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ABSTRACT

This thesis presents an extension of a recent model of a phgsiological
system producing oculer pulse, including the models of the left side carotid
vascular system, stenosis, and the eye. The method is intended for earty
screening of both stenosis and elevated intraoculsr pressure for preventing
stroke and glaucoma. The validity of the carotid vasculer system model is
shown through its (i) stability, (i1} accuracy, (iii) sensitivity to degrees of
the modet, and (iv) linearity of the system. The stenosis model is improved
with respect to the integration algorithm and the displacement along the
carotid vascular system. The eye model is also modified to achieve the
relationship between the ocular blood pressure and intraocular pressure with
respect to different severity levels of stenosis. The oculer pulse is analyzed,
both in spatisel and frequency domains, with its associated signals such as the
oculer blood pressure, and the intraocular pressure. Computer simulation has
shown that the model compares vrell with the previous]g published results,
while revealing details not available before. The sensitivitg of the ocular
pulse waveform to the stenosis and intraocular pressure is studied through a
differential differencing analysis, and shows that it is possible to use the
ocular puise vaveform to detect the severity level of stenosis from 10% to
90% with precision of the level difference of 20%, and its location in either
the commen carotid, or the external carotid, or the internal carotid, as well

as the intraocular pressure levels from 15 to 40 mmHg.
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CHAPTER |
INTRODUCTION

1.1 Motivation

Stroke and glaucome are of mejor concern to preventive medicine due to
thetr toll on human life and health care system. in 1980, over 1 million
Americans died of diseases of the heart and blood vessels. The majority of
these patients died of acute problems such as heart sttack (566,900 persons)
and stroke [BronB6]. Stroke accounts for 11% deaths [Wolf77] (approximately
500,000 persons per year in the U.S. alone). 408 to 70% of the people who had
the cardiovascular diseases are rendered disabled and require billions of
dollars per year in continuing care. For example, in 1983, over $56 billion
was spent or lost due to cardiovascular diseases, with over $32 billion spent
on hospital or nursing home care. Glaucoma accounts for 15% of blindness in
the US. [ScAl69). Therefore, early detection of the diseases could be very

important to preventive medicine.

Stroke may be caused by an effective blood vessel narrowing {(an arterisl
stenosis, possibly combined with arterial spasm) which obstructs the blood
flow to the brain, leading to & possible damage of the brain or even death.
Glaucoms may be caused by an elevated intraocular pressure (I0P) which may
reduce blood supply to the nerve fiber in the retina, thus leading o possible
blindness. Therefore, early screening for the stenosis and eleveted I0P in an

outpetient environment should be very important and an effective way to

prevent the two diseases.




Although the plausible causes of stroke (an arterial stenosis without or
with the spasm) and glaucoma (an elevated I0P) are not related, they can be
detected by a common method based on an analysis of an ocular pulse
waveform (OPW), which is defined as the pulsatile radial displacement of the
cornea due to choroidal pulsations under a given IOP. The method is highly
sensitive to the level and location of carotid occlusions causing stroke
because the choroldal arteries are connected to the ophthalmic artery which,
In turn, is the first major division of the internal carotid . In his study on
rabbits, Best [Best70 to Best74] has shown that carotid occlusions can alter
the ocular pulse. The method is also sensitive to the level of the [OP because
the spectral contents of the OPW change as the function of the I10P due to
their direct correlation [Mow68]. |

Work on finding a single screening method for both diseases started in
1977 [King79, CKKJB 1] and summarized in [Kins87]. The method is to analyze
the OPW measured by an accurate and repeatable technique to achieve its
relationships with either the carotid stenosis or the elevated |OP. These
relationships can be used to screen for the existence of the carotid stenosis
and the elevated IOP in an outpatient environment. An example of a decision
tree can be complled In Fig. 1.1 to explain the screening process.

