.2 Dissipation of pressure wave 

Typical pressure and velocity waveforms measured along the length of 

12 mm diameter tube are shown in Figure 4.1 a&b. The peak of the measured 

pressure waveform initially decreased along the tube, then start to increase as 

the measurement site moved distally approaching the exit of the tube due to the 

effect of arrival of the reflected wave. However, the peak of the measured 

velocity waveform decreased along the length of the tube and then continued to 

decrease sharply as the measurement site moved toward the exit of the tube 

also due to the arrival of the reflected wave, Figure 4.1 b. 

Amplitude of forward pressure dissipated exponentially along the 

distance travelled in the different four-sized tubes, as shown in Figure 4.2. In 

the smaller-sized tube the amplitude of forward pressure dissipated is greater 

than that in the bigger-sized tube, Figure 4.2. 

Typical forward and backward pressure waveforms calculated using WIA 

are shown in Figure 4.1c, d, where P, and P continued to decrease along the 
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length of the tube. it is noted that the earlier arrival of the foot of the separated 

backward pressure wave as the measurement site moved away from the inlet of 

the tube due to the measurement sites close to the reflection site (outlet)The 

peaks of P, and P decreased in a similar exponential way with the travelling 

distance, although in a different directions, Figure 4.3. Table 4.2 includes the 

exponential decay function of normalized peak of P, for each of the four tubes. 

4.1.2.3 Dissipation of wave intensity and wave energy 

The peak of dI+ decreased exponentially along the length of the tube as 

shown in Figure 4.4a, while the peak of dl- also decreased exponentially along 

the length of the tube (in the backward direction), Figure 4.4b. We also note the 

gradual earlier arrival of the reflected wave as determined by the onset of dI- 

while the measurement sites moved closer to the end of the tube, Figure 4.4b. 

The dissipation of I, followed a similar pattern of dissipation to that of 

decreased exponentially along the tube and this observation was 

consistent in all four-sized of tubes, Figure 4.5 a&b. 

Similar to P, and P, the peaks of dI, and dI- also decreased 

exponentially in opposite directions in a similar way, Figure 4.6. 

Table 4.2 includes the exponential decay function of normalised peak of 

dI+ , and normalised I+ for each of the four tubes. 

4.1.2.4 The effect of the tube size on wave dissipation 

The same volume of flow (40ml) was ejected into each of the four tube 

sizes and as we expected, a bigger pulse pressure was observed in the smaller 

tubes compared to that in the bigger size tubes. For example, at 20 cm away 
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from inlet, in 12 mm and 16 mm tube the pressure pulse is approximately 1.85 

kPa and 0.8 kPa, respectively, Figure 4.7. The greatest pulse pressure was 

found in the 4 mm diameter tube, approximately 6.5 kPa, while the smallest was 

found in the 16 mm diameter tube, approximately 0.8 kPa. 

The effect of the tube size on wave dissipation was investigated using 

the normalized values. The normalized values were calculated as described in 

the section 3.6. 

As described above, the exponential dissipation equations shown in 

-Y Table 4.2 are written as e', where x is the distance away from inlet of the 

tube and A is the inverse of the power of the exponential decay. Obviously, the 

smaller the A the greater the dissipation. 

The results in Table 4.2 show that the greater dissipation of Poccurs in 

the smaller-sized tubes. For example, the peak of Pdissipated by 40%, 36%, 

29% and 17% in the 4 mm, 8 mm, 12 mm and 16 mm diameter tubes, 

respectively, at approximately 1.8 m away from the inlet of the tube. dI, and I, 

followed a similar pattern and greater dissipation was observed at the smaller 

tube sizes. For example, I, dissipated by 67% in 8 mm diameter tube at 1m 

away from inlet, where it dissipated by only 43% in the 16 mm diameter tube at 

the same distance away from the inlet. The results shown in Table 4.2 

demonstrate that the smaller size tubes cause greater dissipation than those 

observed in the larger size tubes. 
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4.2 Wave dissipation at different experimental 

conditions 

4.2.1 Introduction 

The general experimental set-up (Figure 3.1) introduced in Chapter 3 is 

used for this set of experiments. However, only two sized tubes were used in 

this experiment, which are 12 mm and 16 mm in diameter. 

The aim of this experiment is to investigate effect of twonon-walled 

parameters, which are not related to wall properties, including initial pressure 

(undisturbed) and speed of piston pumping, on wave dissipation in flexible 

tubes. Hence, the operation of change of initial pressure and pumping speed of 

piston are also introduced in this section as follows: 

Initial pressure: The effect of initial pressure on wave dissipation was 

investigated when the initial pressure was set as 4 kPa and 5 kPa, respectively. 

The varied initial pressure is provided by changing the level of water in the 

reservoirs. Input volume (displacement of pump) is set as 40 ml and the 

pumping speed of piston is controlled by the power of motor of pump, which 

was fixed at 5.5 V. 

Pumping speed of piston: The effect of pumping speed of piston on 

wave dissipation was also investigated. This experiment aims to simulate the 

effect of increased heart rate on wave dissipation. The varied pumping speed of 

piston was controlled by increasing the voltage of power driving the DC motor, 

operating the pump from 5.5 V to 8 V. The corresponding pumping speed of 
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piston was approximately 2.2 cm/s and 4 cm/s, respectively. The initial pressure 

for this experiment was set as 4 kPa and the input volume was set as 40 ml. 

It is worth noting that study of the effect of each parameter on wave 

dissipation required keeping the other parameter unchanged. That is to say, 

when the initial pressure was varied, the voltage of DC motor was kept fixed, 

and so on. The parameters are listed in Table 4.3. 

4.2.3 Results 

4.2.3.1 The effect of initial pressure on wave dissipation 

The pressure., velocity pulse and peak of WI: The greater pressure 

and velocity pulse occurs when the initial pressure is lower, which is consistent 

in two sized tubes. An example of pressure and velocity pulse at inlet in 12 mm 

tube under the initial pressure of 4 kPa and 5 kPa are shown in Figure 4.8. 

This figure shows that the pressure pulse when the initial pressure is 4 kPa is 

bigger than that when the initial pressure is 5 kPa (1.85 vs. 1.3 kPa). The 

measured, forward and backward pressure pulse at the measurement sites of 

150 cm away from inlet when the initial pressures is 4 kPa are slightly bigger 

than those when the initial pressures is 5 kPa, Figure 4.9 a, b. The measured 

and forward velocity pulses when the initial pressure is 4 kPa are also slightly 

bigger than those when the initial pressure is 5 kPa. However, a difference of 

backward velocity pulse between these two cases is not obvious, Figure 4.9 c, 

d. The difference for the peak of forward wave intensity between initial pressure 

at 4 and 5 kPa was not noticeable, Figure 4.9 e, f. 

The measured pressure, velocity waveforms of 16 mm tube in the space- 

time when the initial pressure was 4 kPa is shown in Figure 4.10 a, c and 5 kPa 
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is shown, Figure 4.10 lbý d, respectively. The pulses of the measured pressure 

when the initial pressure was 4 kPa are slightly bigger than that when the initial 

pressure was 5 kPa. The pulses of the measured pressures for both cases 

decreased first and then increased due to the effect of reflected waves. The 

pulses of the measured velocity when the initial pressure is 4 kPa are similar to 

that when the initial pressure is 5 kPa. The pulses of the measured velocity for 

both cases decreased first and then continued to decrease sharply due to the 

effect of reflected waves. 

The separated forward pressure and wave intensity waveforms in the 16 

mm tube in the space-time are shown in Figure 4.11 a, b, c, d. The pulses of 

separated forward pressure decreased gradually along the length of the tube 

regardless of the initial pressure although the pulses of separated forward 

pressure when the initial pressure was 4 kPa are slightly bigger than those 

when the initial pressure was 5 kPa. Similar pattern also occurs with the 

separated forward wave intensity. 

Dissipation of the forward pressure., wave intensity and wave 

energy: The normalized values for all measurements of 16 mm tube show that 

forward pressure, peak of forward wave intensity and forward wave energy 

dissipated exponentially along the distance regardless of whether the initial 

pressure was 4 kPa or 5 kPa. The normalized forward pressure, wave intensity 

and wave energy when the initial pressure is 4 kPa dissipated more than that 

when the initial pressure is 5 kPa, which can be judged by the indices of power 

of exponential equation of regression line, Figure 4.12 a, b, c. 

Wave dissipation under the lower initial pressure is greater than that 

under the higher pressure occurs consistently in two sized tubes, which can be 
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judged by the indices of power of exponential equation for regression line, 

Table 4.3. 

4.2.3.2 The effect of pumping speed of piston on wave dissipation 

The pressure, velocity pulse and peak of WI: With the initial pressure 

and input volume are constant, the greater pressure and velocity pulse occurs 

when the pumping speed of piston is faster. For example, at 5 cm away from 

inlet in 12 mm tube the pressure pulse when the pumping speed is 4 cm/s 

(voltage of power is set as 8 V) is approximately 30% greater than that when 

the pumping speed is 2.2 cm/s (or voltage of power is set as 5.5 V) (2.4 vs 1.85 

kPa), Figure 4.13. Meanwhile, the greater measured, separated forward and 

backward pressure and velocity pulse occurs when the pumping speed is fast, 

Figure 4.14 a, b, c, d. There is a considerable difference for the peak of wave 

intensity between when the piston was pumping slow and fast, Figure 4.14 e, f. 

The measured pressure, velocity waveforms in the 16 mm tube in the 

space-time plane when the pumping speed of piston is 2.2 cm/s and 4 cm/s are 

shown in Figure 4.15 a, b, c, d, respectively. The amplitudes of the measured 

pressure when the pumping speed of piston was 2.2 cm/s are smaller than that 

when the pumping speed of piston was 4 cm/s. The amplitudes of the 

measured pressures for both cases decreased first and then increased due to 

the effect of reflected waves. The amplitude of the measured velocity when the 

pumping speed is 2.2 cm/s is smaller than that when the pumping speed is 4 

cm/s. The amplitudes of the measured velocity for both cases decreased first 

and then continued decrease sharply also due to the effect of reflected waves. 

The separated forward pressure and wave intensity waveforms in the 16 

mm tube in the space-time are shown in Figure 4.16 a, b, c, d. The amplitude 
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of separated forward pressure decreased slowly along the length of the tube for 

both cases although the amplitude of separated forward pressure when the 

pumping speed of piston is 2.2 cm/s is smaller than those when the pumping 

speed of piston is 4 cm/s. The peak of forward wave intensity when the 

pumping speed of piston is 2.2 cm/s is much smaller than those when the 

pumping speed of piston is 4 cm/s. The peak of forward wave intensity 

decreased sharply along the length of tube for both cases, Figure 4.16. 

Dissipation of the forward pressure, wave intensity and wave 

energy: The normalized values for all measurements of 16 mm tube show that 

forward pressure, peak of forward wave intensity and forward wave energy 

dissipated exponentially along the distance regardless of whether the pumping 

speed are at 2.2 or 4 cm/s, Figure 4.17. A greater dissipation of forward 

pressure and wave energy occurs when the piston is pumping faster is 

consistent in the two sized tube but dissipation of wave intensity was less when 

the piston was moving faster than that when the piston is moving slower, Figure 

4.17 and Table 4.3. 

4.3 Effect of viscosity of liquid on wave dissipation 

4.3.1. Introduction 

The experimental setup described in Chapter 3, which is shown in 

Figure 3.1, was used to carry out this experiment. Three sized tubes were used 

to test the effect of viscosity on wave dissipation. The main aim of this 

experiment is to investigate the wave dissipation in the latex tubes when 

viscosity of liquid was varied. In this work, we used 16% and 36% of glycerol- 
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water solution in volume to change the viscosity from 1.48cS to 2.84cS and 

density from 1.036 kg/l to 1.088 kg/l (Weast, 1981-1982). The degree of wave 

dissipation in the three sized latex tubes with these two types of glycerol 

solution will be compared. 

4.3.2. Results 

4.3.2.1 Effect of viscosity on wave speed 

Wave speed in the 16% of glycerol-solution is similar to that in the 36% of 

glycerol water solution, which is consistent in the three sized tubes. For 

example, at inlet of 12 mm tube, the local wave speed determined by PU-loop is 

3.26 m/s in the 16% and 3.04 m/s in the 36% of glycerol-water solution, Figure 

4.18. 

The average of wave speeds in the three sized tubes in the 16% of 

solution is also similar to that of 36% of glycerol-water solution, Figure 4.19 a, b 

and c. For example, the average of wave speed along the 12 mm tube for 16% 

of the glycerol-water solution is approximately 3.88 ±0.76 m/s and for the 36% 

of the glycerol-water solution is approximately 3.85 ±0.96 m/s. 

