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ABSTRACT

The goal of the Norwood procedure is to provide systemic circulation in a car-
diovascular system with a single ventricle. This procedure is universally performed on
the patient population of newborns with a underdeveloped left ventricle, Hypoplastic
Left Heart Syndrome (HLHS). Two alternative surgical methods are employed to pro-
vide the pulmonary circulation, Right Ventricle-Pulmonary Artery Conduit method
and the Blalock-Taussig Shunt method. The objective of this study is to take a previ-
ous compartment model of the two cardiovascular systems, verify the physiology and
accuracy of the system of ordinary differential equations, implement a simulator based
on the mathematical model, and evaluate the model’s capacity to produce a realistic
right ventricular pressure-volume loop. A MATLAB based software tool was written
to model both procedures and provide a graphical user interface for others in clini-
cal practice. An optimizer was used to adjust the parameters in order to produce a
pressure-volume loop comparable to expectations. Once a reasonable P-V loop was ob-
tained for each model, the physiological realism of the model was analyzed to discover

its validity and limitations.

X



Chapter 1

INTRODUCTION

Hypoplastic left heart syndrome (HLHS), a congenital heart defect characterized
by underdevelopment of the left ventricle and associated components, is the most
common lethal cardiac malformation in the newborn period [TMRT01]. Palliative
surgical intervention begins within the first week of life to prevent the circulatory
collapse that universally occurs if these patients are untreated [APH05] [BKD™09].
However, despite decades of experience, the one year mortality rate is still unacceptably
high at 30%, due in part to inadequate assessment measurements available to the

clinician.

1.1 Normal Cardiovascular System

In typical newborn cardiovascular circulation, there are two pumps (ventricles)
in series. The right ventricle receives partially deoxygenated blood from the right
atrium and pumps it to the pulmonary arteries and lung capillaries, which comprises
the lung or pulmonary circulation. The now oxygenated blood moves through the
pulmonary veins into the left atrium. The left ventricle then receives this oxygenated
blood and pumps it to the body or systemic circulation. From the systemic arteries,
oxygenated blood traverses capillaries of the various systemic organs (i.e. brain, kid-
neys, etc.) and enters the systemic veins partially deoxygenated. The deoxygenated
blood in the systemic veins then enters the right atrium [LB92]. Typical heart function

is illustrated in Figure 1.1.



RA. R_rahl Amur_n SVC. Superior Vena Cava TV, Tricuspid Vaive

RV. Right Ventricle WC. Inferior Vena Cava MV. Mitral Valve
LA, Left Atrium MPA. Main Pulmonary Artery PV. Puimonary Valve
LV. Left Ventricle Ao. Aorta AoV, Aortic Valve

Figure 1.1: Illustration of the four chambers of a healthy heart, valves, and connecting
blood vessels. The direction of bloodflow from the veins through the atria
and into the arteries for both left and right side of the heart is shown
with the arrow [Disl1].

1.2 HLHS Cardiovascular System

As is true in normal cardiac development, newborns with HLHS have a con-
nection between the left and right atria known as the foramen ovale. This opening is
illustrated as the red arrow between the left atrium and the right atrium in Figure 1.2.
The pulmonary artery and aorta are also connected by a large blood vessel, the ductus
arteriosus (PDA in Figure 1.2). Oxygenated blood enters the left atrium from the
lungs and mixes with deoxygenated blood in the right atrium via the foramen ovale.
When the mixed blood is ejected by the right ventricle through the pulmonary artery
to be circulated through the lungs, a portion of the blood enters the aorta through the
PDA and enters the systemic circulation [OSM™10].



RA. Right Atrium SVC. Superior Vena Cava TV. Tricuspid Valve
RV. Right Ventricle IVC. Inferior Vena Cava MV. Mitral Valve

LA. Left Atrium MPA. Main Pulmonary Artery PV. Pulmonary Valve
LV. Left Ventricle Ao. Aorta AoV, Aortic Valve
PDA. Patent Ductus Arteriosis

Figure 1.2: Illustration of the single ventricle heart of a newborn with HLHS. The
flow of blood from the left atrium (LA) into the right atrium (RA) via
the foramen ovale is shown with an arrow. The flow of blood from the
systemic veins through the right atrium (RA), into the right ventricle
(RV) and into the main pulmonary artery (MPA) is shown with a line
[Dis11].

These naturally occurring connections between the left and right side of the heart
allow for early survival of patients with HLHS [BKD*09]. Without intervention, these
two communications become progressively restricted, producing inadequate delivery
of oxygenated blood flow to the systemic circulation [EMST07]. A series of three
staged palliative surgical interventions is used to provide pulmonary and systemic blood
flow within the challenging confines of a single ventricle circulation. Specifically, the
single ventricle is burdened with both systemic and pulmonary circulations in parallel
as opposed to series (healthy heart) [APHO05]. This thesis focuses on the physiology
created by the first of these interventions.

The first stage or Norwood procedure is universally performed in this patient

population and is designed to produce an unobstructed connection between the single



right ventricle and systemic circulation, and between the systemic and pulmonary ve-
nous circulations [BKDT09]. The surgical options for providing pulmonary blood flow,
however, are complex and controversial [MMWT11] [EMS*07] [BKD'09]. The two
surgical options of the Norwood procedure performed on this patient population in-
clude either a systemic to pulmonary arterial shunt (Blalock-Taussig or BT shunt) or a
conduit between the right ventricle and pulmonary artery (RV-PA conduit) [EMST07].
Both options are associated with short and long-term complications that prevent either
from being considered decisively superior [OSM™10].

There have been previous attempts at modeling the normal cardiovascular sys-
tem, [SLH11] [FLTV06] [SSBO7] as well as a patient with a HLHS cardiovascular sys-
tem, [BMdL*08] [HCC*11]. The modeling approach discussed in this thesis is the
resultant circulatory system after the Norwood procedure. It closely mirrors the one
presented in [Kad12]. The model presented in [Kadl2] is in the form of a system of
ordinary differential equations, representing a lumped or zero-dimensional (0D) model
that was implemented in Simulink converted to MATLAB. We found the system as
presented failed to conserve total volume due to an error in the connection of the coro-
nary blood vessel. Judging the inclusion of the coronary in the model to have a minor
effect on the overall dynamics, we removed it from our model and were then able to
observe periodic dynamics.

The eventual goal of the work described in this thesis is to produce a compu-
tational model of the HLHS heart and circulation that could be customized in real
time to an individual patient at bedside. Currently, the diagnostic tools available to
physicians are unable to give adequate advance warning of serious and potentially fatal
complications.

Our main criterion for evaluating the model is the generation of a right ventricle
pressure-volume loop (P-V loop) that closely resembles that expected for patients with
HLHS. These loops are theoretical analysis tools in which the work done by the ventricle

is represented by the enclosed area of the loop [Khu06].



