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ABSTRACT

The interaction between the heart and brain activity has been widely studied
extensively in the past. This present work deals with the interaction between the heart
and brain activity of patients treated with dobutamine. During dobutamine infusion,
the heart rate increases, but there is a negligible increase in blood pressure. For this
study, brain activity (EEG) is monitored while patients are undergoing dobutamine
infusion. This study comprises of three main parts. The movement of the myocardium
recorded as part of the echocardiogram test was used in blood flow model. Blood flow
results for several successive heart eats were found to be consistent. In the first part of
the work, the generation of the electrical signal in the Sinus Nodes (SA nodes) was
modeled. The process starts with the docking of dobutamine into the (3, adrenergic
receptor using AutoDock4 software. The SA node model was simulated by 200
molecules docking with four different dosages of dobutamine 10, 20, 30, and 40 mics
(or milligrams per kg per minute). Assumptions were made concerning the number of
ion channels opened by the dobutamine docking and the potential passed to the AV
nodes and the Purkinji fibers calculated using mathematical models of cardiac action
potentials. The relationship of these with the electrocardiograph output (ECG) the
electrical potential of the heart was investigated. In the second part of this work, the
effect of the electrical signals transmitted to the brain were examined using fast
Fourier transforms as a spectral tool for analysis in combination with the brain wave
data from EEG and ECG records. In all patients a resonance peaks around 10Hz were

found. The resonant EEG transform signals are generally located at the back and top

1



of the head. Wavelet analysis was also used to determine whether the source of the
Fourier transform resonance was related to the heart activity. It was found that a
frequency in the heart beat was similar to that in the brain. Sensitivity of blood flow
simulations of two successive beats on the heart wall modeling is consistent (6.05:5.87
N/m?) between the first and second beats. The third part of this work studied the
quantitative correlations between heart and brain signals. In addition to the wavelet
correlations further correlations were examined to see if other sources were
responsible for the triggering of the resonance (~10 Hz) mentioned above. There are
three sets of correlations presented; correlation of EKG and EEG with heart stress,
correlation of wavelet transform of EEG with EKG, and correlation of EEG with
electrical signal generated. All larger probabilities for the occurrence of correlation
coefficients greater than 0.5 between heart and brain data were higher at the front of
the head. By shifting the time between the EEG and EKG signals (emulating phase
shifting), the reaction time were found to be between 0.2 and 0.4 sec. Correlation of
EEG with electrical signal generated, the Ca** ion had better correlation with EEG
than other ions at Purkinji fiber. It is hoped that the data presented here representing
the effect of heart functions and heart rate on the brain can lead to more research

activity in this area.



CHAPTER 1

Introduction

1.1 Motivation

The heart is an important organ for the maintenance of life because it is the
main part of the blood circulatory system that drives blood flow to all parts of the
body. In order for blood flow to occur, the heart must perform several complex
activities to result in a successful circulatory system. At the present time, we know a
lot about heart physiology and functions; yet many of heart’s processes are still in a
state of controversy and remain undiscovered and unexplained. For example, the
relation between the blood circulatory system and respiratory system; the manner in
which the heart rate will increase as we breath faster. The interaction between the
brain and the heart also has received much attention where some heart ailments are
ascribed to brain functions, primarily the effect worries and related stresses on the
heart. Understanding this not only raising inquiring questions about heart failure
problems, but is also leading to the improvement of strategies to treat the cardiac
patients. The effect of the heart on the brain function forms the core of the present
work. It is suspected that heart functions do affect brain behavior and this is led many
researchers investigate the topic. For instance the flow patterns of blood in the heart,
related forces and stresses on the myocardium are suspected in playing a role of waves

generated by the brain. A better appreciation of such behavior can lead to better



strategies for the design and implantion of artificial hearts, artificial heart valves and

pacemakers and elated medicines.

Much of the work presented here is computational modeling and analysis of
the heart-brain interaction though using patient data. The advantage of computational
simulation is that it is inexpensive and obviously safety. This dissertation work utilizes
engineering methodologies and analyses to study the relation between brain wave
signals from the electroencephalograph (EEG) and properties of heart behavior
calculated from Echocardiograms (echos) and the associated Electrocardiograms
(ECG). Some of the cardiac functions and properties used for the analyses include the
myocardial shear and normal stresses in the left ventricle (LV), flow behavior in LV,
heart rate and Electro Cardo Gram EKG. The patient datasets analysed here include,
electroencephalograph (EEG) and echocardiogram with electrocardiogram (ECG) will
record from same patient and also simultaneous. The study is start with the
echocardiogram because heart part is more understand than brain part. Furthermore,
the heart rate is more facile control than brain signal. Dobutamine, a sympathomimetic
drug used for increase the heart rate in heart patients, is major of changing in heart and
brain properties in this dissertation. The Effect of Heart-Brain Interaction by
Dobutamine, research is utilized engineering methodologies and analysis to study the
relation between brain signal from the electroencephalograph (EEG) and some
properties of heart calculated from the echocardiogram examination of the heart. The
simulated quantities were the variation of electric potential with heart rate, the shear

force in the left ventricle and the pressure inside heart.
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1.2 Scope and Description of the Dissertation

The overall objective of this research program is to simulate and investigate
techniques for the relation between the heart and brain. The study of three topics main

goals will be followed throughout the program.

1.Simulate the docking of Dobutamine with the heart ,-adrenergic receptor and
correlate Dobutamine dosage with change of heart rate. Calculate the electro-
chemical currencies generated by Dobutamine. Analyze the electrical potentials

that cause the atrium and ventricles myocytes to contract

2. Computational model of echocardiogram’s of the left ventricle chamber of the
human heart and simulations neural activities from brain EEG’s patterns.
3. Analyze the relation of heart-brain activity. Calculate shear stress in heart and

correlate shear stress with brain activity parts.

1.3 Dissertation Outline

The chapters of this dissertation are organized in the following manner.
Chapter 2 presents a description of past literature. Chapter 3 includes an introduction
of echocardiograms, modeling of blood flow in the left ventricle model and evaluation
of heart stress. Heart physical properties from blood flow model in chapter 3 are used

in chapter 4 to evaluate the docking of dobutamine onto the (3, adrenergic receptor.
Chapter 4 includes an introduction to dobutamine use, B, adrenergic receptors, and

simulation methods resulting in the effects of dobutamine on SA node. In chapter 5,

electrical signals generated by the action potentials are described and calculation
5



results are in three parts; those related to sinoatrial node, atrioventricular node, and
Purkinji fiber. Chapter 6 and chapter 7 are about brain wave analyses.
Electroencephalogram records, fast Fourier transforms, and wavelet transform
methods are illustrated. Chapter 8 includes the introduction of correlation coefficients
and correlation analysis. Here heart behavior and properties are related to the brain
wave analysis using data from previous chapters. Chapter 9 and chapter 10 are discuss
all the dissertation results ending with a summary and recommendations for future

work.



CHAPTER 2

Literature Survey

2.1 The Anatomy of the Cardiac Conduction System

During the 19" century, there were many research studies related to the
anatomy of the cardiac conducting system. In 1839, Jan E. Purkyné was credited with
the discovery of Purkinje fibers, the fibrous tissue that conducts electrical impulses to
all parts and ventricles of the heart. However, matters remained controversial as to
whether the cardiac impulse was conducted through heart muscle or nerves. With his
experiments in 1852, by tying a ligature as a constriction between the sinus venosus
and the atrium in the frog, Hermann F. Stannius showed that heart impulses were
conducted across the atrioventricular junction through the myocardium. Even that did
not quite settle the mysteries related to the transmission of the impulse in human
hearts. In 1893, Wilhelm His Jr., a cardiologist and anatomist discovered the His
bundle, the specialized tissue in the heart that transmits the electrical impulses and
helps synchronize contraction. In 1907, Keith and Flack gave a detailed histological
description of various mammalian right atriums including human hearts and structure
which they called sinuauricular node that they interpreted as the place where the heart
beat originates. In 1909, Thorel suggested the existence of discrete morphological
pathways between the sinoatrial and atrioventricular nodes within the atrial walls.
More recently in 2009, Anderson et al [2-1] used immunohistochemical techniques to

essentially confirm the above findings for rat, mouse, and guinea pig hearts. Cardiac



anatomy, physiology, morphology and pathology are now thought to be well known

with some of the details shown in Figure 2-1.

Figure 2-1 Electrical conduction in the heart
[http://www.healthcentral.com/heart-disease/more-images-6996-146.htmi]

2.2 Flows with Collapsible Boundaries

There are many practical problems are that are governed by flows in flexible
pipes or passages; e.g., flows in flexible hoses; flows in blood vessels, arteries, veins,
valves, flows in urinary passages and bronchial airways. Fluid flow through
collapsible passages is a complex problem to solve due to the interaction between the
changing boundary and the flowing fluid. Many previous theoretical works on flow in
collapsible tubes have tried to simplify analysis by reducing the spatial dimension of
the problem. Bertram [2-2] predicted behavior of the dynamics of flow in collapsible

tubes numerically (see Figure 2-2). Soon after Armitstead, Bertram and et. al., [2-3]



used a mathematical model to describe the bifurcation behavior of a model of flow

through a collapsible tube.

Ay ! i R3
Pu U1 = Uy __/_’,—TJ\F’I bkl

I A =1 A

Pe

Figure 2-2 The starling resistor

Buxton and Clarke [2-4] developed an efficient a three-dimensional computer
simulation of the dynamics of a vein valve. They coupled the solid mechanics of both
the vein wall, and the valve leaflets, with the hydrodynamics of the blood flow. In
particular, they applied a pressure gradient across the system and simultaneously let
the solid mechanics evolve and fluid hydrodynamics towards equilibrium. The vein
wall shown in Figure 2-3 is considered to have a Young’s modulus of 1,000 kN m?
and a thickness of 0.05 cm. The density of blood is taken to be 1,060 kg m? and the

blood viscosity to be 0.0027 N-s/ m?.

Figure 2-3 Model of the vein valve at closed and open states
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The pressure difference across the valve of 13.8 kPa pushes the valve cusps together,
occluding the flow of blood, and ‘inflates’ the valve. Additionally, the fluid pressure
causes the valve sinuses to ‘balloon’ out. These simulation results illustrate the basic
physics of valve: restricting the reverse flow of blood and ensuring unidirectional

blood flow through the vein valve.

Peskin and Printz [2-5, 2-6] improved the divergence of finite difference
procedure by using the immersed boundary method for the study of flow patterns
around heart valves. For the numerical analysis of blood flow in the heart, the Navier-

Stokes equation and continuity equation was used to solve the problems.
ou )
P E—FU.VU +Vp=uVu+F (2.1)

Vu=0 2.2)

The equation of motion in this case is between the fluid and non-fluid regions.

Therefore the force density F(x,t) should be applied on the surface of the non-fluid

regions. The calculation of the boundary force density of the system may be written

as.
FOx, 1) = [£(5,)3(x = X(5, 1) ds 2.3)

The computational algorithm used in this work can be summarized as follows:

1) Find the boundary force f" for the boundary configuration X"

10



2) Apply the force f"to the grid of fluid computation:

3) Update the fluid velocity under the influence of the force density F" .

4) Interpolate the new velocity to the old boundary positions and move the

boundary points.
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Figure 2-4 Left Side of Heart model

The results from this new two dimensional immersed boundary method was
compare to the old two dimensional immersed boundary method with D:([Q,[?)
given by central differences with same overall algorithms but with D constructed

from 5, by the (D, ¢#)x.»)= 2. #(x,»")r(x — x)o(y —y') and
x'y’

(Dy¢Xx,y) = Z¢(x’,y’)a)(x _ x')jf(y _y,).
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Figure 2-5 Computed streamline, top row: old method bottom row: new method

The diameter of the mitral annulus initially is 1.9 cm. The entire computational
domain measures 7.36 cm x 7.36 cm, cover by 64 x64 mesh. Therefore mesh width is
0.115 cm. The time step 0.7ms duration of the cardiac cycle is 0.7s of which 0.45s
diastole and 0.25s systole. Blood density is 1g/cm® with kinematic viscosity 0.04
cm?/s. The computed average velocity of flow through the mitral valve has the
maximum value of about 40 cm/s, and the maximum pressure during systole is about 6
x10* dynes/cm?® The improvement achieved through the use of the new method can
be measured by the ratio of the old volume error to the new volume error. In the two
cases, the improvement factors are about 67 and 225. With the new immersed
boundary method the result is more accurate. Moreover this improvement in
methodology is useful in the case of the blood flow in the contraction of the heart

chambers.

David M. McQueen and Charles S. Peskin [2-7] have constructed of the model
heart in 3-D from study of the fiber architecture of the hearts of dogs and hogs were

bathed in a substance that dissolves the connective tissue between the muscle fibers.
12



They computed the blood flow in the model. The model requires specifying update
heart anatomy and then repeated application of the immersed boundary method. This
involves a finite difference solution on a 128x128x128 grid repeated approximately
57,000 times to model a single beat of the heart. Such a computation takes about 250

CPU hours.

2.3 Docking of Molecule

There are many experimental studies of the docking of a ligand to the receptor.
Using computational software is cheaper and much quicker. Badry D Bursulaya,
Maxim Totrov, and et al. [2-8] had performed a comparative assessment of several
algorithms for flexible molecular docking by several programs: DOCK 4.0, FlexX 1.8,
AutoDock 3.0, GOLD 1.2 and ICM 2.8. Two different studies, involving docking
experiments on a data set of 37 protein—ligand complexes and screening a library
containing 10,037 entries against 11 different proteins, was completely employed. The
docking accuracy of the methods was judged base on the corresponding rank-one
solutions. They have found that the fraction of molecules docked with acceptable
accuracy is0.47, 0.31, 0.35, 0.52and 0.93 for, respectively, AutoDock, DOCK,
FlexX, GOLD and ICM. Thus ICM provided the highest accuracy in ligand docking
against these receptors. The results from the other programs are found to be less
accurate and of approximately the same quality. A speed comparison demonstrated
that FlexX was the fastest and AutoDock was the slowest among the tested docking
programs. They have estimated that in virtual database screening, 50% of the

potentially active compounds will be found among 1.5% of the top scoring solutions
13



found with ICM and among 9% of the top scoring solutions produced by DOCK and
FlexX. Robin J. Rosenfeld, David S. Goodsell, and et al. [2-9] found the W191G
cavity of cytochrome c peroxidase, was a useful model system for introducing small
molecule oxidation in an artificially created cavity. They docked these set of ligands
and a set of non-binders in the W191G cavity using AutoDock 3.0. They compared the
docking predictions with experimentally determined binding energies and X-ray
crystal structure complexes. For the ligands, the predicted binding energies differed
from measured values about + 0.8 kcal/mol. For general ligands, the docking
simulation clearly predicted a single binding mode that matched the crystallographic
binding mode within 1.0 A RMSD. For two ligands, where the docking procedure
yielded an ambiguous result, solutions matching the crystallographic result could be
obtained by including an additional crystallographically observed water molecule in
the protein model. In summary, AutoDock 3.0 appears to be useful in predicting key

structural and energetic features of ligand binding in the W191G cavity.
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Figure 2-6 The set of ligands docked to the W191G cavity in R.J. Rosenfeld study

Macpherson, Neti, et al [2-10, 2-15] predicted the blocking of the hormone

angiotensin Il and the effect of the drug losartan on the heart. They simulated docking

of losartan with to the myocardial cells. As the hormone will be absorbed by the heart

wall during the filling in the ventricle, the blood flow into the left ventricle was

calculated for the period of the diastole stage. The full model of drug docking analysis

included multi-scale models in three length scale levels: continuum scale, blood cell

scale, and scales of the order of angiotensin Il interactions with receptors know as
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ATR; interactions. In continuum scale, the calculation of blood flow in the left
ventricle was done to obtain the blood velocity interaction with the ventricle walls.
There was done by using the Pesking method described earlier but the boundary
conditions were established from patient echocardiograms. The velocity closest to the
heart wall of blood flow was used as the velocity flow input to the blood cell scale
calculation. The Monte Carlo method was used for the calculations in the scale of
blood cell. The blood was considered to be composed of water, erythrocyte, albumin,
angiotensin Il and losartan. The solution starts with the Landau equation, which in the
test particle form below has been described as a generalized diffusion equation in

velocity space by Chandrasekhar. Expressed in a non-dimensional form it becomes
op, =0, (-F +0.50,T, )¢ (2.4)

The solution is obtained in terms of the drag force F, and a random force T .

F =-8v'G(V)v, (2.5)
T, =2v'H(V)S, + 2V E(V)V,V, (2.6)
For ATR; interactions,since the movements of components in blood are
sufficiently far apart, they can be assumed to be due the collisions between the
components predicted by molecular dynamics. They evaluated absorption of the drug
and angiotensin Il through receptors in the diastole cycle. The rate depends on the
heart shape as the convective velocity is a function of the changing shape. Receptor
density is taken as a function of the amount of neurotransmitters. The result indicate

flow velocities up to 7 cm/sec towards the membrane and up to 3 cm/sec away from

the membrane. In figure 2-6 there are 15 receptors blocked due to losartan and 6 due
16



to angiotensin Il at the end of the calculation period. It is thought that there are
approximately 100 times as many drug and angiotensin Il molecules as receptors in

the left ventricle.
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Figure 2-7 Flowcharts of the three stages of simulation

The atrium and mitral valve have been assumed to be fixed in position and
hence they cause locally unrealistic disturbances in the flow.

