ABSTRACT

CLIPP, RACHEL BETANY. Determination of Impedance Boundary Conditions for the
Pulmonary Vasculature. (Under the direction of Dr. Brooke N. Steele.)

Computational modeling can be used to achieve a better understanding of fluid
analysis within the pulmonary circulation. Boundary conditions are used in fluid analysis to
determine the pressure and flow profiles of the blood as it moves through the lung. Accurate
boundary conditions are critical in providing accurate models of blood pressure and blood
flow. An important consideration when determining boundary conditions for the pulmonary
vasculature is the effect of respiration on the impedance of the pulmonary vasculature. An
additional consideration for the pulmonary vasculature is the physiologic differences between
the pulmonary circulation and that of the systemic circulation. This research determines
impedance boundary conditions for the pulmonary vasculature that reflect the specific
geometry of the lung and correspond to maximal inspiration and maximal expiration. The
analysis was performed using an existing one-dimensional finite element analysis system.
The boundary conditions were defined by a bifurcating structure tree with a number of
variables that were used to change the resistance of the pulmonary vessels. The variables
within the structure tree were altered to reflect the differences between the pulmonary
circulation and the systemic circulation. These variables include the length to radius ratio of
the vessels in the structure tree and the asymmetry as the branches. A respiration factor was
used to scale the vessels of the structure tree to reflect the effects of respiration on the
geometry of the lung. The compliance of the vessels was also changed to reflect the more

distensible vessels found in the pulmonary system. The geometry of the lung was defined



with the structured tree parameters at maximal inspiration and the respiration factor was used
to scale the defined geometry and reflect maximal expiration. The parameters were
determined by utilizing an optimization technique. The interior-reflective Newton least-
squares non-linear optimization algorithm was used to find a set of non-unique optimal
parameters. The computed data was validated using measured pressure and flow data

collected in a previous study.



DETERMINATION OF IMPEDANCE BOUNDARY CONDITIONS FOR
THE PULMONARY VASCULATURE

by
RACHEL BETANY CLIPP

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Biomedical Engineering

Raleigh, NC
2007
APPROVED BY:
Dr. Mette Olufsen Dr. Carol Lucas

Dr. Brooke N. Steele
Chair of Advisory Committee



Dedication

This work is dedicated to my husband, Brian for his love and support and to my sister,
Megan for her belief that I could do this.



Biography

I earned a Bachelor’s Degree in Mechanical Engineering from Clemson University in
May of 2004. During my time at Clemson University I worked in the cooperative education
program to gain experience in industry. I became involved in Women in Science and
Engineering (WISE). As a member of this organization, I participated in a mentoring
program for freshmen women in engineering and science disciplines. The program also took
an active role in recruiting high school females as prospective students in the sciences at
Clemson University.

After taking a year off to work in industry, I returned to school to pursue a graduate
career in Biomedical Engineering. This work completes my Master’s Degree in Biomedical
Engineering. I am the current Vice President of the Biomedical Engineering Graduate
Student Association. I was on the planning committee for the 2007 Biomedical Engineering
Research Symposium and I am working towards establishing a Seminar Series for the

department. I will be continuing on to pursue my PhD in Biomedical Engineering.



Acknowledgements

I would like to thank my husband, Brian, for his love and support and my sister, Megan, for

being my best friend. I would also like to acknowledge my entire family for their support.

I would like to thank my advisor, Dr. Brooke Steele for her guidance and support through the

process of earning this degree.

I would like to thank my committee, Dr. Carol Lucas and Dr. Mette Olufsen for their advice

and support.

I would like to acknowledge the previous and ongoing work done at the University of North

Carolina — Chapel Hill and Georgia Tech University, specifically Mark Ketner’s work.



Table of Contents

LSt Of FIGUIES ..ceiiiiiiiee ettt e e et e e et e e e e e e e e vi
LSt OF TaBIES . vii
L INEOAUCLION ...ttt ettt e 1
LT IMOTIVALION .ttt ettt ettt et e e 1

1.2 Normal Pulmonary PhySiology ........ccccueiiiiiiiiiiiiiiiie e 1

1.3 Respiration EffECts.......cooouiiiiiiiiiiiieee e 6

1.4 DISEASE ...ttt ettt ettt ettt ettt et et st 8

1.5 Computational Methods and Boundary Conditions ..........ccceceeeviieeniiicennineenne 11

1.6 SPECITIC ATMIS ...t et s 12
Chapter Two: Background ...........ccocuiiiiiiiiiiiiiiiiceceee e 14
2.1 One-Dimensional Fluid ANalysis ........ccoooueiiiiiiiiiiiiniiiiiieeniecerieeeeieeeseeee 14

2.2 SHUCTUTEA TTE ....eeeniieiiiee ettt e 20

2.3 Physiology of the Structured Tree........coccueeeviiiiiiiiiniiiiieceeccieeeeeeeeeeee 22
Chapter Three: Materials and Methods............coooiiiniiiniiiiniiii e 24
3.1 Experimental DeSi@N.........uuiiiiiiiiiiiiiiiii e 24

3.2 Structured Tree Parameter Definition.............ccovcieiniiiiiiiiiiniiceniiceneceneeee 25

3.3 Pulmonary CompliangCe...........cooueeeriiiiniiieniieeniieeeiee et 26

3.4 Experimental Data ..........ccooiiiiiiiiiiiiie e 29

3.5 User-Input GEOMEITY ...coueevviiiiiiiiiiieiiiee e e 31

3.6 Optimization SChEME........cccuiiiiiiiiiiiiii e 34
Chapter Four: Results and DISCUSSION ......ccovuveieriiiieniiiiniieeiiieeeiieceieee e 40
4.1 Optimization of the Structured Tree Parameters...........ccccceeevvuieiniiiieniicenineenne 40

4.2 Optimization of the Respiration Factors..........ccccceeeviiiiniiiiniiiiniiciniiccneeee 42
Chapter Five: ConCIUSION .......cooouiiiiiiiiiiiiiiiiiec e 46
5.1 General ConClUSIONS ......ccocuuiiiiiiiiiiiiiiiee et 46

5.2 LIMITALIONS .enutiiiiiieeeitee ettt ettt ettt et e st e et e e st e e sabeeesaneees 47
S3FULUIE WOTK ..o 48
RETETEICES ..o e 50
Appendix A: Matlab Code for Structure Tree Optimization............cceceeevueeeniueeeniueeennnn 52
Appendix B: Matlab Code for Respiration Factor Optmization.............cceceeevuieenuneennne. 55



List of Figures

Page
Chapter 1: Introduction
1.1 Pulmonary CirCulation.........cooouueieiiiiiniiiiniieeeie et 2
1.2 Z0ones Of the LUNG......ccuviiiiiiiiiee e 4
1.3 Relationship between Alveoli Pressure and Arteriole Pressure.............cccceeeenneee. 4
1.4 Effects of Exercise on Blood FIOW..........coooiiiiiiiiiiiiiiicececeee 6
1.5 Effects of Respiration on Blood Pressure.............ooovviiiiieiiiiiiiiiiiiieeeiiee e 7
1.6 Effects of Respiration on Blood FIOW .........ccoooiiiiiiiiiiiiiiieee e, 7
1.7 Fontan Circulation .........coouiiiiiiiiiiiii ettt 9
1.8 Blood Pressure and Flow in Superior Vena Cava Before and After the Total Cavo
Pulmonary Connection Procedure..............coviiiiiiiiiiiiiinieiiniicenieeeeeeceee 10
Chapter 2: Background
2.1 One-Dimensional Fluid Flow Profile ............ccoooiiiiiiiiiiniicceees 15
2.2 Radius Dependent Modulus CUIVe..........coocuiiiriiiiiiiiiiiiieeieceiec et 17
2.3 Branching POINt........ccooiiiiiiiiiiii e e 19
2.4 Structured Tree GEOMELIY.....ccoviiiiiiiiiiieeriieeeiiee ettt 20
2.5 Three Physiologic Levels of the Structured Tree..........cccceevieiiviiiniiiiniieiniiees 22
Chapter 3: Materials and Methods
3.1 Structured Tree Parameters..........cueevieiiiiiiiniiienieceieceiecee e 26
3.2 Compliance ComparisSOn CUIVE .......ccc.ueeeriieirniiiieniieenieeenieee e 28
3.3 Radius Dependent Modulus CUIVe.........cocueieiiiiiniiiiniiieiecenieeeeieceeee e 29
3.4 Maximal Expiration Pressure and Flow Waveform..........c.ccccceeiviiiiiiiniiiieennne. 30
3.5 Maximal Inspiration Pressure and Flow Waveform.............c.ccccooiiiiiiiniiinnnnne. 31
3.6 ReSIN LUNZ CaSS....eoiuiiiiiiiiiiiiieeiteeetee et 33
3.7 User-Input Geometry for the Pulmonary Vessels ..........cccoceeeviiiiniiiiniicinnicenne. 34
3.8 Optimization Scheme Flow Chart .............cccoiiiiiiiiiiniiiiie e 35
Chapter 4: Results and Discussion
4.1 Comparison of Inspiration Pressure Waveforms ........c...cccooueeiniiiiniiiniicennens 41
4.2 Comparison of Expiration Pressure Waveforms.........cccccceeviviiniiiniiiiniiceniee, 44