1.3 The Ventricular Pressure-Volume Loop

The P-V loop is a 2-dimensional representation of ventricle dynamics in the vari-

ables of pressure and volume. Physiologically, the P-V loop represents the ventricular

response to changes in systemic afterload (pressure) and ventricular filling (volume)

[Tai09]. This is an alternative to showing ventricular volume and pressure as functions

of time.
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Figure 1.3: An example of a volume and pressure as functions of time are shown
on the left and the the corresponding ventricular P-V loop on the right.
In the time based diagram, the ventricular pressure is in red and the
ventricular volume in black. In the P-V loop, the stroke volume of the
ventricle is shown with the double-sided arrow. In both figures, corre-
sponding sections of the P-V loop and time based diagram are labeled
with letters a-d and corresponding events numbered 1-4 [Klall].

The diagram of volume and pressure as functions of time show the two main

phases of the ventricle: Systole (markers 1 to 3 on the P-V loop) and Diastole (3 to 1

on the P-V loop). Systole is the period in which the ventricle is full, builds pressure

through ventricular contraction and ejects the blood (marked b and ¢ in both diagrams

in Figure 1.3).

Diastole is the period when the ventricle is relaxing and releasing

pressure while filling with blood (d and a in both diagrams in Figure 1.3) [LB92].



Section b is known as isovolumic contraction time (IVCT), during which there
is a rapid increase in pressure created by ventricular contraction without change in
ventricular volume. The onset of IVCT coincides with the closing of the mitral valve
in the left ventricle (tricuspid valve in the right ventricle), and continues until the
opening of the aortic valve in the left ventricle (pulmonary valve in the right ventricle).
Since there is no change in volume (in a healthy heart), this part of the P-V loop is a
vertical line [LB92].

Section ¢ on both diagrams of Figure 1.3 is composed of two phases of ejection
of blood from the ventricle, rapid ejection, the initial large reduction in volume, and
reduced ejection, which coincides with a slight reduction in ventricular pressure. Ejec-
tion is the result of the aortic valve opening (pulmonary valve in the right ventricle),
and finishes once the valve is closed. The volume of blood dispersed from the ventricle
during this time is known as the stroke volume (SV) [LB92|. Furthermore, the total
volume of blood pumped out of the ventricle per minute, cardiac output (CO), is com-
puted as the product of the heart rate (HR) in beats per minute and the stroke volume
[AMSA13]:

CO=HR x SV.

Section d (between 3 and 4 on both diagrams of Figure 1.3) is known as the
isovolumic relazation time (IVRT). Both the aortic valve (pulmonary valve) and mitral
valve (tricuspid valve) are closed, so there is no change in ventricular volume. However,
since the ventricle is relaxing, there is a rapid decrease in the ventricular pressure. Once
the mitral valve (tricuspid valve) opens, the ventricle begins to fill (section a on the
diagrams of Figure 1.3) [LB92].

In Chapter 2, we will introduce the models for the RV-PA conduit and BT shunt
as well as their derivations. Chapter 3 we describe the implementation of these models
in MATLAB. Chapter 4 we then show the results of the models. And finally, Chapter

5 we suggest methods to improve the models and list future tasks.



Chapter 2

MATHEMATICAL MODELS

2.1 Hemodynamics
Assuming blood is an incompressible Newtonian fluid, the steady flow @) of
blood, through a cylindrical compliant vessel can be expressed according to Poiseuilles

law:
4 (Pz - Pout)
8nl ’

where r and [ are the radius and length of the cylindrical vessel, respectively, n is

Q=" (2.1)

the blood viscosity and P, — P, is the pressure difference [Mil90]. An analogy to a

hydraulic system can be drawn by defining the hydraulic resistance as

8nl
i (2.2)

mrd’
thus defining the flow of blood through cylindrical tube as [Mil90]

Pi _Pout_AP
R R’

Q= (2.3)

More fundamentally, the equations for pressure and flow through a cylindrical
compliant vessel can be derived from the Navier-Stokes equation for incompressible
fluid. We summarize here the development given by Formaggia and Venezianni [FV03].

The Navier-Stokes equations in three dimensions are

0
p <a—: +uv- VU) = —Vp+uViv+f (2.4)

Vv = 0. (2.5)

Consider Figure 2.1. The sections I';, and I',,; are the openings of the vessel that

connect to the previous and next vessel, respectively. The section I',, is the compliant



wall of the blood vessel and the axis z denotes the radial direction. Blood flow through
this vessel, where the blood is assumed to be an incompressible fluid can be described

by equations (2.4)-(2.5).

Figure 2.1: Cylindrical compliant vessel [F'V03]

We make the following assumptions:
e The vessel has symmetry about the z-axis.
e The fluid moves only in the z direction.
e The z-axis is fixed with time.
e The pressure of the vessel P is dependent only on z and time, .
e The external forces attributed to the body can be ignored.

e The velocity component orthogonal to the z-axis is negligible and dominated by
the velocity in the z-direction.

From these one can derive the following one-dimensional partial differential equations:

A 0Q

o T ! (2.6)
00 9 [Q?\ A9P Q
ot % (7) t g TRy =0 (2.7)

where the unknowns A, P and () represent the area of the cross-section of the blood
vessel, pressure and flow of blood at that cross-section at time ¢, respectively. p is the
blood density, K the friction experienced from of the vessel’s wall’s, and e momentum-
flux correction coefficient [FVO03].

Still, equations (2.6) and (2.7) are nonlinear and impossible to solve in closed

form. To derive a more tractable model, we make the following additional assumptions:



e The displacement of the wall is algebraically related to the pressure.
e The convective terms’ contribution are negligible.

e The variations of P and ) are much larger than the variations of A and z.

Applying these assumptions and linearizing around the trivial steady solution

leads to
dP
I out — Win 2.
Cdt + Qout = Q (2.8)
d
Ld_cf + RQ + Pin = Pout- (29)

These equations are directly analogous to a linear model of an RLC circuit. The resis-
tance R expresses dissipative loss due to blood viscosity. The compliance C' represents
the storage of blood due to elastic expansion of the vessel walls. The inertance L ex-
presses the relative significance of inertia within the vessel. If we ignore inertial effects

by setting L = 0 and solving for @) in equation (2.9), we again derive equation (2.3):

P’L’ _Pout_AP

= . 2.10
g=tnfm (2.10)
Also, solving for ‘2—1; in equation (2.8),
AP Qi — Qo 1dV av
o owt _ _ 7 2.11
dt C C dt dt’ (2.11)
P=FEV. (2.12)

where E is the vessel’s elastance (inverse of the compliance).

2.2 Cardiovascular System

Our model of the circulatory system consists of twelve compartments. Three of
the twelve compartments represent the left atrium, right atrium, and right ventricle.
The rest of the circulatory system consists of the aorta, shunt or conduit, pulmonary
arteries, pulmonary capillaries, pulmonary veins, upper and lower systemic capillaries,

and the superior and inferior vena cava.