The result of flow velocity is up to 7 cm/sec towards the membrane and up to 3
cm/sec away from the membrane. In the simulation a drug molecule docks with a
receptor and after sometime it is removed. In figure 2-9 there are 15 receptors blocked
due to losartan and 6 due to angiotensin Il at the end of the calculation period. There
are approximately 100 times as many drug and angiotensin Il molecules as receptors

in the left ventricle.
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Figure 2-8 Flow velocity closest to the heart wall during diastole
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When the normal velocity is 10 cm/sec the convective velocity dominates the
process (Figure 2-9). Diffusion domination was rare when more than twice the number

of receptors were blocked at low flow velocities (1cm/sec).
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Figure 2-10 The docking of losartan with convective velocity 10cm/sec

The number of angiotensin receptor sites that were blocked was around 28
compared to 38 for losartan and the difference appears to be greater than due to
statistical variations. Thus it again appears that with large convective velocities the

drug docks (and blocks) more readily than the angiotensin II.

2.4 Mathematical Models of the Action Potential

Zhang, Holden, et al. [2-16 to 2-18] have developed mathematical models of
the action potential in the periphery and center of the rabbit sinoatrial (SA) node,
rabbit atrioventricular (AV) node, and the human Purkinje fiber cells. These results of
these mathematical models were compared with experimental data. Mathematical
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simulation models performed reasonably well compared to some experimental in

responses to Na* current, L- and T-type Ca** currents, K* currents.

Mathematical models of the action potential in cells of the rabbit SA node at
37°C were developed using experimental data from rabbit SA node preparations. The
rabbit SA node measures ~8 mmx~10 mm. The new formulations for a number of
ionic currents were SA node cells: ing, icaL, icaT, lto, 4-AP-sensitive sustained outward
current (isus), Ik iks, and ir. The models also include formulations for background
currents (ip,Na, in,ca, @nd ipx), Ip, and inaca. The membrane potential is calculated using
equation 2.7 where as iy calculated using equation 2.8.

dv_ 1,
dt c

m

2.7)

Itot = INa +|CaL +|CaT +|to +|sus+|K,r +|K,s +|f +|b,Na+|b,Ca+|b,K +|NaCa+|p (28)

To solve for the action potentials i.e., ordinary differential equations, the
fourth-order Runge-Kutta-Merson numerical integration method was employed. The
chosen time and space steps were 0.1 ms, which gives a stable solution of the
equations and maintains the accuracy of the computation of membrane current and
potential. One-dimensional partial differential equations were solved by an explicit
Euler method with a three-node approximation of the Laplacian operator, with a time
step of 0.1 ms and a space step of 0.1 mm for SA node tissue and 0.32 mm for atrial

muscle.
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The action potentials generated using the models at 37°C from the SA node of
the rabbit at fast and slow time modes. For comparison, figure 2-11 [2-16] also shows

action potentials recorded experimentally from rabbit SA node preparations:
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Figure 2-11 Comparison the action potentials simulation result with
experiment, A and C fast time base, B and D slow time base

The effect on the action potentials in blocking ina, icaL, icat, and ix of the
models behave in the same way as the effect on the action potentials recorded from the
rabbit SA node tissue. However the takeoff potential and maximum upstroke velocity
on the action potentials of the models was different from the action potentials recorded
from the rabbit SA node tissue. For example, effect of blocking of is,, in figure 2-12,
experimental data the maximum upstroke velocity was reduced from 100 to 5 V/s but

in the simulation it reduced from 60 to 8 V/s.
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Figure 2-12 Effect of block of ina SA node action potentials

Comparing the previous models, the models developed have a structure similar

22

to previous SA node models. However, because of recent experimental findings, the
new models have been able to update from the previous models in many ways. Such
as, 4-AP sensitive current (i, and isys), and the two components of ik (ix, and ixs).
Therefore the developed models agree better with experiments. The limitations of the

present models include, for example lack of information about the relationship



between the densities of some ionic currents, uncertainty about the accuracy of the

experimental source data, and lack of intracellular Na* and Ca;, regulation.

2.5 Heart-Brain Interaction

Andrew [2-20], illustrated the concept of a functional "heart brain™ interaction
in 1991. He discovered that the heart has a complex fundamental nervous system
sufficiently sophisticated to qualify as a "little brain" in its own right called the
intrinsic cardiac nervous system, or heart’s brain. The heart’s brain is a complex
network of several types of neurons, neurotransmitters, proteins and support cells like
those found in the brain proper. Its sophisticated circuitry enables it to act
independently of the cranial systems / brain. This enables ‘heart’ to learn, remember,
and even feel and sense. He also provided a comprehensive overview of the function
of the heart’s intrinsic nervous system and the role of central and peripheral autonomic
neurons in the regulation of cardiac function. The nervous system pathways between
the heart and brain are shown in Figure 2-13. There are around 40,000 neurons in
heart’s nervous system, called sensory neurites, which detect circulating hormones and
neurochemicals and sense heart rate and pressure information. Hormonal, chemical,
rate and pressure information is translated into neurological impulses by the heart’s
nervous system and send from the heart to the brain through several afferent pathways
(parasympathetic). The afferent nerve pathways enter the brain pass through paths
located in the brain stem called the medulla. At this location the signals have a
regulatory role over many of the autonomic nervous system signals and flow out of the

brain to the heart, blood vessels and other glands and organs.
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Figure 2-13 The heart’s intrinsic cardiac nervous system
Armour has explained that the heart nervous system interacts in parallel with
neuronal processing centers but as a separate processing system. The heart has its own
intrinsic nervous system that operates and processes information independent of the
brain or nervous system. This is what permits a heart transplantation to work.
Normally, the heart communicates with the brain via nerve fibers running through the

vagus nerve and the spinal column. In a heart transplant, these nerve connections do
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not reconnect for an extended period of time, if at all; however, the transplanted heart
is able to function in its new host through the capacity of its intact, intrinsic nervous

system.

The intrinsic cardiac nervous system, or heart’s brain, is made up of complex
ganglia, containing afferent local circuit (receiving inter-neurons) and efferent
(transmitting) sympathetic and parasympathetic neurons Armour [2-20].
Multifunctional sensory neurites, which are distributed throughout the heart, are
sensitive to many types of sensory input originating from within the heart itself. The
intrinsic cardiac ganglia integrate messages from the brain and other processing
centers throughout the body with information received from the cardiac sensory
neurites. Once information has been processed by the heart’s intrinsic neurons, the
appropriate signals are sent to the sinoatrial (SV) and atrioventricular (AV) nodes and
on to the muscles in the heart. Thus, under normal physiological conditions, the
heart’s intrinsic nervous system plays an important role in much of the routine control
of cardiac function, independent of the central nervous system. The heart’s intrinsic
nervous system is very important for the maintenance of cardiovascular stability and

efficiency, and without it, the heart cannot function properly.

Traditionally, the study of communication pathways between the head and
heart has been approached from a rather one-sided perspective, with scientists
focusing primarily on the heart’s responses to the brain’s commands. However,

Armour’s research has now proven that communication between the heart and brain is
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actually a dynamic, ongoing, two-way dialogue, with each organ continuously
influencing the other’s function. Research has shown that the heart communicates to
the brain in four major ways: neurological communication or nervous system (via the
transmission of nerve impulses), biochemical communication (via hormones and
neurotransmitters), biophysical communication or (baro) pulse waves (via pressure
waves), and energetic communication (through electromagnetic field interactions).
Communication along all these conduits significantly affects the brain’s activity.
Moreover, the research shows that messages that the heart sends the brain can

significantly affect performance.

Alkire [2-21], explained the relationship between anesthetic-induced changes
in the electroencephalogram (EEG) and the concurrent cerebral metabolic changes
caused by anesthesia. Using positron emission tomography (PET) data of cerebral
metabolism obtained in volunteers during anesthesia were correlated retrospectively
with various concurrently measured EEG descriptors. An EEG signal was obtained
using gold cup electrodes applied to the scalp with cream and located according to the
international 10 - 20 electrode system. Skin impedance was maintained at < 5 kQ. The
following leads were recorded: left and right frontal-mastoid (FP1-Al, FP2-A2,
channels 1 and 2), left and right frontal-CZ (FP1-CZ, FP2-CZ, channels 3 and 4), plus
a ground electrode placed at the center of the forehead. He found the percentage of
absolute cerebral metabolic reduction, evident during anesthesia, trended median
frequency (r = - 0.46, P = 0.11), and the spectral edge (r = - 0.52, P = 0.07), and

correlated with anesthetic type (r = - 0.70, P < 0.05), relative B power (r = - 0.60, P <
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0.05), total power (r = 0.71, P < 0.01), and bispectral index (r = - 0.81, P < 0.001).
After controlling for anesthetic type, only bispectral index (r = 0.40, P = 0.08) and a
power (r = 0.37, P = 0.10) approached significance for explaining residual percentage
of absolute cerebral metabolic reduction prediction error. Some EEG descriptors
correlated linearly with the magnitude of the cerebral metabolic reduction caused by
propofol and isoflurane anesthesia. These data suggest that a physiologic link exists
between the EEG data and cerebral metabolism during anesthesia that is

mathematically quantifiable.

Musizza, Stefanovska, et al.[2-22] hypothesized interactions that occur
between cardio-respiratory and neuronal oscillations. To prove the hypothesized, they
have applied stochastic non-linear dynamics techniques to the analysis of time-varying
hysiological oscillations recorded from rats under anaesthesia. The cardiac and
respiratory oscillations were extracted from ECG and respiration signals. The time
evolutions of individual neuronal oscillations were extracted from the EEG by means
of the wavelet transform, with particular attention being paid to J-waves (0.5-3.5 Hz)
and 6-waves (3.5-7.5 Hz). They found the presence of strong J-oscillations and 6-
oscillations in the EEG as both the respiratory and cardiac frequencies remain
relatively stable. From their results, that imply the existanc causal relationship
between cardiac, respiratory and brain oscillatory processes. Lacey and Lacey [2-23]
have presented a series of biochemical processes, of repetitive membrane
depolarization and repolarization, results in repetitive transmission along the heart's

own conductive tissue system, which, in turn, results in cyclic contraction and
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relaxation of the cardiac muscle. The heart is slowed and speeded by the vagal
(pressure, baro-sensor) and sympathetic cardiac efferents. Sensitive interceptors feed
back to the central nervous system information about the timing, force, volume, and
pressure of each, heartbeat. They have shown the relation between the whole-nerve

electroneurogram of the right carotid sinus nerve with pressure within the carotid sinus

produced.
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Figure 2-14 Relation between electoneurgram and pressure

Akin [2-24] has compared the use of Fourier transform method and Wavelet
transform method of EEG for detecting brain diseases. In his study, two EEG signals
for both healthy (normal) and pathological (abnormal) cases were recorded from
subjects under relaxation, with their eyes closed. These signals analyzed by Fourier
transform method and Wavelet transform method. Small changes could not be

detected using Fourier transforms. The wavelet transform in 3D representation of
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signals as amplitude, frequency, and time was found to be more useful. The 3D

representation is more convenient for pathological cases.

The current work focuses on the effect of the heart on brain function for
patients with paced hearts. Patient echocardiograms are used for analyzing the heart
blood flow and myocardial stresses. Patient ECG and EEH signal analyses are used to
relate the heart paced performance on the EEG and brain function. Details pertaining

these analyses are presented in the following chapters.
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CHAPTER 3

Docking of Dobutamine

As a result of the injection of Dobutamine and the uptake of Dobutamine by
the patient, the patient’s heart rate increases. This Chapter describes the first step in
the process of the absorption of Dobutamine by the patient and it involves the docking
of Dobutamine to an appropriate receptor on the cell. The Dobutamine attaches to the
sinoatrial (SA) node cells at particular sites on the membrane surface. These sites are
known as f,adrenergic receptors. As there are no experimental results available for
this docking procedure this chapter describes the calculations involved in estimating

the rate of docking on the cells.

3.1 Dobutamine and B; Receptor

Dobutamine is a sympathetic nervous system drug used for treating people
who have problems with heart failure and cardiogenic shock. Dobutamine

(C1gH23N0O3), has a 2 minute half-life in the human body, and is a drug that provides
direct stimulation to the f, adrenergic receptor. However dobutamine also has a small
effect in the stimulation of B,and a, receptors. The average molecular weight and

monoisotopic molecular weight of dobutamine is 301.3801 and 301.1678. The
docking of dobutamine to these receptors occurs at the sinoatrial (SA) node cell wall

that is a small mass of specialized tissue located in the right atrium of the heart.
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Beta receptor is a class of G-protein-coupled receptors. There are three known
types of beta receptor, B, B2, and Bs. Bi-Adrenergic receptors (ADRBL1) are located

mainly in the heart and in the kidneys.

Figure 3-1 The chemical structure of dobutamine
[http://pdb.rcsb.org/pdb/ligand/ligandsummary.do?hetld=Y00&sid=2Y01]

3.2 Using AutoDock4

The AutoDock4 software is a computer program available under the GNU
General Public License, and is designed to predict the interaction of ligands to a set of
grids describing the target protein. AutoDock4 has been widely used in many
academic, governmental and non-profit institutions around the world because
AutoDock4 not only saves time and cost in modeling the chemistry and managing the
experiments but also provides high quality predictions. To utilizeAutoDock4 software
there are four major steps: preparation of coordinate system, pre-calculation of atomic

affinities, docking of ligands, and analysis of results.
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In coordinate preparation step, the Protein Data Bank (PDB) of the ligand and
the target protein are used. The extended PDB format provides standard representation
for macromolecular structure data that includes polar hydrogen atoms, but not
hydrogen atoms bonded to carbon atoms. AutoDock4 software converts PDB format
to PDBQT coordinate files including atomic partial charges, atom types and

information on the torsional degrees of freedom.

The pre-calculation of atomic affinities step, involves using the AutoGrid
procedure whereby the protein is embedded in a three-dimensional grid and a probe
atom is placed at each grid point. The energy of interaction of this single atom with the

protein is assigned to the grid point.

The docking of ligands step is carried out using one of several search methods.
The most efficient method is a Lamarckian Genetic Algorithm (LGA), For typical
systems, AutoDock is run several times to obtain several docking conformations/
Analysis of the predicted energy and the consistency of results are combined to

identify the best solution.

The last step involves the analysis of results. AutoDockTools includes a
number of methods for analyzing the results of docking simulations. These include
tools for clustering results by conformational similarity, visualizing conformations,
visualizing interactions between ligands and proteins, and visualizing the affinity

potentials created by AutoGrid.
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Each docking by AutoDock4 requires at least four input files. (1) a PDBQT
file for the ligand, dobutamine data file from PDB file, (2) a PDBQT file for the
receptor, [, adrenergic receptor data file from PDB file, (3) a grid parameter file (GPF)

for the AutoGrid calculation, and (4) a docking parameter file (DPF) for AutoDock4

calculation.

3.3 Docking Positions of Dobutamine Atoms

The results for docking of dobutamine into the (3, adrenergic receptor by the

AutoDock4 program are given in terms of ten interactions. The possible docking
positions of the dobutamine atoms specified in cartesian coordinates. Docking is

assumed to be assured when the length between bonded atoms is less than 2.5x10™°
m. That is if the dobutamine atom is within 2.5x 10™ m of the atoms of {, adrenergic
receptor, then bonding is assumed to have taken place. Therefore, the nearest atom

between the {3, receptor and each atom of dobutamine can be calculated from

O = (X5 =X0)2 + (Vo —Ya)’ + (25 —24)° (3.1)

Where as d,, is the least distance between dobutamine and [3, receptor atom,

min
(X,, Y4, 2,) is the position of B, atom, and (X,,Y,,Z,) IS the position of dobutamine
atom.

In all cases the dobutamine had at least one O-bond connected to the f3,
adrenergic receptor. The result of the calculated docking positions for dobutamine is

shown in figure 3-2. The most likely configurations of all ten possible docking
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positions are the first and the fourth docked positions, figure 3-2, involving 3 O-bonds

on the B, adrenergic receptor.