The average of wave speed when the tube is filled with water is slightly 

greater than that when the tube is filled with glycerol solution, Table 4.1 and 

Figure 4.19 a, b, c. For example, the average of wave speed along the 8 mm 

tube when the tube is filled with water is 5.0±0.5 m/s but it is 3.83 ±0.73 m/s 

when the tube is filled with 16% glycerol-water solution. 
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4.3.2.2 The effect of viscosity on wave dissipation 

The greater dissipation occurs when the liquid in the tube is more 

viscous. For example, in the 16 mm tube, the forward wave energy dissipated 

approximately 60% at 1m away from inlet, compared to that at inlet in the 16% 

of the glycerol-water solution. While, in the 36% of the glycerol-water solution 

the forward wave energy dissipated around 80% at the same position. As 

shown in the Figure 4.20 a, b, c, the forward pressure, wave intensity and wave 

energy with the 36% of glycerol solution dissipate more than those with the 16% 

of glycerol solution, judged by the power of regression line of normalized value 

for all measurements of 16 mm tube. Table 4.4 lists the exponential equations 

of decay of normalized forward pressure, forward wave intensity and forward 

wave energy in three sizes tube. Overall, greater dissipation occurs in the 36% 

of glycerol-water solution than that in the 16% of glycerol-water solution. 

4.4 The effect of tube wall on wave dissipation 

4.4.1 Introduction 

Experiment setup: Experiment setup is based on the general 

experimental setup described in Chapter 3, Figure 3.1. Most of the components 

used in this experiment are the same as those used before with the exception of 

pump and tubes. In this experiment, the pulse wave is produced by an artificial 

heart pump, BCM, (Cardialcare, Minneapolis, MN, U. S. A), driven by the Intra- 

aortic-balloon-pump (IABP) rather than by a piston pump driven by a DC motor. 

The two sized tubes, 16 mm in diameter with 2m in length and 24 mm in 

diameter with 1m in length, were used to investigate the effect of wall property 

on wave dissipation. The wall property was modified by inserting the latex tube 
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into a nylon tube, diameter and length of which are the same as latex tube. The 

wall of nylon tube is much stiffer than that of latex tube is. 

Measurements: The simultaneous measurements of pressure, flow and 

diameter were taken at the same position at interval of 5 cm along the length of 

tube. Pressure is measured using Millar-Mikro tip catheter pressure transducer 

(Millar Instruments, INC, Houston, Texas, 77023, USA) and flow is measured 

using ultrasonic flow probe (Transonic System, Inc, Ithaca, NY, USA). The 

diameter is measured using Sonometric ultrasonic paired crystals (Sonometric 

Cooperation, 500 Nottinghill London, ONT, N6K 3P1, Canada). 

Millar pressure transducer was calibrated using standard calibration tool 

generating 0,25,100 and 125 mmHg to establish the relationship of pressure in 

mmHg and in Voltage, whose slope constitutes the calibration factor. 

Dynamic compliance and distensibility. This experiment aims to 

investigate the effect of stiffness of tube wall on wave dissipation. Therefore, we 

also investigate the pattern of wave speed, dynamic compliance and 

distensibility along the tubes with and without Nylon sleeves. The wave speed 

was established using PU-loop and the dynamic compliance can be obtained 

using the following equation, 

dA I dP (M2pa-1) (4.1) 

where, C is the local dynamic compliance. dP denotes the changes of the 

measured pressure when the wave arrives the measurement sites and dA is the 

changes of cross-sectional area related to the change of dP. Under the 

assumption of the circular cross-section of tube, the cross-sectional area can be 

calculated from the measured diameter, A= ;T Dm 2, where A is the cross- 
4 
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sectional area of the tube and Dm is the measured diameter. Dynamic 

distensibility, D, can be established by the dynamic compliance dividing by the 

undisturbed cross-sectional area, A 

D= dA I AdP (4.2) 

4.4.2 Result 

4.4.2.1 Wave speed, compliance and distensibility 

As expected, local wave speed in the tube with sleeves is greater than 

that without sleeves in the 16 mm tube, Figure 4.21. The average wave speed 

in the 16 mm tube with sleeves is approximately 30% greater than that without 

the sleeves when the outliers are taken out (4.92±1.1 vs. 3.42±0.54). Similarly, 

the wave speed in the 24 mm tube with sleeves is also greater than that without 

sleeves. 

It is noticeable that the compliance and distensibility of tube with sleeves 

is less than those without sleeves in the 16 mm tube, Figure 4.22,4.23. In 

addition, the compliance and distensibility is lowest in the middle part of tube 

and then increase toward to both ends. Lower compliance and distensibilities 

are also found in the 24 mm tube with sleeves, Figure 4.24,4.25. In the 24 mm 

tube the compliances and ditensibilities decreased along the tube regardless of 

with and without sleeves. 

4.4.2.2 Effect of stiffness of tube wall on wave dissipation 

The latex tube wall was stiffening due to it be inserted into a Nylon 

sleeves, which increase the wave dissipation. For example, the dissipation of 
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peak of forward wave intensity and forward wave energy in the 16 mm tube with 

sleeve is greater than that without sleeves, Figure 4.26, Figure 4.27. 

4.5 Discussion 

There is growing evidence that the interaction between the forward and 

backward arterial waves have real prognostic value for cardiovascular patients 

in the clinic (Asmar et al. 2001; Bleasdale, et al. 2003). Adopting the methods 

discussed in this Chapter for studying the dissipation of waves both in the 

forward and backward travelling directions could provide information on the up- 

and downstream arterial mechanical conditions, which could potentially be used 

clinically for the diagnosis of vascular patients. 

In this work, WIA was used to investigate the dissipation of waves in 

elastic tubes. This analysis has been tested in vitro (Khir and Parker, 2002), and 

proved to be useful in studying waves in the aorta (Koh et al., 1998; Khir and 

Parker, 2005), in the coronary arteries (Sun et al. 2003; Davies et al. 2006) and 

in the carotid artery (Sugawara, et al. 2002). WIA benefits this research in 

several respects: 1) WIA is a time domain technique allowing for wave 

dissipation in elastic tubes to be studied and the results presented as a function 

of time and space; 2) WIA does not make any assumptions about the tube's 

wall nonlinearity, although the solution of one-dimensional equations along the 

characteristic directions involving the water hammer equation is linearised 

expression. Also, This analysis takes into account the effects of the vessel's 

wall viscoelastic properties, convective, frictional effects and fluid viscosity; 3) 

WIA provides a method to separate pressure and velocity waves travelling in 
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the forward and backward directions from the measured pressure and velocity 

waveforms. Thus, the analysis offers a technique to study wave dissipation in 

one direction whilst taking into account the effect of reflections from the 

opposite direction. 4) The physical meaning of wave intensity is the flux of 

energy carried by the wave per unit cross-sectional area. This provides a 

convenient method to study the dissipation of energy carried by the waves 

along flexible tubes. 

4.5.1 Dissipation of the separated pressure waveforms 

It is widely accepted that measured arterial waves could be regarded as 

the linear summation of the incident pressure wave generated by the 

contracting left ventricle, and the reflected waves generated at the various 

reflection sites along the arterial bed (Parker and Jones, 1990). Also, it has 

been long established that the magnitude of the measured pressure increases 

downstream in arteries, which is thought of due to reflected waves (Nichols and 

O'Rourke, 1998). It is therefore rather difficult to investigate the dissipation of 

the measured pressure waves alone, as it will almost certainly be affected by 

the existence of the reflected waves, especially if the measurement and 

reflection sites are close. We therefore believe that investigating wave 

dissipation requires the separation of the forward and backward waveforms 

from the measured waveform. The significance of using WIA in this study is to 

allow for investigating the dissipation of waves travelling in the forward and 

backward directions separately and independently from each other, hence 

eliminating the effect of wave reflections on the magnitude of the measured 

waveforms. 
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Figure 4.1 a shows a typical example of P which is the summation of P, 

generated upstream by the pump and P generated downstream by the 

reflection site at the exit of the tube. The peak of P initially decreased gradually 

as the measurement site moved away from the inlet of the tube, then started to 

increase due to the arrival of reflected waves, obscuring the pattern of 

dissipation. Figure 4.1c, d show the propagation of P, and P in time and 

space, where the peaks of P, and P can be seen steadily decreasing with the 

travelling distance, highlighting the importance of wave separation in the study 

of wave dissipation. Figure 4.1d, shows the feet of theP waves indicating the 

time of arrival of reflected waves at each site, and since this line is in the time- 

distance plane, its slope could be used for verifying wave speed. 

4.5.2 Dissipation of wave energy 

The peak of wave intensity, dI,, and integration of wave intensity with 

respect to time over one cycle, I, dissipated exponentially along the distance 

travelled, as shown in Figure 4.5a and Figure 4.5b. We note that there are 

some scatters in the beginning part of the 4 mm tube. It is speculated that these 

scatter occurred due to great difference of diameter between the 4 mm tube and 

rigid connector at inlet. The regression line fits well with the most of the 

measured value with the exception of the first 6 points. 

The peaks of dI, and dI- decreased as an exponential function with the 

travelling distance as shown in Figure 4.6. The exponential decay of dI- was 

nearly equal to that ofdI,. The concurrence of the degree of dissipation 

demonstrates that wave dissipation in uniform elastic tubes has a strong 

similarity between the forward and backward directions. This finding agrees with 
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that of Histand and Anliker (1973). They found that the "wave travelling in either 

direction exhibited similar exponential decay patterns for their amplitudes". 

Although, they found that the retrograde waves appear to dissipate faster than 

the down-stream travelling waves, this difference was related to the tapering of 

the aorta. In our work, the difference between the exponential decay of wave 

dissipation in the forward and backward directions is very small, approximately 

5% of which is in the order of the experimental noise. 

4.5.3 Effect of size on wave dissipation 

Fung pointed out the different relationship of change of pressure and 

diameter between the loading and unloading of the vessel wall as the wave 

passes through the measurement site, reveals a hysteresis in the stress-strain 

plot (Fung, 1981). He suggested that the area of this hysteresis could be used 

as a means for quantifying energy dissipation. A possible explanation for the 

greater dissipation observed in our experiments in the smaller sized tubes is 

that those tubes may have a greater hysteresis area compared to the bigger 

sized tubes. This may be due to the increased wall stiffness owing to the 

greater pulse pressure, thus affecting the viscoelastic properties of the wall. 

Due to the lack of measurement of diameter for 4 mm tube, we are not able to 

examine the effect of hysteresis area on wave dissipation quantitatively. 

However, it is speculated that bigger hysteresis area in the smaller sized tube 

could be aroused from greater pressure pulse. 

Further, Bertram suggested that the relative contribution to energy 

dissipation of wall viscoelasticity and viscous shear depends strongly on the 

size of vessels, where it was implicit that the main cause of dissipation in the 

bigger tube sizes is the viscoelastic properties of the vessels, while viscosity of 
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blood was the main cause of wave dissipation in the small vessel sizes 

(Bertram, et al., 1997). The exact description of the effect of tube size on wave 

dissipation is not yet fully understood. 

4.5.4. Effect of experimental conditions on wave dissipation 

Pulsatile energy in the circulation system (which is an index of energy 

losses of circulation system) might be affected by many factors such as blood 

pressure, cardiac output, and heart rates (O'Rourker, 1967). Further, Bertram 

suggested that different experimental conditions such as pressure might 

attribute to the discrepancy of a previous study (Ursino, et al., 1993), which 

implies experimental conditions might affect noticeably the degree of wave 

dissipation (Bertram, et al. 1997). 

The investigation of effect of initial pressure and pumping speed of piston 

on wave propagation aimed to mimic relevant clinical conditions such as 

increased blood pressure and heart rate. 

Initial pressure: The smaller pressure pulse occurs when the initial 

pressure is higher might be caused by the stiffer of tube wall due to the higher 

pressure. The greater wave dissipation occurs at the lower initial pressure, 

which might be caused by the greater hysteresis area due to the greater 

pressure pulse. 

Pumping speed of piston: The greater wave dissipation as the piston 

pumping faster is also consistent with what is expected. This finding is 

consistent the statement by Macdonald (Macdonald, 1974), in which it is 

believed that the higher frequencies damped out first. 

Ursino investigated experimentally the wave propagation in the latex tube 

with different pressure signals and found that increasing the amplitude of 

60 



Chapter Four: Wave Propagation in Time Domain 

pressure evidently increase the attenuation per wavelength (Ursino, et al., 

1993). In general, the results in this research agreed with the founding by 

Ursino. For example, the greater pulse when piston is moving faster is 

accompanied with the greater dissipation. Further, the greater pressure pulse at 

lower initial pressure also cause the greater dissipation. 

4.5.5 Effect of viscosity 

In 12 mm and 16 mm tube, the effect of viscosity on wave speed is not 

noticeable, which is consistent with the prediction by Womersley curve 

(Mcdonald, 1974), in which they found that effect of viscosity on wave speed is 

relatively small in larger vessels. However, the results in 8 mm tube in our 

experiment that wave speed is higher at lower viscosity glycerol-solution is not 

reasonable, which is also dissimilar to the predication using Wonersley method. 