2.2.1 Modeling the Blood Vessels

The pressure and flow at the entrance of the vessel I';, in Figure 2.1 are computed
as shown in equations (2.10) and (2.11). The pressure and flow at the exit of one blood
vessel are assumed to be the pressure and flow at the inlet of the next blood vessel.
Finally, the rate of volume change of the blood at the center of the compartment is
computed as the difference between the flow at the entrance and the flow at the exit

of the blood vessel,
V(t) = Qm(t) - Qout(t)‘ (213)

2.2.2 Modeling the Heart Chambers

The heart chambers experience two phases: contraction and relazation. Con-
tractility is the gold standard measure of ventricular function and was modeled by Suga
and Sagawa [SS74] using time varying elastance. The equations to compute elastance

for each of the heart chambers are defined via:
Ein(t) = Epagip max{0, —3.374t,, ;5 (t)* + 6.568,: 4 (t)* — 1.934t,:,(t)},  (2.14)

where ¢ = 1, 2, 3 represents the selection of the heart chamber, F,,,4;.; 5 is the contractil-
ity index of the chamber, time ¢ € [0, RR], t,;x(t) the normalized time and RR is the
duration of one heartbeat [SSBO7] (i.e. 1000 microsecond (us) duration is equivalent
to 60 beats per minute (bpm)).

The normalized time variables from equation (2.14) are specified in each heart

chamber as [San12]:

t—(0—0.
tnan () = f- w, f=3, STI=0.27 (2.15)
tngn (t) = f - - (0'22T; 0‘03), f=38TI=027 (2.16)
— (0.08 — 0.0531
tnan (t) = = OET IO 053 ), STI =0.27. (2.17)

10



The parameter ST'T is the systolic time interval. This is a readily measured estimate
of cardiac function, with lower values implying better contractility [ALSE72]. Substi-
tuting each of the equations (2.15)-(2.17) into equation (2.14) for ¢ € [0, RR|, where

RR is the period of one heartbeat in microseconds, produces Figure 2.2.

9 T T T T T T T T T
8r ---El,h(t) 7
Tp| = E2,h(t) T
i of E,, ® -
25| ]
g
S 4f ‘ 1
< -
8 3t T
2 & ,\‘,\_ R - ) : R \ 1
\\
L Sl e, - o

,
0 I L 1

b\/0.0S 01 015 02 025 03 035 04 045
Time, t (seconds) where t 0 [0, RR], RR = 0.46 seconds

Figure 2.2: Time varying elastance of the heart chambers. The elastance vs. time for
the left atrium is shown blue, right atrium green, and right ventricle in

red.

Circled in Figure 2.2 is a positive artifact that should be zero to represent the
contractility of the right ventricle during diastole. To give Es; the desired periodic
behavior (E3,(0) = Es,(RR)), an indicator function was used to modify the new equa-

tion for Esj:

B35, (t) = I(t) Epag.ipn max{0, —3.374t,,; 1 (t)* 4+ 6.568t,,5 5 (t)* — 1.934t,,; (1)},

(2.18)

0 ¢e0,0.05],
where I(t) = (2.19)
1 te(0.05 RR].

11



The pressure produced during atrial and ventricular contraction of the atrial /

ventricular muscles then is modeled as
Pi(t) = Ei,h<t) (Vi(t) - VOi,h) ) (2-20)

where V; (t) is the volume in the vessel at time ¢ and V0, is the void volume, the
theoretical volume when there is no pressure generated in the heart [SSB07].
During relaxation, the pressure in each heart chamber was modeled using an

exponential diastolic pressure-volume relationship [BS93]:
Py(t) = ePSin Vi) _ 1, (2.21)

where DS, is the diastolic stiffness constant, and V;(¢) is the volume of the heart
chamber at time t.

The pressure of the atria and the right ventricle, P;(t) for i = 1,2,3, at any
time is the maximum of equation (2.20) and equation (2.21). The flows for the atria
are computed as shown in equation (2.10). This flow is the flow of blood into the atria
at its entrance. Blood flow is not allowed to flow back into the right atrium from the
right ventricle because the flow into the right ventricle is zero if the pressure difference
between the right ventricle and right atrium is negative, as shown in equation (2.10).

This emulates the tricuspid valve between the right atrium and right ventricle.

2.2.3 Modeling of the Aorta
The aorta is modeled as a standard blood vessel, with a modification for the
inflow into the aorta due to the aortic valve between the right ventricle and aorta. This

flow is defined as:

PRV<t> — PAo(t)
Rao

max{0, I, (2:22)

where Pry and Py are the pressures of the right ventricle and aorta, respectively, and
R 40 is the resistance of the aorta.
The aortic pressure is computed using two formulas. The first is the vessel

pressure as a function of the vessel’s volume and compliance (equation (2.33)). This

12



determines the aortic pressure between ventricular contractions (diastole). During ven-
tricular contraction (systole) the aortic pressure is identical to the ventricular pressure
due to the opening of the valve (equation (2.30)). To create the needed inertia to pump
blood through the modeled cardiovascular system, the aortic pressure (equation (2.35))
was substituted for all of the aorta vessel pressure (equation (2.33)). Switching between

the two choices can be seen in Figure 2.3.

Right Ventricle, PRV

Aorta Vessel Pressure PA =E D\/A(t)

O Aortic Pressure = max( Prv PA) S

N
........
eSS oS SN

Pressure

Time

Figure 2.3: The figure shows pressure as a function of time for the right ventricle (red)
and aorta (blue). The maximum pressure of the two, aortic pressure is
denoted with the black circles.

2.3 Variable Notation

Table 2.1 shows the designations of the heart-related variables, while table 2.2
shows the designations of the variables in the other parts of the lumped circulatory

system.

13



Table 2.1: Heart variable mappings

’ Description H Constants (R, C, E, Ena:) \ Index for V, P, and Q ‘
Left Atrium (1, h) 1
Right Atrium (2,h) 2
Right Ventricle (3,h) 3

Table 2.2: Blood vessel variable mappings

Description H Constants (R, C, E) \ Index for V, P, and Q ‘
Aorta (1,s) 4
Pulmonary Artery (2,s) 5
Pulmonary Capillary (3,9) 6
Pulmonary Vein (4, s) 7
RV-PA Conduit or BT Shunt (5, s) 8
Upper Systemic Capillaries (6, s) 9
Superior Vena Cava (7,5) 10
Lower Systemic Capillaries (8,s) 11
Inferior Vena Cava (9,s) 12

2.4 Right Ventricle-Pulmonary Arteries Model

The Right Ventricle-Pulmonary Arteries Conduit (RV-PA) model differs from
the healthy heart, as the reconstructed aorta receives blood from the right ventricle,
and a conduit connects the pulmonary arteries directly to the right ventricle. This is

shown Figure 2.4.

14



~ Neoaorta

| Pulmonary
artery

Right ventricle—pulmonary
artery shunt

Figure 2.4: Illustration of the physiology of the Norwood procedure following the
RV-PA conduit surgery. The reconstructed aorta connecting the right
ventricle to the systemic cardiovascular system is labeled as the neoaorta.
The RV-PA conduit is shown at the bottom right, reestablishing the
connection between the ventricle and pulmonary circulation [OSM™10].