Vi



List of Tables

Page
Chapter 2: Background
2.1 Structured Tree Parameters for Existing Code...........ccovuiiiniiiiniiiiniiieniieenieees 23
Chapter 3: Materials and Methods
3.1 Structured Tree Parameters..........cueivuieiiiiiiiniiiienieceieceieeeee e 32
3.2 Respiration FaCtOTS ........uiiiiiiiiiiee et 34
Chapter 4: Results and Discussion
4.1 Optimized Structured Tree Parameters..........coceeeveeeriieiinieiiniieeniecenieeeeeeee 40
4.2 Optimized Respiration FaCtorS.........covuiiiriiiiiiiiiiiieiicceececeec e 43

Vii



Chapter 1

Introduction

1.1 Motivation

Computational modeling can be used to increase the understanding of fluid dynamics and
offer predictive capabilities when used in vascular surgery planning. To provide an accurate
result from these modeling techniques it is important to consider the organ-specific properties
and/or behaviors of the organ or area of the body being studied. The pulmonary vasculature
has organ-specific parameters that are affected by the organ-specific physiology of the
system, the effects of respiration, as well as disease. By ignoring these effects, the analysis
will not reflect the specific behavior of the lung. For this reason, the organ-specific
properties of the lung need to be determined and incorporated into computational models that
analyze the pulmonary vasculature or incorporate the pulmonary vasculature in their analysis.
1.2 Normal Pulmonary Physiology

The pulmonary physiology is different from the systemic circulation in that it has a
separate circulation or loop. Figure (1.1) shows the pulmonary circulation and the systemic

circulation near the heart.
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Figure (1.1): Pulmonary Circulation. The pulmonary circuit includes the right ventricle pumping blood out of
the heart through the Main Pulmonary Artery (MPA) to the lungs and returning oxygenated blood to the left
atrium. The systemic circuit includes the left ventricle pumping oxygenated blood out of the heart through the
Aorta to the body and returning through the Superior Vena Cava (SVC) and the Inferior Vena Cava (IVC) to

the right atrium. This image was modified from the image found at www.pediheart.org.

As can be seen in Figure (1.1), the right ventricle pumps blood out of the heart
through the Main Pulmonary Artery (MPA), where it continues to the lung through the Right
and Left Pulmonary Arteries (RPA and LPA). The blood moves into the lung where it
reaches the pulmonary capillaries and oxygen exchange occurs. The oxygenated blood then
returns to the heart and enters the left atrium. The oxygenated blood is pumped out of the
heart through the Aorta to the systemic circulation by the left ventricle. The deoxygenated
blood returns to the heart from the systemic circulation via the Superior Vena Cava (SVC)

and the Inferior Vena Cava (IVC) and enters the right atrium.



The blood pressures within the pulmonary and systemic circulations are different.
There is a high pressure side and a low pressure side to the circulation. The high pressure
side is the blood flow leaving the heart and flowing to the lungs through the MPA and the
systemic circulation through the aorta. The mean pressure in the MPA in a healthy heart is
approximately 15 mm Hg, while the mean pressure in the aorta is approximately 100 mm Hg.
The low side of the circulation is the blood flowing back to the heart from the pulmonary
circulation through the pulmonary veins and the systemic circulation through the SVC and
IVC. The mean pressure in the pulmonary veins in a healthy heart is approximately 5 mm
Hg, while that of the SVC and IVC are approximately 10 mm Hg.

In addition to the differences between the pulmonary circulation and the systemic
circulation, there are different pressure and flow conditions within the lungs themselves. The
lung consists of three zones: Zones 1, 2 and 3. The upper zone of the lung, Zone 1 receives
almost no blood flow, while the lower zone, Zone 3 receives the most blood flow with Zone

2 lying between the two [1]. The zones and their respective blood flows are shown in Figure

(1.2).
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Figure (1.2): Zones of the Lung. There are three zones of the lung, each receiving different blood flow, as

shown in the graph.

The reason behind the blood flow differences in the zones of the lung lies in the

relationship between arterial blood pressure and the alveoli or air pressure. These

relationships are shown in Figure (1.3).
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Figure (1.3): Relationship between Alveoli Pressure and Arteriole Pressure. The alveoli pressure is greater
than the arteriole pressure in Zone 1, restricting blood flow to almost no flow. Zone 2 has an alveoli pressure
that is only greater than arteriole pressure during diastole; blood flow is restricted during this time and flows

more readily during systole. The alveoli pressure is always less than arteriole pressure in Zone 1, allowing

blood to flow with little restriction.



The alveoli pressure has a direct effect on the blood flow through the different zones
of the lung. As can be seen in the above figure, when the alveoli pressure is greater than the
arteriole pressure the flow is restricted. The alveoli pressure is greater than the arteriole
pressure in Zone 1 causing almost no flow through this portion of the lung. The alveoli
pressure is only higher than arteriole pressure in Zone 2 during diastole. Flow is only
restricted during diastole and moves more freely during systole. The arteriole pressure in
Zone 3 is always higher than the alveoli pressure, which allows the blood to flow through the
vessel. The arteriole pressure can be significantly higher than the alveoli pressure causing a
“ballooning” effect in the vessel [1].

The amount of blood flow can be affected by exercise, as shown in Figure (1.4). The
size of Zone 1 can also be affected by factors, such as disease. An example of this is the
shrinking of Zone 1 for patients with asthma. Because the blood flow in Zone 1 can change
with exercise and the size of Zone 1 can be affected by disease, it is important to model the
upper zone of the lung and not ignore it due to a lack of blood flow during normal at rest

conditions [1].
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Figure (1.4): Effects of Exercise on Blood Flow. The zones of the lung receive more blood flow during

exercise, including Zone 1.

1.3 Respiration Effects

As can be seen in Figure (1.3), the alveoli pressure affects the vessels by compressing or
dilating the vessels. This restricts blood flow during higher alveoli pressure values.
Respiration also has this effect on the vessels. In a previous study, air pressure was recorded
with the blood pressure and blood flow in the MPA [2]. By comparing the air pressure with
the blood pressure and blood flow, the changes caused by respiration can be seen. The effect
of respiration on blood pressure can be seen in Figure (1.5) and the effect of respiration on

blood flow in the MPA is shown in Figure (1.6).
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Figure (1.5): Effects of Respiration on Blood Pressure. The air pressure waveform is shown with the blood
pressure waveforms over the entire respiration cycle.
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Figure (1.6): Effects of Respiration on Blood Flow. The air pressure waveform is shown with the blood flow

waveforms over the entire respiration cycle.



From the figures, it is clear that there is a constant increases in blood pressure as the
air pressure increases from a maximum expiration minimum value to a maximum inspiration
maximum value or waveform. The blood flow is unaffected by respiration under normal
physiologic conditions.

1.4 Disease

Another important consideration when studying the pulmonary circulation is the effect
disease has on the physiology on the pulmonary system. One such example is the effect that
a congenital heart defect, such as a univentricular heart defect, can have on the pressure and
flow in the vessels surrounding the heart. Univentricular heart defects include a variety of
different conditions characterized by the presence of only one functioning ventricle. These
conditions are treating by redirecting blood flow to the lungs in a procedure known as the
Fontan Procedure. An example of the circulation resulting from one type of Fontan

Procedure is shown in Figure (1.7).
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Figure (1.7): Fontan Circulation. The Fontan Circulation is used here to correct a double outlet right
ventricle (RV). The left ventricle (LV) has no outlet. The SVC and IVC are disconnected from the right atrium
(RA) and connected directly to the right pulmonary artery (RPA). This allows blood to flow through the aorta
to the body, then return through the SVC and IVC directly to the lung. This image is modified from an image

located at www.rch.org.