These unreasonable results are speculated to be the density of glycerol- 

solution. In our experiment, the latex tubes are supported by the water in the 

tank. However, the latex tubes filled with the glycerol-solution appear bending 

due to the difference of density between water in the tank and glycerol solution 

in the tube. In this case, the middle part of latex tube is lower than its ends in 

the water, which cause the varied transmural pressure along the length of the 

tube. Therefore, these unreasonable results probably resulted from the added 

effect of transmural pressure and gravity. 

The greater wave dissipation occurs in the more viscous glycerol solution 

is consistent in three sized tubes although in large sized tube it is less marked 

than it is in smaller sized tube. This finding is consistent with the early work by 

Bertram about the viscosity of blood is more important in the smaller sized 

vessels (Bertram, et al., 1997). 
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4.5.6 Effect of property of tube wall 

Aortic stiffness is an independent predictor of cardiovascular mortality in 

hypertensive patients. Stiffening the tube wall has the effect of increasing the 

damping and wave speed (Mcclonald, 1974). In this thesis, the tube wall was 

stiffened by inserting the latex tube into nylon tube. It is very clear that stiffening 

of tube wall increase the wave speed approximately 30% in the 16 mm tube. 

The dynamic compliance and distensibility decreased as expected due to the 

stiffening of tube wall. 

It is worth noting that the tubes of 16 mm in diameter and 2m in length 

are produced using the tube in 1m length, which is not exactly uniform due to 

the dipping method used in manufacturing these tubes. It is found that the 

smallest wall thickness we measured was about 0.15 mm at one end and 

gradually increases to the largest at the other end of approximately 0.2 mm. 

Each tube of 16 mm in diameter and 2m in length were constructed by gluing 

the thicker ends of two tubes of 1m using liquid latex. Therefore, it is 

reasonable to deduce that the overlapped part of connecting the two tubes was 

inevitably slightly stiffer and thicker than the other parts of the 2m long tube. 

This variation in wall thickness and mechanical properties might be the source 

of difference in the local wave speed, compliance and distensibilities along the 

tube; giving the highest values around the middle of the tube. 

The variation of local wave speed along the tube length, which is 

associated with the changes of wall thickness, provides evidence to the 

sensitivity of PU-Ioop method to local changes. The increase of wave speed 

along the length of 24 mm tube was caused by the thickness of tube wall 

decrease from inlet to outlet. Likewise, the gradually reduction of thickness of 
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tube wall along the tube also results in the gradual decrease of compliance and 

distensibility. 

Furthermore, as expected, greater dissipation occurs in the modified tube 

also due to stiffness of tube wall. 

4.5.7 Sources of wave dissipation 

Although attempts by researchers have been made to find the sources of 

wave dissipation, a general consensus has not been reached. The relative large 

contribution of viscous element in the wall to dissipation was suggested due to 

the greater dissipation in arteries than was predicted only from the viscous 

dissipation (Mcdonald and Gessner, 1968). Bertram et al. (1980) stated that 

wall viscoelasticity contributes relatively little to energy dissipation per cardiac 

cycle and pulse wave attenuation. In our experiments, effect of the viscosity of 

the liquid on wave dissipation is more marked in the large sized tube than it is in 

the smaller sized tube. Stiffening of tube wall increase the degree of dissipation 

probably due to the viscoelastic effect of tube wall increasing. 

In addition, the energy imparted to the surroundings might also contribute 

to dissipation. As described in the experimental setup section, the tube is fully 

emerged in water. As the wave travels in the tube, part of the kinetic energy 

imparted from the wave to the wall of the tube will generate waves in the water 

of the tank outside the tube. Given that the cross-sectional area of the tank is 

much larger than that of any of the tubes, and that the tank is open to the 

atmosphere, the waves generated in the tank are expected to be relatively small 

in magnitude. Using the reasonable assumption that the energy transported 

outside of the tube would not be restored again to inside of the tube indicates 

this energy must be accounted for as part of the energy dissipated from the 
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waves inside the tube. We can therefore extrapolate that the boundary 

conditions may play a role in the dissipation of waves in elastic tubes. 

4.5.8 The limitation 

The limitations of this investigation are that wave dissipation was 

examined in uniform tubes rather than tapered tubes. We acknowledge that 

using tapered tubes might have given different dissipation results in the forward 

and backward direction. However, using cross sectional uniform tubes as the 

first step is useful to provide the basic understanding, and then study the wave 

dissipation in tapered tube in the future. Thin walled latex tubes (commercial 

available) used in this investigation can not sustain as high pressure as 

physiological pressure. Therefore we consciously restricted the pressure inside 

the tubes to be 3kPa to avoid rupture or bulging. Consequently, in order to 

avoid external deformation to the tubes' wall we chose water height above the 

tube to be 1 cm. 
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Table 4.1 Dimensions and properties of the 4 different sized latex tubes. 

Unstressed diameters D (mm) 4 8 12 16 
Wall thicknesses t (mm) 0.1 0.15 0.2 0.2 
Initial external diameters (mm) 4.2 8.8 12.53 16.6 
Wave speed (m/s) 7.1±0.9 5.0±0.5 4.0±0.5 3.5±0.4 
Compliance (dA/dP) (10-'m2Pa-') 0.024 0.872 1.98 1 4 55 
wave speea was cleterminect using the PU-Ioop method and the initial external diameter was measured when the hydrostatic pressure in the tube is 3Kpa. 

Table 4.2 Wave dissipation in 4 sized tubes. 
Tube Diameter (mm) 

4 8 12 16 
P Normalised Peak Pressure (' 
P+ 

Peak pressure dissipation 1.00e -Y4.46 0.97e -Y4.54 00e _Y6.72 1 9le -ý 1/5.9 0 
equation . . 

Correlation Coefficient (r 2) 0.81 0.64 0.78 0.42 
dl+ 

Normalised Peak Wave Intensity ( 
dI+ 

. I 
Peak wave intensity 03 0.74e 1, -Y 

. 21 0.8le - 
Y2.74 

0 84e _Y3.36 0 77e dissipation equation . . 
Correlation Coefficient (r) 0.92 0.84 0.78 0.74 

I+ 
Normalised Wave Energy ( 

I+i 

Wave energy dissipation 0.78e-X111 -ý1155 0.86e -Y2.29 I. Ole x _Y3 83 0.82e 
equation 

Correlation Coefficient (r) 0.94 0.76 0.73 0.67 

P 

The exponential equations for nonnalised values of forward pressure, +, forward 
P+ i 

wave intensity, 
dI 

' and forward wave energy -L' in four different sized tubes. 
dI, I+i 

-Y Dissipation is expressed as an exponential function e I, where x is the distance 
away from inlet and k is the inverse of the power of the exponential decay, allowing 
for calculating the dissipation at any distance away from the inlet of the tube. We 

I j' is the note that indicates the dissipation percentage of P, 1--ý 
P+ i 

dI, 

dissipation percentages of dl, and I- -L' is the dissipation percentages of I+. The 
I+i 

greater the value of X the lower value of dissipation, which is highest for 4 mm tube 
and lowest for 16 nun tube. 
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Table 4.3 The effect of non-walled varameters on wave dissivation 
Non-walled parameters 

Power of pump (Voltage) 5.5 V 5.5 V8V 
Displacement in volume (pump) (ml) 40 ml 40 ml 40 ml 

Initial undisturbed pressure (kPa) 4 kPa 5 kPa 4 kPa 

Exponential equations of best fit curve for all measurements 

Peak of forward pressure, P, IPi e`19-1 e -x/10.8 e`15-9 

Correlation Coefficient (r 2) 0.93 0.89 0.90 

12 mm 
Peak of forward wave intensity, 

dI, / dI, i 
e-xll . 

85 
e -x/2.27 e`11-9 

Correlation Coefficient (r) 0.87 0.84 0.88 

Forward wave energy, I, II+i e -x/2.44 e -x/2.5 e -x/2.17 

Correlation Coefficient (r 2) 0.93 0.93 0.9 

Peak of forward pressure, P+ 1P+j e-xll 
0.5 

e -x/12.3 e -x/7.1 

Correlation Coefficient (r) 0.71 0.58 0.83 

16 mm 

Peak of forward wave intensity, 
dI+ I dI+j 

-x12 e -x/2.2 e -x / 2.7 

Correlation Coefficient (r 2) 0.89 0.69 0.84 

Forward wave energy, I+ II+i e -x/2.9 e -x / 3.6 
e -x12.5 

Correlation Coefficient (r 2 0.8 0.79 0.80 
P 

+ 

The exponential equations for normalised values of forward pressure, - forward 
P+ 

i' 

wave intensity, and forward wave energy -L+ in two different sized tubes 
dI, I+i 

when the two parameters (pumping speed of piston controlled by the voltage and 
initial hydrostatic undisturbed pressure) varied independently. Dissipation is 

expressed as an exponential function e-"t, where x is the distance away from inlet 

and ?, is the inverse of the power of the exponential decay, allowing for calculating 
the dissipation at any distance away from the inlet of the tube. 
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Table 4.4 The effect of viscositv of liouid on wave digsinntion 

Diameter 16% Glycerol-water 36%Glycerol-water 
solution solution 

Peak of forward 
pressure, P, IP,, e -x/23 

e -x13.03 

Correlation 
coefficient, r2 

0.044 0.83 

Peak of forward wave e-xll . 
136 -x/0.79 

intensity, dI IdI e 
8 mm , , 

Correlation 
coefficient r2 

0.88 0.94 

Forward wave 
energy, I-, II,, e-x 

/ 2.08 
e-xll . 

43 

Correlation 
2 

coefficient ,r 
0.64 0.89 

Peak of forward 
pressure, P, IP,, e -x/4.2 e -x14.1 

r2 0.7 0.53 
Peak of forward wave 

intensity, dT IdI e-xll . 
43 

e-xll . 
35 

12 mm , , 
r2 0.72 0.72 

Forward wave 
energy, I, /Ii e -x/2.86 e -x/2 

Correlation 
coefficient , 

r2 
0.89 0.76 

Peak of forward 
pressure, P, IPi e-x/9-8 e -x/3.57 

Correlation 0 34 0 77 
coefficient , 

r2_ . . 
Peak of forward wave 

intensity, dI, IdI, e-xll . 
05 

e 
x/0.82 

16 mm Correlation 0 83 0 78 
coefficient , 

r2 . . 
Forward wave 

energy, I, IIj e-xll . 
82 

e-xll .2 

Correlation 0 81 0 77 
coefficient ý . . 

Table 4.4 The exponential equations for the forward pressure, forward wave 
intensity and forward wave energy in three sized tubes (8 mm, 12 mm and 16 mm in 
diameter) when liquid inside of tube are 16% and 36% glycerol-water solution, 
respectively. 
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Figure 4.1 The pressure and velocity waveform measured in the 12MM diameter 
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backward pressure waveforms are also shown varying with time and distance (c, d). 
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Figure 4.2 The peak of the forward pressure wave is plotted against the distance 
travelled by the wave. This peak is dissipating exponentially with distance, which 
was consistent in all four tube sizes. 
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Figure 4.3 The peak of P, and P against the distance in the 16mm diameter tube. 
The corresponding regression equations are provided where y denotes P, or P and x 
denotes the travelling distance. Note that although the dissipation of P, is in the 

opposite direction of the dissipation of P, the power of the exponential equation of 
both curves is almost identical (16.3 and 16.2) indicating that waves dissipate in a 
similar pattern in the forward and backward directions in uniform flexible tubes. 
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Figure 4.4. Forward (a) and backward (b) wave intensity in the 12mm diameter 

tube are shown varying in time and space. The peak of dI, is shown decreasing 

with distance and dI- is also decreasing with distance but in the opposite direction. 
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Figure 4.5 The peak of dI, (a) and I, (b) varying with distance in the four tube 

sizes. This peak is dissipating exponentially with distance, which was consistent in 

all four tube sizes. 
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of the dissipation of dI-, the power of the exponential equation for both curves is 

very close (2.63 and 2.5) indicating that wave intensity dissipates in a similar pattern 
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Figure 4.10 The measured pressure and velocity waveform in the space-time in 16 

mm tube when the initial pressure is 4 kPa (a), (c) and 5 kPa (b), (d). 
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Figure 4.12 The normalized forward pressure (a), the normalized forward wave 
intensity (b) and the normalized forward wave energy (c) dissipated exponentially 
along the distance in l6mm. tube with the initial pressure at 4kPa and 5kPa, 

respectively. The power of exponential regression line indicates that the greater 
dissipation occurs when initial pressure is 4kPa. 
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Figure 4.15. The measured pressure and velocity when the power of pump is set as 
5.5 V, giving the pumping speed approximately 2.2 cm/s (a), (c); The measured 
pressure and velocity when the power of pump is set as 8 V, giving the pumping 
speed approximately 4 cm/s (b), (d) 
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Figure 4.16 The forward pressure waveforms in the space-time in 16 mm tube 

when the power of pump is set as 5.5 v (a) and 8 V(b), giving the pumping speed of 
piston is approximately 2.1 cm/s and 4 cm/s, respectively. The forward wave 
intensity waveforms in the space-time in the 16 mm. tube when the power of pump is 

set as 5.5 v (a) and 8 V(b), giving the pumping speed of piston is approximately 2.2 