2.4.1 Equations

The block diagram of the construction of the RV-PA conduit cardiovascular
system is shown in Figure 2.5. The system of ODEs used to model the volume of blood

in each of the heart chambers and blood segments are shown below.
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Legend Vi, 7
Direction of Blood Flow Inferior
> Vena
Cava
(9,s)

Indicates Valve Controls Flow
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Vena
Cava
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Vein Left Right Systemic

(4,s) A(tlrlL;];n A(t;u;;n Capillaries

Right Systemic
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e Capillaries
Capillaries (3,h) o
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~ Qg

Pulmonary.
Artery

*Note:
(215) Bidirectional blood

flow possible

Figure 2.5: Block diagram of the compartment network used to model the RV-PA
conduit cardiovascular system. The volume of each compartment is la-
beled by V;, for ¢« = 1,...,12. The line segments are labeled for the
blood flow each represents, with the dashed lines representing flows be-
tween compartments regulated by valves. For example, ()5 is the blood
flow into the right atrium and is represented by lines from its three differ-
ent sources. Similarly, all line segments are labeled for which pressures
they represent. The aortic pressure AO is used multiple times in the
model.

Left Atrium, 1 / (1,h)

Pi(t) — Ps(t)

(t) = Qu(t) - (223)
Pr (t) = max{e(P$:Vi0) 1 By (8) (Vi () — VO )} (2.24)
0 (= Al (2.25)

Rip
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Right Atrium, 2 / (2,h)

Vo(t) = Qalt) — Qs(t)
Py (t) = max{e(PS20V20) _ 1 B, (8) (Vo (£) — V0o)}

Q2 (1)

_ Pi(t) = Palt) | Pult) = Palt) | Pialt) = Pa(0)

Ry p, Rsve Rrve

Right Ventricle, 3 / (3,h)

Va(t) = Qs(t) — (Qa(t) + Qs())
Py (t) = max{e(PSnV5®) _ 1 By, (1) (Vs (t) — VO03)}

By (1) = By (t)}

Q3 (t) = max{0, o

Aorta, 4 / (1,s)

Vi(t) = Qua(t) — (Qolt) + Qui(t))
Py(t) =Vi(t) B

_ By () = Py (1)
Q4 (t) = max{0, T R.

A0 (t) = max{Ps (t), Py ()}

}

Pulmonary Artery, 5 / (2,s)
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)
(2.33)

(2.34)

(2.35)

(2.36)
(2.37)

(2.38)



Pulmonary Capillaries, 6 / (3,s)

Pulmonary Vein, 7 / (4,s)

Conduit, 8 / (5,s)

Ve(t) = Qo(t) — Q7(t)

Upper Systemic Capillaries, 9 / (6,s)

Qs () = s
Va(t) = Qo(t) — Quo(t)
Py (t) = Vo (t) Es,s
vy (t)R ;Pg (t)
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(2.39)
(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)
(2.49)
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Superior Vena Cava, 10 / (7,s)

Pio(t) — P(t)

Vlo(t) = Quo(t) — Rove (2.51)
Pio (t) = Vio (t) B (2.52)
Quo () = 2ol (2.53)

Lower Systemic Capillaries, 11 / (8,s)
Vii(t) = Qui(t) — Qua(t) (2.54)
Py (t) = Vii (t) Bg s (2.55)
Qu (t) = A0 (t)R_g P () (2.56)

Inferior Vena Cava, 12 / (9,s)

Via(t) = Qua(t) — %;CPZ(” (2.57)
Py (t) = Vig (t) Eg s (2.58)
Q2 (1) = P (t) = Pra (1) (2.59)

RQ,S

2.5 Blalock Taussig Shunt Model

The Blalock Taussig (BT) shunt model differs from the RV-PA conduit model in
that instead of the conduit coming from the right ventricle to connect the pulmonary
system, an artery from the aorta is connected to the pulmonary system. This is shown

in Figure 2.6.
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Modified Blalock-Taussig
shunt

Figure 2.6: Illustration of the physiology of the Norwood procedure following the BT
shunt surgery. The reconstructed aorta connecting the right ventricle
to the systemic cardiovascular system is labeled as the neoaorta. The
shunt is shown at the top middle, establishing the connection between
the reconstructed aorta and pulmonary circulation [OSM*10].

2.5.1 Equations

The system of ODEs used to model blood volume in each of the heart chambers
and blood segments represented in Figure 2.7 is very similar to those used to model the
RV-PA conduit. Equations (2.60)-(2.62) are the only differences between these models.
The block diagram showing the construction of the BT shunt cardiovascular system is

shown in Figure 2.7.
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Legend Vi, ]
Direction of Blood Flow Inferior
> Vena
Cava
(9,s)

Indicates Valve Controls Flow

Superior’®
Vena
Cava

Pulmonary .
Vein Left Right

(4,3) Atrium Atrium
(1,h) (2,h)

Systemic
Capillaries

Right Systemic
Pulmonary Ventricle Capillaries

Capillaries (3,h) 6,5
(3,5) *
~_

Pulmonary. BT Shunt
Artery (5,s)
(2,5) |

Figure 2.7: Block diagram of the compartment network used to model the BT shunt
cardiovascular system. The volume of each compartment is labeled by
Vi, for i = 1,...,12. The line segments are labeled for the blood flow
each represents, with the dashed lines representing flows between com-
partments regulated by valves.

Right Ventricle

Vs(t) = Qs(t) — Qu(1) (2.60)

Aorta, 4 / (1,s)

Vi(t) = Qu(t) — (Qs(t) + Qo(t) + Qu(t)) (2.61)
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BT Shunt, 8 / (5,s)

(2.62)
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Chapter 3

COMPUTER IMPLEMENTATION DETAILS

The implementation of the model was done in MATLAB R2010a (Student Ver-

sion) and consists of three parts:

e Simulation Core: Module performing the simulation of the cardiovascular system
o GUI: User interface to modify key parameters

e Parameter Searching: Module used to find the set of parameters that creates the
best match to a desired P-V loop.

3.1 Simulation Core

Figure 3.1 illustrates the simulation core explained in this section. Each heart
chamber and blood vessel utilizes various constants representing resistances, compli-
ances, etc. These cardiovascular system parameters are maintained in two structures.
One structure was created to store R;p, Ejmaz, DSipn, and V0, for i = 1,2,3. For
the blood vessels, a second structure was created to store E; s and R; s fore =1,...,9.

These structures containing the constants are set before the simulation is executed.
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i=i+1

Start

Initialize constants, C, and initial volume , V,(RR)
Create anonymous function, ODE wrapper
around Simulate with Constants

l Vo(RR), ODE wrapper, [0, RR], C

-)L Fori=1,..,N J

V;_1(RR), ODE wrapper, [0,RR], C
\ t € [0,RR], V(1) t,V(),C t, V() C
—_— —_—  ——
ComputePressureAndFlow
av wrapper av (t)
dt dt P(t),Q(t)
A0(t)
%(T)= V(o |teT), . T lt
T={t; €[0,RR]|i=1,..,n) ®
Compiling
End ‘Vi(T)’ P,-(T), Qi(T), AO,-(I) of Statistics ComputePressureAndFlow
| Fori=1,.,N and
Plotting

Figure 3.1: Simulation of the cardiovascular system

A uniform partition of n time elements over the interval [0, RR],

T={t= (1>-RRyz‘:1,...,n},

n

is created by the simulation core. The results of each iteration for V, P, and @) are

matrices in R"*'2 and represent the volumes, pressures, and flows of the cardiovascular

system at each time ¢; € T. (i.e. the m' entry in the 3" column of V is Vj (¢,,) for

some m = 1,...,n.).