The results for docking of the dobutamine into the [3, adrenergic receptor, also
included was given the estimated an estimate of the free energy of binding. The
eEstimated free energy of binding by software AutoDock is included obtained from
intermolecular energy, internal energy, torsion free energy, and unbound system
energy. The intermolecular energy combines with the van der Waals energy, hydrogen
bond energy, dissolution energy, and electrostatic energy. The first possible docking
position result shown in figure 3-3 is the best position of docking dobutamine with the
B3, adrenergic receptor because this position provides the lowest estimated free energy
of binding. The estimated free energy of binding is 10.49 kcal/mol as shown in figure

3-3.
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dobutamine atom beta | at docking
number | _name bl I 2 3 4 g 3 7 8 8 10
1 N drin (A) | 2030879 | 2227681 | 1895663 | 1576158 | 2454867 | 2200735 | 2236256 | 2 108333 [ 1.845344 | 2227313
number 3513 3513 3447 1378 3513 3447 3513 3513 1378 3513
name H H H H H H H H H H
2 c Ao (A) | 2677225 | 2.583053 [ 2.013816 | 2.336299 | 2.402119 | 1 862699 | 2 573506 | 2.671232 | 2.867134 | 2.570462
number 4013 4068 377 745 4068 639 4068 4068 1377 4068
hame 4] 9] H 9] 4] H 9] 4] H 0]
3 C dew (A) | 1944167 | 2.134034 | 1594833 | 2.231108 | 2.085795 | 1.609373 | 2.117294 | 2.007401 | 2.00139 | 2 11445
number 3518 4017 1441 696 4017 1441 3618 3518 699 3618
name H H H H H H H H H H
4 c i (A) | 1539398 | 1590693 | 1032249 2 207014 | 1 669642 | 1 916372 | 1 506855 | 155737 [1.763982 | 1617808
number 4058 4058 1378 1379 4058 1378 4058 4058 1379 4058
name H H H H H H H H H H
5 = dmir (A | 1621223 | 1.602072 | 1.535142 [ 1.566839 | 1.554165 | 163028 | 1.677484 | 1.647287 | 2.333064 | 1.638116
number 4060 4060 1377 3 4060 1377 4060 4060 656 4060
riame H H H H H H H H H H
[ c Ao (A) | 2165752 | 2 196894 | 1.794599 | 2.802463 | 2. 250478 | 1957262 | 2 24155 | 2 191733 | 2.062712 | 223033
nurmber 4058 4058 4058 1378 4058 4058 4058 4058 1378 4058
name H H H H H H H H H H
T MH O (A) | 2.288844 | 2.567856 | 2234437 | 224444 | 2.969532 | 2498398 | 2.621016 | 2418747 | 1.795337 | 2581187
number 3513 3513 4057 745 3513 4057 3813 3513 3451 3513
name H H H o H H H H H H
8 c der (A) [ 2170715 | 2246317 | 2582006 | 2 495677 | 2.345294 | 2.383681 | 2. 247627 | 2188144 | 2 620409 | 2 257475
number 4057 4057 3513 795 4057 1379 4057 4057 3513 4057
name H H H H H H H H H H
9 C dmin (A) | 2958106 | 2 87004 2008759 | 2311648 | 2 885334 | 2 190704 | 2 812965 | 2 B04862 | 1 938495 | 2 829062
number 696 6536 1379 3518 696 3513 6536 696 1344 596
name H H H H H H H H H H
10 C drir (A} | 1860613 | 1.818934 | 2.696378 | 1.748065 | 1.887303 | 2.273451 | 1.822039 [ 1 857800 | 2.286053 | 1.790815
number 636 636 1344 4027 636 3518 636 B35 1344 636
name H H H H H H H H H H
15 C dow (A)] | 1821568 | 1766665 | 2 28425 | 269943 | 1744243 | 2172315 | 172938 | 1794543 | 2.246716 | 1 769987
number 4108 4108 795 4031 4109 795 4108 4109 795 4108
name H H H H H H H H H H
12 c O (A) | 254318 | 2.512944 [ 2451141 | 2275417 | 2488242 | 2 402601 | 2.537733 | 2528501 | 2.558469 | 2497912
number 4057 4057 3518 1326 1441 795 4057 4057 4017 4057
name H H H H H H H H H H
13 C dr(A) | 1512946 | 1567118 [ 2 679387 | 2 440869 | 1.555964 | 2 177795 | 1 568651 | 1 519822 | 2 730006 | 1 580801
nurmber 3447 3447 3513 795 3447 1379 3447 3447 3513 3447
name H H H H H H H H H H
14 c O (A) | 1476312 | 1433906 [ 2.190991 | 1.763739 | 1428864 | 2 059255 | 1448871 | 1474129 | 1.948739 | 1 455699
number 4108 4108 795 852 4108 795 4108 4108 4027 4108
name H H H H H H H H H H
15 H o (A) | 1425794 | 1.309358 [ 2 643142 [ 1 451419 | 1 446255 | 2 044915 | 1 431953 | 1438138 | 1 691545 | 1 AT56R8T
number 4108 4109 795 4031 4109 1326 4109 4109 4027 4109
hame H H H H H H H H H H
16 o deir (A) [ 2134419 | 2103551 | 1965254 | 1465658 | 1984477 | 1661771 | 2.072199 | 2.08517 [ 16821965 | 2111291
number 3444 3444 4017 1326 1441 1327 3444 44 4017 3444
name H H H H H H H H H H
17 oH O (A) | 2120306 | 2169942 1705083 | 185392 | 1962373 | 1655157 | 2106909 | 2103151 | 1.99551 | 2193864
number 3382 3382 4027 1278 3444 796 3382 3382 4066 3382
name 2] (] H H H H (] (8] H o
18 c Ao (&) | 1970847 | 2.321681 [ 1978692 | 2489798 | 2.149166 | 1793044 | 2404331 | 2.151246 | 1 590392 | 2.345011
number 3518 3518 4109 745 T95 704 3518 3518 1441 3518
hame H H H 9] H H H H H H
13 c dee (A) | 2348851 | 2.042662 | 2011218 2.240003 | 1.88545 | 1.960554 | 2.046179 | 2.169074 | 2.247458 | 206704
number 795 735 4108 4109 795 4109 735 795 3444 795
name H H H H H H H H H H
20 c Hoan [A) 183237 | 1591354 | 22235 |2010432| 2734474 | 2 106401 | 1630084 | 1 579166 | 1 682649 | 1 585354
number 795 195 4108 04 1327 4108 195 795 4057 795
name H H H H H H H H H H
21 = dmir(A] | 2482761 | 2227842 [ 2273213 [ 1.760646 | 2.027591 | 2.065505 | 2.170675 | 2.311158 | 2.344815 | 2 224597
number 795 738 40587 1441 1379 4057 738 738 4057 738
rame H H H H H H H H H H
22 c Ao (A) | 2191487 | 2.384114 [ 2. 353264 | 1911312 | 2. 214161 | 2 456784 | 2.377623 | 2 404788 | 2.613967 | 2.396655
nurmber 1379 1378 4057 1441 1378 4057 1379 1378 3382 1378
name H H H H H H H H o] H
23 c O (A) | 19571145 | 1.899663 [ 2610412 [ 2.317007 | 2.292541 | 2577737 | 1.901615 | 2000821 | 1456098 | 1.974797
number 1373 1378 4057 3444 738 4107 1378 1378 3380 1378
name H H H H H Q H H H H
24 c doie (A) | 2367853 | 2664385 [ 2465423 | 1905485 | 170099 | 1951352 | 2653151 | 2544194 | 1 716079 | 2. 624299
number 1332 1332 3390 4057 795 3350 1332 1332 3390 1332
name H H H H H H H H H H
25 o dmin (A) | 1.992635 | 2.021996 | 1.880573 | 1.868062 | 1.99621 | 2.05256 | 1918517 | 1.979128| 243563 | 1943883
number 732 733 4088 3391 732 4088 733 73z 3360 733
name H H H H H H H H H H
26 aH A (A) | 1925967 | 193669 | 1656746 | 1.720646 | 2.024015 [ 1917644 | 1.845033 | 1.866101 [ 1.964102 | 1.88807
number 1378 733 4050 3444 1378 4088 733 733 4162 733
name 0 H 0 H 0 H H H H H

Figure 3-2 Minimum distance docking of dobutamine atom on B, receptor
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Figure 3-3 The first possible docking position from Autodock predictions
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The bonding results for the dobutamine atom from AutoDock were compared
with results for the similar bonding obtained using MOE software as simulated by
Cheney [3-7] and are shown in figure 3-4. MOE (molecular operating environment)
software is a comprehensive molecular simulation system that integrates visualization,
molecular modeling, protein modeling and bioinformatics, cheminformatics and
QSAR Quantitative structure-activity relationship, high throughput discovery,
pharmacophore modeling and structure based design. MOE software is expensive (not
public domain) and is generally run on supercomputers. Both AutoDock and MOE
provide the similar bonding information about dobutamine atom. The MOE software
is considered to be more accurate than results obtained Auotodock. Thus with regard
to the docking of dobutamine onto the sinoatrial node, we will use the result from the
MOE as presented below [3-7]. In figure 3-2 for dobutamine atom number 26, the first
O, atom is at a distance of 1.925967 A. From figure 3-4, which are the results from
MOE computations, the corresponding first location of O, atom is are 1.52 A which
are relatively similar. Since the number representations used by Autodock and MOE
are different, it is difficult relate the positions referred to by the two different
computational systems. But the locations of the two O, atoms referred to above are the
same. For example the atom number 26 is at the bottom right hand corner extreme in

figure 3-1, where as it is the right hand top corner in figure 3-4.
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Figure 3-4 MOE bonding results of dobutamine on B; adrenergic receptor [3-7]
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3.4 Docking of Dobutamine onto the Sinoatrial Node Model

It can be seen in figure 3-2 there are five possible sites on the dobutamine
molecule that docking can occur. The motion of the Dobutamine from the blood to the
cell membrane was analyzed in three scales. The flow in the region most distant from
the surface was a continuum region, the interaction at the blood cell size level was a
Monte Carlo process and the interactions with the receptors was undertaken using a

direct simulation method known as molecular dynamics.

3.4.1 Continuum Scale

The two dimensional Navier Stokes equation is
00 A N 2A ~
p[EHJ'VU}er:MV a+F (3.1)

The blood flow velocity closest to the membrane was used as the bulk flow input to

the blood cell scale calculation.

3.4.2 Blood Cell Scale
The Monte Carlo method was used. The blood is considered to be composed of
water, erythrocyte, albumin, angiotensin Il and dobutamine. The solution starts with
the Landau equation which in the test particle form below has been described as a
generalized diffusion equation in velocity space, Chandrasekhar, (1942). Expressed in

a non-dimensional form it becomes
6([)1, = avr (_Fr +O'5as-rrs)(p (32)
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where ¢ is the velocity distribution, thev, differentiation is with respect to non-

dimensional velocity v/2KT, subscript t is differentiation with respect to the non-

dimensional time defined below.
F =-8v'G(V)v, (3.3)
T, =2V 'H(V)3,, + 2V E(V)V,V, (3.4)
and H,G and E are tabulated Chandrasekhar, 1942 [3-1]. The non-dimensional [3-2]

time is Balescu 1975

B3/ZBn
t= m/2 (3.5)
where m is the mass, n the number density, B =1/kT and B is defined as
Im
B=8n j RVA (3.6)
0

The movement of the blood components assumes they are sufficiently far apart so that
collisions between the components will not occur. This is the usual assumption made
for the application of the Landau equation. Under these circumstances the force on an
ion will consist of a drag due to G(v) and a random force due to H(v). The time scale

is as defined in equation (3.5).

3.4.3 Molecular Dynamics Scale
The interaction time scale is as defined in equation (3.6). The convective step
is then implemented. This is achieved by choosing a short length of time AT. The
particles then move with the velocity v attained at the end of time AT for a distance

VAT. New cells are then formed and the process repeated. The boundary conditions as
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described above are applied at the end of each time step AT. The value of AT was
determined as follows [3-3]. Within a cell containing N particles the particle with the

largest total interaction cross section o;j is chosen for collision where

N Jo ¢

G; :ZC—GO"— (37)

=1 i

The cross section is very difficult to calculate in the present case as the particles are so
large. Thus two possible interactions were considered. In one case the particles were
considered to carry a charge and the collision cross section 6,jj iS given in terms of the
deflection angle yny. In the other case the particles were considered to be hard spheres.
The two cases were compared to judge the importance of the cross sectional
approximation. The procedure then continues by choosing two colliding particles and

time t calculated by
t=—Ex (3.8)
o.N

Where & is a random number between 0 and 1, n is the number of molecules in the
cell, N is the number density. This process is repeated for all cells. The geometry for
the calculation of the diffusion of the dobutamine in the sinoatrial node is complex as
shown in figure 3-5 from [3-4]. The arrows point to capillaries. The length of the
centre arrow is approximately 50 um long. The distance between the capillaries is
then 48um and 81um. An accurate calculation of a docking process would require

detailed knowledge concerning the cell structure, the location of the interstitial fluid,
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the capillary lengths, the number of capillaries normally active etc. Within the limits

discussed below the diffusion equation (3.9) can be approximately solved.

2
Zx_pio (3.9)
X

Although the diffusion process is three dimensional [3-5], due to the uncertainties in
the present case only a one dimensional solution will be considered. The molecular
dynamics region was the region above the surface and below the Monte Carlo region.

The B, adrenergic receptor molecule raises approximately 50A above the cell surface.

Thus the lower surface of the Monte Carlo region was placed at 57A above the cell
surface. If a dobutamine molecule entered the molecular dynamics region it was

allowed to proceed at its current velocity to the cell surface. The density of B,
adrenergic receptors of f,adrenergic receptors was obtained from [3-6] as 7.7

pmol/mL. Assuming that 30% of the receptors would be activated at a given time a
random number was generated and if it was greater than the probability of hitting a
receptor a collision was considered to occur. An arbitrary impact parameter was
chosen for the dobutamine molecule as well as an arbitrary rotational angle. The
molecule was then allowed to proceed through the molecular dynamics region until it
intercepted the receptor. If the appropriate atoms on the dobutamine were within 3A of
a docking site, as shown in figure 3-2, then a docking was considered to occur. At this
time the receptor was removed from the cell as thus the density of receptors in the cell
was reduced. New dobutamine molecule was introduced at the midpoint of the region

of interest.
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Figure 3-5 Sinoatrial node histologic section [3-4]

3.5 Docking of Dobutamine Model Result

The docking of dobutamine model was undertaken for four different dosages
of dobutamine 10, 20, 30, and 40 mics. Because this model required extensive CPU
time, each simulation dosage was run until 200 molecules of dobutamine docked into
the B, adrenergic receptor. This was considered sufficient time as based on the dosage
time probably the dobutamine would be released by the receptor in this time. All
dosages results look like the linear curve are linear except 10 mics. For 10 mics
dosage, the curve is beginning to look exponential. If simulated this model long

enough all curve should be exponential.
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Figure 3-6 Number dobutamine molecules docking with time

3.6 Summary

The locations of dobutamine atoms that docked into the B, adrenergic receptor

were found by the AutoDock4 software. The best position for docking is the lowest
free energy level. The Autodock software was used here since it is a public domain
software but more accurate results from Chaney [3-7] obtained using MOE software
were used for the best positions of dobutamine docking. The data from MOE results
corresponding to the pairs of bonding atoms were used as the parameters for
simulation docking of dobutamine model. The quantity of dobutamine molecules
docking for each dosage as a function of time period was determined using the

procedures described above.
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CHAPTER 4

Electrical Signal Generated

In this chapter, the generated electrical signals which lead to heart contractions
were simulated. The electrical signal generated by the docking of a combination of the
patient’s neurotransmitters and the dobutamine dosages. There are three models for
each part of the generated signal: sinoatrial (SA) node, atrioventricular (AV) node, and
Purkinji fiber (PF). The simulation results from the previous chapter were used as
input to this section. The sinoatrial node generates an electrical stimulus that travels
down through the conduction pathways and causes both right and left ventricles to
contract and pump out blood. The right and left atria are stimulated first and then
contract a short period of time before the right and left ventricles. The electrical
impulse travels from the sinoatrial node to the atrioventricular (AV) node, where
impulses are delayed for a very short period, and then the electrical impulse continues

down the conduction pathway into both right and left ventricles.

4.1 Mechanism of Action Potential

The three neuronal parts are activated and inhibited by neurotransmitters or
neuron-mimic drug. Drugs that bind to a receptor and produce a response similar to
the normal activation of that receptor is called agonist, while drugs that bind to a
receptor but are unable to activate that receptor are called antagonist. Dobutamine is
a synthetic neuron-mimic drug that acts like the dopamine neurotransmitter group, but
predominantly activates the [3; receptor. Most receptors in the sinoatrial node are the
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[3; adrenergic receptors which are excited by natural neurotransmitters and synthetic
neuron-mimic drug such as dobutamine. While the naturally activated
neurotransmitters on the dobutamine dock onto the [, adrenergic receptors, the
sinoatrial node cell membrane potential will increase. The increase of potential is
achieved by the admittance of positive on figure 4-3. The increase in positive potential
is known as depolarization of the sinoatrial node cell membrane. In the case of the
[3; adrenergic receptors they are stimulated for the second time before the first stimulus
has died away, the second stimulated potential adds to the previous one and creates a
greater depolarization than from one docked of neurotransmitters or dobutamine alone.
This is called temporal summation. In the case of both neurotransmitters and
dobutamine they are stimulated simultaneously. This also results in summates in the
sinoatrial node cell membrane potential. This is called spatial summation. The increase

in potential will continue to occur until a threshold potential is achieved.

. Temporal { Spatial | Ionfy |

.summ atmn.aummatmn chanridl |

- ; ope
IlneJmli._____:____;__ L e e

Potential ( mV)

D N+D

Figure 4-1 Activations of membrane potential
[Vander Human Physiology 8" Ed McGraw.Hill P201]
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4.2 Mathematical Model of Cardiac Action Potentials

The action potentials in the heart producing electrical signals to stimulate heart
muscle contraction are calculated separately into three parts sinoatrial (SA) node,
atrioventricular (AV) node, and Purkinji fiber (PF). The electrical signals in the heart
are generated by the flow in and flow out of ions passing through the selected ion
gates at the heart neuron cell membrane. They are conducted through the
depolarization pathway which combines SA node, internode pathway, AV node, AV
bundle, bundle branches, and Purkinje fibers. The three significant ions of heart
electrical signal are sodium ionic Na*, calcium ionic Ca?*, and potassium ionic K.
Moreover there are some insignificant ions involved in the generated heart electrical
signal that could provide for more accuracy of the mathematical model.

Pathway of Depolarization

SAnode

\

Internodes pathway

\

AV node

<=

His bundle

<=

Bundle branches

\

Purkinje fibers
Figure 4-2 Pathway of depolarization
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Figure 4-3 lons flows pass though the cell membrane

4.2.1 Sinoatrial Node Electrical Signal Generation

According to H. Zhang [2-16] study, the sinoatrial node action potentials is
combined with eight types of current: Na* sodium ionic current (ins), L-type Ca*
calcium ionic current (ica), T-type Ca?* calcium ionic current (ica1), 4-AP-sensitive
currents (i, and iss ), rapid delayed rectifying K* potassium ionic current (ix ), slow
delayed rectifying K* potassium ionic current (ixs ), hyperpolarization-activated
current (ig), background, pump, and exchanger currents. The action potentials (V) in
the sinoatrial node were calculated from the total ionic currents in a cell (i) and cell

capacitance (Cp).
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Figure 4-4 Sinoatrial node cell

Itot = INa_'_ICa,L +|Ca,T +|to +|sus+|K,r +|K,s +|f +Ib,Na +|b,Ca+|b,K +|NaCa+|p (41)

dv 1.
Bl A 4.2
dt Cm I1Dt ( )
Equilibrium potentials for Na*, Ca®*, and K* are find from
e _RT,(INa], w3
zF ([Na']
RT, ([Ca*']
E., =——In £ 4.4
@ zF ([Ca2+]ij (44
RT , ([K']
E.=——In Y 4.5
< zF ([K+]J (4-9)

Whereas[Na'],,[Ca®"].,[K*], are intracellular Na*, Ca**, and K* concentrations,

[Na‘], ,[Ca*],,[K'], are extracellular Na', Ca*, and K* concentrations. T is
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absolute temperature, R is universal gas constant, F is Faraday’s constant, and z is

valency of ion.