c-m/s and 4 cm. /s, respectively. 
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Figure 4.17 The normalized forward pressure (a), forward wave intensity (b) and 
forward wave energy (c) dissipated exponentially along the distance in 16 mm tube 
when the pumping speed of piston is 2.2 cm/s and 4 cm/s (power is set up as 5.5V 

and 8V), respectively. The power of exponential regression line indicates that the 
greater dissipation occurs when the pumping speed is faster. 
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and velocity before the reflection wave arrived. 
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Figure 4.19 (a) In the 8 mm. tube the global and the regional wave speed in the 16% 
of glycerol-water solution are similar to that in the 36% of glycerol-water solution. 
The average wave speed for 16% of the glycerol-water solution is approximately 
3.83 ±0.73 m/s and for the 36% of the glycerol-water solution is approximately 4.02 
±0.82 m/s. 
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Figure 4.19 (b) In the 12 mm tube global and regional wave speed in the 16% of 
glycerol-water solution are similar to that in the 36% of glycerol-water solution. The 

average wave speed for 16% of the glycerol-water solution is approximately 3.88 
±0.76 m/s and for the 36% of the glycerol-water solution is approximately 3.85 
±0.96 m/s. 
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Figure 4.19 (c) In the l6mm. tube the global and regional wave speed in the 16% of 
glycerol-water solution are similar to that in the 36% of the glycerol-water solution. 
The average wave speed for 16% of the glycerol-water solution is approximately 
3.72 ±0.76 m/s and for the 36% of the glycerol-water solution is approximately 3.4 
±0.76 m/s. 
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Figure 4.20 (a). The forward pressure pulse P, in the 16 mm tube dissipated 
exponentially along the travelling distance. The power of exponential equation of 
regression line indicates that the greater dissipation occurs when the liquid is more 
viscous. 
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Figure 4.20 (b). The peak of forward wave intensity X, in the 16 mm tube 
dissipated exponentially along the travelling distance. The power of exponential 
equation of regression line indicates that the greater dissipation occurs when the 
liquid is more viscous. 
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Figure 4.21. Wave speed determined by the PU-loop in the tube of 16mm in 
diameter. The average of wave speed for the tube without sleeves is 3.42±0.5 (M/s) 
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Figure 4.22 Local dynamic compliances in the 16 mm tubes with and without 
odified, which are established by the dynamic measured diameter and pressure. 
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Figure 4.23 Local dynamic distensibilities in the 16 mm tubes with and without 
modified,, which are established by the dynamic measured diameter and pressure and 
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Figure 4.24 Local dynamic compliances in the 24 mm tubes with and without 

sleeves, which are established by the dynamic measured diameter and pressure. 
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Figure 4.25, Local dynamic distensibilities in the 24 mm. tubes with and without 
sleeve, which are established by the dynamic measured diameter, pressure and 
undisturbed cross-sectional area. 
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Figure 4.26, The normalized dissipation of the peak of forward wave intensity in the 
16 mm tube with sleeve and without sleeve. The power of exponential equations of 
best fitting curve indicates that the degree of dissipation. 
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Figure 4.27, The normalized dissipation of the forward wave energy in the 16 mm 
tube with sleeve and without sleeve. 

92 



Cha ter Five: Dissipation of Waves During Pulling and Pushing Actions 

Chapter 5 

Dissipation of waves during pulling and 

pushing actions 

5.1 Clinical background of the wave with pulling effect 

The pulling effect on blood flow in the circulatory system has been identified and 

previously reported (Sun et al. 2006). Waves with "pulling" effect were observed 

in the pulmonary veins (Smiseth et al., 1999, Karen et al., 1995), left atrium 

(Hobson, et al. 2007), left ventricle (MacRae, et al 1997) and coronary arteries 

(Davies, et al. 2006). Karen found there are two peaks of pulmonary venous 

flow in every cardiac cycle; the first was observed during ventricular systole and 

recognized as a result of left atrium relaxation (Karen, et al. 1985). The second 

peak, which was seen during ventricular diastole, was reckoned due to the rapid 

filling of the left ventricle. During ventricular diastole, the atrium acts as an open 

conduit through which blood flows directly from the pulmonary veins across the 

mitral valve into the left ventricle. 

Davies demonstrated that the suction wave played more important role 

than did the pushing waves in the filling of coronary circulation of human 

(Davies, et al., 2006). Sun concluded that the increase of coronary flow during 

diastole resulted from the relaxation of left ventricle generating both forward and 

backward expansion waves (Sun, et al. 2000). The relaxation of the left 

ventricle during diastole produces waves with pulling effect, which suck a 

volume of blood from the aorta, and thus boost coronary flow. 
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Although waves with pulling effect are important in the cardiovascular 

system, as much as explored insofar, dissipation of such waves has not been 

thoroughly studied previously. This lack of knowledge is speculated to be the 

result of the general difficulty of measuring the dissipation in large arteries 

(Bertram et al. 1999), let alone in a complex branching system with short 

segments such as the venous or the coronary circulations. 

The aim of this chapter is to investigate the dissipation of waves induced 

by pulling action in the time domain. It is also aimed to compare the propagation 

of waves with pushing and pulling effects in terms of wave speed, magnitude 

and wave energy dissipation. 

5.2 Methods 

5.2.1 Experiment setup 

We used the experiment setup in section of 3.1.1, which is shown in Figure 3.1. 

The experimental setup consists mainly of a piston pump, water filled tank to 

support the tube, two reservoirs, and latex tubes. The pump generates a 

forward flow waveform in the shape of a single approximately half sinusoidal by 

moving the piston from bottom to top dead centre, which we term "pushing 

action". The pump can also generate a flow waveform in the backward direction 

by moving the piston from top to bottom dead centre, which we term Is pulling 

action". We note that the initial experimental conditions, including displaced 

volume by the pump and the undisturbed pressure, are identical in these two 

actions for generating the forward and backward waveforms. The stroke of 

piston in either direction is 2 cm in length and internal diameter of cylinder is 5 

cm, giving an approximately 40 ml of displaced volume. We used an 11 Wafts 
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graphite brushes DC motor (Maxon 110937, A-max 
, Sachseln, Switzerland) to 

drive the pump. The motor used a constant DC power supply of 5.5 Volts. The 

characteristics of this motor reveal that speed of motor will reduce when the 

load increase for a fixed Voltage of power supply. 

5.2.2 Instrumentation 

Simultaneous measurements of pressure and flow were taken at the same 

measuring sites along the tube of 2m in length at intervals of 5 cm. Two flexible 

(latex) tube sizes of 12 mm and 16 mm in diameter (unstretched) were used in 

this study with the initial undisturbed pressure of 4 kPa and 5 kPa. The tubes, 

reservoirs and pump are filled with water before the flow waveform was 

generated. 

Pressure and flow were measured using a tipped catheter pressure 

transducer (Millar Instruments Inc., Houston, Texas, USA) and ultrasonic flow 

probe (Transonic System, Inc, Ithaca, NY, USA), respectively. The diameter of 

the 16 mm diameter tube was measured at the same positions of the pressure 

and flow using ultrasonic paired crystals (Sonometrics Corporation, London, 

Ontario, Canada). 

All the data were acquired at a sampling rate of 500 Hz using programs 

written in Labview (National Instrument, Austin, TX, USA). The analysis 

procedure is carried out using programs written in Matlab (The Mathworks, 

Natick, MA, USA). 

It is noticed that relative volumes (volume displaced by the pump 

against the total volume in the tube) in two sized tubes are varied. Relative in 

16mm tube (9.8%) is much smaller than that in 12mm tube (17%). 
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5.3 Analysis 

5.3.1 Waves with the pushing and pulling action 

The concept of fluid wave is defined as the disturbance to the flow that travels 

through the fluid (Lighthill, 1978). Waves in tubes can be considered as the 

variation of the excess pressure, Pe =P-AI where, po is the undisturbed 

pressure, p is the measured pressure and p, is the excess pressure, which 

cause fluid acceleration (Lighthill, 1978). This type of wave has a pushing effect 

on the fluid, both the wave and the flow travel in the same direction (forward). If 

the measured pressure is lower than the undisturbed pressure, the variation of 

pressure herein can be expressed as, p, = po -p, where p, is the shortage 

pressure and this type of wave has a pulling effect. The shortage pressure will 

cause the deceleration of the fluid and flow will travel in the backward direction. 

Therefore, the disturbance (wave) at the inlet of any flexible tube will travel 

forward, regardless of the direction of the flow. A typical example of pressure 

and velocity waveforms for waves with pushing and pulling effects in vitro are 

presented in Figure 5.1. 

5.3.2 Compression and expansion waves 

A wave can be classified as compression or expansion according to its effect on 

pressure. A compression wave causes an increase but an expansion wave 

causes a decrease in pressure. For example, let us consider a wave with a 

pushing effect as a half-sinusoid in shape (Figure 5.1 a& c). The first half of 

the wave with a pushing action will be a compression wave as the pressure 

increases, which will be followed by an expansion wave when the pressure 

begins to decrease, as shown in Figure 5.1a (Shaded area indicates the 
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expansion wave). In contrast, the first half of the wave with a pulling effect will 

be an expansion wave (shaded area in Figure 5.1b, d) as the pressure 

decreases, which will be followed by a compression wave when the pressure 

begins to increases (Figure 5.1b). A comparison of the features of waves with 

pushing and pulling effects is presented in Table 5.1. 

5.3.3 Wave intensity analysis (WIA) 

The wave with either the pushing effect or the pulling effect can be analysed 

using WIA. The forward and backward pressure, velocity and wave intensity for 

both the wave with pushing and pulling effect can be established using WIA. 

Wave intensity (WI) with the either pushing effect or the pulling effect is always 

positive for the forward and negative for the backward directions (Parker and 

Jones, 1990). A typical Wl curve in our experiments is shown in Figure 5.1e, f. 

The Wl curve for a wave with either a pushing or a pulling effect has two peaks 

corresponding to the two halves of the wave generated by the piston. For a 

wave with pushing effect, the first peak represents the intensity of the 

compression wave and the second peak represents the intensity of the 

expansion wave (Shaded area). In contrast, for a wave with a pulling effect, the 

first peak represents the intensity of the expansion wave (shaded area) and the 

second peak represents the intensity of the compression wave. 

The wave energy can be established by integration of the corresponding 

curve of Wl over time. 

The area under the peak of the compression wave intensity denotes 

compression wave energy, and under the peak of expansion wave intensity 

denotes expansion wave energy. As one of the main aims of this work is to 
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explore the dissipation of waves with pulling effect, dissipation of wave intensity 

and wave energy in this paper will be established using the expansion wave. 

Meanwhile, we also use the PU-Ioop method to establish the local wave 

speed using the simultaneous measurements of pressure and velocity at the 

same sites for both the wave with pushing and pulling effect (Khir, et al. 2001). 

Figure 5.2 shows typical examples of PU-loops measured for the waves with 

pushing (a) and pulling (b) effect. 

5.4 Results 

5.4.1 Wave speed 

Local wave speed at each measurement sites was determined using the PU- 

loop method. Overall, local wave speed of waves with pulling effect is greater 

than those with pushing effect (Table 4.2). In the tube of 12 mm in diameter, the 

average speed of the wave with pulling effect is 38% greater than that of the 

wave with pushing effect (4.5±0.9 vs. 3.3±1 m1s). In the tube of the 16 mm in 

diameter, the average speed of the wave with pulling effect is 31 % greater than 

that of the wave with pushing effect (3.6±0.5mls vs. 2.7±0.6 m1s). Figure 5.3 a, 

b show the variation of wave speed along the tubes of 12 mm and 16 mm in 

diameter. 

Also and as expected, local wave speed in the smaller sized tubes was 

greater than that in the bigger sized tubes for the same wave with either 

pushing or pulling effect (Figure 5.3 a, b and Table 5.2). For example, the 

average local wave speed during the pulling effect in 12 mm tube is 28% 

greater than that in the 16 mm tube (4.5±0.9 vs. 3.6±0.5 m/s) and for the 
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pushing action in 12 mm tube is 23% greater than in the 16 mm tube (3.5±1 vs. 

2.7±0.6 m/s). 

5.4.2 The amplitude of measured pressure and velocity 

The measured pressure and velocity waveforms during the pulling and pushing 

effect in the time-space plane are shown in Figure 5.4a, b, c, d. The amplitude 

of the measured pressure of both the forward and backward flows resulting from 

the pushing and pulling actions, decrease at first, then begin to increase due to 

the arrival of the reflected wave. The amplitudes of the measured velocity of 

both the forward and backward flows resulting from the pushing and pulling 

actions decreases slowly at first, then begins to decrease sharply, also due to 

the arrival of the reflected wave. 

Under the same initial experimental conditions, the pressure and velocity 

magnitudes resulting from the pulling action are greater than those resulting 

from the pushing action (Figure 5.4a, b, c, d). For example, at 25 cm away from 

inlet of the 12 mm tube, the pressure pulse of the wave with pulling effect is 

approximately 95% greater than that of the wave with pushing effect (3.9 vs. 2.0 

kPa). Similarly, the velocity amplitude of the wave with pulling effect is greater 

by 43% than that of the wave with pushing effect (1.0 vs. 0.7 m/s) (Figure 5.2a, 

b, c, d). 