The simulation core consists of functions to initialize heart chamber and blood

vessel parameters, compute contractility of the heart chambers and elastance of the

blood vessels, compute pressure and flow of each compartment, and calculate ”fi—‘t/ for

each

chamber. The first function executed initializes the structures containing the
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circulatory parameters, RR, STI, and initial volumes, Vo(RR) € R!?. Also among
the constants is a flag representing whether the model is to reflect a RV-PA conduit
cardiovascular system or a BT-shunt cardiovascular system.

The system of ODEs (equations (2.23)-(2.62)) is solved as an initial value prob-
lem (IVP) using the MATLAB solver ode15s. This solver was chosen due to the
existence of the maximum functions, representing the valves (tricuspid and aortic

valves). These discontinuities make the system of ODEs numerically stiff. The IVP

av

L € R when given a time,

solver ode15s requires a MATLAB function that returns
t € [0, RR] and corresponding volumes, V' € R'? of all the blood vessels and heart
chambers as arguments. This function is called Simulate. As an intermediate step, it
computes the corresponding pressures and flows of each compartment.

Simulate utilizes the function ComputePressureAndFlow, which is passed the
same arguments. ComputePressureAndFlow returns the pressures and flow of each
compartment and aortic pressure for an n x 1 vector of times (n = 1 when Simulation
is making the function call), P,Q € R™'2 AO € R", respectively. The function also
makes a call to ComputeContractility which computes the contractility F € R™*13
for each heart chamber and returns the constant compliances of the blood vessels for
each time.

The solution returned by the ODE solver represents the computed volumes of
each of the compartments for the given time span for one cycle of a heartbeat. Because
we do not have an accurate feasible initial condition for the entire system, the solver
is iterated in a for loop to run for N cycles. The number of heartbeats needed is
large enough such that given the initial volume of each compartment, V,(RR) € R",
the solution converges to a limit cycle. For the first time through the loop, the initial
volume Vo(RR) is passed to the simulation function. For the " iteration, 1 < i < N,
the initial volume is then set to V;_1(RR), the volume of the vessels in the previous
iteration at the last time point. Figure 3.2 illustrates the convergence of the solutions

to a stable limit cycle.
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Right Ventricle P-V Loop (Zoomed) Right Ventricle P-V Loop
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Figure 3.2: The figure on the right shows the resultant P-V loop of the right ventricle
from each iteration on the same plot. Each iteration is representative of
a heartbeat. The figure on the left is a zoomed in section of the figure
on the right. The direction of the convergence is shown with an arrow.

3.2 GUI

A GUI was built around the simulation core to provide a means for the user to
select a subset of parameters values. Initial values of the parameters were chosen for
the user to change through the interface. The layout of the available parameters and

the editable fields in the GUI are shown in Figure 3.3.
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Figure 3.3: GUI screenshot

When the simulation is executed through the GUI, the data from the cycles
given in the edit box 14 to edit box 13 of Figure 3.3 will be shown in the generated

plots shown in Figure 3.4. Moreover, the number of iterations NN is set in box 13.
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Figure 3.4: Sample graphical output from the GUI. The top figure of Figure 3.4 is the
generated P-V loop from the execution of the simulation. The bottom
three figures are volume vs. time (bottom left), pressure vs. time (bottom
center), and flow vs. time (bottom right) of the right ventricle, upper and
lower systemic capillaries, and left and right atria.

3.3 Parameter Identification

The initial set of parameters utilized in the GUI did not produce a fully realistic
P-V loop. At the least, a P-V loop for HLHS patients should have minimum and
maximum volume of 15 mL and 30 mL, respectively. It also should have minimum and
maximum pressure of 5 mmHg and 80 mmHg, respectively. Adjusting the parameters
manually to produce a fully realistic P-V loop is a rather daunting task due to the
dimension of the solution space. There are 30 parameters in the model, each having
global effects on the behavior of the cardiovascular system. Rather than tune the model
by hand, a least-squares optimizer was utilized. The MATLAB function 1sqnonlin

solves nonlinear least-squares problems expressed as

min || ()3 = min (f(2)? + fala)? + -+ fule)?)

To express the parameter searching problem as a nonlinear least-squares prob-

lem, an objective function was defined to map a set of parameters representing the
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constants of the model at the j iteration, x; to a vector of residuals

[F1(25), fa), - o ful))]

for some n > 0. The objective function defines a uniform partition of the interval
0,RR], T ={t; € T |i=1,...,|T|}. A uniform partition of 100 elements was used
for our results. Given the volume and pressure of the theoretical P-V loop with the
desired traits and the P-V loop corresponding to the given values over this partition

T, the objective residual is defined as

filz;) = \/(Vs,h(tz') — Vi (6))* + (Psu(ti) — Poj (1)), ti €T,

where V3, P35, are the volume and pressures associated with the constants z; and
Vovj, Pop; are the corresponding volume and pressure on the goal P-V loop.

Figure 3.5 illustrates how the objective function is evaluated for a partition
of 100 points (i.e. [T| = 100 and t; = i - 1 for + = 1,...,100). The left hand
side figure shows the P-V loop of the goal (blue) and the current parameters being
evaluated (red). The lengths of the black lines are representative of the f;(x)’s for
1 = 1,...,100, where the points shown in the figure are the corresponding points in
time. The two figures on the right show volume versus time (top right) and pressure
versus time (bottom right) corresponding to the goal P-V loop (blue) and the current
P-V loop being evaluated (red). The black lines of the figures on the right illustrate
the differences between volumes and pressures. The squared residual of the objective

function is an approximately scaled sum of the squares of the areas between the curve

pairs.
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Figure 3.5: Evaluation of objective junction example for |7'| = 100. The figure on
the left shows the P-V loop evaluated from the current parameters in
blue and the goal P-V loop in red. The black lines show the sampled
differences between the two P-V loops. The figures on the right show the
corresponding volumes (top) and pressures (bottom) vs. time. The black
lines on each plot are the sampled differences between the volumes and
pressures.

To derive a goal P-V loop, a linear transformation was applied to the P-V
loop of the right ventricle from the RV-PA model utilizing the default GUI constants
(Figure 3.4). In Figure 3.6, the P-V loops corresponding to the original GUI parameters
for the RV-PA conduit model (green) and BT shunt (blue) are shown with the derived
goal P-V loop (red).
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Figure 3.6: The goal P-V loop is shown in is shwon in red with the RV-PA conduit
and BT shunt evaluated with the initial parameters shown in green and
blue, respectively.

The flow of the code for the parameter identification is shown in Figure 3.7.
Similar to the simulation core, the start of the program sets the initial values of the
parameters and volumes at RR, Vo(RR). The initialization also defines which pa-
rameters to pass the optimizer 1sqnonlin. The program then defines an anonymous
function used to wrap the objective function, passing it the initial parameters, which
parameters are being optimized by 1sqnonlin, the partition of [0, RR], T, and the goal
volume and pressure evaluated over T', V,;; and Py, respectively.

The start of the program then gives 1sqnonlin an initial guess for the param-
eters being tuned in the form of a vector xy and the anonymous function handle to
the objective function. When lsgnonlin calls the objective function, it passes the
current estimate of the parameters being tuned, x;. The objective function wrapper
augments these with the set of fixed parameters to enable calling the simulation core
(Figure 3.1). The simulation core is then executed, returning a set of simulated vol-

umes and pressures of the cardiovascular system evaluated over the partition 7. The
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objective function then computes {f; (z;)|i = 1,...,|T|} and returns this vector to the

optimizer.