The formulation for TTX-sensitive Na*™ sodium ionic current,

F2 e(V’ENa)F/RT _ 1

iNa :gNamSh[Na+]oﬁwv (46)
The formulation for L-type Ca®* calcium ionic current,
. 0.006
leaL = gCa,L|:deL + 14 e (V14D/6 :|(V_ ECa,L) (4.7)
The formulation for T-type Ca’* calcium ionic current,
iCa,T = gCa,TdeT (V- ECa,T) (4-8)

The formulations for transient and sustained components of 4-AP-sensitive currents,
iy =9,ar(V—Ey) (4.9)
and Io =0, F(V—Ey) (4.10)
The formulation for rapid delayed rectifying K* potassium ionic current,
e, = 9k, PaPi(V—Ey) (4.11)
The formulation for slow delayed rectifying K* potassium ionic current,
s =0ksXe (V—Eg) (4.12)
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The formulation for hyperpolarization-activeted current,
ik =0 Y(V-Eu)+9 Y(V-E,)
And the formulations background Na*, Ca**, and K* currents,
e =9, na (V—Eg)
I ca=0,calV—Eca)
and ik =9,«(V-Eg)
Na*/Ca?" exchanger current,

[N a+ ]? [C a2+ ]0 e0‘03743VYN33a _ [Na+ ]g [C a2+ ]i e0-03743V(VNaCa -1)

i =k
1+dy,c[Na"F[Ca*'], +[Na F[Ca*'],)

Na’- K" pump current,

8 2
i =i [Na') [K', 16
P Km,Na +[Na™]; Km,K +[K*1, 1.5+ g (V+60)/40

4.2.2 Atrioventricular Node Electrical Signal Generation

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

The conduction procedure between sinoatrial node and atrioventricular node,

involve two pathways of the atrioventricular node action potential, fast pathway and

slow pathway. Therefore the mathematical model has two pathways. The action

potentials (V) in the sinoatrial node were calculated from,
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Figure 4-5 Atrioventricular node cell

. iNa+iCa|_+ito+iK,+if+ist+iK|+iNaCa+ip+ib (AN, N, NH) (4.19)
.. =1. A L. LT ) ) .
b INa_'_ICa,L_'_ICa,T_'_Ito_'_IK,r-i_IK,s,_|_|f +|b+|NaK+INaCa+ICaP (AM1 N)
dav, 1 [. V. _V
W, e o
The formulation for Na* sodium ionic current,
) (V-En)F/RT _q
Ing = gNam?’hmVW (4.21)
e -1
The formulation for Ca?* calcium ionic current,
iCa,L = gCa,LdL[O'675fL,fast + 0'325fL,sIow](V_ ECa,L) (422)
The formulations for transient outward currents,
ito = gtor[0'4511'ast +O'55qslow](v_ EK) (423)
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Figure 4-6 Pathway of atrioventricular node action potential
[Biophysical Journal Volume 97 October 2009 2117-2127]

The formulation for rapid delayed rectifying K* potassium ionic current,

iK,r = gK,r[O'gpa,fast + 0'1pa,slow]pi (V - EK)

The formulation for hyperpolarization-activeted current,
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i =g;y(V—(-30)

The formulation for steady state current,

ist =04 (V_ Est)

The formulation for inward rectifier K* potassium ionic current,

. KT ) 0.5 V4819
i =0k, m 0'5+1+e (V+30) 1+el.393(v+85.5)(F/RT)

5

The formulation for Na*/Ca?* exchanger current,

[Na' F[Ca* ], —[Na'Jj[Ca® ];e°**"* e
e Lady,e [N TICE ], + [Na BICa )

INaCa: k

The formulation for pump current,
8 2
i —i|_[Nal) [K', 16
Pr Km,Na +[Na+]i KmK +[K+]0 1.5+ g (V+60)/40

And the formulations background current,

I, =0,(V-E,)

54

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)



4.2.3 Purkije Fiber Electrical Signal Generation
The action potential in the Purkinje fiber are described by the following

differential equation

Figure 4-7 Purkinje fiber

Iion = IK,r +|K,s +|K,I +|to +|sus+|Na+|b,Na+|Ca,L +|b|Ca+|NaK+INaCa+Ip,Ca+Ip,K +|f

(4.31)
dv 1.
e —C—(' on +sim) (4.32)
Whereas isim is an externally applied stimulus current.
The formulation for inward rectifier K* potassium ionic current,
i—o [ —L  J(v-8)-E,) (4.33)
Kl Kl 1+eo.1(v+75.44) K

The formulations for transient outward current,
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. 1 1
o =Y (1+e(zovy13 j(1+e(V+27)/13 j(V— Ev)

The formulations for sustained current,

. 1
s = gSUS(W)(V_ EK)

The formulation for hyperpolarization-activeted current,

] 1 1
Iy = gf,K(WJ(V_ Ex) +gf,Na[1+e(\/T)/6,gJ(V_ Ena)

The formulation for fast Na* sodium ionic current,

1
(1 4 p(V+7L59)/743 )2

iNa :gNamBh[ J(V_ENa)

The formulation for L-type Ca?* calcium ionic current,

iCa,L = gCa,Ldﬁ: f

4 (V_15)F2 02 a:ca2+]sse2(v—15)F/RT _[Ca2+]0
2" class RT

eZ(V—lS)F/RT -1

The formulation for slow delayed rectifying K™ potassium ionic current,

2
. 1
hes = gK,S(W) (V-Ey)

The formulation for rapid delayed rectifying K* potassium ionic current,
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. [K'T, 1 1
Ir =0k, 5.4 | 14e0BWIT |\ 14 V8824

The formulation for Na*/Ca?* exchanger current,

eYVF/RT[Na+]i3[CaZ+]O _e(y_l)VF/RT[Na+]§[Ca2+]i(1

INaCa: k

nece (K’anai + [Na+]z)(KmCa

The formulation for Na*- K* pump current,

Pra[K" 1, [Na"],

T [Ca2+]0)(1+ ksate(y—l)VF/RT)

.. =
MK T (K e + K1, )(K e +[Na' 1)1 +0.1248 °VFRT 4 0,03536 V77T

i — g [Ca2+]i
T (K +[Ca"])

pCa

i =g V-E,
pK pK 1+e(25—v)/5.98

The formulations background current,
1y = Gona (V' ~Eona) + GncalV —Eica)
And the Ca** calcium dynamics current,
i = Vi [C2 T, —[C"T,)

\Y/

maxup

i, = .
" 1+K2, /[Ca?']
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. KICETER (- . .
= ———= _[[Ca —[Ca 4.47
Irel rel k3+k1[C3.2+]2 ([ ]sr [ ]ss) ( )

i e = Vi ([Ca* 1, —[Ca%'],) (4.48)

4.3 Action Potentials Result

+

To match the action potential at various heart rates, the sodium ionic Na
current, calcium ionic Ca®* current, potassium ionic K* current, total current, and the
action potential of sinoatrial node, atrioventricular node, and Purkinji fiber were
calculated and plotted in same various peak span of heart rate. The minimum heart rate
of all patients is HR67 which equal to 0.89552 sec, and the maximum heart rate of all
patients is HR137 which equal to 0.437956 sec. Therefore the range of the peak span
of action potentials (one heart beat) must be in between 0.4 to 0.9 sec, to determine the

correlation with others properties.

SA node Na+ current min =-72.3808

—

N

L/ N— Math time|

- ————| HR 120«
EEE=] ¢

Ll

Known HR, EKG, |
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Echocardio gram b 91 02 03 o4 085 08 07 08 09 1

time (s)

Figure 4-8 Matching action potential with others properties
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The results from the action potential in the sinoatrial node model is in between
0.4 to 0.9 sec period provided the maximum sodium ionic Na* current 88.1 mA,
maximum calcium ionic Ca®* current 33.7 mA, maximum potassium ionic K* current
8.6 mA, maximum total ionic current 100.2 mA, and maximum action potential

voltage 147.0 mV.

The results from the action potential in the atrioventricular node model lies
between 0.4 to 0.9 sec periods provided the maximum sodium ionic Na* current 70.6
mA, maximum calcium ionic Ca®*" current 27.1 mA, maximum potassium ionic K*
current 0.26 mA, maximum total ionic current 67.7 mA, and maximum action

potential voltage 70.8 mV.

The results from action potential in Purkinji fiber model lies between 0.4 to
0.9 sec period provided the maximum sodium ionic Na* current 283.3 mA, maximum
calcium ionic Ca®* current 12.9 mA, maximum potassium ionic K* current 0.36 mA,
maximum total ionic current 282.7 mA, and maximum action potential voltage 63.7

mV.
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Figure 4-9 Sinoatrial node currents and action potential results
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Figure 4-10 Atrioventricular node currents and action potential results
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Figure 4-11 Purkinji fiber currents and action potential results
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4.4 Summary

Mathematical models of cardiac action potentials were divided in three parts of
the heart neuron system sinoatrial node, atrioventricular node, and Purkinji fiber. lonic
currents and action potentials for all models were found in between 0.4 to 0.9 sec
period, to match with heart rate, heart stress, echocardiogram, and brain wave record

for determine the correlations in next simulations.
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CHAPTERS

Blood Flow and Stresses in the Left Ventricle

Calculations of the flow patterns of the blood in the left ventricle used a

modification of the moving immersed boundaries numerical method. The difference

was that the velocity of the heart wall endocardium was used as the boundary

condition. The position of the endocardium as a function of time was measured from

the echocardiograms of five patients. The shear stress, and normal stress from these

blood flow calculation were correlated with brain wave.

Data from five patients has been analyzed in this work. The data includes

echocardiograms and ECG and EEG data obtained during a Dobutamine stress test.

Patients were administered 10 to 40 mics (milligrams per kg of body weight per

minute) Dobutamine and the echo, ECG and EEG data were obtained while the heart

was paced as part of the stress test. Patient data is included in the Table below.

Table 5-1 Patient Data and Clinical Condition

Patient No. | Age | Sex Clinical Condition

1 68 F Normal HR 20 — 40 mics of Dobutamine, no ischemia

2 77 F HR 134 with 40 mics of Dobutamine and 5 mcg of
Atropine, no ischemia

3 58 F Normal systolic function, no ischemia

4 58 F Normal Dobutamine echocardiographic study

5 79 F | 90% HR at 30 mics of Dobutamine, patient on O, during
test, LV hypertrophy
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5.1 Echocardiogram

An echocardiogram, often referred to in the medical community as a cardiac
echo or simply an echo, is a sonogram of the heart. It uses standard ultrasound
techniques to create moving images of two-dimensional slices of the heart. The
echocardiogram allows doctors to see the heart beating, and to see many of the
structures of the heart. There are three types of echocardiography involved with heart
research  transthoracic  echocardiography, stress  echocardiography, and
transesophageal echocardiography. Ordinarily, the echocardiogram test and
electrocardiogram test, a test that records the electrical activity of the heart, are

recorded at the same time.

Compulss rocords
(| snund wave echoes
| ‘ant displays piciue

Patient ligs on Sonogrmapher Heart Electrode patehes
bedl an kol sids maoves |rAnsducer atinched 10 chest
oy patient's ches| (Tar EKGE)

Figure 5-1 Show a patient having an echocardiography
[U.S. Department of Health & Human Services]

65



5.2 Prepare Model’s Input Data

To generate the data for the immersed boundaries, two-dimensional slices of
the left side of the heart are taken from the echocardiogram. For the simulation model
there are six steps shown in figure 5-2, in each heart beat: Starting with time T, when
the heart mitral valve and aortic valve both are closed and the ventricle chambers are
relaxing. The next step is time T, where the mitral valve is at the fully open position
and the aortic valve is still closed. Blood flows from the left atrium to fill the left
ventricle. The left atrium contracts to force the blood into the ventricle. Therefore at
end of this step the atrium chamber has fully contracted and the ventricle chamber
fully expanded. At step T, the mitral valve starts to close while the aortic valve is still
closed, and the left ventricle chamber expands to the maximum volume. Step Ts, the
mitral valve is completely closed and the aortic valve starts to open. The ventricle
chamber starts to contract and blood flows out. At time step T4 blood flows through
aortic valve and ventricle chamber wall boundary contracts. Step Ts the aortic valve is
at the maximum open position. The process then is repeated for the next heart beat.
The ventricle chamber wall boundary is now fully contracted. The steps TO-T3 when
the atrium is contracted is called diastole and steps T3-Tg when the ventricle is

contracted is called systole.
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Figure 5-2 Shows selected individual steps of echocardiography

An echocardiogram image was selected at each time step as shown in figure 5-3. The
appropriate atrium model was attached as shown in figure 5-4. The edge was traced
and used as the boundary value for the calculation. This was repeated at each time
step.

nents and SeffggsiCiokehaltty Documd %]
30 Points 3
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Figure 5-3 Show the left ventricle edge detection form echocardiogram
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Figure 5-4 Matched between left ventricle and left atrium

To make sure that at each step the heart wall edges are correctly positioned , the
position of the mitral valve was fixed at the same x-y coordinate as shown in figure
5-5 In the lower left corner of the electrocardiogram the heart rate is shown as beats

per minute.

Tme ~“~<~__T6

Figure 5-5 Fixed position of individual steps of echocardiography
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5.3 Modeling and Algorithm

Because the heart wall is an elastic tissue, the calculation of the flow in the left
side of heart has to have updated boundaries in correspondence with the moving of the
heart wall. The mathematical formulation for immersed boundary method will follow

in topic 5.3.1.

5.3.1 Mathematical Modeling and Algorithm
The equation of motion in a closed elastic curve immersed in a two-
dimensional incompressible fluid can be explained by the Navier-Stokes equation on

the x-y Cartesian [2-6] co-ordinate system as
60 N A 2 A ~
p[a+u0Vuj+Vp=uV a+F (5.1)

Vel(=0 (5.2)
The equation of motion in this case is between the fluid and non-fluid regions.
Therefore the force density F(x,t) should be applied at the surface of the non-fluid

regions. The calculation of the boundary force density of the system may be written

as:

FOot) = [F(s,0)5(x—X(s, 1) ds (5.3)

Where as % = [u(x,t)3(x — X(s, ) dx (5.4)

Here u(x,t) is the fluid velocity, p(x,t) is the fluid pressure, pis the constant blood

density and p is the constant blood viscosity. The function f(x,t) is the force on the
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boundary element at point s. The value of calculating f(s,t) on (2.5) was to assume an
equation of state for the heart material. In the present case the function f(s,t) can be

obtained in finite difference form from the equation (2.5)
X, = [Xp +Atup]+Af, (LX) (5.5)
The superscript * indicates next time step.

where X is defined on the Cartesian system and X is the point on the Lagrangian

system. The solution is obtained using a discrete time step n so thatu" (x) = u(Xx, nAt) .

1) Find the boundary force f" for the boundary configuration X":

2) Apply the force f"to the grid of fluid computation:

F'(x) = gf"(s)ﬁh (x=X"(s))As X =(XY) (5.6)
i(1+ cosn—x) x| < 2h

8,(x) =6,(x)5,(y) and  &,(x)=144h 2h N (5.7)
0 x| > 2h

3) Update the fluid velocity under the influence of the force density F". Solve the

following systems successively for u™° u™ u™2 u™3 . (U™, p™) :
n+1,0 n
u™—uy
- - _F" 5.8
P (5.8)
un+l,1 _ un+l,0
p(—At + uQDﬂu“*“j = uD;D,u"** (5.9)
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un+1,2 _ un+1,1
p(T + ungu”*l'Zj = uD;Dju"™*? (5.10)

un+l _un+l,2
p(Tj + D())( D?,anrl =0 (511)

DiDJU™ =0 (5.12)

4) Interpolate the new velocity to the old boundary positions and move the boundary

points:

X" () = X" (5) + ALZ U™ (X)8, (X — X" (5))h? (5.13)

Here D*,D~,D° the forward, backward, and centered divided difference operator.

As the system is closed it is necessary to supply the blood from a source and the

outflow is simulated by sinks as shown in figure 5-6 let Q(t) be the volume flow rate.

From the continuity equation V.u=0 the source can be written as:
Vu=y(x1) = Q(t)y,(X) (5.19)

Because blood flow in left side of heart is the periodic domain, the integral of V.uis

identically zero, V.u = [wy,(X)dv=0. Therefore, the sinks must match the source.

\VO(X) =W, (X_Xa)_we (X) (520)
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where X, is a point the middle of the left atrium, w,and w, the spatial distribution of

the source and sink.

Figure 5-6 Show the blood flow simulation model of heart’s left side

The continuity equation, the mass input is equal to the mass output; is satisfied.