5.4.3 The forward pressure: P, 

The amplitudes of P, for the waves with pushing and pulling effect dissipated 

exponentially along the travelling distance throughout the length of the tube 

, 
for the wave with pulling effect is greater (Figure 5.4e, f). The dissipation of p 

than that of the wave with pushing effect regardless of the tube size or the initial 

pressure (Table 5.2, Figure 5.5). For example, at 1m away from inlet of 12 mm 
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diameter tube, P, dissipated approximately 21% (3-1 vs. 3.6 kPa) and 12% (1-5 

vs. 1.7 kPa) compared with the P, at the inlet of the tube for the pulling and 

pushing actions, respectively. 

In addition, the amplitudes of P, during the pushing and pulling effect in 

the smaller sized tubes dissipated more than those in the larger sized tubes 

(Table 5.2). For example, at 1m away from inlet P, dissipated approximately 

21% (3.1 vs. 3.9 kPa) in the 12mm tube and 12% (1.2 vs. 13 kPa ) in the 16 mm 

tube for pulling action. At the same position P, dissipated approximately 12% in 

the 12mm tube and 9.7% in the 16 mm tube for pushing action. 

5.4.4 Wave intensity and energy: di-, and i+ 

The peak of forward wave intensity, dI,, dissipated exponentially along the 

travelling distance (Figure 5.4g, h). Normalised dI, andI, of the expansion 

wave during either the pushing or the pulling effect dissipated along the 

travelling distance as an exponential function (Figure 5.5b, c). The power of the 

exponential equation of normalised dlandI, indicates their dissipation. For 

example, in the 12mm tube the dissipation of normalised dI, and I, during the 

x 

pulling action was greater than those during the pushing action (e. g. e 
-/0.71 

vs. 

-Y -YI ). Note the smaller the denominator of power, the e "land e "0' vs. e I- I 

greater the dissipation. A more physiologically relevant example, at 10 cm away 

from inlet of the 12 mm tube, dlfor the pulling and pushing actions dissipated 

approximately 13% and 7%, respectively. The degree of dissipation of di, and 

I, of both during pushing and pulling effect are also presented in the Table 5.2. 
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It is noted that the best fitted curves for the separated forward pressure, 

forward wave intensity and wave energy during pulling and pushing actions start 

from unit (=1) based on the normalization value, which is illustrated at section 

3.6 (Figure 4.5 a, b and c). 

In addition, the dissipation of dI, and Iin the smaller sized tubes was 

greater than that in the bigger sized tube (Table 5.2). For example, at 1m away 

from inlet in the 12 mm tube dI+ and I+for the pulling action, the decay is 

approximately 80% (0.38 vs. 1.94 W/M2 ) and 66% (0.031 vs. 0.0922 j/M2) 
I 

respectively, compared to that in the 16 mm tube, which is approximately 74% 

(0.058 vs. 0.23 W/M2 ) and 57% (0.005 vs. 0.0 j/M2). 

The intensity of the expansion of the wave with pulling effect is greater 

than that with pushing effect. For example, at 25 cm away from inlet of the 12 

mm tube the intensity of the expansion for the wave with pulling effect is 

approximately 6.7 times greater than that with pushing effect (0.87 vs. 0.13 

W/M 2) (Figure 5.1). 

The dissipation Of dI, and Ifor the wave with the pushing and pulling 

actions are presented in Table 5.2. 

5.5 Discussion 

Pulling (expansion) waves were observed in the pulmonary venous 

(Hellevik, et al. 1999) and left side of the circulatory system (MacRae, et al., 

1997). Carabello (Carabello, et al., 2006) indicated the second peak of coronary 

flow waveform is a pulling wave, which is generated by the relaxation of the left 

ventricle. Further, it is thought that pulling waves generated due to left 

ventricular relaxation play a major role in shaping the pulsatile nature of 
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pulmonary venous flow, whose characteristics are being used clinically in 

several areas such as: (1) estimation of left ventricular filling pressure; (2) 

evaluation of left ventricular and left atria diastolic function and (3) grading the 

seven yo mitral valve regurgitation (Tomotsugu, et al., 2003). Despite of the 

various observations of the pulling waves, only the dissipation of the pushing 

waves has been previously thoroughly investigated. 

One of the reasons for this lack of knowledge is that flow with pulling waves 

exists mainly in areas in the circulations such as the pulmonary veins and the 

coronary system, where the arterial segments are short and the flow is affected 

by both the proximal and distal effects. This makes it difficult to distinguish a 

pure pulling wave, which would not be affected by flow from the opposite 

direction. Therefore, an in vitro set up with a backward half-sinusoidal waveform 

was produced at the inlet of latex tubes and used to investigate the dissipation 

of pulling waves. We have also used WIA to separate the waves and discern 

the decay of waves with pulling action in one direction, whilst excluding the 

effects of any other waves running in the opposite direction. 

Although the experimental conditions such as low initial pressure and lack 

of restrictions surrounding the walls of the latex tube, do not present a close 

resemblance to the physiological conditions of the coronary circulation and 

pulmonary venous system, the behaviour of waves generated with the pulling 

action discussed in this paper are similar to those observed in vivo. For 

example, Sun observed that at the beginning of left ventricle relaxation, both 

pressure and velocity waveforms in the coronary artery decrease at first then 

begin to increase, which is very similar to the pressure and velocity waveforms 

generated by the pulling action in our experiments (Sun, et al. 2000). Further, 
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the authors observed that an expansion wave was followed by a compression 

wave intensity, which is also similar to the wave intensity waveform calculated 

for the pulling action in our experiments (Figure 5.11). Furthermore, as can be 

calculated from Table 5.2, the magnitude of the forward pressure wave during 

the pushing and pulling action in 12 mm diameter tubes are dissipated by 

approximately 2% and 3%, respectively, when it runs for 10 cm. In our 

experiments, dissipation of short distance plays a minor role in determining the 

amplitude of pressure waveforms, regardless of the wave nature. 

When a compression wave is produced by a pushing action in a static fluid 

system, the direction of wave propagation is consistent with flow direction 

(forward). However, when an expansion wave is produced by a pulling action in 

a static fluid system, the direction of wave propagation is opposite to that of the 

flow; the wave propagates in the forward but the flow runs in the backward 

direction (Table 5.1). Therefore, if a wave is generated at the inlet of static fluid 

system (U = 0) it will propagate forward regardless of its nature, and a 

distinction can be made between the compression and the expansion wave 

based on the direction of the flow. However, if an expansion wave is generated 

at the inlet of a dynamic fluid system where U#- 0 both the wave and the flow 

could be still running in the forward direction, although the flow is being 

decelerated, dU < 0. In our experiments there are two mechanisms for the 

generation of the expansion wave in the forward direction, both of which result 

in decelerating the fluid. The first is by moving the piston backward and the 

second is when the piston starts to slow down. A similar observation was made 

in vivo and has been accepted as the mechanism for decelerating flow in the 

aorta due to the slowing down of ventricular contraction speed [Parker, 1988]. 
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Under the same initial conditions in our experiments, the magnitude of the 

pressure and flow pulses for waves with the pulling action are much greater 

than those with the pushing action (Figure 5.1). Theoretically, these 

magnitu es should be of the same magnitude since the waveforms are 

produced by the same piston pump and in an identical way except for the 

direction of piston movement. Possible explanations to this phenomenon are: 

(a) Effect of hydrostatic pressure 

The piston of the pump and the forces acting on it are shown in Figure 

5.6. When the piston moves forward to generate forward flow, it pushes against 

the hydrostatic pressure, PL, which has to be overcome to allow the 

acceleration of the piston. On the other hand, when the piston moves backward 

to generate backward flow, the hydrostatic pressure, PL, assists in pushing the 

piston backwards enhancing the driving force, F, in the backward direction. 

The characteristics of the motor used in our experiments indicate that for a 

fixed voltage the angular speed decreases as the load increases. This 

information agrees with our observation that the time of the half-sinusoidal 

waveforms generated by the pulling action is slightly smaller than those 

generated by the pushing action (0.68 vs. 0.774 s in the 12 mm tube, Figure 

5.11), which indicates that speed of motor for the pulling action is slightly faster 

than that for the pushing action. Therefore, although the driving force used for 

the pushing and pulling actions is the same, the total power acting on the piston 

when it is pushing forward is less than that when it is pulling backward. This 

difference might account for part of the difference of amplitude of pressure and 

velocity waveforms between the pushing and pulling actions. 
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(b) Effect of flux area 

When the compression wave generated by the pushing action passes by 

the measurement sites, the velocity should be relatively smaller due to the 

enlargement of the cross-sectional area. In contrast, as the expansion wave 

generated by the pulling action passes by the measurement sites, the velocity 

should be relatively greater due to the reduction in the cross-sectional area 

(Figure 5.6). Therefore, the variation of diameter due to the nature of the wave 

might account for part of the difference between the magnitudes of velocity 

wave during the pushing and pulling actions. 

To verify this hypothesis, we also simultaneously measured the pressure, 

flow and diameter waveforms during the pushing and pulling actions in the 16 

mm diameter tube. The amplitudes of the pressure, velocity, the maximum 

diameter during the pushing action and minimum diameter for the pulling action 

are shown in Table 5.3 and Figure 5.7. It is reasonable to assume a circular 

cross-section area of each tube and the ratio of the maximum to minimum 

cross-sectional area during the pushing and pulling actions is expressed as 

Dpush 2 

Ra 
2 where D,,. 

h and Dpullare the maximum and minimum diameter 

during the pushing and pulling actions, respectively. Meanwhile, the ratio of 

amplitude of velocity during the pushing (U push) to the pulling (Upull) action can 

Uh 

be written as Ru =U Ra has an inverse relationship to Ru. As shown in 

pull 

Table 5.3. values of Ra are very close to those of YRu ; for example at 50 cm 

away from inlet of the 16mm tube R, is approximately 1.152 and YRu is 
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approximately 1.11. This indicates that variation of cross-sectional area caused 

by the diameter change might account for the dissimilarity of velocity pulse 

during the pushing and pulling actions. 

In our experiments, we observed that local wave speed is highest in the 

middle part of the tube and gradually declines toward both ends of the tube 

(Figure 5.3). A possible explanation is that the thickness of the wall of the tubes 

used in our experiments is not absolutely uniform due to the dipping method 

used in manufacturing these tubes. The smallest wall thickness we measured 

was about 0.15 mm at one end and gradually increases to the largest at the 

other end of approximately 0.2 mm. Further, these tubes are produced in 1m 

length and each of the 2 meters tube were constructed by gluing the thicker 

ends of two tubes of 1m using liquid latex. The overlapped part of connecting 

the two tubes was inevitably slightly stiffer and thicker than the other parts of the 

2m long tube. This variation in wall thickness and mechanical properties might 

be the source of difference in the local wave speed along the tube; giving the 

highest values around the middle of the tube. The variation of local wave speed 

along the tube length, which is associated with the changes of wall thickness, 

provides evidence to the sensitivity of PU-Ioop method to local changes in wall 

properties. 
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Pushing Action Pulling Action 
Wave Directions F B F B 

Wave Nature CW EW CW EW EW CW EW CW 
dP 
dU 
dI + + + + 

Flow Directions F F B B B B F F 

Table 5.1. Flow direction and nature of the pushing and pulling waves. 
F and B denote the direction of travel for either the wave or the flow. CW and EW 
indicate compression and expansion wave respectively. Upward arrows "T" indicate an 
increase, downward arrows "I" indicate a decrease and "+" indicates positive and "-" 

indicates negative. 
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Figure 5.1 A typical calculated forward pressure (a, b), forward velocity (c, d) and 

forward wave intensity (e, f) wavefonns during the pushing and pulling actions. 