Once any of the stopping conditions are reached by lsqnonlin, such as finding

the solution, maximum number of iterations being executed, or minimum step size of

the solution reached, the last computed solution x,; and the reason for stopping are

returned. Figure 3.8 shows an example of the results of the parameter identification

code.

Start

- Initialize the initial guess of the constants, C, and initial volume, V,(RR)
- Determine which constants to tune and create initial guess for

Isgnonlin, x4 from C,
- Not all constants are tuned

- Defines the goal P-V loop of the right ventricle, Pobj and Vobj and the

partion of [0, RR], T to evaluate over
- Create objective function wrapper

Cl Pobjl Vobj

T={t;€[0,RR]|i=1,..n}

X0, objective
objective function Converter
function wrapper - Takes x;and updates the constants C to
wrapper create the new sets of constants C;,
updates initial volume V,,(RR)
N
Simulation
€« Core
(Figure 3.1)

ACHIEE S}

Xm

PO |teTL{V@®)|teT}

Translate
final answer,
X, to the
constants Cy,

Evaluates the objective function:

{i®)i=1..,IT}}
= {J(P3,h(ti) - Pobj(ti))2 + (Van(ty) — Vobj(fi))z |Vt € T}

Figure 3.7: Flow chart of paramater search
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Figure 3.8: Example of parameter identification. The initial estimate of the first
evaluation is shown in blue and is the P-V loop with the largest pressure
in the top right figure. The iterations are colored from blue (first estimate
of the solver) to dark red (the last estimate of the solver). The P-V loops
can be seen moving towards the objective P-V loop, shown in black in
both figures. This is further illustrated in the bottom left figure showing
a zoomed in portion of the upper right plot.
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Chapter 4

RESULTS

The resulting parameters utilizing the ventricular P-V loop for both the RV-

PA conduit model and BT shunt model were evaluated to determine which physiology
effects were captured well and which were not. The optimizer was allowed to modify all
resistances of each blood vessel and heart chamber, R, and R;; for¢=1,2,3 and j =
1,...,7 and the elastances of each blood vessel, F; for j = 1,...,7. The resistances
of each blood vessel flowing into the atria, R, Rjvec and Rgyc were related so that
the optimizer treated them as one parameter, i.e. R;; = Riyc = Rgye. Symmetry
assumptions about the physiology led to additional equalities:

e The resistances of the lower and upper systemic capillaries, g s = Rs 5.

e The elastances of the lower and upper systemic capillaries, Eg s = Eg 5.

e The resistances of the inferior vena cava and superior vena cava, R7 s = Ry

e The elastances between the capillaries and their respective vena cava, F7 s = Fq g

The E,,qq,i 5 of each heart chamber was allowed to be modified, 7 = 1,2, 3. The diastolic
stiffnesses of the atria, DS and DSy were also variables subject to DS 5, = DSy .
Finally, the initial volume of blood in each compartment was also scaled by the same

proportion controlled by the optimizer.

4.1 RV-PA Conduit Resulting Parameters

Figure 4.1 shows the resulting RV-PA conduit P-V loop obtained by optimiza-
tion compared to the goal P-V loop. It is important to note that the optimizer reached
the maximum number of objective function evaluations. Due to the diminishing returns
observed in the behavior of the optimizer towards the end of the run, the parameter

values were taken as nearly optimized, at least locally.
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Figure 4.1: Resulting P-V loop of the RV-PA conduit model. The goal P-V loop is
shown in blue, and the resulting P-V loop from the optimizer in green.

While the resulting simulation does not perfectly match the goal P-V loop,
it has several desirable characteristics. The ventricular stroke volume of 16.6 mL is
appropriate. The resulting ventricular pressures were also in a reasonable range of 3.8
mmHg to 80.1 mmHg. As we expected, the resulting P-V loop also shows a very limited
IVCT. Rather than observing a vertical line from the bottom right corner of the loop
to the top right, a rounded corner is noted. This was expected and due to the lower
blood pressure of the pulmonary system (Figure 4.4) when compared to that of the
right ventricle (Figure 4.2). This lower blood pressure is creating a pressure head from
the right ventricle, into the valveless RV-PA conduit, and into the pulmonary artery.
The declined IVRT (as compared to a healthy heart) is also in line with expectations
for the RV-PA heart.

The resultant P-V loop in Figure 4.1 does show an unexpected corner cut-off
at the bottom left (end of IVRT). While back-flow causing an early increase of volume
at the end IVRT is attributed to the lack of valve between the pulmonary system
and right ventricle in the model, this may be too large to be realistic for the RV-PA
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conduit. The pressures of the the three heart chambers (middle plot of Figure 4.2)

show a sharp drop in the right ventricular pressure. This pressure drops lower than

that of the right atrium, causing the blood to flow from the atria into the right ventricle

and the observed behavior of this corner.

Figures 4.2 to 4.4 show the volumes (top figure), pressures (middle figure) and

flow (bottom figure) versus time for the heart, systemic system, and pulmonary system,

respectively. Upon further inspection, the limited IVCT is not entirely due to the

valveless RV-PA conduit.

The lower blood pressure of the systemic components is

causing low blood pressure in the aorta and causing the aortic valve to open perhaps

earlier than it should. Also note that there is observed back-flow from the right atrium

into the left atrium. This is caused by a small pressure difference between the two

atria and a very small resistance of the right atrium, Ry (Table 4.1).
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Figure 4.2: Volume, pressure, and flow of the heart vs. time of the RV-PA model.

In all three figures the left atrium is shown in blue solid line, the right
atrium in green dashed line, and right ventricle in the red dashed-dot
line. Each heartbeat is delineated by a solid black line. The top plot is
the volume vs. time, middle plot is pressure vs. time, and the bottom
plot is the flow vs. time.
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Figure 4.3: Volume, pressure, and flow of the systemic system vs. time of the RV-
PA model. In all three figures the aorta is shown in the red solid line,
the upper and lower systemic capillaries in the pink dashed line, and
superior and inferior vena cavas in the blue dotted line. Each heartbeat
is delineated by a solid black line. The top plot is the volume vs. time,
middle plot is pressure vs. time, and the bottom plot is the flow vs. time.
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Volume, pressure, and flow of the pulmonary system vs. time of the RV-
PA model. In all three figures the pulmonary artery is shown in the red
solid line, the pulmonary capillary in the pink dashed line, pulmonary
vein in the blue dashed-dotted line, and the RV-PA conduit in the green
dotted line. Each heartbeat is delineated by a solid black line. The top
plot is the volume vs. time, middle plot is pressure vs. time, and the
bottom plot is the flow vs. time.

The optimized parameters and their original values are shown in tables 4.1 and
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4.2 for the heart and blood vessels, respectively. In table 4.2, the reason for the low
systemic blood pressure can be seen. The aorta was made to be more compliant than
the pulmonary artery with a small resistance. The compliance of the aorta should be
less than or equal to the compliance of the pulmonary artery. Similarly, the resistance

of the aorta should be comparable to the resistance of the pulmonary artery.