The Fontan Circulation is used to redirect the blood flow to the lung for a variety of
congenital heart defects. The congenital heart defect represented in Figure (1.7) is a double
outlet defect in the right ventricle (RV). This defect provides two outlets in the RV, one to
the MPA and one to the aorta, but no outlet from the left ventricle (LV). To attempt to
correct the blood flow problems that occur due to this defect, the circulation is changed. This
is done by detaching the SVC and IVC from the right atrium (RA) and connecting them
directly to the pulmonary artery. In this example, the connection between the IVC and the
pulmonary artery is accomplished through the addition of a graft. This alteration in the

physiology causes the blood flow to be pumped out of the single functioning ventricle to the



systemic circulation. The blood then returns to the heart through the SVC and IVC, but
instead of entering the RA, the blood continues directly to the pulmonary artery.
The redirection of blood flow results in a change in the blood pressure and flow

conditions in the vessels surrounding the heart. This is illustrated in Figure (1.8).
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Figure (1.8): Blood Pressure and Flow in the Superior Vena Cava (SVC) before and after the Total Cavo
Pulmonary Connection Procedure. The blood pressure and blood flow in the SVC are shown with the air
pressure in the normal circulation, as well as after the blood flow is redirected. The TCPC is a Fontan

circulation similar to the connection shown in Figure (1.7).
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Figure (1.8) shows the blood flow and blood pressure in the lamb SVC both pre-operative
(normal) circulation and in the post-operative circulation. The post-operative (Total Cavo
Pulmonary Circulation TCPC) circulation was created in a manner similar to that shown in
Figure (1.7). The average blood pressure in the SVC in the normal circulation for the lamb is
approximately 15 mm Hg, while the post-operative blood pressure is approximately 30 mm
Hg and the waveform is no longer present. In the normal circulation, the blood flow is
between 20 and -10 cc/sec, while post-operative blood flow has a significantly diminished
waveform with the peak blood flow at approximately 10 cc/sec and the minimum at
approximately 0 cc/sec [2].

1.5 Computational Methods and Boundary Conditions

As shown in Figure (1.8), the hemodynamics of the circulation are changed and it is
suspected that these changes are responsible for many of the complications that result from
the different Fontan Procedures. Interest in the outcomes of the Fontan Procedures has led to
computational modeling of the Fontan Circulation. Different techniques have been used to
model the system and each of these different techniques uses a different type of boundary
condition.

A study completed by de Leval, et a/ makes use of the lumped parameter model to
calculate the boundary conditions for three-dimensional flow. This method creates three
lumped components: the left atrium, the right lung and left lung. This study uses the
calculated afterload from the lumped parameter model as a boundary condition for the three-
dimensional analysis [3]. Zelicourt, et al also uses the three-dimensional lumped parameter
model for a three-dimensional computational fluid dynamics (CFD) analysis of the pressure

and flow conditions after the Fontan Procedure. Pulmonary vascular resistance was used as
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the boundary condition for this analysis and was determined using two components, the right
pulmonary artery and the left pulmonary artery [4]. Pekkan, et al used CFD analyses to
model the cardiovascular flow associated with the TCPC. The study uses steady inflow
boundary conditions were applied for the inferior vena cava and the superior vena cava and
outflow from the pulmonary arteries was modeled using constant pressure boundary
conditions [5].

The boundary conditions used in the above study all have a drawback; they ignore the
impedance of the system. Pulsatile blood flow in distensible vessels causes pressure and
flow waves that propagate through the vessel length. When the waves reach a branching
point, a portion of the pressure and flow waves are reflected. The reflected wave depends on
the geometry of the branching point, such as angle of the branch and length of the vessel
segment. The pressure and flow waveforms at any point within the vessel are a combination
of the forward waves and the reflected waves [6]. The frequency dependent relationship
between pressure and flow is the impedance of the system [7]. Using impedance as a
boundary condition will provide a more accurate analysis of the blood flow and blood
pressure within blood vessels.

1.6 Specific Aims

The pulmonary vasculature has an organ-specific geometry, as well as organ-specific
behaviors that should be considered when computationally modeling the pulmonary
circulation. Including these organ-specific parameters in impedance boundary conditions is
the goal of this research. The specific aims of this research are:

1. To determine the appropriate parameters to model the pulmonary vasculature at

maximal inspiration.
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2. To scale the parameters determined in Specific Aim 1 to model the pulmonary
vasculature at maximal expiration.

3. To validate Specific Aim 1 and Specific Aim 2 by comparing a computed
pressure waveform found using the parameters determined to experimental data

collected in a previous study.
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Chapter 2

Background

2.1 One-Dimensional Fluid Analysis

Computational models have made use of a variety of different types of analyses,
including the lumped parameter model, the one-dimensional model (1D), as well as the three-
dimensional model. One-dimensional models have been shown to produce accurate results
when compared to experimental data for the systemic circulation, while having significantly
reduced computation time when compared to the three-dimensional analysis. This method
was successfully used to model the systemic circulation during rest and exercise[8, 9].

The analyses in this work made use of the existing 1D finite element analysis system
developed by Steele, et al [8, 10, 11]. Several assumptions are made to determine the 1D
equations used in this research. These assumptions include that the axial flow is significantly
larger that the flow in any other directions, therefore axial flow dominates through the vessel,
allowing the remaining velocity components to be neglected. It is also assumed that the
blood is a Newtonian fluid and incompressible with laminar flow, this can be assumed for
large vessels reasonably. The vessel walls are considered to be impermeable. The drag of

the fluid along the wall of the vessel causes zero velocity components at the vessel wall and

14



results in a maximum flow at the center of the vessel, this is known as a no slip condition.

These assumptions lead to a flow profile that resembles the profile shown in Figure (2.1).

A

—-

Figure 2.1: One-Dimensional Fluid Flow Profile. The one-dimensional fluid flow analysis assumes
Newtonian and incompressible fluid, laminar flow, impermeable vessel walls and a no slip condition at the

wall.

The existing one-dimensional finite element analysis code uses the assumptions
discussed to appropriately equations that are used to solve for pressure, flow and area. The
equations needed are the conservation of momentum, conservation of mass and constitutive
equation. The conservation of momentum equation is determined by using the assumptions
discussed to appropriately integrate the Navier-Stokes equations [8, 11]. The conservation of
momentum and conservation of mass equations are derived in detail in Olufsen, et al [12] and
are shown briefly here. The conservation of mass is shown in Equation (2.1) and

conservation of momentum is shown in Equation (2.2).
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The variables in the above equations are defined as: ¢ is time in (s), x (cm) represents the
axial position along the vessel, a(x,) represents the cross-sectional area in (cm?), volumetric
flow rate is given by g(x,7) (cm’s™) and the pressure is given by p(x,7) (dynes s'ecm?). The
properties of the fluid (blood) are given by the density, p=1.06 gem™ and the viscosity
v=0.046 cm’s™,

There are three unknowns, pressure, flow and area, so three equations are needed to
solve the system. The third equation used is the constitutive equation, which is derived using
the stress strain relationship. This equation was derived in further detail in Olufsen, et al [7]

and is briefly described here in Equation (2.3).

_ i Eh 3 a,(x)
p(a(x’t)ox’t)_p0+ 3}"0()6)(1 a(_x’t)] (23)

The variables in the above equations are defined as: p,is the mean pressure that produces
r,(x), r,(x) is the unstressed radius of the vessel with respect to the axial location, a,(x)1s
the unstressed area of the vessel with respect to the axial location, 4 (cm) is the arterial wall
thickness and E (gs“cm™) is Young’s Modulus.

The constitutive equation describes the compliance of the vessel and includes a radius
dependent modulus term. This term was defined by curve-fitting an exponential curve to

experimental data. This was done in Olufsen, et al [7] and the curve produced is shown in

Figure (2.2).

16
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Figure (2.2): Radius-Dependent Modulus Curve. This curve was reproduced from Olufsen, et al [7] and

shows the behavior of the radius dependent modulus as the unstressed radius changes.

The equation found for the radius dependent modulus term is shown in Equation (2.4).