Measurements were taken at 25 cm away from inlet in the 12 mm in diameter tube 

with initial pressure of 4 kPa. The shaded areas represent the expansion wave, which 

is identified by a decrease of pressure, occurs in the second half of the waveforin. 

with pushing action, but in the first half of the waveform with pulling action. 
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Figure 5.2 The PU-loop measured for the wave with pushing (a) and pulling effect 
(b). Pressure and velocity were measured were taken at II Ocm away from the inlet 

of the 12mm in diameter tube at an initial pressure of 5kPa. Arrows indicate the 
direction of loop. The initial linear part of the each loop, whose slope is directly 

related to wave speed is marked by the bold dash lines. In this case, wave speed in 
the same tube is 3.02m/s for the pushing wave with and 4.9m/s for the pulling wave, 
respectively. 
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Figure 5.3 Local Measuring sites wave speed determined using 
the PU-loop method for the waves with pushing and pulling effects in 12mm tube 
(a) and in 16mm tube (b) with an initial pressure of 4kPa. Horizontal ordinate 
indicates the measuring sites and vertical ordinate indicates the local wave speed. 
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Figure 5.4 The measured pressure, velocity, the separated forward pressure and 
wave intensity during the pulling and pushing actions are shown. The measurements 
were taken at intervals of 5 cm along the 12 mm tube at initial pressure of 4 kPa. 
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Figure 5.5 (a). The normalised forward pressure are plotted against the travelling 
distance in the tube of 12 mm in diameter with the initial pressure of 5 kPa. The 

corresponding power of exponent indicates greater dissipation during the pulling 
action than during the pushing action. 
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Figure 5.5 (b) The normalised forward wave intensity are plotted against the 
travelling distance in the tube of 12 mm in diameter with the initial pressure of 5 
kPa. The corresponding power of exponent indicates greater dissipation during the 
pulling action than during the pushing action. 
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Figure 5.5 (c) The forward wave energy are plotted against the travelling distance 
in the tube of 12 mm in diameter with the initial pressure of 5 kPa. The 

corresponding power of exponent indicates greater dissipation during the pulling 
action than during the pushing action. 
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Figure 5.6 Sketch of piston and the applied forces; (a) piston is moving forward and 
(b) piston is moving backward. F is driving force and PL is the hydrostatic pressure 
head acting on the piston. The dashed line indicates the change in tube wall's 
diameter during the pushing and pulling actions. 
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Figure 5.7. The pattern of the amplitude of the pressure (a), amplitude of the 
velocity (b), the maximum diameter for pushing action and minimum diameter for 
pulling action (c) were shown in the 16 mm tube. Vertical dash line indicates that 
the reflection wave start affecting the peak of wave. Solid dark line in the Figure 5.7 
(c) denotes the undisturbed diameter. 
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Chapter 6 

Determination of wave speed and separation 

of waves using diameter and velocity 

6.1 Introduction 

The investigation of the relationship between pressure and diameter waveforms 

is often motivated by the need for the non-invasive measurement of local 

pressure waveform. The measurements using a pressure catheter inserted in 

the artery invasively might affect the local condition of geometry and flow. In 

addition, invasive measurement of pressure is not very suitable for routine 

examination (Hoeks, et al., 2004). 

The relationship between pressure and diameter in the arteries appear 

non-linear (Pedley, 1980) although it is suggested by Sugawara that the carotid 

arterial pressure-diameter relationship could, in practise, be regarded as being 

linear (Sugawara, et al. 2000). There is also strong opinion for an exponential 

relationship between arterial cross-section and pressure (Meinders, et al., 

2004), however, Hartley concluded that the diameter signals can replace 

pressure signals for calculating the augmentation index after studying arterial 

motion in mice using a non-invasive Doppler method(Hartley et al., 2003). 

The arterial pressure and velocity is often assessed in frequency domain 

through impedance approach using the Fourier theory. Wave intensity analysis 

(WIA), which was originally introduced by Parker and Jones (1989), is a one- 

dimensional analysis and a time domain approach, which allows for studying 

wave propagation in arterial system and elastic tubes as a function of time and 
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space. Compared with impedance approach in frequency domain, WIA is more 

clinical intuitively since the findings are directly related to physiological events. 
Wave intensity (WI) is defined as the flux of energy carried by the wave 

per cross sectional area and has the advantage of not assuming any periodicity 

or linearity in the system (Jones and Parker, 1992). WIA allows for separation of 

waveform into forward (incident) and backward (reflection) direction (Parker and 

Jones, 1990) and has been applied to different sites in the cardiovascular 

system, including waves in the aorta (Khir et al., 2005; Koh, et al., 1998), 

coronary arteries (Sun et al., 2003, David et al. 2006) and left and right 

ventricular (Zhang et al. 2005; Yi-Chun Sun et al., 2004). Accurate prediction of 

arrival time of reflection wave using backward Wl and backward pressure 

waveform is of clinical significance and has been used to diagnosis ventricular 

hypertrophy and cardiac failure (Koh et al., 1998). 

Due to the advantages of Wl and the importance of non-invasive 

assessment of arterial waveform, Harada et al. (Harada et al. 2000) developed 

a non-invasive measurement system of wave intensity (WI) in arteries, which is 

based on the conversion of diameter change from the cuff-type manometer in 

the upper arm to pressure change. This technique has been applied in many 

investigations to the cardiovascular system such as carotid arterial wave 

intensity (Ohte et al. 2003) and assessments of the reflection pulse wave in 

patients (Nobuoka et al., 2001, Bleasdale et al., 2003). However, it is well 

known the pulse pressure is not constant throughout the arterial tree. Use of 

pulse pressure at one site as surrogate for pulse pressure at another arterial 

site may be erroneous (Van et al., 2001). 
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As is known, wave speed is one of key factors describing the wave 

propagation of blood flow in arteries and local wave speed is mainly related to 

the elastic property of arterial wall (Mcdonald, 1974). The conventional way to 

determine wave speed is based on foot-to-foot method. PU-Ioop method, is 

technique for the determination of local wave speed only using measurements 

of pressure and flow at the same site (Khir et al. 2001). This method has been 

proven to be sensitive to the changes of local property in the wall (Feng et al., 

2008) and also has been used to determine the wave speed online (Harada et 

al. 2002). This chapter aims to determine the local wave speed only using 

simultaneous measurements of diameter and velocity rather than pressure and 

velocity. 

With the exception of a recent PhD study on pulmonary arteries 

(O'Brien', 2003), no literatures show that the determination of Wl and separation 

of wave forms into forward and backward direction directly using the diameter 

and velocity. This chapter aims to develop an algorithm to produce WI-type 

analysis, using the measurement of diameter and velocity, which could 

potentially be used non-invasively. The specific objectives of this investigating 

are: (1) to determine the wave speed using only simultaneous measurement of 

diameter and flow velocity; (2) separation of diameter, velocity and WI into 

forward and backward directions; (3) assessment of the agreement of timing 

determined by diameter and velocity with the corresponding time determined by 

pressure and velocity. 

122 



Chapter Six: Deten-nination of Wave Speed and Separation of Waves Using Diameter 
and Velocity 

6.2 Theory 

6.2.1 Separation of wave using diameter and velocity 

Let assume a long tube with undisturbed diameter, D, it is well established that 

wave speed is a function of distensibility of tube wall (Pedley, 1980) 

AdP 

pdA 
(6.1) 

Where, A and dA are the initial cross-sectional area and its change, 

respectively. Re-arrange (6.1) gives 

dP =pc 
2 dA 

(6.2) 
A 

Given that A= -*"77D2 and dA = 
;T DdD , where, dD is the change of the 

42 

diameter of the tube, the following term can be introduced: 

dA 
_ 

2dD (6.3) 
AD 

Substitute (6.3) into (6.2) gives, 

dP =pc 
2 2dD (6.4) 

D 

Because the change in pressure, dP, can be considered as the linear 

summation of the change in the pressure in the forward and backward direction, 

dp=dp++dP (Jones and Parker, 1992). It is reasonable to assume that 

change in diameter, dD, to be considered as the linear summation of diameter 

changes due to changes in the forward and backward pressure changes, 

dD = dD+ + dD- (6.5) 

The water-hammer equation is 

dp =: +PcdU:, (6.6) 
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Substitute (6.4) into (6.6), gives 

dD± =+D dU± or dU± 2c 
dD± 

2c D 
(6.7) 

If we assume the change in the velocity waveform, dU, is the result of the 

algebraic summation of the changes in the forward and backward directions, we 

can write, 

dU=dU +dU (6.8) 

Substitution dU± from equation (6.7) into (6.8) gives 

dU = 
2c 

dD+ + (- 
2c 

dD (6.9) 
DD 

The change in diameter resulting from the change in pressure in the 

forward and backward directions can be obtained by multiplying (6.5) by 

(2clD), adding and subtracting (6.9), and rearrange 

dD± =1 (dD ±D dU) 
2 2c 

(6.10) 

To determine the change in velocity in the forward and backward 

directions we substitute (6.7) into (6.5) gives 

dD =D dU+ + (- 
D 

dU-) 
2c 2c 

(6.11) 

The velocity differences in the forward and backward directions can be 

similarly determined by multiplying (6.5) by (D12c) , adding (6.11), and 

multiplying (6.5) by (D12c), subtracting (6.11) and rearrange 

dU± =1 (dU ± 
2c dD) 

2D 
(6.12) 

The forward and backward diameter and velocity can be obtained by 

summation of changes in diameter and velocity in the forward and backward 
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directions. 

n 

D+ dD, + D(O) 

n 

D- =YdD 

n 

U+ dU, 
(6.13) 

n 

U- =EdU- 
I 

where, D(O) is the undisturbed diameter of the tube. 

(6.14) 

A typical example of measured and separated diameters, as are shown 

in the Figure 6.1 b, is used to compare with the measured and separated 

pressures at the same measuring site, Figure 6.1 a. 

6.2.2 Determination of wave intensity using diameter and 

velocity 

Traditionally, wave intensity is determined by the change of pressure and 

velocity. To distinguish wave intensity determined by the pressure and velocity 

from that by the diameter and velocity, we use the terms, dIpu and, d IDU 

respectively. 

dIDU can be established by multiplying the change of diameter by the 

changes of velocity , 

d= dDdU (6.15) IDU 

Similar to dIPu Id can also be separated into the forward and backward IDU 

directions, which can then be determined by multiplying the change in diameter 

and velocity in respective direction; dI,, 
-, 

is wave intensity in the forward 

direction and dI,, 
- 

is wave intensity in the backward direction. 

d dD+dU+ --I (dD +D dU)' IDU+ 

4(Dl2c) 2c 
(6.16) 

dIDU- dD-dU- -- 
1 

_(dD_ 
D dU)2 

4(Dl2c) 2c 
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Where, D is the slope of dD over dU in the forward or backward directions. 
2c 

An example of separated dIDU is shown in Figure 6.1 d, which is used 

for comparison with the separated dIpu based on the measurements of 

pressure and velocity at the same site, Figure 6.1 c. 

6.2.3 DU-Ioop method 

The separation of diameter, velocity and dIDU waveforms into their 

forward and backward directions also requires knowledge of wave speed. We 

hypothesised that in the absence of reflected wave, D and U are related linearly 

with the slope of 
D based on the relationship of the change of diameter and 
2c 

velocity shown in equation (6.7). The DU-loop (Diameter and velocity loop) is 

made by plotting velocity and diameter in the same coordinates, Figure 6.2b. 

DU-Ioop shows that the relationship of diameter and velocity in the beginning of 

DU-Ioop is linear due to the absence of reflected wave. Therefore, the slope of 

linear part of DU-Ioop during the beginning, when the reflection wave has not 

arrived, can be used to determine wave speed by the factor of, D12c. The wave 

speed determined by PU-loop is also shown in the Figure 6.2a, which is used 

to compare with the wave speed determined by DU-Ioop. 

6.3 Method 

6.3.1 Experimental setup 

The experimental setup was shown in Figure 6.3, which is composed of an 

Intra-Aorta-Ballon Pump (IABP), artificial heart (BCM), tank with water inside, 

two reservoirs, and latex tubes (two sizes: 16mm in diameter with 2m in length; 
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24mm in diameter with 1m in length). 

BCM (Cardialcare, Minneapolis, MN, U. S. A) is a flexible diaphragm 

pulsatile left ventricle assist device (LVAD), which can be operated using a 

IABP. As shown in Figure 6.3, the inlet of BCM was connected with the left 

reservoir and the outlet of BCM was connected with inlet of latex tube. In this 

work, the BCM was operated by IABP and generates an approximate half- 

sinusoidal wave. The heart rate was 80bpm and augmentation of scale was 

arranged as level 1. 

6.3.2 Instrumentation 

The simultaneous measurements of pressure, flow and diameter were taken at 

the same position at intervals of 15 cm along each tube. Pressure, flow and 

diameter are measured using tipped catheter pressure transducer (Millar 

Instruments, INC, Houston, Texas, 77023, USA), ultrasonic flow probe 

(Transonic System, Inc, Ithaca, NY, USA) and ultrasonic paired crystals 

(Sonometric Cooperation, 500 Nottinghill London, ONT, N6K 3P1, Canada) 

, respectively. All the data were acquired at a sampling rates of 50OHz using in- 

house program written in Labview (National Instrument, Austin, TX, USA). The 

analysis was carried out using programs written in Matlab (The Mathworks, 

Natick, MA, USA). 

6.3.3 Analysis 

Regression line and Student's Mest analyses are used to assess the correlation 

of wave speed determined by the PU-loop and DU-Ioop. We also examined the 

correlations of arrival of time of reflection wave determined by the backward 

pressure, P-, and the backward diameter, D-, as well as by dIpu and d IDU- 

127 



Chapter Six: Determination of Wave Speed and Separation of Waves Using Diameter 
and Velocity 

The relationship of timing of key points, th t2 
, 

t3 and 6, t'2 
, 

6, determined by 

these two methods is also assessed. The terms tj, t2 are the timing of peak of 

dIpu+ for compression and expansion wave, respectively, and the term t3 is the 

timing of first peak of dIpu± 
, 

Similarly, 6,6,6 indicate the timing of 

corresponding points for dDU-. PI, P2, P3 and P'I, P'2, P'3 indicate the peak values 

in the corresponding points (ti, t2 
, 

t3 and 6, t'2 
, 

6, ) for dlpu, and 

d'DU± respectively, Figure 6.1. In addition, the relationship of peak values at 

key points between these two methods is assessed. All the statistical analyses 

were carried out using commercial program SPSS13 (SPSS Inc. 233 S. Wacker 

Drive, 11 th Floor, Chicago, IL, US). In addition, Bland-Altman method was used 

to assess the agreement of these two methods (Bland and Altman, 1986). 