Table 4.1: Optimized RV-PA conduit heart parameters

’ Description ‘ Parameter ‘ Original ‘ Optimized ‘

Resistance
Left Atrium Ry, 0.198 0.241
Right Atrium (from Left Atrium) Ry, 0.018 4.1e-7
Right Atrium (from Lower Systemic) Rrve 0.198 0.241
Right Atrium (from Upper Systemic) Rsve 0.198 0.241
Right Ventricle Rsp 0.047 0.062
Emam
Left Atrium | Ehaz1.n 4.026 3.762
Right Atrium | Epeezs | 1.884 1.546
Right Ventricle | E0z3n 3.773 3.758
Diastolic Stiffness
Left Atrium DS, 0.432 0.388
Right Atrium DS5 0.432 0.388
Right Ventricle DSsp, 0.092 0.092
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Table 4.2: Optimized RV-PA conduit blood vessel parameters

’ Description \ Parameters \ Original \ Optimized ‘

Resistance
Aorta R s 0.495 0.510
Pulmonary Artery Ry s 1.172 1.056
Pulmonary Capillaries R s 0.968 1.133
Pulmonary Vein Ry s 0.415 0.415
RV-PA Conduit Rs 0.003 0.019
Upper Systemic Capillaries R s 2.493 2.280
Superior Vena Cava Ry, 0.354 0.339
Lower Systemic Capillaries Rg 2.493 2.280
Inferior Vena Cava Ry 0.354 0.339
Inverse compliance

Aorta E, 3.174 3.257
Pulmonary Artery Ey s 6.512 6.402
Pulmonary Capillaries Es 3.220 3.573
Pulmonary Vein Ey 0.274 0.277

RV-PA Conduit Es s 278.394 | 254.322
Upper Systemic Capillaries Es. s 8.553 8.781
Superior Vena Cava Er 0.238 0.251
Lower Systemic Capillaries Eg 8.553 8.781
Inferior Vena Cava Ey s 0.238 0.251

The remaining values show reasonable characteristics. For example, the resis-
tances of the veins (R; s for i = 4,7,9) and compliances of the veins (E; ; for i =4,7,9)
are smaller than their corresponding arteries and capillaries. This was expected as
veins are more compliant vessels than arteries and capillaries as blood encounters little
resistance when flowing from capillaries to veins. All resistances of the capillaries are
also larger than their corresponding arteries. The systemic capillaries are made to be
less compliant than their arteries, unlike the pulmonary artery and capillaries.

Table 4.3 shows the optimized initial volumes compared to the original starting
volumes of each compartment. The overall volume of blood increased by almost 2 mL,

within the reasonable range of volume for a newborn.
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Table 4.3: Optimized RV-PA conduit initial volumes

Description | Volumes | Original | Optimized

Left Atrium | Vi(RR) | 8.625 8.675

Right Atrium | Vo(RR) | 3.450 3.470

Right Ventricle | V3(RR) | 12.938 13.012

Aorta | Vo(RR) | 9.200 0.253

Pulmonary Artery | V5(RR) | 11.500 11.566
Pulmonary Capillaries | Vg(RR) | 28.750 28.915
Pulmonary Vein | Vz(RR) | 34.500 34.698

RV-PA Conduit | Vs(RE) | 17.250 | 17.349

Upper Systemic Capillaries | Vo(RR) | 9.200 9.253
Superior Vena Cava | Vio(RR) | 86.250 86.745

Lower Systemic Capillaries | Vi1(RR) | 9.200 9.253
Inferior Vena Cava | Vi2(RR) | 86.250 86.745
Total Cardiovascular Volume 317.113 | 318.932

Figure 4.5 shows an additional investigation into the back-flow of blood from the
right atrium into the left atrium. As shown in equations (2.24), (2.27), and (2.30), the
pressure of each heart chamber has both an active and passive component. The reason
for the back-flow is the sharp drop in pressure during the left atrium’s contraction
time (top right figure). This pressure is lower than the pressure of the right atrium,
causing a pressure head moving from the right atrium into the left atrium while blood

is flowing into the right ventricle as well.
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Figure 4.5: Passive vs. active pressure functions of the heart (RV-PA Conduit Model).
In all three plots, the red dashed line is the modeled active pressure
of the heart chamber and the blue solid line the passive. The top left
plot shows the pressure modeling of the left atrium, the top right is the
pressure modeling of the right atrium, and the bottom plot is the pressure
modeling of the right ventricle.

4.2 BT Shunt Resulting Parameters

Figure 4.6 shows the resulting BT shunt P-V loop derived by 1lsqnonlin com-
pared to the goal P-V loop. Once again, the optimizer reached its maximum number of
evaluations of the objective function. Due to the diminishing returns observed in the
behavior of the optimizer towards the end of the run, the parameter values were taken
as nearly optimized. The stroke volume of this P-V loop, 16.9 mL, is within reasonable
tolerance and the pressures fall into the range of 4.1 mmHg to 77.5 mmHg. While
there are differences from the RV-PA conduit results (Figure 4.1), the decreased IVCT
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and IVRT are still present. Again, the bottom left corner’s unanticipated behavior is
explained by the atrial pressure creating the back-flow of blood from right atrium into
the left. This effect is further illustrated in Figure 4.7. Also, the decreased IVCT is
the result of the low systemic blood pressure causing the aortic valve to open earlier.
A decreased IVCT is not an expected characteristic of the BT shunt, as the shunt is

connected to the aorta directly, not the right ventricle.
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Figure 4.6: Resulting P-V loop of the BT shunt model. The goal P-V loop is shown
in blue, and the resulting P-V loop from the optimizer in red.

Figures 4.7 to 4.9 show the volumes (top figure), pressures (middle figure), and
flow (bottom figure) versus time for the heart, systemic system, and pulmonary system,

respectively.
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Figure 4.7: Volume, pressure, and flow of the heart vs. time of the BT shunt model.
In all three figures the left atrium is shown in blue solid line, the right
atrium in green dashed line, and right ventricle in the red dashed-dot
line. Each heartbeat is delineated by a solid black line. The top plot is
the volume vs. time, middle plot is pressure vs. time, and the bottom
plot is the flow vs. time.
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4.8: Volume, pressure, and flow of the systemic system vs. time of the BT
shunt model. In all three figures the aorta is shown in the red solid line,
the upper and lower systemic capillaries in the pink dashed line, and
superior and inferior vena cavas in the blue dotted line. Each heartbeat
is delineated by a solid black line. The top plot is the volume vs. time,
middle plot is pressure vs. time, and the bottom plot is the flow vs. time.
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Figure 4.9: Volume, pressure, and flow of the pulmonary system vs. time of the BT
shunt model. In all three figures the pulmonary artery is shown in the red
solid line, the pulmonary capillary in the pink dashed line, pulmonary
vein in the blue dashed-dotted line, and the RV-PA conduit in the green
dotted line. Each heartbeat is delineated by a solid black line. The top
plot is the volume vs. time, middle plot is pressure vs. time, and the
bottom plot is the flow vs. time.