Separate screening methods presently used for the two diseases have
been studied [Kins79, JuKiB4a, Jull84a). They include (i) the non-invasive
methods (Doppler sonography, phonoangiography, thermography) and the
invasive methods (angiography) for blood vessel narrowing encountered in
stroke, (i) the contact methods for IOP measurement (tonometry and its
derivatives), (iii) the non-contact method (Doppler shift with ultrasound) for

the ocular pulse measurement. However, all of these methods have serious
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and essenlial drawbacks that eliminate their use for the ocular pulse
screening method. These drawbacks have proved to be (i) the non-invasive
methods are not relisble and simple enough for the outpatient screening, {ii)
the invasive methods, due to its danger to humen beings, is usually used after
stroke has occurred, (iii) the contact methods do not produce accurate
results, and (iv) the ultrasound measurement of OPW is too sensitive to
environmental conditions and noise. A laser interferometry method has been
selected [JuKiB84b] as the most promising, which is non-invasive, non-contact,

and accurate enough to be applied in the outpatient environment.
1.2 Research Methodology

The ultimete goal of this research topic is to establish a hon-invasive,
non-contact, reproducible, economical, and outpatient method for early
screening of the stenosis and the elevsted I0P. In order to achieve this gosl,
a sequence of research phases were proposed [CKKJB1, Kins87], including (i)
the preliminary study by modelling and simulation of the scular pulse system
(the physiological system producing ocular pulse}, (ii) the development of 8
new laser interferometer for measuring the ocular puise, {iii) the clinical
study of the screening method, and (iv) the development of a practical

apparatus.

Since the presently used methods carnot obtain the accurate ocular
pulse, the oculer pulse and ils interrelationship with the stenosis and
elevated IOP for an accurate non-contact screening method need to be first

investigated. In phase (i), a model of the oculsr pulse system has been

developed [Jul184a, JuKiB4a], tncluding the models of the carotid vesculsr




system (CVS), stenosis, and the eye. Through this system model, the
sensitivity of OPW to the carotid stenosis and the elevated 10P within the eye
can be extensively studied. The results are intended to assist in further
clinical studies. This thesi_s has been done to improve the present model,
including the re-evaluation and validity study of the system. Furthermare,
this thesis is also focused on the sensitivity of OPW to the stenosis and the
elevated 10P.

1.3 Thesis Objectives and Structure

The objectives of this thesis work follow the selected research
methodelogy and include:

1. Further development and detailed improvement of the present system
model, including the models of CVS, stenosis, and the eye;

2. Evaluation and validity study of the system, and establishment of more
detailed formulation of the ocular pulse analysis structure in both
spatial and frequency domains; and

3. The sensitivity study of the OPW to the stenosis and the IOP levels, and
the study of methods for finding the corresponding OPW frequency
spectrum patterns.

In Chapter I, the existing models of systemic artery, stenesis, and
ocular pulse are reviewed, from which our present model is proved to be vatid
and improved in terms of its specificity for the OPW study. Chapter [l is the
description and detailed formulation of the present model Including the
models of CYS, stenosis, and the eye. Evaluation of results and the system

analysis are also presented in that chapter. It is then followed by Chapter (v

..5_




on the sensitivity study of the OPW with respect to the stenosis and levels of
I0P. In that chapter, the developed methods for finding the corresponding
OP% spectrum patterns sare also described. Finally, conclusions and

recommendstions for further research work on the accurate, non-contact OPWw

screening method for stenosis and elevated 10P are presented.