5.3.2 Sensitivity of Models Checked

An estimate of the accuracy of the measurement of the endocardium position
was made, by using echocardiograms which have two completed beats connected
together. The check compared the amplitude and shape of shear stress from individual
successive beat simulation. As the two beats are consecutive the amplitude and shape
of shear stress should not be significantly different. The sensitivity check showed that,
the amplitude in dyne/cm? results of both beats are close to each other. Typical values
were for the two beats left ventricle 60.5337:58.7328, mitral valve 52.7328:48.3120,
endocardium 8.2077:7.7669, septum 40.3563:35.9228, and apex 5.5196:4.2342 for
first : second beat respectively. Moreover both beats also give almost same shear

stress characteristic curve results.
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Patierit 4 HR97
Data form echocardiogram

Septum Apex
Figure 5-7 Sensitivity of simulation checked

For this numerical model, changing of boundary edge one pixel, the shear stress
changed from 5.1647 to 5.0221 dyne/cm?. In a more extreme case assuming ten pixels

difference, the shear stress changed to 3.8635 dyne/cm?, as shown in figure 5-8.
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Figure 5-8 Sensitivity of edge pixel changed
5.4 Result

The numerical models of blood flow in the left ventricle provide the systolic-
diastolic volume change, blood velocity pattern, blood pressure, and computed normal

stress also wall shear stress.
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5.4.1 Systolic-Diastolic Volume Change
The systolic-diastolic volume change was determined from the area difference
between the maximum expansion contour and minimum contraction contour of the left

ventricle wall edge detection. This is the maximum volume change of the one heart

beat.
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Figure 5-9 Left ventricle volume (area unit?) change

When the dosage of dobutamine was increased the systolic-diastolic volume also

increased until a maximum value was achieved. As shown in figure 5-10.
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Figure 5-10 Left ventricle volume (area) change of dobutamine dosage

5.4.2 Heart Wall Stress

At each step time the velocity profile in the left ventricle was plotted and used
for the calculation of the heart wall stress. The shear stress was calculated in the fluid
as close to the wall as the data allowed. It was assumed that the stress was continuous
at the wall boundary. Velocity profiles in the left ventricle were plotted with the
boundary change to confirm that the left ventricle shape change according to the heart

beat cycle and also to confirm that the flow direction correlated with boundary

changed.
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Figumre 5-11 Velocity profile in the left ventricle patient 1 HR92 20 mics
There are two heart wall stresses determined in this simulation, normal stress and
shear stress. Each kind of stress was calculated for five different locations of left

ventricle: apex, endocardium, mitral valve, septum, and whole left ventricle for every

dosages of dobutamine. The heart wall stresses will be used in the correlation models.
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Figure 5-12 Plot of patient 1 ventricle wall stress at 0 mics

The average of normal stress and shear stress was plotted against the change of heart
rate for each patient. Increasing the patient heart rate has a tendency to increase the
average of normal stress and shear stress. The values for the average wall normal
stresses for all patients are between 1-25 (N/m?), whereas the average wall shear
stresses for all patients are between 0.1-2 (N/m?). However the shear stress is
important as the ventricular muscles are parallel to the walls and resist the shearing

force.
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Figure 5-13 Wall stress against heart rate
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5.5 Summary

In this chapter use was made of the modified moving immersed boundary
numerical method to solve the flow pattern of the blood in the left ventricle. Model
sensitivity of the model to errors in the mapping of the shape of the ventricle was
checked and found to be satisfactory. The blood flow model in the left ventricle
enabled the calculation of the systolic-diastolic volume change, blood flow pattern,
blood velocity, normal heart wall stress, and shear heart wall stress. This output will

be used for simulations later in the dissertation.
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CHAPTER 6

Fast Fourier Transform of Electroencephalogram

In this chapter, the fast Fourier transform (FFT) was employed to examine

electroencephalogram (EEG) spectral analysis.

6.1 Electroencephalogram

Electrical charge in the brain is maintained by billions of neurons. By pumping
ions across their membranes, neurons are electrically charged or polarized. Neurons
respond by releasing ions into the space outside the cell when the neuron receives a
signal from their neighbor via an action potential. lons with like charge repel each
other, and when many ions are pushed out of many neurons at the same time, they can
push their neighbors, who push their neighbors, and so on, in a wave. This process is
known as volume conduction. When the wave of ions reaches the electrodes on the
scalp, they can push or pull electrons on the metal on the electrodes. Since metal
conducts the push and pull of electrons easily, the difference in push, or voltage,
between any two electrodes can be measured by a voltmeter. Recording these voltages

over time gives us the EEG.

Electroencephalography (EEG) is the recording of electrical activity along the scalp
produced by the firing of neurons within the brain. In clinical contexts, EEG refers to
the recording of the brain's spontaneous electrical activity in microvolt (uV) over a
short period of time, usually 20 to 40 minutes, as recorded from multiple electrodes

placed on the scalp. The amplitude of the EEG signals may range from 0.5 to 100 pV.
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The EEG amplitudes are about 1000 times smaller than the amplitude of an action
potential transmitted along an axon. EEG used to be a first-line method for the
diagnosis of tumors, stroke and other focal brain disorders, but this technique now is
less used because of t other more advance anatomical imaging techniques such as
magnetic resonance imaging (MRI), x-ray computed tomography (CT) and positron
emission tomography (PET). Scalp EEG activity shows oscillations at a variety of
frequencies. Several of these oscillations have characteristic frequency ranges, spatial
distributions and they are associated with different states of brain functioning such as
waking and the various sleep stages. These oscillations represent synchronized activity

over a network of neurons. The absence of EEG can be used to signify brain death.

3
2

- ———

Figure 6-1 Name and lactation of electrodes

82



The normal EEG varies by age. The neonatal EEG is quite different from the
adult EEG. The EEG in childhood generally has slower frequency oscillations than the
adult EEG. EEG patterns categorized by frequency range, there are normally four
types of EEG patterns, alpha wave, beta wave, theta wave, and delta wave. In common

case for each EEG patterns type can predicted the commonly activity.

Figure 6-2 Electroencephalography recorded

A delta wave is seemingly emitted in a general pattern from the cerebral
cortex. These waves have a frequency range up to 4 Hz. A delta wave tends to have
the greatest amplitude and the slowest waves. It is seen normally in adults in slow
wave sleep and also seen normally in a wake infant. It may occur focally with
subcortical lesions (a part of the brain below the cerebral cortex) and in general
distribution with diffuse EEG patterns categorized, metabolic encephalopathy
hydrocephalus or deep midline lesions. The presence of delta waves in an awaked

adult indicates brain damage.
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Theta waves are emitted from the temporal and occipital lobes. This wave has
a frequency range from 4 Hz to 7 Hz. Theta waves are seen normally in newborn
infants. Theta waves may indicate drowsiness, stress or arousal in older children and
adults. They also can be seen in meditation. Excess theta for age represents abnormal

activity.

Alpha waves are the best recorded from the parietal and occipital regions while
a person is awake and relaxed but with the eyes closed. It also emerges and attenuates
with eye opening or mental exertion. These alpha waves are in the frequency range
from 8 Hz to 12 Hz. In a child under age of 8 years old, the alpha frequency range
from 4 Hz to 7 Hz. Hans Berger named the first rhythmic EEG activity he saw as the
"alpha wave". This was the "posterior basic rhythm" (also called the "posterior
dominant rhythm™ or the "posterior alpha rhythm™), seen in the posterior regions of the

head on both sides, higher in amplitude on the dominant side.

Beta waves are in the frequency range from 12 Hz to about 30 Hz. It is seen
usually on both sides in symmetrical distribution and is strongest evident from the
frontal lobes, especially the area near the precentral gyrus. Beta activity is closely
linked to motor behavior and is generally attenuated during active movements. Low
amplitude beta with multiple and varying frequencies is often associated with active,
busy or anxious thinking and active concentration. Because these waves respond to

stimuli from receptors and are superimposed on the continuous activity patterns.

84



Gamma waves are the frequency range approximately 30 to 100 Hz. Gamma
rhythms are thought to represent binding of different populations of neurons together

into a network for the purpose of carrying out a certain cognitive or motor function.

Figure 6-3 EEG patterns categorized by frequency range
6.2 Fast Fourier Transform
The Fourier transform is a mathematical prism [6-1], breaking up a function

into the frequencies that compose it, as a prism breaks up light into colors. It

transforms a function f that depends on time or on space into a new functionf , which
depends on frequency. This new function is called the Fourier transform of the
original function or, when the original function is periodic, it is Fourier series. A
function and its Fourier transform are two faces of the same information. The function

displays the time or space information and hides the information about frequencies.
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The Fourier transforms display information about frequencies, but information about
time or space is hidden in the phases: the displacement of the sine and cosine for each
frequency. The Fourier series of periodic function concerns only those sine and cosine

that are integer multiples of the base frequency.

Figure 6-4 Fourier transform of time domain

The Fourier series of a periodic function f of period 1 is written:

f(t) =3a,+(a, cos2nt +b, sin2nt) + (a, cos2r2t + b, Sin2n2t) +... (6.1)

The Fourier coefficients a,,a,,as, ... tell how much the function contains of the
functions cos2nt,cos2n2t,cos2n3t,... (cosines of frequencies 1 hertz, 2 hertz, 3 hertz
...) and the coefficients b;,b,,b,, ...tell how much the Fourier series of a periodic

function f contains of the functions sin2nt,sin2n2t,sin2x=3t,... (sines of frequencies 1
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hertz, 2 hertz, 3 hertz ...). A Fourier series concerns only those sines and cosines that

are integer multiples of the base frequency. Formula (6-1) is more commonly written:

f(t) =%a,+ > (a, cos2nkt+b, sin2mkt) (6.2)

k=1

The coefficients of a Fourier series for a function f(t), periodic of period 1, with the

formulas:

a, =2 j: f () cos 2kt dt (6.3)
and b, =2 j: f(t)sin 2rkt dt
(6.4)

The only frequencies that contribute to the Fourier series of a periodic function are the
integer multiples of the function's base frequency; the base frequency being the
inverse of the period. If a function is not periodic but decreases sufficiently fast at
infinity so that the area under its graph is finite, it is still possible to describe it as a
superposition of sines and cosines to analyze it in terms of its frequencies. But now
must compute coefficients for all possible frequencies, to compute its Fourier

transform. The formulas are:

a(t) =2 j: f(t)cos2met dt (6.5)

and b(t) = 2[; f(t)sin2mt dt (6.6)
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The fast Fourier transform (FFT) is a discrete Fourier transform algorithm
which reduces the number of computations needed for N points from2N? to
2Nlog, N . If the function to be transformed is not harmonically related to the
sampling frequency, the response of an FFT looks like a sinc function (although the
integrated power is still correct). Aliasing (also known as leakage) can be reduced by
apodization using an apodization function. However, aliasing reduction is at the
expense of broadening the spectral response.

The FFT operates have three step, first step decomposing an N point time

domain signal into N time domain signals each composed of a single point.

1 signal of . = =
16 ol [01 234567 8910111213 14 15 |
2 signals of -
8 ponts 02468101214 |1 357 9 111315
4 gignals of - \ /\

4 poins 0 48 12||2 610 14||1 5 9 13||3 7 11 15

NN N
SN NN I D
oot o] o] o] el S s

Figure 6-5 Shows an example of the time domain decomposition used in the FFT.
In this example, a 16 point signal is decomposed through four.
[The Scientist and Engineer's Guide to Digital Signal Processing, Steven W. Smith, P228]

8 signals of
2 points

The second step is to calculate the N frequency spectra corresponding to these N time

domain signals.
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Sample numbers Sample numbers

in normal order after bit reversal

Decimal Bingry Decimal Binary
0 0000 L] 0000
1 0001 8 1000
2 0010 4 0100
3 0011 12 1100
4 0100 2 0010
5 0101 10 1010
6 0110 —N 6 0100
7 0111 v 14 1110
8 1000 1 0001
9 1001 9 1001
10 1010 3 0101
11 1011 13 1101
12 1100 3 0011
13 1101 11 1011
14 1110 7 alll
15 1111 15 1111

Figure 6-6 The FFT bit reversal sorting. The FFT time domain decomposition
can be implemented by sorting the samples according to bit reversed order.
[The Scientist and Engineer’s Guide to Digital Signal Processing, Steven W. Smith, P229]

Lastly, the N spectra are synthesized into a single frequency spectrum.

Time Domain Data

Bit Reversal L ]T)].me .
Data Sorting slamam
Decomposition

Y

Overhead I
Overhead Frequency

Domain
Synthesis

Y

Butterfly
Calculation

Loop for Leach sub-DET
Loop for each Butterfly
Y

Loop for Log 1Y stages

Frequency Domain Data
Figure 6-7 Flow diagram of the FFT
[The Scientist and Engineer's Guide to Digital Signal Processing, Steven W. Smith, P232]
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6.3 Using Matlab FFT function

FFT function in Matlab Y = fft(X) returns the discrete Fourier transform (DFT)
of vector X, computed with a fast Fourier transform (FFT) algorithm. If X is a matrix,
fft returns the Fourier transform of each column of the matrix. If X is a
multidimensional array, fft operates on the first nonsingleton dimension. The functions
Y=fft(x) and y=ifft(X) implement the transform and inverse transform pair given for

vectors of length N by:

N .
X(K) =Y x(joi (6.7)
=
N
and X(J) = & > XKoo D (6.8)
k=1

whereas o, =e?™'N isan N" root of unity.

To calculate FFT for EEG, first step have to convert each channel of brain
waves from EEG to a column matrix. Then used the column matrix of each channel of
brain waves are as the input of matlab fft function. Finally, plot graph of each channel

of brain waves return matrix.
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Figure 6-8 Matlab calculation FFT code result checked

To obtain confidence in the results, the matlab fft function was checked by
using the generated sine wave which has known frequencies, and amplitude. The
results from matlab this generated sine wave, is already know the solution. And the

checked result for this matlab code is same as the actual results.

6.4 Result

The FFT of EEG for patient 1, 2, 3, and 4 has more frequency in between 10 to
15 Hz. But the FFT of EEG for patient 5 has more frequency in between 5 to 10 Hz,
and sometime has more strong frequency than one region. Patient 1 has strongest FFT
of EEG when patient 2 has weakest FFT of EEG. Most of strong frequencies occur at

the channel of brain waves located in the back of head.
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Figure 6-9 Show the strong frequency for each patient
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Patient3

Patient1

Strong signal at frequency about 10 Hz

Strong signal at frequency about 12-13 Hz  Strong signal at frequency about 10 Hz

Patient4 Patient5

Strong signal at frequency about 10 Hz

Figure 6-10 Show the location of strong frequency for each patient
6.5 Summary

For this part, the fast Fourier transform was used for determined the frequency
spectrum of electroencephalogram. The strong frequency for most of patients are
about 10 to 15 Hz (Alpha wave), except for patient 5, most about 5 to 10 Hz (Theta

wave), sometime about 15 to 25 Hz (Beta wave). The locations of strong frequency

93



for all patients are found at the back side of the head. The FFT signal for patient 1 is
strongest and for patient 2 is weakest, this may effect from the age of patient 1 is

youngest and the age of patient 2 is oldest.
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. The EEG results were
The EEG collected

analyzed using MATLAB to
obtain the Fourier transforms.

Figure 6-11 Show the EEG analyzed using MATLAB
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CHAPTER 7

Wavelet Analysis of Electroencephalogram Waves

In this chapter, the wavelet transform (WLT) analysis of
electroencephalogram (EEG) waves and associated spectral analysis is considered. As
described earlier, the EEG waves along with the associated EKG waves for the patient

were collected during the dobutamine stress test or pacing of the heart.

7.1 Wavelet Transform

Wavelet transform is mathematical manipulation that slices up data into
different frequency components. Each component wavelet has a resolution matched to
its scale. Wavelet transform also looks like a glass prism that breaks up white light
into colors (frequencies).

Wavelet transform was developed independently in the fields of mathematics,
quantum physics, engineering, and signal analytical. They have advantages over
traditional Fourier methods in analyzing physical situations where the signal contains
discontinuities and sharp spikes. The wavelet transform or wavelet analysis is known

as the continuous wavelet transform [7-1]. More formally it is written as:

¥(s,7) = [F(OW,. (D) dt (7.1)

95



Electroencephalography

Delta wave

(1] [ *] [ X s (13 1

Theta wave

(1] [ ¥] (2] (11 [ 1] 1

Alpha wave

Beta wave

00 0z 04 s [} 10

Gamma wave

[ 1] | 3 [ T3 s [ 1] 1
Figure 7-1 Wavelet transform cut up data into different frequency components
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This equation shows how a function f(t) is decomposed into a set of basis complex
conjugation functions'¥, (t)called the wavelets. Whereas the variables scale s and

translation t are the new dimensions after the wavelet transform [7-1]. Therefore the

inverse wavelet transform is able written as:
f(t) = [ [v(s. 0¥, .(t) duds (7.2)

The wavelets are generated from a single basic wavelet W (t) called mother wavelet, by

scaling and translation

0= ) (73)

In equation (7.3) s is the scale factor, T is the translation factor, and the factor L is for

Vs

energy normalization across the different scales. The most important properties of
wavelets are the admissibility and the regularity conditions that square integral can be

computed functions ¥ (t)satisfying the admissibility condition [7-1].

| Mdoa< 0 (7.4)

Q)]
In equation (7.4) ¥(w) stands for the Fourier transform of W(t). The admissibility

condition implies that the Fourier transform of W(t) vanishes at the zero frequency.

¥(o) (7.5)

=0
=0

97



This means that wavelets must have a band-pass like spectrum. This is a very
important observation, which we will use later on to build an efficient wavelet
transform. A zero at the zero frequency also means that the average value of the

wavelet in the time domain must be zero.
j Y(t)dt=0 (7.6)
In other words, W(t) must be a wave.