Tables 4.4 and 4.5 show the optimized parameters compared to the original
parameters. These parameters are consistent in behavior with the resulting RV-PA

conduit parameters.
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Table 4.4: Optimized BT shunt heart parameters

Description ‘ Parameter ‘ Original ‘ Optimized ‘

Resistances
Left Atrium Ry, 0.198 0.282
Right Atrium (from Left Atrium) Ry, 0.018 0.074
Right Atrium (from Lower Systemic) Rrve 0.198 0.282
Right Atrium (from Upper Systemic) Rsye 0.198 0.282
Right Ventricle Rsp, 0.047 0.024
Emaa:
Left Atrium | Epap.1.0 4.026 4.801
Right Atrium | Epaz2n 1.884 1.718
Right Ventricle | E,003n 3.773 3.774
Diastolic Stiffness
Left Atrium DS, 0.432 0.422
Right Atrium DSs 0.432 0.422
Right Ventricle DSs 0.092 0.092
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Table 4.5: Optimized BT shunt blood vessel parameters

Description ‘ Parameters ‘ Original ‘ Optimized ‘

Resistances
Aorta Ry 0.495 0.373
Pulmonary Artery R s 1.172 0.973
Pulmonary Capillaries R3¢ 0.968 0.663
Pulmonary Vein Rys 0.415 0.101
BT Shunt Rs 0.003 0.023
Upper Systemic Capillaries R 2.493 2.249
Superior Vena Cava Ry 0.354 0.515
Lower Systemic Capillaries Rg s 2.493 2.249
Inferior Vena Cava Ry ¢ 0.354 0.515
Inverse compliance
Aorta Ey 3.174 4.421
Pulmonary Artery Es s 6.512 9.709
Pulmonary Capillaries Es 3.220 5.843
Pulmonary Vein Ey 0.274 0.398
BT Shunt Es 278.394 236.334
Upper Systemic Capillaries Es 8.553 8.744
Superior Vena Cava Eq 0.238 0.215
Lower Systemic Capillaries Eg ¢ 8.553 8.744
Inferior Vena Cava Eqg ¢ 0.238 0.215
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Table 4.3 shows the resulting initial volumes of the BT shunt model from the
optimizer. As before, the volumes are just scaled equally from the original parameters,
as the simulation runs enough iterations to converge on the proper volume of each

vessel.
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Table 4.6: Optimized BT shunt conduit initial volumes

Description | Volumes | Original | Optimized

Left Atrium | Vi(RR) | 8.625 8.587

Right Atrium | Vo(RR) | 3.450 3.435

Right Ventricle | V3(RR) | 12.938 12.881

Aorta | Vo(RR) | 9.200 0.159

Pulmonary Artery | V5(RR) | 11.500 11.449
Pulmonary Capillaries | Vg(RR) | 28.750 28.623
Pulmonary Vein | Vz(RR) | 34.500 34.348

BT Shunt | Vs(RER) | 17.250 | 17.174

Upper Systemic Capillaries | Vo(RR) | 9.200 9.159
Superior Vena Cava | Vio(RR) | 86.250 85.870

Lower Systemic Capillaries | Vi1 (RR) | 9.200 9.159
Inferior Vena Cava | Vi2(RR) | 86.250 85.870
Total Cardiovascular Volume 317.113 315.716

Figure 4.10 shows the additional investigation into the modeling of the active
and passive pressures of the heart chambers. We found the same results as in the
RV-PA conduit model (Figure 4.5). However, the active pressure of the right atrium
(top right figure of Figure 4.10) is never used in the the final BT shunt P-V loop. This
fact further suggests that the modeling of the atrial pressure taking into account the
atrial contraction is suspect, producing physiological inaccuracies (back-flow from the

right atrium into the left atrium).
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Figure 4.10: Passive vs. active pressure functions of the heart (BT Shunt Model).
In all three plots, the red dashed line is the modeled active pressure
of the heart chamber and the blue solid line the passive. The top left
plot shows the pressure modeling of the left atrium, the top right is
the pressure modeling of the right atrium, and the bottom plot is the
pressure modeling of the right ventricle.
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Chapter 5
CONCLUSION

We were able to improve the HLHS cardiovascular model presented in [Kad12]
and move towards producing a right ventricular P-V loop that displays desirable char-
acteristics for both commonly used surgical variants of the Norwood procedure. A
correction included in our model is the conservation of blood volume, achieved by
removing the coronary artery blood vessel whose contribution to the model was neg-
ligible. Another key difference between the two models is the numerical method used
to solve the system of ODEs. Applying the advanced general-purpose solver ode15s
to the system reduced the run-time of the model from over a minute for 100 cycles to
20 seconds. Our model also provides future researchers without extensive MATLAB
knowledge the ability to explore the effects of the model parameters through a GUI and
see the resulting right ventricular P-V loop and volumes, pressures, and flows versus
time for some of the modeled compartments.

To identify parameters that produced a ventricular P-V loop that best fit desired
characteristics such as stroke volume and maximum and minimum pressures, a nonlin-
ear least-squares optimization was performed using the MATLAB function 1sqnonlin.
For the RV-PA conduit model, the optimized P-V loop had a stroke volume of 16.6
mL and pressures in the interval [3.8,80.1]. While this P-V loop showed the expected
decrease in IVCT as compared to a healthy heart, the IVRT did not have the expected
results. The optimized BT shunt ventricular P-V loop showed comparable results;
its optimized P-V loop had a stroke volume of 16.9 and pressures within the interval
[4.1,77.5].

While the decreased IVCT time is expected for the RV-PA conduit model, it

was not for the BT shunt model. Further investigation revealed that the systemic
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blood pressure was much lower than the pulmonary blood pressure in both models.
This lower blood pressure potentially could be causing the aortic valve to open early
(equation (2.34)-(2.35)), thus causing the reduced IVCT. Also, since the pulmonary
cardiovascular system and systemic cardiovascular system both branch from the aorta
in the BT shunt model, the lower pulmonary blood pressure was creating a vacuum
and pulling blood from the body into the pulmonary system. Future work should be
done to try to increase the systemic blood pressure and to determine if the decreased
IVCT is still present in both models to a lesser extent in the RV-PA conduit model, or
removed completely from the BT shunt model.

Further investigation into the pressure vs. time plots for the atria revealed an
unanticipated back-flow of blood from the right atrium and into the left atrium. This
was a result of the atrial modeling of contractility. Further work should be done
exploring other models for the atrial contractility and pressure. In addition to the
modeling of contractility of the atria, the contractility of the right ventricle should
be explored to evaluate other models of the pressure of the various heart chambers
and their effects on the results. The unexpected IVRT behavior can be attributed
to the modeling of the contractility of the ventricle, which is affecting the formula for
computing pressure during contraction. Another possible reason for the observed back-
flow could be one of the assumptions about blood being an incompressible Newtownian
fluid with no inertance. This assumption is allowing for the instantaneous change in
direction of the flow without accounting for the momentum of the fluid.

Additional future modifications to the current model for both the RV-PA con-
duit and BT shunt may include modeling the O, saturation, the reincorporation of the
coronary artery into the model, and validation of the optimized ventricular P-V loops
with actual patient data. The model could also be revisited to remove components of

the model to further simplify the current model.
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