CHAPTER I
EXISTING MODELS

A variety of previous studies have contributed to modelling of the human
arterial system, stenosis, and the eye to obtain a better understanding of the
physical phenomena (i) of the human systemic arterial tree, such as pressure
and flow wave propagation, properties and architectures of the arterial tree,
(ii} of stenosis effect on the blood flow, and (iii) of dynamic mechanism
within the eye. Two kinds of methods have been used for developing these
models, physical modelling and mathematical modelling. Typical medelling
involves a physical model, such as an electrical circuit, and its evaluation by
measuring its voltages and currents. Such physical models have been used in
the early research on the vascular systemic haemodynamics because of the
advanced level of analog computing and the inability of solving large systems
of equations that are required to describe the cardiovascular system. With
the advent of computers and new algorithms for solving large systems,
mathematical modelling has become dominant. Mathematical maodelling
involves & mathematica! description of a physical model and its evaluation by
solving pertinent equations either analytically or numerically. The results
are obtained in the digital domain. All the analytical studies of large
systems can be proceeded sufficiently and more effectively in the
mathematical model than in the physical model although the mathematical
model may be verified in some ospects by the physical model. Therefore, the
mathematical modelling is chosen for our study on the development of the

ocular pulse system model.




2.1 Modelling of the Human Arterial System

The first and simplest form of the methematical models is known as the
wWindkessel model, in which it is assumed that all pressure fluctustions in the
artery occur synchronously. Several varistions of the medel have been
developed. This model is useful in a sense that it can approximate the input
impedance of the entire arterial systemic tree. However, since it does not
consider the wave propagation of the pressure (pulse), the Windkessel model
cannot be used to investigate the detailed properties within the arterial
system. Therefore, it has been agreed that the arterial system is not as the

Windkessel model.

The limitstions of the Windkessel model led to the design of other
models in which it was assumed that the arteries respond to a central pulse
wave as a resonant system and, therefore, the transmission line theory can be
applied. Prototypes of these models was developed by Noordergraaf [Noor60,
Noor63l. In this model, a passive electrical analogy was obtained by
comparing the transmission line propagation eguations and simplified
equations of blood motion and continuity for fluid flow in a short segment of
artery. There were 113 segments with 5 cm of segment length that were
interconnected to construct the architecture of the human systemic arterial
tree. The behavior of this model was tested to be consistent with the reality
in thal it exhibited the features of pulse wave travelling down the arteries.
However, it was later evidenced that the pressure pulse, while travelling
towards the periphery, increased more than in reality. Pater [PaVab4] in his

study has developed an electrics] analog modet for the circulation of human

heart and the major branches of entire human arterial vessels. He used




similar methods to Noordergraaf except he employed a correction factor in
the calculation of the components representing blood viscosity and inertia
based on the low frequency approximetion. For higher frequency than 3 Hz,
this method produces & marked difference. Jager [Jage65] also described the
systemic arterial tree mathematicang, including the wall dynamics, and
sttempted both anslytical and numerical solutions. The detsiied component
parameters were obtained in his study. Snyder [SnRi63) gave his resuit on the
model of central part of the human systemic arterial tree under the
“equal-volume” principle. Operational amplifiers instead of passive
electrical ne'tworks were implemented, which has the advantage of greater
flexibility. The results for this model were comparable with the data
recorded from the human. The model provided a means for determination of
cardiac output under assumed condition such as variations of heart rate.
Based on Noordergraaf's prototype and following the pulsatile flow theory by
Jager, Westerhof [West69] constructed an electrical mode! and compared it
with its real counterpart in various aspects such as the magnitude and phase
of input impedance, weve propagation, and shapes of pressure and flow at
different locations. In the model, some previous contradictions were avoided
by including the wall dynamics and remaving the assumption of thin wall.
Another modification to the prototype is the use of a symmetrical network.
Increase of the Young's modulus of elasticity towards the periphery was also
incorporated. He showed that the model behaved very much like the real
system.

All of these models have contributed to the development of a
mathematical model of human systemic arterial tree. However, none of them
has provided results with respect to the requlation of the ocular blood
pressure (0BP) from the system. This fact, therefore, motivated us to develop
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a new model of the carotid vascular system (CYS) [JullBdal for analysis of
the ocular pulse waveform (OPW) related to the stenosis in the CVS and the

intraocular pressure (I10P) in the eye.