7.2 Fast Wavelet Transform Analysis

The continuous wavelet transform has some properties that make it difficult to
use directly and much of the description of the process is presented as given by [7-3].
The first is the redundancy of the continuous wavelet transform. In equation (7.1) the
wavelet transform is calculated by continuously shifting a continuously scalable
function over a signal and calculating the correlation between the two. These scaled
functions will be nowhere near satisfy orthogonal basis equation (7.6) and the obtained
wavelet coefficients will be highly redundant. The second problem is that the
continuous wavelet transforms have an infinite number of wavelets in the wavelet
transform. The third problem is that most functions the wavelet transforms have no
analytical solutions and thus they could only be calculated numerically [7-1]. The
discrete wavelet transform also called fast wavelet transform, was modified to be not
continuously scalable and translatable but can only be scaled and translated in discrete

steps. From equation (7.3) is re-written as
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W, (1) = t—kegss ) (7.7)

1
¥
G

Where j and k are integers and sp > 1 is a fixed dilation step. The translation factor t,

depends on the dilation step. The effect of discretezing the wavelet is that the time-
scale space is now sampled at discrete intervals. Usually, with a choice of sp = 2 so the

sampling of the frequency axis corresponds to dyadic sampling.

The result of above will be a series of wavelet coefficients (wavelet series
decomposition) when discrete wavelets are used to transform a continuous signal. The

energy of the wavelet coefficients must lie between two positive bounds [7-3].

Al < IO v, <Bif° (78)

Where ||f||2 is the energy of f(t), and A, B are independent of f(t) for A >0, B < .

When (A = B) the frame is tight and the discrete wavelets behave exactly like an
orthonormal basis. When (A # B) exact reconstruction is still possible at the expense
of a dual frame. In a dual frame discrete wavelet transform the decomposition wavelet

is different from the reconstruction wavelet.

The discrete wavelets can be made orthogonal to their own dilations and
translations by special choices of the mother wavelet, which means:

1 if j=mandk=n

7.9
0 otherwise (7.9)

I\Pj,k (1), (Ddt= {
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An arbitrary signal can be reconstructed by summing the orthogonal wavelet basis
functions, weighted by the wavelet transform coefficients. And the inverse wavelet

transform for discrete wavelets is able written as: [7-4]

f(8) =2 v(i. k) vy (O (7.10)

The scaling function, as being just a signal with a low-pass spectrum, can decompose

in wavelet components and express like equation (7.10).

o(t) = 2 v(J.K) wy, (1) (7.11)

soaling finchon spectium ()
A corke _____,-wavelet spectra ()

{

e
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1 1 I 1 ] 1 1
Emn Imn Emn I"Jln f

Figure 7-2 How an infinite set of wavelets is replaced by one scaling function
[http://polyvalens.pagesperso-orange.fr/clemens/wavelets/wavelets.html]

Analyze a signal using the combination of scaling function and wavelets; the scaling
function by itself takes care of the spectrum otherwise covered by all the wavelets up
to scale j, while the rest is done by the wavelets. In this way we have limited the
number of wavelets from an infinite number to a finite number. Add a wavelet

spectrum to the scaling function spectrum we will get a new scaling function, with a
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spectrum twice as wide as the first. Usually the number of bands is limited by for
instance the amount of data or computation power available. The process of splitting
the spectrum is graphically displayed in figure 7-3.Therefore all the information is

contained in the second scaling function.
o(2'1) = _h,,(K)e(2"t-K) (7.12)
k

For scaling function both wavelets scaled and wavelets translated can re-write for the

wavelet at level j:
W(2') = 0,, (K2 t—k) (7.13)
k

f(t) = 32, (Kot —kK) (7.14)
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Figure 7-3 Splitting the signal spectrum
[http://polyvalens.pagesperso-orange.fr/clemens/wavelets/wavelets.html]
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For step up a scale to j-1 have to add wavelets in order to keep the same level of detail.

Therefore express the signal f(t) as:

f(0) =2 1Ko t-k)+ v, (w27t k) (7.15)

There are similarities between Fourier transforms and wavelet transforms [7-

5]. First, the fast Fourier transform (FFT) and the discrete wavelet transform (DWT)
are both linear operations that generate a data structure that contains log, N segments

of various lengths, usually filling and transforming it into a different data vector of
length 2M. Second, the mathematical properties of the matrices involved in the
transforms are similar as well. The inverse transform matrix for both the FFT and the
DWT is the transpose of the original. As a result, both transforms can be viewed as a
rotation in function space to a different domain. For the FFT, this new domain
contains basis functions that are trigonometric; sines and cosines. For the wavelet
transform, this new domain contains more complicated basis functions called
wavelets, mother wavelets, or analyzing wavelets. And the third both transforms have
another similarity. The basic functions are localized in frequency, making
mathematical tools such as power spectra (how much power is contained in a
frequency interval) and scale grams (to be defined later) useful at picking out
frequencies and calculating power distributions.

The dissimilarity between Fourier transform and wavelet transforms is that

individual wavelet functions are localized in space while Fourier sine and cosine
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functions are not. This localization feature, along with wavelets localization of
frequency, makes many functions and operators using wavelets sparse when
transformed into the wavelet domain. In figure 7-5a shows example Fourier transform

plotting. The frequency is in horizontal axis and vertical axis is (unit?)/Hz.

A A NER NAECER i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Figure 7-4 Generated 50Hz sin wave for test FFT and WLT code

Although, wavelet transforms have the windows, in order to isolate signal
discontinuities, one would like to have some very short basis functions. At the same
time, in order to obtain detailed frequency analysis, one would like to have some very
long basis functions. A way to achieve this is to have short high-frequency basis
functions and long low-frequency ones. This happy medium is exactly what one gets
with wavelet transforms. Figure 7-5b shows the coverage in the time-frequency plane

with one wavelet function, the wavelet.
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a) Plot of Fourier basic functions
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Figure 7-5 Dissimilarity between FFT and WLT result

Additionally, wavelet transforms do not have a single set of basic functions like the

Fourier transform, which utilizes just the sine and cosine functions. Instead, wavelet

transforms have an infinite set of possible basis functions. Thus wavelet analysis

provides immediate access to information that can be obscured by other time-

frequency methods such as Fourier analysis.
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7.3 Wavelet Transform for Electroencephalogram

This study used the software from Matlab Uvi_Wave Wavelet Toolbox of
http://lwww.gts.tsc.uvigo.es/. The software was modified to determine transforms for
the all patients’ EEG signals. Each channel of EEG signal was cut to the same time
interval as one heart beat (based on data from the EKG channel). To determine the
effect of delay or phase difference (equivalent of response time of the system in
question) the brain wave data (EEG) was shifted pixel by pixel one pixel at a time

with the EKG channel fixed and the correlations determined. The choice of one heart

beat (out of two) for the correlation is indicated in the Figure below.

FZ-CZ
CZ-PZ
LOC-Al
ROC-A2
EKG

Photic

Figure 7-6 One heart beat time interval from EKG chosen to correlate to EEG
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To verify the accuracy of the procedure used here, the modified of wavelet toolbox
was tested for the accuracy and checked with the waveforms of various frequencies for

each window. The frequency of the | window is 2 Hz.

Generated sine wave Test Frequency S0Hz
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Figure 7-7 Test of wavelet transform toolbox

The combination of all wavelets gives the mother wavelet or original function back.
Therefore the correct combined wavelet transforms, the combination of wavelets result
must turn back mother wavelet or original function. For more confidence in the
results, the modified of wavelet toolbox was compared to the reconstructed signals of
the original signals. The modified of wavelet toolbox given all of reconstructed was

the signals same as the original signals.
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Reconstruction from details and aproximation of P1 00Mics CZ-PZ-Beat09
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Figure 7-8 Show the compared of reconstruction signals and original signals

7.4 Results

The wavelets of each patient were found for all channels and all heart rate or

dosage of dobutamine. The time intervals of all wavelets were matched with the time

intervals each it’s EKG.
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7.5 Summary

The modified of MATLAB wavelet toolbox was used to find the wavelet of all
patients EEG channels. The wavelets for all patients EEG channel were found in the
same time interval of one heart beat (out of two) because for the correlation with
others result in next calculation. The reconstructed wavelet signals of the modified of
Matlab wavelet toolbox was shown to reproduce the original signal. The wavelet
analysis of the EEG signals during one heart beat had the following correlations of

wavelet transform of EEG with EKG in chapter 8.
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CHAPTER 8

Correlation of Heart and Brain Data

Based on the movement of the myocardium from the patient echocardiograms
the blood flows in the heart and the associated stresses on the myocardium have been
determined. Since the objective is to relate the changes in the heart function to that of
the brain function, correlations between the heart wall stress, the electrical signal
generation for the heart contraction, the fast Fourier transform of
electroencephalogram (EEG), and the wavelet transform of electroencephalogram
(EEG) have been determined. Several types of correlations are considered to bring out
various anticipated and unanticipated effects. All of the correlations are considered for
the same length of data, same temporal periods (i.e., for one heart beat). In some cases,
phase shift effects have been brought out by temporally shifting (pixel by pixel, a few
milliseconds at a time) one data set at a time and these correlation results are discussed

below.

8.1 Correlation Coefficient

For many physical phenomenons, processes, or features of the phenomenon
have relations between each other. For example, consider the force applied to car
brake pedal to decrease of the velocity of the car. In this case, the applying force has
negative relation to the car speed. In another case, when a person runs faster, normally
the person’s heartbeat will be increased, and also cause blood pressure increase. The
body needs more energy and Oxygen for this faster metabolism and so it needs more
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and faster breathing for sustaining metabolism process. Such relationships are not
necessarily just between two things. For the case in point, running speed, heartbeat,
blood pressure, metabolism rate, and breathing has are all related to other.

Speed

Figure 8-1 Show the (negative) relationship between speed and force

Correlation is a measure of the statistical relationships between two or more
parametric variables or observed data values. Some correlations relate parameters that
are tightly related temporally (with small time intervals), but other correlation
coefficients are available to handle other types of data. Range of correlation
coefficients is between +1.00 and -1.00 also written as Correlation coefficient value is

between [-1,1]. or —1=<r,, <1

The correlation value of -1.00 is means the perfect negative correlation while
the value of +1.00 represents a perfect positive correlation while the value of zero for
correlation coefficient implies lack of correlation. Correlations are useful because they
can indicate a predictive relationship that can be exploited in practice.

covX,Y) _ EBI(X = )(Y —uy)] (8.1)

Py y =corm(X,Y) =
’ GxOy GxOv
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The correlation coefficient of a set of observations of X and Y written as {(x;,yi):

i=1,..,n} for least square fit is given by the formula:

Z(X =X)(Y; —
= (8.2)

rX,Y
sz—mzz(yi—w

where X and y are the sample means of X and Y This can also be written as:

N2 XY 2 Xi2Y, ©3)
(S Ty (]

Correlation coefficient of the Xs with the Ys is same as correlation coefficient of the
Ys with the Xs, 1, =1, . |fxy| =1if and only if the points lie exactly on a straight

line. If the same constant is added to all of the Xs, the correlation coefficient is

unchanged for similarly for the Ys. r,, =r, .. If all of the Xs are multiplied by a

constant, the correlation coefficient is unchanged, except that the sign of the
correlation coefficient is changed if the constant is negative. Similarly for the Ys.

or

vy = rXixC,Y Iy =Tx o)y
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r=-0.90 r=-0.50 r=0.00
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Figure 8-2 Plot of correlation coefficients of X and Y

8.2 Correlation Analysis

The analysis between all two compared properties sets of brain and heart data
was employed using the function cross-correlation (corr(x,y)) on Matlab software. To
calculate the correlation coefficient for each pair, output from pervious simulation the
heart wall stress, the electrical signal generations, the fast Fourier transform of
electroencephalogram and the wavelet transform of electroencephalogram were set up
to same size matrix. The Matlab cross-correlation function (corr(x,y)) provided
Pearson's correlation coefficient of matrix x and matrix y, which is essentially using
equation 8.3. In the present calculations, a correlation coefficient value least than 0.5
was considered as low correlation relation which indeed is an arbitrary value. Data
corresponding to the same locations for the brain, which are the same as those for

EEG indicated in figure 6.1, are considered for analysis. Matlab correlation coefficient
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m-code was modified for was modified for use in these calculations. To verify the
procedures used here including the modified m-code, correlations between two sine
waves with known amplitude, frequency, and phase shifting were calculated and
verified to be correct. For the sine waves, with two identical signals in phase provide
correlation coefficient equals unity. For sine wave function, phase shifting by =i

radians from the original signal provides a correlation coefficient equal to negative

one.
Same Sinewave 27 Frequency 4 Frequency 67
i Correlation Factar= 1 > Gomalation Facter = 3 85820008 : Conwlétin Factor = § 3005005
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Figure 8-3 Testing matlab cross correlation coefficient code
8.3 Correlation of EKG and EEG with Heart Stresses
The myocardial wall stresses calculated in chapter three, both normal stress

and shear stress were considered for correlation coefficient with the EKG. The
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correlation coefficient between EKG and heart stress used the EKG from the (bottom
left corner of) echocardiogram. The EKG from echocardiogram is perfectly in sync in
time with the heart stress data, because the blood flow velocities and heart stress was
calculated using the heart wall displacement from the echocardiogram. The analysis
time for each correlation coefficient analysis was set up as the one beat (thus time is
seconds will be less for a pacing heart beat). The time locations of the EKG from the
echo were aligned to match the diastolic and systolic actions and the blood flow in the

left ventricle.
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Align times for EKG & Stress |
. -
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ﬂl Correlation of f | | AL
prf |J L/ﬂ EKG with Stress - Shean & Normal
: for each patient \ Stress
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“'N\-\-.‘,"'I’ ; My

Figure 8-4 Diagram considered correlation coefficients of EKG and stress

Correlation coefficients were analyzed for all patient data as described above.
The percentage of time that the correlation coefficient exceeded a value of 0.5 was
evaluated. The normal stress correlated better with the EKG than the shear stress and
the percentage times the correlation coefficient was significant (>0.5) was 59.28% and
40.72% respectively for normal and shear stresses. With regard to the locations of the

myocardium and the corresponding percentages with coefficients larger than 0.5 are:

115



32.80% at mitral valve, 28.80%, at septum, 20.00%, at endocardium and 18.40% at the
apex. For Patient 1, correlation coefficient value for EKG was greater than 0.5 65.79%
for normal stress, and 34.21% shear stress. For Patient 2, correlation coefficient value
for EKG was greater than 0.5 42.76% for normal stress, and 57.24% shear stress. For
Patient 3, correlation coefficient value for EKG was greater than 0.5 77.89% for
normal stress, and 22.11% shear stress. For Patient 4, correlation coefficient value for
EKG was greater than 0.5 56.76% for normal stress, and 43.24% shear stress. For
Patient 5, correlation coefficient exceeded 0.5 51.75% for normal stress, and 48.25%
for shear stress. The correlation coefficients (% time they exceeded 0.5) at various

locations of the myocardium are shown in figure 8-5.

32.61% iz
67.39% &

38.35%
61.65%

63.24%

36.76%
51.75%
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46.36% * 1:100.0%
53.64% 4 ; 0.00%

Normal
Shear

Figure 8-5 Correlation coefficients of EKG and stress results
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Using a similar procedure, the correlation coefficient between the heart wall
stresses and the EEG was calculated for one completed heart beat. Here the brain wave
signals came from the patients’ EEG records and each EEG signal from the brain was
cut into time slices matching one heart beat time. To study the effects of phase change
(or time delay) the correlated signal was shifted pixel by pixel for time one second.
The shifting of brain wave signals provided the equivalent of response/reaction time
for each Using a similar procedure, the correlation coefficient between the heart wall
stresses and the EEG was calculated for one completed heart beat. Here the brain wave
signals came from the patients’ EEG records and each EEG signal from the brain was
cut into time slices matching one heart beat time. To study the effects of phase change
(or time delay) the correlated signal was shifted pixel by pixel for time one second.
The shifting of brain wave signals provided the equivalent of response/reaction time
for each patient. For Patientl correlation coefficient analysis results, correlation
coefficient values were greater than 0.5 at mitral valve 23.97%, at septum 37.19%, at
endocardium 19.01%, and at the apex 19.83%. Similar Patient2 values were at mitral
valve 39.70%, at septum 38.21%, at endocardium 8.66%, and at the apex 13.43%.
Patient3 values were at mitral valve 7.32%, at septum 30.49%, at endocardium
40.24%, and at the apex 21.95%. Patient4 were at mitral valve 31.03%, at septum
37.07%, at endocardium 15.52%, and at the apex 16.38%. Patient5 values were at
mitral valve 23.76%, at septum 49.72%, at endocardium 0.55%, and at the apex

25.97%.
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All patients results of correlation coefficient of EKG and EEG with heart
stress was also shown in the figure 8-5. The figure shows ratio in percentage of shear
stress and normal stress for each patient. The figure also shows the percentage of
correlation coefficient value greater than 0.5 at various locations for each patient.

Response time of all patients was about 0.2-0.4 seconds. Most of strong signals were

occurred at the front of the head as shown in figure 8-6 and 8-7.