6.4 Results 

6.4.1 Wave speed determined by PU-Ioop and DU-Ioop 

Wave speed determined by PU-loop is slightly greater than that determined 

by DU-Ioop (Table 6.1). For example, the wave-speed determined by PU-loop 

at 150 cm in 16 mm tube is 16% greater than by DU-Ioop (3.53 vs. 2.94 m/s), 

Figure 6.2. In 16 mm tube, the average wave speed determined by PU-Ioop is 

6.5% greater than by DU-Ioop (3.7±0.38 vs. 3.46±0.35 m/s). In 24 mm tube, the 

average wave speed determined by PU-Ioop is 10.9% greater than by DU-loop 

(3.38±0.45 vs. 3.02±0.57 m/s). The regression line and Student's Mest show 

that wave speed determined by PU-Ioop and DU-Ioop are correlated well with 

r=0.786 and P<=0.005 (Figure 6.4 a). 

128 



Chapter Six: Determination of Wave Speed and Separation of Waves Using Diameter 
and Velocity 

The agreement of wave speed determined by the two methods is also 

assessed using Bland-Altman method (Figure 6.4b). The results show that 

mean of difference between these two methods is 0.26 m/s, which indicated 

that wave speed determined by PU-loop is slightly above that determined by 

DU-Ioop. The difference of wave speed between these two methods is within 

the range of mean±2SD (0.26±0.56 m/s). 

6.4.2 Arrival time of reflected waves (T, ) 

The measured pressure, P, and its separated forward pressure, P, and 

backward pressure, P, shown in Figure 6.5a, are very similar in shape to the 

corresponding diameters, shown in Figure 6.5b. Before the arrival of reflected 

wave arriving, the forward pressure (green solid line, Figure 6.5a) is expected 

to be superimposed to the measured pressure waveform (blue solid line Figure 

6.5a), and likewise the forward diameter is also as the same as the measured 

diameter during only incident wave occurring (Figure 6.5b). The arrival time of 

reflected wave, T, determined by the backward pressure (red solid line, Figure 

6.5a), is very close to that determined by the backward diameter (red solid line, 

Figure 6.5b). The measured pressure and diameter increase sharply with the 

arrival of reflected wave (indicated with dotted circle). Similar to the forward and 

backward wave intensity determined by the pressure and velocity, dIpu , the 

forward and backward diameter wave intensity determined by the diameter and 

velocity, 
dIDU 

, also has two peaks; first one represents the compression wave 

and the second one represents expansion wave (Figure 6.5e, f). Furthermore, 

the forward and backward velocity determined by the measured pressure and 

velocity are almost identical in shape to those determined by the measured 
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diameter and velocity (Figure 6.5c, d). 

All figures of Figure 6.5 show that T, established using the measured 

pressure and velocity are very similar to that determined using diameter and 

velocity. 

Table 6.2 lists T,, at each measurement sites in the tube of 16 mm in 

diameter and in the tube of 24 mm in diameter. The results show that there is a 

small difference between Trw determined by dI,, 
- 

(T, dL) and by dl,, 
- 

(T, dIDu-) as well as by R (Trw P-) and D- (Trw D-). The greatest percentage of 

difference of Trw between the two methods is 1.6% and the average percentage 

of difference is 0.241±0.78. 

Regression line (y = 0.995x + 0.003) (Figure 6.6a) indicates that the T, 

determined by these two methods are highly correlated with each other 

(r=0.9996, and significance P<0.005). 

The agreement between these two methods determining Tv was 

assessed by Bland-Altman method. The result shows that average of difference 

of Trw determined by these two methods is -0.00213 m/s with the upper limit 

(+2SD) of 0.018m/s and lower limit (-2SD) of -0.014m/s. We consider that the 

agreement limit (-0.014-0.018 m/s) is small enough and provide confidence that 

the T,, determined using these two methods highly agree with each other 

without bias (Figure 6.6b). 

6.4.3 Timing of key points 

Timing of peak of dI, u, for compression wave, tl, and for expansion 

wave, t2, are very close to the corresponding timing of d t', and t2, 'DU+ 
I 

respectively. For example, at 40 cm away from inlet for 24 mm tube tj is 
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approximately 3.24 s and t'j, is 3.23 s. Similarly, timing of the first peak of dIpu- 

tj, is also close to the corresponding timing of d'DU- 
I t3, Figure 6.1 c, d. 

The correlation of ti, t2, t3and t'j, t2, V3 is assessed using regression line 

and equation. Regression line, y=1.001x -0.003, for the timing at three points 

determined by these two methods is nearly identical to the identity line, y=x. In 

addition, the correlation coefficients (r=0.9999 and significance P<0.005) further 

provide evidence that the timing of these key points determined by these two 

methods are highly correlated (Figure 6.7a). 

Likewise, the assessment of timing at three points determined by these 

two methods highly agreed with each other according to Bland-Altman method. 

The average of difference between two methods is -0.0014±0.009 m/s with 

upper limit (+2SD) is 0.01 7m/s and lower limit (-2SD) is -0.02m/s (Figure 6.7b). 

6.4.4 Comparison of P and D 

The separated forward pressure determined by pressure and velocity is 

very similar to the separated forward diameter determined by diameter and 

velocity in shape (Figure 6.1 a, b and Figure 6.5 a, b). The amplitudes of 

forward pressure determined by the pressure and velocity are correlated well to 

the amplitude of forward diameter determined by diameter and velocity. In the 

16 mm tube, for example, the amplitudes of forward pressure determined by 

pressure and velocity are correlated with the amplitudes of forward diameter 

determined by the diameter and velocity with r=0.86 (Figure 6.8). 

6.4.5 Peak values at key points 

The peak values of dIpu, for compression wave, pl, and for expansion 

wave, p2, are correlated well with the corresponding values of dIDu,, Figure 
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6.9. The value of first peak of dIpu- , P3 is also correlated with the corresponding 

value of dIDU- 
I p3, Figure 6.10. 

6.5 Discussion 

WIA provides a novel perspective on wave propagation along the 

ventricular-arterial system. The separation consideration of instantaneous 

pressure and flow transients associated with forward and backward traveling 

wave-fronts allows for the assessment of the contribution of generation by the 

ejecting left ventricle and of reflected waves from peripheral arteries in quantity 

(Jones et al., 2000). In general, the measurement of pressure waveforms 

requires an invasive approach. Niki et al. investigated carotid artery Wl non- 

invasively using the measured diameter waveform of carotid arteries although 

the diameter waveform was scaled using systolic and diastolic blood pressure 

measured with the cuff-type manometer applied to the upper arm (Niki et al. 

2002). Use of maximum and minimum value of the pressure waveforms 

examined at other measuring sites is questionable since both morphology and 

values of the pressure waveform changes with the locations in the arterial 

system (Nichols and O'Rourke 1998). 

There are a few techniques such as the Penaz method and arterial 

tonometry can be used to measure the arterial pressure wave non-invasively. 

The Penaz method is used in non-invasive recordings of finger blood pressure 

with the Figapres or Portapres (Imholz et al. 1998). Arterial tonometry measures 

the force that is needed to flatten a superficial artery. Most accurate tonometry 

measurements are done at the radial artery as the vessel can be compressed 

against the bone. Zambanini et al. (2005) studied the wave energy in carotid, 
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brachial and radial arteries non-invasively using applanation tonometry to 

record the pressure waveform. They also separate the wave into forward and 

backward direction using WIA. To date, no investigation is not found to 

separate waveforms into forward and backward directions directly using 

measuring diameter changes and velocity with the exception of diameter- 

velocity analysis in pulmonary arteries by O'Brien (O'Brien, 2003). 

O'Brien (2003) derived the equation from the conservative of mass and 

momentum to express the relation of changes in diameter and in velocity: 

dU = ±2c dInD (18) 

The wave intensity in the form of diameter and velocity are separated 

into the forward and backward directions: 

c1 
d =+-(dlnD±-dU) 

ID± 

2 2c 
(19) 

O'Brien's analysis method is similar to the method we proposed in section 2. 

The wave intensity based on the measurements in our experiment, which is 

analyzed using O'Brien's method were compared to those, which were 

analyzed using our method, Figure 6.11. The comparison of these two methods 

indicates that the shape of wave intensity determined using O'Brien's method is 

similar to those using our method. The timing of reflected wave determined 

using these two methods are very close. The unit determined using equation 

(19) is 16m/s ", which is different from unit of wave intensity derived using our 

method Sim 2/Si, and also the peak values of wave intensity determined using our 

method is different from those determined using O'Brien's method. 
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6.5.1 Significance of DU-Ioop determining wave speed 

It is known that the properties and dimensions in the ascending aorta are 

dissimilar to those in the peripheral arteries [Nichols and O'Rourke, 2005]. Also, 

the wave speed is related to the properties of the arterial wall. Hence 

determination of wave speed using the measurements at one point is significant 

to hemodynamic study as it provides direct information about arterial 

distensibilities. PU-loop method allows for determination of wave speed using 

measurements of pressure and velocity only at one point, however, there is 

needed for the measurement of pressure invasively. Local wave speed is 

determined by the DU-Ioop rather than PU-loop allows for the wave speed 

established only using the measurements at one point non-invasively. The wave 

speed determined by DU-loop is slightly smaller than that by PU-Ioop, which 

might be caused by the viscoelastic property of tube wall. For example, in 

Figure 6.12 shown the relationship between pressure and diameter of 16 mm 

tube, in which the hysteresis loop is made. It is noticeable that hysteresis loop in 

16 mm tube is smaller than that in 24 mm tube, Figure 6.13. Therefore, the 

difference of wave speed determined by the PU-Ioop and DU-Ioop in 24 mm 

tube is bigger than that in 16 mm tube probably related to the bigger hysteresis 

area at the 24 mm than at the 16 mm tube. 

6.5.2 Importance of W1 determined by diameter and velocity 

With aged arteries or hypertension, wave speed is increased, resulting in 

the earlier arrival of reflected waves from periphery to the heart (Nichols, 2005). 

Increase of wave speed and early return of reflected wave can result in the 

increase of aortic systolic pressure, which can increase left ventricle after-load 

2004). Also, early return of reflected wave to the heart can 
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affect the augmentation index (Murgo, et al. 1980), which is an independent 

predictor of cardiovascular disease including mortality (Nichols and Edwards, 

2001). 

The arrival time of reflected wave can be obtained using four methods: 

(1) using input impedance to calculate the distance to the apparent reflection 

site (Westerhof, 1972); (2) measurement of time from the initial pressure 

upstroke to inflection point of pressure waveform, through which the time that 

wave running downstream and being reflected back can be obtained (Murgo, 

1980); (3) reflection time can be obtained using WIA through detecting the 

onset on separated backward pressure or wave intensity waveform (Parker et 

al., 1990); (4) detecting of end of the initial linear part of the PU-loop during 

systole, which is mark of arrival time of reflected waves (Khir et al, 2007). The 

methods for detecting reflection time mentioned above required the 

measurement of pressure waveform, which is usually taken invasive. The 

technique developed in this chapter to determine the arrival time of reflected 

waves only required the measurement of diameter and velocity non-invasively. 

High agreement between the arrival times of reflected wave, Trw, determined by 

dI and by d provides evidence of validation of this technique on PU 
'DU 

measuring Trw- 

The agreement of T,, in the pulmonary arteries of dogs determined by 

diameter and velocity and by pressure and velocity (O'Brien, 2003) is not as 

high as it is found in this chapter. This is speculated to be due to the strong 

viscoelasticity and non-linearity of pulmonary wall. 

Blood vessels are usually composed of materials, including elastin, 

collagen and smooth muscles. Normally, the property of is viscoelasticity and 

135 



Chapter Six: Determination of Wave Speed and Separation of Waves Using Diameter 
and Velocity 

the relationship between stress and strain of blood vessel is non-linear (Caro, 

1978; Milno, 1989; Bia, et al., 2003; Shau, et al., 1999). Therefore, it is 

suggested that the viscoelasticity and non-linearity of arterial wall should be 

considered when the method proposed in this chapter is applied to arteries 

system. 

There is strong opinion for an exponential relationship between arterial 

cross-section and pressure (Meinders, et al. 2004) although the relationship 

between pressure and diameter in carotid arteries are thought to be linear 

(Sugawara, et al. 2000; van Bortel, et al. 2001). Similar to WIA, the method 

proposed in this chapter not having any assumption on elastic and linearity of 

vessel wall can accommodate both viscoelastics and non-linearity effects. 