Eh

1(X)

= ke 1k, (2.4)

The constants determined for k,, k, and k, reflect the properties of the systemic circulation

and are used in the existing 1D finite element analysis. They are given as: k, =210’ gs em’
', k,=-22.53cm™ and k, = 8.65-10° gs*cm’.

Initial conditions are used to begin the calculations, as well as boundary conditions.
The initial conditions include the initial values for pressure, flow and are. The area is

prescribed by the geometry specified in the structured tree and the user-input geometry. The

flow is specified to be zero initially and the pressure is the mean pressure p,. Because inlet

and outlet boundary conditions are needed the inlet boundary condition are specified as either

pressure, flow or area and the impedance or resistance is used as the outlet boundary

17



condition. For this case, the root impedance is the boundary condition at the outlets of each
of the branches and is computed based on the relationship between pressure and flow in the
frequency domain, as shown in Equation (2.5).

P(x,0) = Z(x,0)Q(x, ) (2.5)
The existing one-dimensional finite element analysis code uses admittance to related pressure
and flow in the frequency domain. The admittance is calculated using the impedance, as

shown in Equation (2.6).

1
Z(x,w)

Y(x,0) = (2.6)

This relationship leads to the Equation (2.7) that is used to relate pressure and flow in the
frequency domain.

O(x,w)=Y(x,0)P(x,m) 2.7)
The pressure and flow in the time domain can be found using the convolution theorem,

shown in Equation (2.8).

T/
1 2
peen == [ zxr-1)qx.1)de (2.8)
Ty
2
When a branching point is reached, further relationships are needed to define the

pressure and flow relationships between the parent vessel and the two daughter vessels. An

example of a branching point is shown in Figure (2.3).
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parent

d, d,
Figure (2.3): Branching Point. At each branching point, a parent vessel and two daughter vessels (d, and
d, ) are defined.

Continuity of pressure is assumed at the branching point to establish a relationship
between the pressure at the outlet of the parent vessel and inlet of the daughter vessels [7, §].
This assumes no pressure losses are present, which is a valid assumption when flow is
laminar. Pressure losses begin to occur when flow becomes turbulent. A minor loss term
developed by Steele, et al is introduced to account for any pressure losses that occur due to

turbulence [13]. The continuity of pressure relationship is shown in Equation (2.9).
P parent (Ls1) = D1 (0,1) = p 1, (0,1) (2.9)
Conservation of flow is assumed between the parent vessel and the two daughter vessels,
providing the relationship shown in Equation (2.10) [7, 8].
D parens (Ls1) = 441 (0,1) + g4, (0,7) (2.10)
The existing code accepts a user-input geometry that represents that largest vessels in
the geometry being modeled. For example, if modeling the lung, the user-input geometry
could include the main pulmonary artery (MPA), the left and right pulmonary arteries (RPA
and LPA) and one to two more branches off of the RPA and LPA. The smaller vessels are

modeled using a bifurcating structured tree.
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2.2 Structured Tree Geometry
The impedance boundary conditions are defined using a bifurcating structured tree
defined by parameters, including scaling factors (ocand f), relating the geometry of the

parent and daughter vessels. The structured tree used in the existing code is shown in Figure

2.4).

Figure (2.4): Structured Tree Geometry. The bifurcating structured tree is shown with the scaling factors (o
and B). The scaling factors are used to scale the radii of the two daughter vessels at each of the bifurcations.
This figure is modified from Olufsen, et al [7].

To define the radius of the vessels at the bifurcations the power law is used. The
power law relates the parent vessel radius and the two daughter vessel radii and is shown in
Equation (2.11). This law has been derived by Zamir [14] and Murray[15] and used in

studies by Olufsen, et al [7][12] and Steele, et [8].
rfarent :rdél+rd€2 (211)
The values for &£ are based on the type of flow being analyzed, ranging from laminar to

turbulence. In addition to the power law, the area ratio 7 is used to define the radii of the

vessels, as shown in Equation (2.12).
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2+2
n=lule 2.12)

2
parent

To account for asymmetry in the bifurcating structure tree an asymmetry ratio ¥ is used to

define the relationship between the two daughter vessels. This relationship is shown in

Equation (2.13).

p=Ta 2.13)

The length to radius ratio Irr is used to define the length of the vessel in relation to the

average radius of the vessel, as shown in Equation (2.14).

Irr = L (2.14)

,
Figure (2.4) demonstrates the use of the scaling factors o« and B to define the radii of the
daughter vessels. These scaling parameters are used to order the structured tree. The
organization of the structured tree allows computational costs to be reduced through use of

pre-computed branches. The use of these scaling factors is shown in Equations (2.15-2.16).

rdl = arroot (215)
rd2 :ﬁrroat (216)
r;‘,j = aiﬁj_irroot (2 17)

By combining the power law, area ratio and asymmetry ratio, the scaling factors can be put in

terms of ¥ and &. This is shown in Equations (2.18-2.19).
a=1+y"?)y "o (2.18)

B=o.ly (2.19)
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Values for the power law, area ratio, asymmetry ratio and the length to radius ratio are found
from experimental data collected in previous studies, such as Zamir, et al [14], Karch, et al
[16]and Iberall, et al [17], among others.
2.3 Physiology of the Structured Tree

To further define the structured tree to reflect the physiology of the circulation, the
structured tree is divided into three tiers or levels. These levels reflect the three different
types/sizes of the vessels: small arteries, resistance vessels and capillaries. These levels are

shown in Figure (2.5).

Figure (2.5): Three Physiologic Levels of the Structured Tree. The three levels of the structured tree are

defined as follows: the first level includes the small arteries (r >250Um), the second level includes the
resistance vessels (50 Uum <r <250Uum) and the third level includes the capillaries (r < 50 uUm).

The structured tree begins with the small arteries, where the user-input geometry ends and
the structured tree attaches. It terminates at the capillary level, where pressure is assumed to

0 mmHg.
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Zamir, et al [14] defined the three levels of the structured tree and defined values for
the power law &. Steele, et al [8] varied the asymmetry ratio among the three tiers of the
structured tree, as well. The length to radius ratio was found to be organ-specific, but it is
not varied throughout the tiers of the structured tree in the existing code.

The existing code uses the values in Table (2.1) to define the parameters of the three

tiers of the structured tree.

Table (2.1): Structured Tree Parameters for Existing Code.

Level Power Exponent £ | Asymmetry Ratio y
Small Arteries 2.5 0.4
Resistance Vessels 2.76 0.6
Capillaries 2.90 0.9

The length to radius ratio was determined for the different locations within the system being
analyzed. This value is organ-specific, for example the renal system length to radius ratio

was determined to be 21, while the femoral arteries had a value of 80.
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Chapter 3

Materials and Methods

3.1 Experimental Design

This goal of this work was to determine impedance boundary conditions for the
pulmonary vascular system. To accomplish this the organ-specific parameters needed to be
defined. The structured tree parameters were defined as the length to radius ratio and the
asymmetry ratio. These parameters are used to find the root impedance. The input to the
model is the experimental flow waveform. Figures (1.5 and 1.6) showed the pressure and
flow waveforms over a single respiration cycle. The experimental flow and pressure
waveforms were isolated for both maximal inspiration and maximal expiration. This
provides both the input and the impedance allowing the calculation of pressure. The pressure
was then computed and compared to the experimental pressure waveforms. The error was
computed and used to optimize the structured tree parameters. This was initially completed
at maximal inspiration. The optimized parameters were then used for maximal expiration
with the addition of a parameter to reflect the changes caused by respiration. The parameter

is the respiration factor f, and is used to scale the radius of the resistance vessels in the

structured tree. This dilates or constricts the vessels to mimic the effects of respiration. By
changing the radius of the vessels, the respiration factor causes a change in the pressure

within the vessel.
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3.2 Structured Tree Parameter Definition
The structured tree previously discussed is defined by several parameters including the

power law exponent &, the length to radius ratio Irr, and the asymmetry ratio y . Steele, et

al. determined the values to be used in the existing finite element analysis code for the
systemic circulation, but due to the organ-specific geometry and flow conditions within the
pulmonary vasculature these parameters need to be determined with respect to the three
zones of the lung.

It was assumed for this work that the power law exponents were not different for the
pulmonary vasculature than they were for the systemic circulation. There are three values for
the power law exponent, one for each of the three tiers of the structured tree as listed in Table
2.1. It was also assumed that the asymmetry ratio was consistent throughout the three zones
of the lung. The three asymmetry ratios correspond to the three tiers of the structured tree, as

previously shown in Figure (2.5). As previously, the asymmetry ratios are: y,, y, and ¥,.