Patient
Shift Time| 1 2 3 4 5

Percentage
0.0-0.1]8.55]9.05[14.74|24.32| 0.88
0.1-0.2]13.16]10.86|26.32|26.35|11.40
0.2-0.3 |27.63|35.07{10.53] 8.78|55.26
0.3-0.4(11.18|32.58| 6.32| 9.46|14.47
0.4-0.5(16.45| 2.04 |15.79| 3.38]| 3.51
0.5-0.6 [18.42] 7.92 |10.53|18.92| 3.07
06-0.7]132|1.58 |14.74| 8.78| 7.02
0.7-0.8/0.00]0.68| 1.05] 0.00) 3.51
08-09]1.97]0.23| 0.00] 0.00]0.88
09-1.0/132]0.00| 0.00{ 0.00)0.00

Figure 8-6 Percentage of respond time
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Figure 8-7 Strong correlation coefficients of EKG and stress locations
8.4 Correlation of Wavelet Transform of EEG with EKG

The wavelet transform of EEG and EKG found in chapter 7 were used for
calculation correlation coefficient. The EKG signal on EEG data was sliced and
matched for one completed heart beat. EEG channel dat were sliced for same length of
EKG signal, EEG channels were shifted pixel by pixel for one second (to represent
human response time). The strong signal correlation percentage for location, response

time, dosage, and EKG matching were found.
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Figure 8-8 Wavelet transform of EEG and EKG correlation calculation diagram

Correlation analysis between wavelet transform of EEG and EKG for all
patients resulted in larger correlation coefficients in the front head. The maximum
percentages of reaction time for patient 1 to patient 5 in second were 0.2-0.3, 0.1-0.2,
0.2-0.3, 0.0-0.1, and 0.2-0.3 respectively. Higher dosages of dobutamine had stronger
correlation coefficient than lower dosage. The contractions of heart (systole) had

stronger correlation coefficients than the expansion of heart (diastole).
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Figure 8-9 Patient 1 Wavelet transform of EEG and EKG correlation result

The correlation between wavelet transform of EEG and EKG for individual

patient varied significantly, but was again larger in the front than in the back.
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Figure 8-10 Correlation of patient 4 data for 1%, 5™ and 10" heartbeat
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8.5 Correlation of EEG with Electrical Signal Generated

The electrical signal generated at SA node, AV node, and Purkinji fiber found
in chapter 5 were used for the calculation correlation coefficients with the EEG signal.
Both EEG and generated electrical signal data were sliced in same length as before to
match a complete heart beat. The EEG signal/data were shifted pixel by pixel for one
second (to again represent human reaction time). The locations of strong signal
correlation percentage (% for ¢ > 0.5) for response time, dosage, and ion type were

determined.
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Figure 8-11 Electrical generated and EEG correlation calculation diagram

Correlation coefficient for electrical signal generated at SA node and EEG, had

strong correlation with Ca®* ion and K* ion at SA node. There were no Na* ion
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correlation coefficients greater than 0.5 at SA node for any patients. At AV node the
strongest correlation was for K* ion. At Purkinji fiber the strongest correlation was for
the potential voltage. Correlations analyzed between electrical signals generated and
EEG for all patients had more correlation coefficient greater than 0.5 in the front of
the head.

Patient 1 SA node Electrical-EEG Correlation CF>0.5

3 11 389
FACA 0 000

s 2 1o FET3 36 1272

1 Ca- 55.18% F8T4 0 0.00
B FPLF3 52 18:37

I K 17.06% FPLE7 57 2014

FP2-F4 63 22.26

I Na* 0.00% FP2F8 62 21.91
- FZ¢Z 0 0.00
Liot 27.76% o1 oo
- PA0O2 1
- N 35 0
I \'OIt 0.00% TAT6 O
501 1
T6e02 0
CZPFZ 0
P30
=] =} =) =] =) C4PA O
=) A 2 o o o o
==l =+ =" o ()] = © =
o = =t e ~ oo =*
I T =B =S S
Iv—il—ilrﬂlf\ll-—ql.—q o~ e~

| |
0.0 0.1 0.2 03 04 0.5 0.6 0.7 Time (s)

e =4
@ e ° =
=) =] —~ =
ol ol =) =)}
= = — 0
wy W o1 =l
| |

| | | |
10 15 20 25 30 35 40
Dosage (mics)

=
(A o

Figure 8-12 Patientl SA electrical generated and EEG correlation result
8.6 Summary
Most of strong correlation coefficient for all patients were found near the
frontal lobe of the patient. For all patients the maximum reaction times were between
0.1 to 0.4 seconds. Higher dosages of dobutamine gave higher correlation coefficients

for most of calculations.
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CHAPTER9

Result and Discussion

The methods used for determining the effect of the heart function the brain has
been described in some of the earlier chapters. Some of the results obtained for various
aspects of the heart function and the brain function have also been presented in the
earlier sections of this work. In this chapter we shall discuss the above described
results in a detailed manner. Three main topics of interest here are related to the
simulation of the heart function, evaluation of the corresponding brain activity and

EEG data, and correlations between the heart (EKG) and brain function (EEG).

9.1 Simulation of Heart Function

In this part, for each patient, based on the echocardiogram outputs, heart
functions and related parameters were calculated; these included blood flow profiles,
blood velocity, blood pressure, and heart volume change. These parameters were used
to evaluate the calculation of heart wall stress. This part also involved the docking of
drug dobutamine into the heart (3, adrenergic receptor that was leading to heart

electrical signal generation.

9.1.1 Blood Flow and Stress in the Left Ventricle
The heart wall boundary conditions from the echocardiograms of left ventricle
from echocardiogram are just two-dimensional representation of a three dimensional
process that includes twist if the heart. Despite that, but the flow pattern results from

the simulation of blood flow in the left ventricle of all patients looks quite reasonable
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by many counts. The shear stress from successive heart beats in patient 4 at a heart
rate of HR97 (Figure 3-7), were not exactly the same. This is because the successive
heartbeats were not perfectly periodic functions. However, the simulations of
successive beats were not significantly different. Furthermore both successive beat
simulations had almost same shape and same time of peaking. This should be

additional proof that the results from the simulations are reasonably good.

The systolic-diastolic volume changes for all the patients correlated well with
increasing dosage of dobutamine. With increasing dobutamine dosage, the systolic-
diastolic volume change increases until a maximum point, and after that the systolic-
diastolic volume change decreases, (see Figure 3-10). With increased dobutamine
dosage, the electrical signals that generate contraction in the heart are larger; therefore
heart contracts faster and heart rate increased. As this happens fast and faster, the
displaced volume decreases since the heart tissue is not completely relaxed and the
ventricle is completely expanded. Therefore the systolic-diastolic volume change for

all patients decreased with increased dobutamine dosage.

In figure 3-13, heart wall stress for all regions of all patients looks higher with
increasing dobutamine dosage, except for patient 1. The faster contraction of heart is
the reason for higher heart wall stresses. Patient 1 had only four different dosages of
dobutamine yielding lesser data to be analyzed. However even for patient 1, heart wall

stress increased with increased dobutamine dosage at the lower doses administered.
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9.1.2 Docking of Dobutamine

Modeling and computation of the docking of dobutamine into heart by
adrenergic receptor is much less expensive compared to potential experiments to
measure such data experimentally. The advantage of computational simulation is
useful, safe, faster, and costs less although the calculated data are not as accurate as
the experimental data. The bonding between atoms of dobutamine and b; adrenergic
receptor was found from the lower free energy possible position of docking
simulation. The length between bonded atoms from docking simulation was same as
other general atom bonding. Bonded atoms were used as the parameters in docking of
dobutamine into heart b; adrenergic receptor simulation model. Due to the limitations
of CPU and memory of computer, number dobutamine molecules that that were
simulated were around 200 dobutamine molecules for each dosage of dobutamine
(Figure 4-14). Nevertheless for the 10 mics (milligrams per kg per minute) dosage of
dobutamine, result shown is almost exponential as would be predicted from theory.
The variations for larger dosages of dobutamine are almost linear. Thus a linear

variation was assumed for the higher doses.

9.1.3 Electricals Signal Generated
The generated electrical signal lead to the contraction of heart is conducted by
the action potential in sinoatrial (SA) node, action potential in atrioventricular (AV)
node, and action potential in Purkinji fiber. By modifying the action potentials of
rabbit models as suggested by Zhang [2-16 to 2-18], the action potential curve for

human heart was derived. The results of these models compared well with measured
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normal action potentials. But the amplitude of the potential was about two times
bigger. This may be due using modified rabbit data (average heart rate 130-325 beats
per minute). After multiplying the human potential magnitude with (human-rabbit)
factor, the predicted potential amplitude of model is almost the same as the normal

measured potential amplitude.

9.2 Brain Signal Analysis

Fast Fourier transform and wavelet transform were used as spectral tools for

the analysis of brain waves in concert with cardiac functions.

9.2.1 Fast Fourier Transform of Electroencephalogram
The fast Fourier transform of electroencephalogram for patients 1, 2, 3, and 4
had more frequencies in alpha wave region that is typical in awake and relaxed people.
The fast Fourier transform of electroencephalogram in patient 5 has more frequency in
theta wave region theta wave which shown in stress or arousal person. Patient 2°s EEG
amplitude is weakest. This may be because of patient’s age; 79 years old. All larger
magnitudes of fast Fourier transforms of electroencephalogram were for in the

backside of head.

9.2.2 Wavelet Transform of Electroencephalogram
Wavelet transforms of electroencephalogram used in this study were the
discrete wavelet transform which is easier to use for computational calculations.
However, the limit of discrete wavelet transform is that the frequency steps are 2"
apart; therefore wavelet transform of electroencephalogram is hard to calculate for all
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frequencies such as say a frequency of 23Hz. Yet these discrete wavelet transform are
still useful for analyzing brain wave activities and relate them to delta, theta, alpha,
and beta brain waves. This activity of brain waves has frequencies in the range that

almost matches with 2", 0 to 4 Hz, 4 to 7 Hz, 8 to 12 Hz, and 12 to 30 Hz respectively.

9.3 Correlation of Heart and Brain Data

The analysis and correlations between heart data and brain data were
synchronized by heart rate. Most calculations were done for one heart beat in same
period of time. Some calculations were phase shifted to evaluate the effect of phase

shifting data to analyze the reaction time.

9.3.1 Correlation of EKG and EEG with Heart Stress
The study of correlation of EKG with heart stress used the shifting of EKG
from echocardiogram. EKG from echocardiogram is only one beat but the heart beat is
assumed to be a repeating periodic function. The phase shifting of EKG yielded results
indicating a reaction time of about 0.2-0.4 seconds. That means, 0.2 to 0.4 seconds
after the heart contracted, heart stress followed and corresponding changes in EEG

took place.

Both correlations of EKG with heart stress and correlation of EEG with heart
stress indicated that the normal stress had better correlation than shear stress. That
indicates better and direct relationship to the pressure in the heart and the systolic and
diastolic functions of the heart. The effect of shear stress might have been evident
more clearly if the twisting of the heart was analyzed in a 3-D model. Patient 2 had a
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better correlation of shear stress with heart functions; this patient may have had some

problems (Figure 8-5).

9.3.2 Correlation of Wavelet Transform of EEG with EKG
EKG from the recoded EEG was used in correlation of wavelet transform of
EEG with EKG calculated. EKG from the measured EEG chart permitted calculations

for every heart beat.

Calculation from different beats for the same condition, gave almost the same
results proving repeatability of the processes (Figure 8-12). That explains the high
correlation between EEG and EKG located for many EEG channels; most of larger or
better correlations of EEG were for electrodes corresponding to the front of the brain.
This is not surprising knowing that in many mammals and birds some important
cognitive behavior is associated with frontal lobes of the brain.

Heart contractions start at P of the wave and finish at T of the wave (Figure 8-11). The
percentage of correlation between P and T of the wave were larger than those between
T wave and P wave. i.e., brain waves had better correlations with heart in contracted

state (systole) than heart in relaxed state (diastole).

9.3.3 Correlation of EEG with Electrical Signal Generated
Correlation of EEG with generated electrical signals from SA node, Na* ion
and associated electrical potential had very little correlation with EEG, but better

correlation with Ca”* ion and K*ion. Na' ion current might just be the start of the
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sharp beginning of signal and thus Na® ion current did not have much correlation
(Figure 9-2).

Correlation of EEG with generated electrical signal from AV node, K* ion and
electrical potential had more correlation with EEG than other ions.

Correlation of EEG with electrical signal generated from purkinji fiber, Ca**
ion and electrical potential had better correlation with EEG than other ions. This may
because the Ca”* ion and electrical potential associated with that are the main factors

that make the heart muscle contract.
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Figure 9-1 Electrical signal generated at SA node from Na" ion

9.4 Summay

This chapter discussed in some detail some of the results generated as part of

the present work. The results included those related to the simulation of the heart
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function, the analysis of the brain wave data and the relationship between the above

two in the form of correlations between the heart function and brain data.
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CHAPTER 10

Summary and Conclusions

The present work deals with simulation of blood flow in the heart and the
stresses on the myocardium based on patient echocardiography and using the position
of the myocardium from the echoes as boundary conditions. The current work also
analyses the EEG brain waves using frequency and wavelet analysis and also
calculates correlations between heart behavior (EKG) and brain (EEG waves). In the
first part of the work, simulation and physical properties of heart have been carried out
to better understand the properties of blood flow in the left ventricle, blood velocity
distributions, blood pressure, and heart stresses for various heart pacing rates achieved
with the use of Dobutamine in patients. In the second part of the work, brain waves
(EEG, electroencephalogram waves) recorded during the Dobutamine stress tests
while the heart was paced have been analyzed by wavelet transform and fast Fourier
transform (FFT). In the final part of the work, both physical properties of the heart and
associated waves and analysis of brain waves have been analyzed in the context of
Dobutamine transport and the electrical properties of the sinus node and heart

contraction.

10.1 Echocardiograms and Analysis of Heart Function
Echocardiograms consist of ultra sound based representations of the heart
movement but only two dimensions. The loss of the third dimension and particularly

not being able to represent the ‘twist’ of the heart is a major limitation of using
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echocardiogram for measuring patient heart data. Although blood flow in the left
ventricle is three-dimensional, the present computational modeling represents it as a
two-dimensional body of rotation to get the whole volume. Despite the above
difficulties and assumptions, it is believed that with such 2-D modeling most of the
left ventricle function and physical properties of the blood flow are captured. For the
present patients, the heart is paced using the drug dobutamine to test their heart
functionality. The transport of dobutamine is modeled as part of this work to
determine the amount of effective dobutamine. This modeling includes the evaluation
of docking of dobutamine with B;-adrenergic receptors using Autodock4 computer
software and the related simulation makes several assumptions and thus are not
perfect. Computational results indicate an exponential trend for the amount of
dobutamine absorbed as a function of time. Since the half-life of dobutamine in the
body is quite short, continued infusion at larger rates (milligrams per minute) is
necessary to achieve larger doses of dobutamine in the patient. Some of the data
needed for the dobutamine modeling particularly for the electrical potential modeling
included some rabbit electrical potential data along with other constants, etc. The
electrical signals generated as well as the overall modeling looks reasonable and have

yielded good results.

10.2 Analysis of Brain Signal Data

Both wavelet transform and fast Fourier transforms have been used here for the
analysis of brain (EEG) data. Fast Fourier transforms (FFT) analyzes the spectral

(frequency) content of the EEG data or brain waves. The dominant frequency
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displayed as a result of fast Fourier transform is useful to predict the status of patients
by correlating dominant frequency with the brain waves recorded: alpha, beta, delta,
and theta waves. Transformation of all channels of brain waves by fast Fourier
transform also identifies location of dominant frequencies there. Wavelet transforms

of brain waves also yielded spectral data but the wavelets are in the time domain.

10.3 Correlation of Heart (EKG) and Brain (EEG) Data

Most of the better correlations (larger correlation coefficients) of heart and
brain data with significant correlation coefficients (¢ > 0.5) are located in the front
side of the head. But some of the dominant fast Fourier transform of brain waves are
located at the backside of the head too. Correlations of phase shifted brain waves with
physical properties of heart provided estimates of reaction times. The reaction times
calculated in this work are around 0.2 to 0.4 seconds; that means the brain waves
respond about 0.2 seconds after the heart stress. For the same patient, heart rate,
dosage of dobutamine, location of strong correlation of signals (% of time ¢ > 0.5) had
broader distribution but were larger in the front of head. In the SA node, Na" is the
main electrical signal to make heart process run. In the same way, at the purkinji fiber,

Ca®" and electrical potentials are the main factors for contraction of heart muscle.