The value of wave intensity analysis also lies in that it can be used for 

assessment of dynamic ventricular-arterial interaction (Ramsey and Sugawara, 

1997). Knowledge of amplitude and timing of forward compression and 

expansion wave intensity as well as backward wave intensity benefits 

understanding of contribution of wave energy ejected by ventricle and reflected 

by peripheral arteries (Jones, et al. 1994; 1992). The accurate prediction of 

timing of compression and expansion wave and backward wave non-invasively 

by measurement diameter and velocity is of clinical significance for 

understanding of card iac-arteries interaction. The timings at the key points 

determined by dlpu± and dIPU± are correlated well with each other indicates the 

method proposed in this chapter also can be used to assess the timing of 

compression and expansion waves. The fact of peak values at these points 

determined by the two methods are correlated well further provides evidence for 

the validation of this method on the study for the wave propagation in flexible 
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tubes. The high correlation of timing and peak value between these two 

methods in this study suggested that it is worth to do further investigation in 

order to prove the application of this method in vivo. 
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Table6 1. Wave speed determined by PU-Ioop and DU-Ioop 
Diameter of 

tube 
Measuring 
sites (cm) ws_pu (m/s) 

- 
ws du (m/s) mean (m/s) Diff 

0.15 3.30 3.00 3.15 9.22 
0.30 3.26 2.99 3.12 8.21 

16 mm 0.45 3.73 3.43 3.58 8.01 
0.60_ 3.85 3.39 3.62 12.05 
0.75 4.26 3.76 4.01 11.88 
0.95 4.34 3.98 4.16 8.39 
1.05 3.94 3.75 3.85 4.87 
1.20 3.59 3.56 3.57 0.99 
1.35 3.25 3.65 3.45 -12.33 
1.50 3.34 3.45 3.40 -3.33 
1.65 3.65 3.65 3.65 0.09 

mean* 3.68 3.51 3.60 4.75 
STD 0.39 0.31 0.32 
0.10 3.25 2.78 3.02 14.28 

24 mm 0.25 2.91 2.65 2.78 9.12 
0.40 4.00 3.87 3.94 3.27 
0.55 3.38 2.81 3.10 16.86 

mean 3.03 3.21 10.88 
STD 0.46 0.57 0.50 

Note: 
Measuring site is the distance the measurement was taken from the inlet. 
Ws-Pu (m/s) is the wave speed determined by PU-loop 
WS 

- 
du (m/s) is the wave speed determined by DU-loop 

Mean* is the average wave speed along the length of tube 
STD is the Standard Deviation. 
Mean (m/s) is the average value of wave speed detennined by PU-loop and DU-loop for 
each measurement. 
Diff (%) is the percentage of difference of wave speed determined by PU-loop and DU- 
loop 
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Table 6.2, Arrival time of reflected waves determined bv R and D- 
Diameter 
oftube 

Measuring 
sites (m) T- (s) rw- D Trw R (s) 

- 
Mean (s) Diff (s) D iffr1o) 

0.15 1.00 0.98 0.99 0.01 1.20 
0.30 0.88 0.89 0.89 -0.01 -0.80 
0.45 0.81 0.79 0.80 0.02 1.60 
0.60 0.72 0.72 0.72 0.00 -0.20 
0.75 0.57 0.58 0.57 -0.01 -1.00 

16 mm 0.95 0.47 0.47 0.47 0.00 0.40 
1.05 0.41 0.40 0.40 0.01 0.90 
1.20 0.32 0.32 0.32 0.00 -0.25 
1.35 0.22 0.21 0.22 0.01 0.70 
1.50 0.13 0.13 0.13 -0.01 -0.50 
1.65 0.11 0.12 0.11 -0.01 -0.50 

0.15 0.40 0.39 0.39 0.01 0.70 
0.30 0.34 0.33 0.33 0.01 0.90 

- 24 mm 0.45 0.21 0.21 0.21 0.01 0.70 
- r 0.60 0.11 0.1-1-1 0.11 0.00 1 -0.20 

Note: T, -D- is arrival time of reflected waves determined by D, 
T, -P- is arrival time of reflected waves determined by R. 
Mean is the average of arrival time of reflected waves determined by R and D, 
Diff is the difference of T, -D- and T, -P-. 

Diff (016) is the percentage of difference between the arrival time of reflected waves 

determined by P- and by D-. Diff (%) = 
T, DT * 100% 

T, 
_D- 
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Table 6.3. Arrival time of reflected waves detennined bv T- dl,,,, and T-.. dl.,, 
Diameter of 

tube 
Measuring 
sites (m) T,,, 

_dlDu- 
(s) T,,, ý__dIpu- (s) Mean (s) Diff (s) DiffClq) 

0.15 1.00 0.99 0.99 0.01 1.20 
0.30 0.87 0.87 0.87 0.00 -0.40 
0.45 0.80 0.80 0.80 0.00 0.20 
0.60 0.71 0.71 0.71 0.00 0.00 
0.75 0.57 0.57 0.57 -0.01 -0.70 16 mm 0.95 0.47 0.47 0.47 0.01 0.50 
1.05 0.40 0.40 0.40 0.00 0.30 
1.20 0.32 0.32 0.32 0.00 0.35 
1.35 0.22 0.22 0.22 0.00 0.00 
1.50 0.12 0.13 0.12 -0.01 -0.70 
1.65 0.09 0.11 0.10 -0.02 -1.50 

0.15 0.40 0.39 0.40 0.01 1.20 
0.30 0.33 0.32 0.33 0.00 0.30 

24mm 
0.45 0.23 0.21 0.22 0.02 1.60 

0.60 0.11 0.10 0.10 0.00 

Note: 

T, 
-dIDu- 

is arrival time of reflected waves determined by the onset of dIDu- 
T, 

_dIpu- 
is arrival time of reflected waves determined by the onset of dIpu- 

Mean is the average of arrival time of reflected waves determined by dIDu- and dlpu-. 
Diff is the difference of arrival time of reflected waves determined by dIDu- and dIpu-. 
Diff ('1q) is the percentage of difference between the arrival time of reflected waves 

detennined by TdIDu- and by Tr%ýApu- Diff (%) = 
Trw 

-dDU- -Trw -dIPU- *100% 

Trw 
-dDU- 
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Figure 6.1 (a) The measured, forward and backward pressure at 40 cm away from inlet of 
24 mm tube, where vertical double arrow indicates the peak of forward pressure. (b) The 
measured, forward and backward diameter at same measuring site and vertical double 

arrow indicates the peak of forward diameter. (c) dI,,,,, at the same measuring site, where 
the A,, P2 indicate that the peak values of dlp,,, for compression and expansion wave and 
P3 indicates the peak value of dIp,, 

- 
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Figure 6.2 Wave speed determined by PU-Ioop (a) and DU-Ioop (b) at 150 cm away from 
inlet of 16 mm tube. The dotted dash line indicates the slope of DU-Ioop during the 
beginning, when the reflected wave has not arrived. 
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(9) 

Figure 6.3 Experiment setup : (1) Artificial pump (BCM) , (2) IABP (Intra-arotic balloon 

pump), (3) Personal computer, (4) Catheter tipped pressure transducer, (5) Paired crystals, 
(6) Ultrasonic flow probe, (7) Latex tubes, (8) Tank with water to support tube (9) 

Reservoirs 
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Chapter 7 

Discussion and Conclusion 

Biomechanical relevance of this thesis lies in its potential application to the 

better understanding of the cardiovascular system. It also provides information 

on detection of cardiovascular diseases such as arterial stiffness. Recently, 

Bleasdale in his review on arterial waves pointed out that patient's clinical 

condition depends on the function of cardiovascular system. Knowledge of 

dissipation of forward-going and backward-going wave independently would 

provide information of upstream and downstream arteries (Bleasdale, et al. , 
2003). 

In this work, it is found that the degree of dissipation in flexible tube 

was not only affected by the mechanical properties of the wall property and 

viscosity of liquid, but also by the other factors including initial pressure and 

pumping speed (Chapter 4), as well as direction of wave in relation to direction 

of flow (Chapter 5). Also, the pressure and velocity pulse are affected by these 

factors. It is known that walls of aorta in human become gradually stiffer and 

tapered towards the peripheral arteries. In this research, it is found that stiffer 

tubes and smaller sized tubes resulted in greater dissipation, from which we 

may extrapolate that blood wave energy could dissipate more in the peripheral 

arteries than in the large arteries. Also, we found with higher pumping speed, 

wave energy dissipated more, which could imply that the higher heart rates 

might induce greater wave dissipation in the arterial system. 

Blood waves are reflected in the periphery of the arterial tree. The observed 

propagation coefficient is consequently affected by the reflecting properties of 
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the whole arterial system and by local physical conditions (Minor, 1989). In this 

research, the technique of separation of wave into the forward and backward 

directions using WIA allows us to investigate the dissipation of waves in the 

forward and backward directions independently, excluding the effect of 

reflection wave. Therefore, in our research degree of dissipation in either 

forward or backward directions was only affected by the local physical condition. 

To date, the propagation of wave during the pulling action has not been 

explored although it is very important in the cardiovascular system (Davies, 

2006). In this research, the propagation of waves during the pulling action has 

been compared with that during the pushing action using parameters, such as 

the pressure and velocity pulse, wave speed and the dissipation. Also, a 

mechanism for the different propagation behaviour of waves during the pulling 

and pushing action has been suggested. Introduction of this unexplored topic 

could bring in further information about the behaviour of the flow in different 

locations in the cardiovascular system. 

Wave intensity analysis allows for the separation of wave into their 

forward and backward directions using the measured pressure and velocity. 

However, the measurement of pressure is normally taken invasively. The 

method of separation of waves proposed in this research using the measured 

diameter and velocity provides a potential non-invasive technique for the 

separation of waves into their forward and backward directions. The arrival 

times of reflected waves detected by the backward pressure and backward 

diameter are very close, further confirming the validation of the new method 

introduced in this thesis. The derivation of the equation (6.11) is based on the 

water-hammer equation and the relationship of wave speed and distensibility, 
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which does not make any assumption of linearity of tube wall and also 

accommodates the convective effect. The difference between measurement of 

wave speed determined by PU-Ioop and DU-Ioop might be caused by the 

viscoelastic property of tube wall. 

There are a few conclusions withdrawn from this research: 

1. Dissipation of wave in flexible tube in time domain can be 

investigated in the forward and backward directions independently 

using the WIA. 

2. The amplitudes of separated forward and backward pressure 

dissipated exponentially along the travelling distance. Similarly, the 

wave intensity and wave energy also dissipated along the travelling 

distance as an exponential equation. 

3. The degree of wave dissipation in flexible tube is not only affected by 

the wall property and viscosity of liquid but also by the experimental 

conditions, including the initial pressure and the pumping speed. The 

smaller the tube size the greater the dissipation, and the dissipation is 

greater when the initial pressure is lower. Also, the greater dissipation 

is associated with faster speed of pumping. 

4. The pressure and velocity pulses are also affected by the initial 

experimental conditions and wall property. It is found: (a) the stiffer 

the tube wall the greater the pressure and velocity pulse; (b) the 

faster the pumping speed the greater the pressure and velocity pulse; 

(c) the lower the initial pressure the greater the pressure and velocity 

pulse. 
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5. Local wave speed in flexible tubes is flow-direction and wave-nature 

dependant; greater with expansion than compression waves. Wave 

dissipation has an inverse relationship with vessel diameter and 

dissipation of the expansion wave in a backward flow induced by a 

pulling action is greater than that of a forward flow induced by a 

pushing action. Under the same initial experimental conditions the 

amplitude of pressure waveforms generated in the forward direction 

during the pushing action are smaller than those generated in the 

backward direction during the pulling action. Amplitude of velocity 

during the pulling action is greater than that in the pushing action due 

to reduced diameter resulting from the expansion wave. 

6. The algorithm derived in this thesis for determining wave speed and 

wave intensity only using measurement of diameter and velocity at 

one point could potentially be non-invasively. Wave speed 

determined by DU-Ioop is slightly less than that determined by PU- 

loop. The timing of peak of forward compression and expansion wave 

intensity based on pressure and velocity highly agreed with the 

corresponding timing based on diameter and velocity. Therefore, we 

concluded that the new technique can be used to determine wave 

speed and wave intensity using measurement of diameter instead of 

pressure. 
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Future Work 
In this thesis, the dissipation of waves has been investigated when the 

properties of tube wall and dimension are uniform along the travelling length. 

Segers suggested that the tapering of aorta is one of factor affecting the wave 

reflection indices (Segers, 2000). Also, we have not study the effect of gravity 

on wave dissipation. Therefore, further work should be done in the areas as 

follows: 

(1) Dissipation of waves will be investigated in the tapered tube rather than 

uniform tube. 

(2) Effect of gravity on wave dissipation will also be investigated in the 

future. 

(3) To investigate the source of wave dissipation, the relationship between 

the energy stored in the wall and wave intensity will be investigated in 

vitro and in vivo. 
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