These parameters were optimized for the lung geometry. The length to radius ratio was
varied through the three zones of the lung. As previously discussed, the three zones of the
lung have different blood flow levels due to the constriction of vessels in the upper portions
of the lung. This constriction causes increased resistance to flow and is accounted for
through the use of the length to radius ratio. Three length to radius ratios were used in this

work, one for each zone of the lung: Irr,

op» g and Irr, .

These parameters were determined using maximal inspiration. To move to maximal
expiration and represent the effects of respiration a parameter was introduced. This

parameter is the respiration factor f, and it acts as a scaling factor for the resistance vessels

within the structured tree. The vessels are dilated (f, >0) or constricted (f, <0) to mimic
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the effects of respiration. Because the three different zones of the lung have different blood
flow behaviors, three different respiration factors were used to represent the scaling of the

resistance vessels in the three different zones of the lung: fy,., fe.o @nd fg,, . Figure (3.1)

shows the three zones of the lung with the corresponding parameters.

Zone 1 Iy s V157257 39 S jaop

| Zone 2
’l | [rr'r.::.‘ ’ }/l -';/.! -':,.*‘ ‘mexd

Irrz'm.' ’yl -}’3 ’7.""[!(("(1[

Figure (3.1): Structured Tree Parameters. Six parameters were optimized for maximal inspiration including

the length to radius ratios for the three zones (lrrmp,

Irr,,, and Irr,, ) and the asymmetry ratios for the three
tiers of the structured tree. The same three asymmetry ratios are used for the three zones of the lung ¥, VY,

and Y. These parameters were then held constant while the three respiration factors (mep s Srmia and frpor)

were optimized to represent maximal expiration.

3.3 Pulmonary Compliance

Studies comparing the properties of the pulmonary arteries to those in the systemic
circulation, such as the thoracic artery and the aorta have shown that the pulmonary arteries
are more distensible than those of the systemic circulation. There is disagreement in the

studies conducted as to the degree of the distensibility difference, suggesting that the
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pulmonary artery is twice as distensible [18], five times as distensible [19], as well as, ten
times as distensible [20] as that found in the systemic circulation. In these studies, the
unstressed radius and the vessel wall thickness were not measured, so the radius dependent

modulus could not be calculated from the collected data. Equation (3.1) is the radius

dependent modulus where, k, =2-10’ gsZem™, k, =-22.53cm™ and k,=8.65-10 gsZem™,

Eh
— = k" +k, (3.1)

r,

The compliance curve by Olufsen, et al was altered to represent the pulmonary compliance,
as opposed to the systemic compliance. To do this, the k,term was multiplied by different
factors, from 0.1 to 1.0. The pressure was calculated using a flow waveform as the input.
The pressure curve was compared to an experimental pressure waveform at the different
values for k, to determine which value provided a calculated pressure waveform with a
pressure drop similar to that of the experimental pressure data. The different waveforms are

shown in Figure (3.2).
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Figure (3.2): Compliance Comparison Curve. The compliance of the vessel was changed by altering the

kyterm. The multiplier is labeled in the legend of the plot. The resulting waveforms are shown. The 0.2
multiplier was determined to provide a pressure drop that most closely matches that of the experimental data.

From Figure (3.2), it can be seen that by multiplying the k; term by 0.2 the pressure drop for
the calculated pressure waveform is close to that of the experimental data. These waveforms
do not match and still have a large error, because the structured tree parameters have not
been optimized. Figure (3.3) shows the altered radius dependent modulus curve with the

curve found in Olufsen, et al [7]. It was decided not to alter the k, and k, values, because
changing them would alter the shape of the compliance curve. Altering the k; value shifts

the curve up or down depending on the multiplier used, but does not change the shape of the
actual curve. Without further investigation the shape of the curve was assumed to be remain

the same for the pulmonary vasculature.
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Figure (3.3): Radius Dependent Modulus Curve. The radius dependent modulus determined for the

pulmonary compliance is plotted with the curve previously determined for the systemic compliance.
3.4 Experimental Data

Experimental data was collected in previous studies and used in this work as both the
input to the model and the data for validation of the model. Blood pressure, blood flow and
air pressure were collected in lambs. The blood flow was used as the input to the model.
The blood pressure was used to validate the computed pressure waveform.

The maximal inspiration data was used in the optimization of the structured tree
parameters and the maximal expiration data was used in the optimization of the respiration
factor. The pressure and flow waveforms for maximal inspiration and maximal expiration
were extracted from the full respiration episode shown in Figures (1.5 and 1.6). Figure (3.4)

shows the maximal expiration waveforms.
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Figure (3.4): Maximal Expiration Pressure and Flow Waveform. The blood pressure and blood flow for one

cardiac cycle occurring at maximal expiration.

At maximal inspiration, there are two cardiac cycles that do not have a continuous waveform.
The two waveforms do not initiate and terminate at the same pressure values. To account for
this and to obtain a single cardiac cycle with the highest pressure level the two waveforms

were combined as shown in Figure (3.5).
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Figure (3.5): Maximal Inspiration Pressure and Flow Waveform. The blood pressure and blood flow for one

cardiac cycle occurring at maximal inspiration.
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3.5 User-Input Geometry
The existing 1D finite element analysis system requires a user-input geometry that is
patient specific. This allows the user to accurately model the largest vessels of the organ
being analyzed. This is important, because these vessels are the portion of the organ
geometry that can vary greatly from patient to patient and from species to species.
The user-input geometry for this work was obtained by creating a resin cast of the
lungs after they were removed from the lamb. Dental resin was inserted into the lung using a
syringe and left to harden. The lungs were then placed in a solution of water and dissolved
potassium hydroxide crystals. The lungs and solution were then covered, allowing the
enzyme to eat away the tissue from the resin cast. This process took approximately three
weeks. The lungs were removed from the solution each week and the solution was disposed
of and new solution was made. The resin cast of the set of lamb lungs used in this work is

shown in Figure (3.6).
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Figure (3.6): Resin Lung Casts. Resin cast of lamb lung that was used to collect morphometric data to be

used to form the user-input geometry.

The resin cast was then measured using digital calipers and the dimensions of the first
three to four levels of the lung were measured. The vessel radius, length and position within
the lung were measure and recorded. This information was then saved to a file that could be
loaded into the 1D user interface. Figure (3.7) is the lamb lung model created as shown in

the graphical user interface (GUI) of the existing solver.
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Figure 3.7: User-Input Geometry for the Pulmonary Vessels. The user-input geometry of the upper three to

four levels of the lamb lung as measured using digital calipers and loaded in the 1D finite element analysis

systen.
The structured tree previously discussed is attached to the terminal of each of the branches
shown in Figure (3.7).
3.6 Optimization Scheme

An optimization was performed on the six parameters of the structure tree used to
determine the impedance boundary condition. The lung was divided into three sections, as

previously discussed, creating a need for three different length to radius ratios [ : [

rr_top ?

Ly wa and [ . The three remaining parameters were the asymmetry ratios

Y15 corresponding to the three levels of the structure tree. This optimization was performed
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using the least-squares non-linear optimization tool in the Optimization Toolbox found in
Matlab.
A flow chart, shown in Figure (3.8), demonstrates the process used to optimize the

parameters of the structure tree. The Matlab code written to perform this operation is located

in Appendix A.
Input the parameters and Calculate Impedance 1-D Solver

—p| the experimental flow [ ! Boundary Condition | | Compute the

data from Matlab to and write out file pressure

Java Code

Optimization Has the Compare the
scheme adjusts minimum error computed pressure
parameters been found? to the experimental

pressure

Write-Out
the optimized
parameters

Figure (3.8): Optimization Scheme Flow Chart. The initial parameters and the experimental flow input are
used to create an impedance boundary condition file. The impedance boundary conditions are sent to the
solver where the pressure is computed. The computed pressure was compared to the experimental pressure and

the error calculated. Iterating the parameters and repeating the process minimized the error.

The initial parameters and the inspiration flow data were used as the inputs to calculate
the root impedance of each branch. The root impedance was written into a text file with the
geometric data of each branch. This text file was then used as the input to the solver, which
calculates the pressure, flow and area. The solution was written out and imported into

Matlab. The computed pressure and the experimental pressure for inspiration were compared

35



and the error was calculated. The solver was run with 50 time steps, so the pressure data was
compared across those 50 points. This calculation was repeated four times for a total of 200
time steps to ensure that a steady state solution was found. The error was calculated by
subtracting the experimental data from the computed data, resulting in an error vector with a
length of 50. The error was passed into the Matlab optimization function.