10.4 Recommendations for Future Work

The present study uses heart wall position data from the echocardiograms for
the determination of blood flow and heart stresses in the left ventricle. The data used

and thus the results are strictly two-dimensional. In three dimensions, the pumping of
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blood by the heart not only involves contraction of the left ventricle but also a
significant amount of twisting of the heart (wringing of the fluid out of the left
ventricle). A three dimensional analysis of the heart and the pump in functions could
shed significant new light into those cardiac phenomenon. The cardiac stresses from
such an analysis will be more accurate. The docking of dobutamine, interaction with
the cell and related electrical signals that generate heart function are all simulated only
by computational simulation. Additional and new experimental work related to the
better understand the docking of dobutamine and the electrical signals generated in the
process would be welcome. Since all stronger correlations (correlations coefficients, ¢
> 0.5) between heart and brain data are in the front part of the brain, much more
attention should be paid to determine the next set of experiments and correlations
related to brain waves in the front channels of EEG record. Correlations of a patient, at
the same heart rate but for different heartbeats, can describe the variations in heartbeat
and related effects and possibly deceases. Analysis of brain waves in real time by
wavelet transforms or fast Fourier transforms might one day soon be helpful to

cardiologists to predict and quickly decide better treatment methods.
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Result
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A.1 Docking of Dobutamine Result

The best possible position of dobutamine from the Autodock software is the

lowest energy position.

dobutamire atom
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Figure A-1 The best position docked of dobutamine
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Interaction Dats

Ligand hun_betal-dobutamine 08 28 09 pdb  RECEPTOR
Receptor: hum_betal-dobutamine. 08 28,09 pdb: RECEPTOR

Heavy atoms ligand = 22, recsptor = 2960

ligand receptor residus chain tvpe sooTeE

H 4475 0 @39 GLY ag hum_ 1 H-don 31 7% 1
H 4453 0D 1268  A45F 121 bhum_ 1 H-don 25 3% 1
0 4440  0OG 2705  SEE 212 bum_ 1 H-don 98 2% 2.4
0 4437 0Ok 2755 SER 215 bum_ 1 H-dow 26 0% 2
H 4452 0D 3547  ASH 329 hum_ 1 H-dow 45 3% 1
O 4440 OG 2706 SER 212 hum_ 1 H-ace 98 2% 2.4
Q 4437 06 2755 SER 215 bum_ 1 H-aoc 26 0% 2
C 4473 0O B899 GLY 98 hun_ 1 weak 0.0% 3.9
C 4473  C 892 GLY a8 hum_ 1 weak 0.0x 4.9
0 4474 C 898 GLY 95 hum 1 weak 0.0% 3
C 4476 O 894 GLY 98 hum_ 1 weak 0.0% 34
C 4478 C 898 GLY 95 bum_ 1 weak 0.0% 4,
C 4476 Ca 895 GLY 98 hum_ 1 weak 0,0% 4.
0 4474 CH 930 LEI 101 hum, 1 weak 00x 3
QO 4474 G955 AL 102 hum_ 1 weak 0.0% 3
C 4454 CH 1210 TRE 117 hum_ 1 weak 0.0% 4.
T 44LE CH 1210 TEFP 117 hun_ 1 weak 0.0x 4
C 4457 CH 1210 TRE 117 hum_ 1 weak 0.0% 4
C 4462 CH 1210 TEE 117 bum_ 1 weak 0.0% 4

C 4467 CZ 1208 TEF 117 bum_ 1 weak 0.0z 39
C 4473 CH 1210 TRE 117 hum_ 1 weak 0.0% 4.
C 4476 CH 1210 TRE 117 bhun_ 1 weak 0.0% 3

T 4476 CZ 1206 TEFP 117 hum_ 1 geak o.0% 3
C 4478 CH 1210 TRE 117 hum_ 1 weak 00k 3
C 4478 CZ 1206 TRE 117 hum_ 1 weak 0.0x 3,
C 4446 0D 1266 A5F 121 hum_ 1 weak ooz 4.3
C 4447 0D 1266  ASE 121 bum_ 1 weak 0.0% 3

C 4447 (G 12R5 ASF 121 hum 1 weak 0.0x 44
C 4448 0D 1266 ASF 121 hum_ 1 weak a.06% 3

C 4448 CG 1265 &SP 121 hum_ 1 weak 0.0% 4
N 4451 0D 1257 &SP 12 hum_ 1 weak 0.0% 43
H 4451 CG 1265  ASP 121 hum_ 1 weak 0% 3
N 4451 (B 1262 &SP 121 hum_ 1 weak 0.0x 4
C 4454 0D 1268  A5F 121 hum_ 1 weak 0.o%x 3
C 4454 CG 1265  ASE 121 bum_ 1 weak 0.0x 4

C 4462 0D 1IZeb &SP 121 hum 1 wesk 0.0% 3
C 4482 OG 1265  ASF 121 hum_ 1 weak 0.0% 4.3
C 4462 CH 1262 &SP 121 hum_ 1 weak 0.0% 4

C 4434 CG 1280 VAL 22 hum_ 1 geak 0.0% 4
C 4436 CG 1280 VAL 122 hum_ 1 weak o.0x 4
0 4437 CG 1280 VAL 122 hun_ 1 weak 0.0% 4.
0 4437 CG 1276 VAL 122 hum 1 weak 0.0% 3
C 4442 CZ 2545 FHE 201 hum_ 1 weak o.0x 3

C 4442 (CE 2 FHE 201 bum_ 1 weak 0.0% 3
C 4444 CEZ 2546 PHE 201 hum_ 1 weak 0,0% 3
4444 CE 2544 FHE 2031 hum_ 1 weak 00x 3

C 4446 CZ 2546 PHE 201 bum_ 1 wsak 0.0% 4
C 4448 CZ 2546 FPHE 201 hum_ 1 weak 0.0% 4.
C 4448 CE 2542 FHE 201 hun_ 1 weak o.0x 4
C 4448 CD 2538 PHE 201 hun_ 1 weak 0.0% 4.4
C 4462 CE 2542 PHE 201 bum_ 1 weak 0.0% 4,
C 4467 €D 2538 PHE a0m bum_ 1 weak 0.0z 4
0 4440 OG 2695 SER 211 hum_ 1 weak 0.0% 3
O 4440 CB 2692 SER 211 bum_ 1 weak 0.0% 3
0 4440 C 2890 SER 211 hum_ 1 weak 0.0% 3
C 4436 0G 2706 SER 212 hum_ 1 weak 0.0x 4
C 4435 06 2706 SER 212 hum_ 1 weak 0.0z 3
C 4433 CB 2703 SER 212 hum_ 1 veak 0.0% 4
C 4439  Ca 2693 SER 212 bum_ 1 weak 0,0% 4
0 4440 CE 2703 SER 212 hum 1 wesk 0.0x 3
0 4420 CA 2693 SER 212 hum_ 1 weak 0.0% 3.
0O 4440 N 2697 SER 212 hum_ 1 weak 003 2
C 4442 0OG 2706 SER 212 hum_ 1 weak 0.0% 3
C 4435 0OG 2755 SER 215 hum_ 1 weak 0:0% 3.9
0 4437 CB 2752  SER 215 hum_ 1 weak 0.0x 3
0 4440 @G 2755 SER 215 ham_ 1 weak 0oz 3
C 4442 CE 3559 FHE 308 bum_ 1 weak 0.0% 4.
C 4444 (CZ 3561 PHE 06 hum 1 wesk 0.0% 3
C 4444 CE 3559 FHE 306 hum_ 1 weak o .6x% 3

C 4445 CZ 3561 FHE 308 hum_ 1 weak 0.0% 4
C 4446 CE 3553 FPHE 306 bum_ 1 geak 0.0% 3
C 4447 CZ 3561 FHE 306 hum_ 1 weak 0:0% 3.9
C 4447 (CE 3553 EPHE 306 hum_ 1 weak 0.0x 4
C 4436 CZ 35681 PHE 307 hum 1 weak 0.0% 4
C 4436 CE 35743 FHE 307 hum_ 1 weak 0.0% 4
O 4437 (CZ 3581 PHE 07 bum_ 1 wesk 0.0% 4
O 4437 CE 3579 PHE 307 hum_ 1 weak 0,0% 4

£ 4439 CE 3579 FHE 107 hum_ 1 weak 0 0% 4
QO 4440 CE 35739 PHE 307 bum_ 1 wsak 0.0% 4
C 4442 0D 3628  ASH 310 hun_ 1 weak 0.0% 3
C 4447 Oh 3947 ASH 329 hun_ 1 weak 0.0% 3
C 4447 CG 3945 &SN 32% hun_ 1 weak 0.0% 4
C 4448 OD 3947  ASH 329 hum_ 1 weak 0.0% 3

N 4451 HD 3948 A5H 329 bum_ 1 weak 0.0z 4
H 4451 CG 3546 ASH 329 hum_ 1 weak 0.0% 3
C 4454 (0D 3947  ASH 324 bhum 1 weak 0.0% 3
C 4453  CG 3346 4SH 24 Bum_ 1 wsak 0.0% 4
C 4455 0D 3347  ASH 329 hum_ 1 weak 0.0x 3
C 445E G 3946 ASN 329 hum_ 1 weak 0.0z 4
C 4456  HD 3948 &SN 324 hun_ 1 veak 0.0% 4
C 4456 0D 3947  ASH 329 bum_ 1 weak 0,0% 3.
C 445p (G 3946 ASN 329 hum_ 1 wesk 0.0x 3
C 4456 CB 3943  ASH 329 hum_ 1 weak 0.0% 3

C 4457 0D 3947 ASH 324 hum_ 1 weak 0.0% 4.42 H H
O 4473 HE 3968 TEF 330 hum_ 1 weak 0.0% 4. 08 Bondlng dlagram
C 4476 HE 3264 TRE 330 hum_ 1 weak 0.0x% 3.58
C 4478 HE 3964 TEP 330 hum_ 1 weak 0.0x 3.89

3D visualizing of bonding

Figure A-2 MOE bonding result of dobutamine on 3; adrenergic receptor
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Patient Data and Clinical Condition

Patient No. | Age | Sex Clinical Condition
1 68 F Normal HR 20 — 40 mics of Dobutamine, no ischemia
2 77 F HR 134 with 40 mics of Dobutamine and 5 mcg of
Atropine, no ischemia
3 58 F Normal systolic function, no ischemia
4 58 F Normal Dobutamine echocardiographic study
5 79 F | 90% HR at 30 mics of Dobutamine, patient on O, during
test, LV hypertrophy
Figure A-3 Patient data and clinical condition
amount of dobutamine molecules docking with HR increasing
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Figure A-4 Amount of dobutamine molecules docking with HR increasing
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A.2 Electrical Signal Generated Result
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Figure A-5 Sinoatrial node currents and action potential results
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AV node Ca2+ curent min =-27 1608
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Figure A-6 Atrioventricular node currents and action potential results
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Puridinje Fiier Ca2e current min = .4.8336
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Figure A-7 Purkinji fiber currents and action potential results
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Patient 2 Boundary Changed

A.3 Blood Flow and Stresses in the Left Ventricle Result
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Figure A-8 Patient 1 boundary changed

Patient 3 Boundary Changed
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HR136 40 mics
Figure A-9 Patient 2 boundary changed



Patient 4 Boundary Changed
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Figure A-10 Patient 3 boundary changed

Patient 5 Boundary Changed
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Figure A-11 Patient 4 boundary changed
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Patient 5 Boundary Changed
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Figure A-12 Patient 5 boundary changed
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Figure A-13 Volume change with vary of dobutamine dosage
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A.4 Fast Fourier Transform of Electroencephalogram Result
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Figure A-14 Patient 1 fast Fourier transform of EEG result
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transform of EEG result

Ier

151

,m & Y 2 ® = % 3 2 & i X 8
4 & {2 & * 3 ] £} 2 4 & g
s s 5 2 ¥ ® ¥ s _u s g s
] 2 .ﬁ £ L R o ‘u— .‘& t} R L3 e
£l " &g Lt R 3 =¥ £l " i
| T N 4 SM 3
i Tl O N O el Bl
._‘,nm L um .w.m. nm w w rm _r_@ wm .»w ‘nm : .sm ' m o
3 ] ' ] E - 3 i 3 i e %= £
EEPF . ESEE I
R ™ [P A s
g 2 ] 2 & & 2 B 2 % ® g
£ L3 £ v £ 9 i = L3 2 & £
B s 2 2 ¢ 5 2 H 2 B 2
R " L] s r &3 " L] " t] n
oo
2 £ £ LC It = E 4 ez =8 - 24
o bl JIE MO o Ql W) ot 4l
I s[5 L] i w“ H i<} 2 || 8 L I
3 Ry R R Ag ] £ ,m.m R A3
R . | a . 1§ 3. L . = d,
- ] n b = I = 8 = = 3 . m_ ~£- . £
N I8 A i, . 1a - 3 2, ' " o
do il WNM,..;,\% L e o Ol o 3 uJ..m...._ue .-m...lnm..b.-#a.lrh.,
P coctohmt o mivoe o sssoust e e B e ]
s & 0 ' 8 8 2 2 5 i 5 2 £ & % 5 = 2 2 2 5 i % ]
= s s &l = = & z & s —ﬂ el & = £ E3 = s
2 & 2 ¥ 3 £ 2 = £ & g & & s 2 £ ] 'S
" L A L £ " ® 8 A n -+ il L £ " @ £l ® A
m nm nm m x”w nm m x # & = nw m m nm -m Dw. wm wm m 2 £ m B = : -m .xmw
7 o S " w m 1 .m B ! 4l as OV ELY m m i .m £ " 7
A R s O e I ST LI == T O s IR i
A= w0 s ; o H 20 Py @_.mm LF & & & RE % 2 Ps % " bRz
1. E 3. = 2 ..,m e mu i 3 e = 2 e = S g
) i i ] 4 i
- = e i b ] - $ % & mw i3 F 2 4: E me it i .mmm
4 E 5 1 i 3 3 E. 4 t 1 3 i
e E - - - F 5 - - . - m - - - o - - - - o
At il etk simti o o O WS A ] ki emsoN  ereibe  imwi wocoou wsaiisd Gl vid

A-15 Patient 2 fast Four

Figure




o3 e

o ke,

X :
£ o M, A
e e —— =
= Surdite % oups S0
9. C3-P3 i C4-P4
€% » W kN » ) » ) o s % 1 " " ES = u E3 - ar o
- ourimes . -
g;L.,A s ;;L...kL
L e e R B ™
g‘ku-mﬂ*s«-«.__*.___,—g g‘w
B Eoeepst]
YEE ¥ i e s v M T
i . v . o
il . il
W L e AT o T 0
3 owimes i . " owtimin
i N i
t¢ TR EETE W w W ) ':u TR E il O
o b i et Ty 5 ous ke
Y F3-C3 N FAC4 G FTT3
o E T B RLE. W 8w % R 1 . B T S I Y 3
v s : . o=
i I L
o o g
e — UM | [ S
EH g i
£ N 1 S— - —
T e VI N TR o
- [N .1
- - f— o
. = "
e . "
o S — o o m— e we—
g; e £
g “L i
ik £ i
5:; S S e S R E:o o - e e v =
Y F8-T4 . FPI-F3 .. FPLE7
T T L S o way i S W =
a,— g.— §! A
E'L._ i E'L {‘L
L T T L S ey E N I R lw [EEH ST T ®
W2y E: " 23
iy 1 i,
.
W T e 7 M e o g S
. .o ity b
O oMy 1 ey 2 Bitben
1 L il
E‘fi T ﬂJamz‘s‘m‘w R E‘- TR B R m s w6 W {"a'; R TR B 3
5) %’ i
£ K ’L 'L
e Jl- g e S /v e e Y e
i ot W uti s P ot
B, _FP2-F4 i FP2-F8 B FzCZ
o * W " » a " » ] as qﬂ 1 " " EY 2 u E3 o a L] ] ) " - ) Y £l E] a“«
25 Ouf3 Dikben. a: Gl EET e
9 A Pk
e £ H
R S e R e e | I e S
il E;!h !:!
= |,
By e o e T e v e
TR iy ) PPN Ay FECE Py 1)
g’ S o i' S s
A A
i'.‘, [ TS~ Y TR £ l'n" [ T S W T 0
5 cwriione # e
|9 A
D T T i o [ ! Folepratse ) e
B2 Ok iy L ke
o P3-0O1 L T3-T5
1 s W B M B w5 @ % =% T B BB S £ W
) s : oy
i k.
¥ i
e e = e o T ] =
i e e : P T
B %
e it T i # N ] —
. "
- e
. a
i ng n
; A T W e T % g:i A e 5
ilL i, E_‘L i
i [3 - " xm’;m_» ] - a5 £ () i) i £y ):-wb"hk E) "
: £¥) >
i\ T4-T6 1 — O
ﬂ: L T e ) O e =
Lo '&
Ec £ wf“ W o®..S % ®m 6w £l i‘é_ -ﬂg (SO T w
] ouesRiM 23 RS-
b - ¢
g'k . ,A o) T
e e E S i ! e % &

x
T oy s

Figure A-16 Patient 3 fast Fourier transform of EEG result
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Figure A-17 Patient 4 fast Fourier transform of EEG result
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Figure A-18 Patient 5 fast Fourier transform of EEG result
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A.5 Wavelet Analysis of Electroencephalogram Waves Result
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A.6 Correlation of Heart and Brain Data Result
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Figure A-24 Patient 1 EKG-EEG correlation result
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Figure A-25 Patient 2 EKG-EEG correlation result
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Figure A-29 Patient 1 heart stress-EEG correlation result
162

S [ 25.00%



) BC3 15 464
42.76% rmca 2 o
FAT3 37 1146
BT4 1 031
FPLES 44 13.62
FPLE7 79 24.46
FP2FA 46 1424
F2-F8 74 22.91
FZZ 5 155
P3O1 0 0.00

38.21% # S -O07 P

MNaENGONAEOCOSO

(1]

s
(=]
=
=)

=g =
(=} =] =]
o ~~ =]
-+ o~ =)
=, (= —
[} on o
I NN NS NN I N AN
0 5 10 15 20 25 30 35 40
Dosage (mics)
Figure A-30 Patient 2 heart stress-EEG correlation result
B 0 000
FAC4 0 000
F-13 1 127
FBT4 5 633
1B 1 127
FP1-F7 23 2911
FP2-F4 21 26.58
FP2-F8 14 17.72
FZ 1 127
2 P3-01 0 000
30.49% ¢ PAO2
1315
T4T6
1501
1602
{Z-PZ
3-rP3
C4PA
=] o =) .- (=] 2
=) < =} = =] (=] =] =2
-+ [l (28] N o = =]
~ o W (o] [ W ~ ')
+ ¥ < T o oo + =
= = e - —

]
0.0 0.1 0.2 03 04 0.5 0.6 0.7 Time (s)

| o>

s 2 / 21-30%
=} =1 =+ 0%
e} v ~ i Z
S o :
— lag) ;:
|

510 15 20 25 30 35 40
Dosage (mics)

Figure A-31 Patient 3 heart stress-EEG correlation result
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Figure A-34 Patient 1 SA node electrical-EEG correlation (CF > 0.5)
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Figure A-36 Patient 3 SA node electrical-EEG correlation (CF > 0.5)
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Figure A-37 Patient 4 SA node electrical-EEG correlation (CF > 0.5)
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Figure A-40 Patient 2 AV node electrical-EEG correlation (CF > 0.5)
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Figure A-41 Patient 3 AV node electrical-EEG correlation (CF > 0.5)
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Figure A-42 Patient 4 AV node electrical-EEG correlation (CF > 0.5)
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Figure A-43 Patient 5 AV node electrical-EEG correlation (CF > 0.5)
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Figure A-45 Patient 2 PF node electrical-EEG correlation (CF > 0.5)
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Figure A-46 Patient 3 PF node electrical-EEG correlation (CF > 0.5)
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Figure A-47 Patient 4 PF node electrical-EEG correlation (CF > 0.5)
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Figure A-48 Patient 5 PF node electrical-EEG correlation (CF > 0.5)
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