The least-squares non-linear optimization requires an input vector, in this case the error
vector, then attempts to minimize that vector by altering the input parameters. Using the
error vector, which is found by taking the difference between the computed pressure data
points and the experimental pressure data points. This is shown in Equation (3.2). The error
vector is then used by the optimization algorithm to calculate the least squares error, as

shown in Equation (3.3).

I pexpl - pcalcl |
error, Pexpi
' = : (3.2)
errorn pexpn - pcalcn
L pexpn
1 2
Error = 5 Z error, (3.3)

The Matlab algorithm used in this work was the default large-scale method. The method
uses the interior-reflective Newton Method. This method is described in detail in Coleman,
et al 1996 and Coleman, et al 1992 [21, 22].

Upper and lower bounds were set for the parameters to ensure that the parameters were
optimized with physiologic relevance; these values are also shown in Table (3.1). Also,

included the table are the initial values used for the parameters.
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Table 3.1: Structured Tree Parameters. Initial Values and Bounds for the Structure Tree Parameters.

Parameter Initial Value Bounds
[lower,upper]

Ly o 60 [50,70]

Ly wia 40 [30,49]
Ly o 20 [10,29]

Y, 0.4 [0.0,1.0]

Y, 0.6 [0.0,1.0]

Vs 0.9 [0.0,1.0]

Based on the known relationships between blood flow in the lung and the position
within the lung, bounds and initial parameters could be estimated to use with the
optimization scheme. Zamir, et al [14] determined that a length to radius ratio of 70 was the
maximum physiologic length to radius ratio. Because Zone 1 has so much resistance it
receives little to no flow under normal conditions this was the value chosen for the upper
bound of Zone 1. Zamir, et al also determined that a mean value of 20 for the length to
radius ratio could be used to evaluate the systemic circulation. The “ballooning” effect
mentioned earlier indicated that the length to radius ratio of the bottom of the lung may be
less than the mean determined by Zamir, et al. For this reason, the lower bound for the
length to radius ratio at the bottom of the lung was set at 10. The resistance decreases as the
location in the lung moves down. This indicates that the length to radius ratio for the center
portion of the lung would lie somewhere between Zones 1 and Zones 3. I found no literature
to indicate where this value would lie other than between the other two zones. For this
reason, a difference of 20 was set between the upper and lower bounds for each of the length

to radius ratios. The initial values were selected to be at the midpoint of these intervals.
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The asymmetry values were also chosen for physiologic reasons. Zamir, et al
[14]showed that asymmetry ratios between 0 and 1 were almost always seen within the
vessels. For this reason, I saw no reason to further restrict the bounds of this parameter. The
initial values were chosen as those that were used in the systemic circulation by Steele, et al
[8].

After the structure tree parameters were optimized the optimization algorithm was used to

determine the optimal respiration factors fp: fz ,,» fx we and fp ,, to move from

inspiration to expiration. The optimized structure tree parameters were used in the
optimization of the respiration factors. They were held constant during this optimization,
because the respiration factor should be the only parameter used to make the change from
inspiration to expiration. Table (3.2) contains the initial values for the respiration factors, as

well as the bounds used to constrain the factors.

Table 3.2: Respiration Factors. Initial Values and Bounds for the Respiration Factors.

Parameter Initial Value Bounds
[lower,upper]

Jriop 1.0 [1.0,1.0]

Jrmia 1.1 [1.0,1.5]

Frvor 1.25 [1.0,3.0]

The respiration factor for Zone 1 of the lung f, ,, was constrained to 1.0. This section

of the lung receives no blood flow, because the alveoli pressure is greater than the arteriole
pressure. This will not change from inspiration to expiration, so the respiration factor should
remain at 1.0. The effects of respiration on the remaining zones of the lung were unknown.

It was expected that they would both have a respiration factor greater than one due to the
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lower pressure found in the maximal expiration state. The lower pressure values led to the
assumption that the vessels would be dilated or expanded to reduce the pressure through the
vessel. Zone 2 and Zone 3 were constrained to remain above 1.0. There was an upper bound
placed on both zones, but they are sufficiently large as to not put any actual restriction on the
value for this parameter. Previous test runs for this parameter have shown that the values for
the respiration factors will be less than 1.5. It was also anticipated that the value for the Zone
2 respiration factor would be less than Zone 3, so the upper bound for Zone 3 was increased
to be larger than that of Zone 2. The least-squares non-linear optimization then ran, as shown
in Figure (3.8), with only the respiration factors as a parameter. The Matlab code for this

optimization is located in Appendix B.
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Chapter 4

Results and Discussion

4.1 Optimization of the Structured Tree Parameters
The optimization of the structured tree parameters yielded the parameters shown in
Table (4.1). The optimization performed 127 function evaluations to determine the shown

optimal parameters.

Table (4.1): Optimized Structured Tree Parameters

Parameter Optimized Value
Ly o 56.72
Ly ia 37.75
Ly bor 14.06
Y, 0.2710
Y, 0.6388
Y5 0.6540

It should be noted that because the optimization scheme looks for a local minimum
there may be another set of parameters that will yield a similar computed pressure curve or a

more accurate curve. These are not unique parameters. It should also be noted that the
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constraints placed on the evaluation through the use of upper and lower bounds, as well as
the initial parameters influenced the results. The parameters were forced to stay within the
bound constraints. The initial values used for the parameters determined where the local
minimum was found. If the initial value is changed the results may vary by finding another
local minimum. The initial values and the upper and lower bounds are shown in Table (3.1)
with the explanation for choosing the values.

These optimized structure tree parameters produced the computed pressure waveform
shown in Figure (4.1). The computed waveform is shown with the experimental pressure

waveform.
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Figure (4.1): Comparison of Inspiration Pressure Waveforms. The computed pressure waveform for maximal
inspiration using the optimized structure tree parameters is shown with the experimental pressure waveform for

maximal inspiration.
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As can be seen in Figure (4.1), the maximum and minimum pressure values were
accurately computed with the optimized parameters. The slope of the waveform between the
maximum and minimum values is not as steep in the computed waveform as it is in the
experimental data. This is especially true at the onset of the waveform and results in a delay
when reaching the maximum pressure value by approximately 0.05 seconds. The slight
increase in pressure seen at approximately 0.325 seconds in the experimental pressure
waveform is not reflected in the computed pressure waveform. It may be possible to reflect
these differences by running the optimization scheme with weighting factors applied to
sections of the waveforms. These weighting factors would place more emphasis on matching
specific portions of the waveform. This may lead to different parameters that would reflect a
steeper slope for the waveform, as well as reflecting the slight pressure increase noted in the
experimental waveform.

4.2 Optimization of the Respiration Factor

The structured tree parameters optimized were then used in the optimization of the
respiration factors. The structured tree parameters were found using the experimental flow
waveform at maximal expiration as the input. By applying the respiration factors, the model
is moving from the maximal inspiration state to the maximal expiration state. For this
reason, the flow waveform at maximal expiration was used as the input and the computed
pressure waveform was compared to the pressure waveform for the experimental data at
maximal expiration.

The optimization of the respiration factors determined an optimal value after 33 function

evaluations. The respiration factors calculated are shown in Table (4.2).

42



Table (4.2): Optimized Respiration Factors

Parameter Optimized Value
I top 1.0
Tz mia 1.0
Tr_bor 1.134

The respiration factor for Zone 1 was held constant at 1.0, as previously discussed. The
respiration factor for Zone was optimized at 1.0. This was the lower bound and previous
simulations were run to determine if this parameter would drop below zero. By lowering the
lower bound, the respiration factor for Zone 2 will drop below 1, constantly reaching the
lower bound. As this happens the respiration factor for Zone 3 continues to increase.
Because the physiologic relevance of the respiration factors dropping below zero is
questionable the bounds were constrained to remain above 1.0. As noted with the optimized
structured tree parameters the optimization scheme searches for the local minimum. This
results in optimized parameters that are not unique and that are influenced by the initial
values and upper and lower bounds. The initial values and upper and lower bounds for the
respiration factors can be found in Table (3.2) along with the explanation behind the decision
to use these values.

The optimized respiration factors resulted in the computed pressure waveform shown in
Figure (4.2). The computed pressure waveform is shown with the experimental pressure

waveform for maximal expiration.
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Figure (4.2): Comparison of Expiration Pressure Waveforms. The computed pressure waveform for maximal
expiration using the optimized respiration factor and the experimental pressure waveform for maximal
expiration.

The computed pressure waveform shown is an accurate reflection of the experimental
pressure waveform. The differences in the two waveforms can be seen in the slope of the
curves, just as with the maximal inspiration data. The slope of the computed data is not as
steep as the experimental pressure data. The maximum and minimum pressure values are
close, but they are not as accurate as they were for the maximal inspiration data. The shift in
the maximal inspiration data that was shown in Figure (4.2) is not present in the maximal
expiration waveform. Just as with the errors of the maximal inspiration pressure waveforms,

the errors in the maximal expiration pressure waveforms may be minimized further with the
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use of weighting factors. For the expiration pressure waveform, this may be addressed by
placing an emphasis on the maximum and minimum pressure values. This could produce a
different set of optimized parameters for the respiration factors that will have maximum and
minimum values for the computed pressure waveform that are closer to those of the

experimental pressure waveform.
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Chapter 5

Conclusion

5.1 General Conclusions

The optimization parameters provide the ability to calculate the root impedance for
each branch within the pulmonary model described in this work. The existing 1D system
used the main pulmonary artery flow waveform as the inlet boundary condition. The outlet
boundary was the root impedance calculated using the optimized parameters found in this
work. With the inlet and outlet boundary conditions specified, the pressure waveform was
calculated for both maximal inspiration and maximal expiration.

The resulting computed pressure waveforms were compared to the experimental
waveforms. The optimized parameters produced a pressure waveform that conforms to the
shape of the experimental data with the exception of the slopes of the curves. The curves are
steeper in the experimental data than in the computed pressure data. This causes a slight lag
in the computed data for maximal inspiration, meaning that the peak pressure for the
computed data is reached after the peak pressure for the experimental data. This lag is not
seen in the maximal expiration data.

The successful use of a respiration factors to simulate the difference between

maximal inspiration and maximal expiration proves the need for an impedance boundary
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condition that will reflect the effects of respiration. The use of three respiration factors
emphasizes the differences between the zones of the lung. This research proves that by using
a different respiration factor for each of the zones a pressure waveform for the two maximum
pressure situations can be accurately produced.

This work does not investigate the changes caused by respiration in between maximal
inspiration and maximal expiration. As air pressure increases the blood pressure in the main
pulmonary artery also increases. This is a gradual process with a change in the shape of the
waveform. These observations show that there is a need to find a dynamic impedance
boundary condition to model the pulmonary circulation.

5.2 Limitations

There were several limitations of this study that could have resulted in the error found
in the two computed pressure waveforms. One such limitation in this study was the
pulmonary compliance data. The pulmonary compliance was estimated based on the
exponential curve calculated by Olufsen, et al and the conclusions from previous studies
about the distensibility of the pulmonary circulation. Because the conclusions from the
previous studies were variable, stating that the pulmonary arteries were two to 10 times as
distensible as the arteries in the systemic circulation, the compliance used in this research
was an estimate. The estimate was found by scaling the curve for the systemic circulation by
0.2. Without experimental data, the compliance for the pulmonary circulation cannot be
confirmed. The current structured tree is a bifurcating structure tree with the ability to
represent asymmetry through the asymmetry ratio. The geometry of the lung needs to be

further analyzed to ensure the correct geometry is used in the existing code.
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5.3 Future Work

The next step in this work is to address the limitations of this study. The compliance of
the pulmonary vessels will be determined by performing a pressure-strain analysis. The
geometry of the lung will be investigated to determine if the bifurcating structure tree is an
appropriate model for the lung or if another ordering scheme would better represent the
pulmonary vasculature. The resin lung casts will be scanned using three-dimensional
medical imaging techniques. Computed Tomography (CT) will be used to scan the lungs and
determine the geometry that will be used to establish the user-input geometry. CT has an
accuracy measured in millimeters and will be adequate to measure the larger vessels of the
lung. MicroCT will be used to image the smaller vessels of the lung, because it has an
accuracy measured in micrometers. The arteries that will be measured with microCT are the
vessels that make up the structured tree. After the scans have been completed the images
will be analyzed to determine the dimensions of the different vessels. This will be compared
to the bifurcating structured tree to determine if it is an accurate model of the small vessels of
the arterial tree.

These medical imaging techniques will also provide a more accurate user-input geometry
than the current method of measuring the large vessels with digital calipers. Measuring the
different branch positions with respect to the main pulmonary artery created an opportunity
for error. Medical imaging will allow for easier determination of reference points to define
the location of branches and their angles. The digital calipers were difficult to maneuver in
the small spaces available between branches. This prevented smaller branches in the

geometry from being measured and may have hindered the accuracy of the measurements
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collected. This was true despite the use of a resin cast that had been previously pruned to
remove the smallest branches that would comprise the structure tree.

The static boundary conditions for the pulmonary impedance need to be incorporated
into the existing 1D finite element analysis code. The current parameters in the code are for
the systemic circulation. A condition will be added to the code to allow the pulmonary
circulation boundary conditions to be incorporated upon loading the user-input geometry.

The ultimate goal of this continued research is to determine a dynamic impedance
boundary condition. This boundary condition will connect the maximal inspiration and
maximal expiration boundary conditions determined in this work. The determination of a
dynamic boundary condition will begin with maximal expiration then move along the
exponential curve representing respiration to maximal inspiration. To return to maximal
expiration, the boundary condition will need to move down the decaying exponential curve
representing respiration after maximal inspiration. Incorporating this in the existing code
will require the code to accept more than one cardiac cycle and instead one respiration cycle.
It will also require than the root impedance of the branches be calculated for each time step

in the cardiac and respiration cycle to include the effects of the changing parameters.
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Appendix A

Matlab Code for Structure Tree Optimization

Optimization Code

function [parameter matrix,pressure_matrix,optimizedParameters] =
parameter optimization()

global rf_top rf mid rf bot modExperimentallnsp Pressure parameter matrix
pressure_matrix iteration;

load('modifiedExperimentalData.mat");
%%%function to perform optimization
%% Initial Parameters

%%Length to radius ratio

%%Need to scale the lrr because the minimum change by the optimizer needs to reflect both
%%lrr and asym changes

Irr_top = 60/100; %%should end up the highest - gets the least flow

Irr_mid = 40/100;

Irr_bot = 20/100; %%should end up the lowest - because gets the most flow
%%Assymetry Ratio

asyml = 0.4; %%top

asym2 = 0.6; %%middle

asym3 = 0.9; %%bottom

%%Respiration Factor

rf _top =1.0;
rf mid = 1.0;
rf bot =1.0;
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%%l teration Count
iteration=1;

%%Experimental Pressure Data
rows_needed = 1:2:99;
modExperimentallnsp Pressure = modExperimentallnsp P(rows_needed);

%%Create vector of parameters

parameters = [lrr_top;lrr_mid;lrr_bot;asym1;asym2;asym3];

b =[.45;.35;.20;0.4;0.4;0.4];

ub =[.60;.44;.34;1.0;1.0;1.0];

opt=optimset('Isqnonlin’);

opt.Display='iter’;

opt.TolFun = le-15;

opt.DiffMinChange = 0.05;

opt.Largescale='off";

optimizedParameters = Isqnonlin(@runSolution,parameters,lb,ub,opt);

return
function [error] = runSolution(parameters)

global rf_top rf mid rf bot modExperimentallnsp Pressure parameter matrix
pressure_matrix iteration;

%%Scale the Irr back to original
Irr_top = parameters(1)*100
Irr_mid = parameters(2)*100
Irr_bot = parameters(3)*100
asyml = parameters(4)

asym?2 = parameters(5)

asym3 = parameters(6)

%%Write model.Ist file - this needs to increment so it is different for
%%every run
writeLSTFile('ParameterOptimize.lst,lrr_top,lrr_mid,lrr_bot,rf top,rf mid,rf bot);

%%Write file for input to java when started
%%this file should contain asym1, asym2, asym3 and input

%%Input Writeout for forjing file write out

input = 'writeOut’;
writeJavaReadFile('ParameterReadin.txt',asym1,asym2,asym3,input);
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%%Start the java code
system('ant -buildfile ~/Work/svnRepos/analysis/build.xml’);

%%Run the standalone code with the forjing file written above
system('./run’);

%%Start the java code - need to provide the instruction to readin
input = 'readIn’;
writeJavaReadFile('ParameterReadin.txt',asym1,asym2,asym3,input);

%Y%start the java code to write out he txt file for solution
system('ant -buildfile ~/Work/svnRepos/analysis/build.xml');

%%Subtract experimental data from computed data and put in a vector

computedData =
textread('/Users/rclipp/Optimization/ParameterOptimize/LSMainPulmonary.0.0 P.txt','%f");
computedData = reshape(computedData,2,51)";

computedData = computedData(2:length(computedData),2);

%%Error equation - before weight has been applied
error = computedData-modExperimentallnsp Pressure;

%%Create Matrices
parameter matrix(:,iteration) = [iteration;parameters];
pressure_matrix(:,iteration) = [iteration;computedData];

iteration = iteration+1;

return

Write .Ist File Code

function [] = writeLSTFile(filename,lrr_top,lrr_mid,lrr_bot,rf top,rf mid,rf bot)

%%%Function to write out the .Ist file
fid = fopen(filename,'w");
fprintf(fid, MainPulmonary %f %f\n', Irr_top, rf top);

fprintf(fid,' LeftPulmonary %t %f\n', Irr_top, rf top);
fprintf(fid, RightPulmonary %f %f\n', Irr_top, rf top);
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fprintf(fid, RP.branch.2 %t %f\n', Irr_top, rf top);
fprintf(fid, RP.branch.3 %t %f\n', Irr_top, rf top);
fprintf(fid, RP.branch.4 %t %f\n', Irr_top, rf top);
fprintf(fid,' RP.branch.5 %t %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.6 %t %f\n', Irr_mid, rf mid);
fprintf(fid,' RP.branch.7 %t %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.8 %f %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.9 %t %f\n', Irr_mid, rf mid);
fprintf(fid,' RP.branch.10 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.11 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.12 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14 %f %f\n', Irr_bot, rf bot);
fprintf(fid, RP.branch.14.1 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14.2 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14.3 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.15 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.2 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.3 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.6 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.7 %t %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.8 %t %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.10 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.11 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.12 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.13 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.15 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.16 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.17 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.18 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.19 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.20 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.21 %f %f, lIrr_bot, rf bot);

fclose(fid)
Write File to Read into the Java Code

function [] = writeJavaReadFile(filename,asym1,asym2,asym3,input);

%%%Function to write out the .txt file

fid = fopen(filename, w");
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fprintf(fid, %s\n', input);

fprintf(fid, '%f\n', asyml);
fprintf(fid, '%f\n', asym?2);
fprintf(fid, '%f\n', asym3);

fclose(fid)
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Appendix B

Matlab Code for Respiration Factor Optimization

Optimization Code

function [parameter matrix,pressure_matrix,optimizedParameters] =
parameter optimization3()

global rf_top parameters ExperimentalExp Pressure parameter matrix pressure matrix
iteration;

load('Experimental Data.mat');
%%%function to perform optimization
%% Initial Parameters

%%Length to radius ratio

%%Need to scale the lrr because the minimum change by the optimizer needs to reflect both
%%lrr and asym changes

Irr_top = 56.72/100; %%should end up the highest - gets the least flow

Irr_mid = 37.75/100;

Irr_bot = 14.06/100; %%should end up the lowest - because gets the most flow
%%Assymetry Ratio

asyml = 0.2710; %%top

asym2 = 0.6388; %%middle

asym3 = 0.6548; %%bottom

%%Respiration Factor

rf _top =1.0;
rf mid=1.1;
rf _bot =1.25;

%%l teration Count
iteration=1;
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%%Experimental Pressure Data
rows_needed = 1:2:99;
ExperimentalExp Pressure = experimentalExp P(rows needed);

%%Create vector of parameters

parameters = [lrr_top;lrr_mid;lrr_bot;asym1;asym2;asym3];
rf = [rf mid;rf bot];

Ib=1[1.0;1.0];

ub =1[1.5;3.0];

opt=optimset('Isqnonlin’);

opt.Display='iter’;

opt.TolFun = le-15;

opt.DiffMinChange = 0.005;

opt.Largescale='off";

optimizedParameters = Isqnonlin(@runSolution,rf,lb,ub,opt);

return
function [error] = runSolution(rf)

global rf_top parameters ExperimentalExp Pressure parameter matrix pressure matrix
iteration;

%%Scale the Irr back to original
Irr_top = parameters(1)*100;
Irr_mid = parameters(2)*100;
Irr_bot = parameters(3)*100;
asyml = parameters(4);

asym?2 = parameters(5);

asym3 = parameters(6);

rf mid = rf(1)
rf _bot =rf(2)

%% Write model.lst file - this needs to increment so it is different for
%%every run

writeLSTFile('ParameterOptimize.lst,lrr_top,lrr_mid,lrr_bot,rf top,rf mid,rf bot);

%%Write file for input to java when started
%%this file should contain asym1, asym2, asym3 and input

%%Input Writeout for forjing file write out
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input = 'writeOut';
writeJavaReadFile('ParameterReadin.txt',asym1,asym?2,asym3,input);

%%Start the java code
system('ant -buildfile ~/Work/svnRepos/analysis/build.xml');

%%Run the standalone code with the forjing file written above
system('./run’);

%%Start the java code - need to provide the instruction to readin
input = 'readIn’;
writeJavaReadFile('ParameterReadin.txt',asym1,asym2,asym3,input);

%Y%start the java code to write out he txt file for solution
system('ant -buildfile ~/Work/svnRepos/analysis/build.xml');

%%Subtract experimental data from computed data and put in a vector

computedData =
textread('/Users/rclipp/Optimization/ParameterOptimize/LSMainPulmonary.0.0 P.txt','%f");
computedData = reshape(computedData,2,51)";

computedData = computedData(2:length(computedData),2);

%%Error equation - before weight has been applied
error = computedData-ExperimentalExp Pressure;

%%Create Matrices

parameter matrix(:,iteration) = [iteration;f];
pressure_matrix(:,iteration) = [iteration;computedData];
iteration = iteration+1;

return
Write .Ist File Code

function [] = writeLSTFile(filename,lrr_top,lrr_mid,lrr_bot,rf top,rf mid,rf bot)

%%%Function to write out the .Ist file
fid = fopen(filename,'w");
fprintf(fid, MainPulmonary %f %f\n', Irr_top, rf top);

fprintf(fid, LeftPulmonary %t %f\n', Irr_top, rf top);
fprintf(fid, RightPulmonary %f %f\n', Irr_top, rf top);
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fprintf(fid, RP.branch.2 %t %f\n', Irr_top, rf top);
fprintf(fid, RP.branch.3 %t %f\n', Irr_top, rf top);
fprintf(fid, RP.branch.4 %t %f\n', Irr_top, rf top);
fprintf(fid,' RP.branch.5 %t %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.6 %t %f\n', Irr_mid, rf mid);
fprintf(fid,' RP.branch.7 %t %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.8 %f %f\n', Irr_mid, rf mid);
fprintf(fid, RP.branch.9 %t %f\n', Irr_mid, rf mid);
fprintf(fid,' RP.branch.10 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.11 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.12 %f %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14 %f %f\n', Irr_bot, rf bot);
fprintf(fid, RP.branch.14.1 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14.2 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.14.3 %t %f\n', Irr_bot, rf bot);
fprintf(fid,' RP.branch.15 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.2 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.3 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.6 %f %f\n', Irr_top, rf top);
fprintf(fid,'LP.branch.7 %t %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.8 %t %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.10 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.11 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.12 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.13 %f %f\n', Irr_mid, rf mid);
fprintf(fid,'LP.branch.15 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.16 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.17 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.18 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.19 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.20 %f %f\n', Irr_bot, rf bot);
fprintf(fid,'LP.branch.21 %f %f, lIrr_bot, rf bot);

fclose(fid)
Write File to Read into the Java Code

function [] = writeJavaReadFile(filename,asym1,asym2,asym3,input);

%%%Function to write out the .txt file

fid = fopen(filename, w");
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fprintf(fid, %s\n', input);

fprintf(fid, '%f\n', asyml);
fprintf(fid, '%f\n', asym?2);
fprintf(fid, '%f\n', asym3);

fclose(fid)
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