2.2 Stenosis Modelling

Several previous reports have focused on the stenosis and eye models.
Best [Best71a] in his /7 vive study on rabbits cenfirmed that the carotid
ariery occlusion causes amplitude reduction and various slterations of ocular
pulse along with increase of the stenosié severity, including decreases in
slopes of the anacrotic and cstacrotic limbs, more notching and rounding of
the crest. in his graphic (non-computer) study [Best7ic], the ocular pulse #as
characterized by several features as shown in Fig. 2.1. The study
concentrated on how those features are changed with the severity progression
of the induced occlusion in the common carotid. Marked amplitude changes
were found for the stenosis above 50% in the graphic study and 20% in the
harmonic snalysis [Best74]. However, the contact measurement by the
suction cup technique on anesthetized rabbits was used throughout the study,
and the suction level was used to control the regular ocular pulse output and
IOP level. in this way, the results lost information leading to low
sensitivity, and could not be accurate as compared with the real ocular pulse
from the living subject. As shown in Fig. 2.1, the oculsr pulse appears to be
smoothed by & low-pass filter. The harmonic phase of the ocular pulse was
not published. This phase may be an important factor indicating the oculsr
pulse alteration by stenosis because phase shift by the stenosis can be
ebserved in his ocular pulse results. Nevertheless, the findings from Best's

results remain valuable in that it does expose some of the fundamentsl
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Fig. 2.1. Ocular pulse waveform (OPW) characteristics.
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features of ocular pulse and its relation with the stenosis progression. All of
the oculer pulse contour change in his graphic analysis reflects spectral

content change &s a function of stenosis

Young [YoTs73] played a major role in establishing a stenosis madel, with
which the results from /7 y/ire studies on the stengsis performance have
been achieved. The model expresses the pressure drop over the constriction
of an arterial segment. The pressure drop has been studied with various

conditions. A general formula expressing the pressure drop over a stenosis is

aF - ¢(ls, Ao, 20, p) (2.1)
- _

where AP is the pressure drop aver the length Lg, p is fluid density, U is mean
velocity on the unobstructed tube, r is the radius of the unabstructed vessel,
Ag and Ay are the cross areas of the unobstrucled and obstructed tubes
respectively, Zg is half of the stenosis length, and Ry is the Reynolds number,
2prU/n (an abstract number characterizing the fluid flow past the
obstruction). With more detailed interpretation of this genaral formula, it is
possibie for us to study the stenosis with different formulations in terms of
severity, location, etc. after it is integrated into our CYS model. A detailed

description of the stenosis model will be given in next chapter.
2.3 Eye Modelling

Previous studies on modelling of the eye have contributed to revealing

the ocular dynamics related to the vascular bed, the I0P, and the agqueous
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volume. After an extensive review of the previous studies an the eye, Collins
[CoweB0] compiled a causal diagram for understanding of the ocular dynamic
relglionship.  Every relation in the diagram has been expressed in g
mathematical formula based on the experimental result valid in certain range.
Care must be taken to prevent any incorrect judgement by these relationships
realizing the_intraocular dynamic state changes uncertainly and nonlineariy
when conditions change. Based on these results, an 0BP-I0P relationship can
be resoived. This allows us to embed the eye model with the CVS model to

achieve the ocular pulse, which bears the effect of the carotid stenosis.

Based on the control theory, Chokhani and Kulikowski {ChKu73] studied
the regulation of the I0P in order to establish & control basis for a clinical
consultation program in glaucoma. Although glaucoma is characterized by an
elevated 10P, other elements affecting the regulation of the human eye must
be taken into account because of medical uncertainty or inability and
variations of human being. The model is to interpret the humén process in the
eye related to the regulation of the |OP and glaucoma, which serves as a
control basis in finding the relationships among various clinical states during
organizing a causal network. This model has assisted us in achieving a good
result for the study of glaucoma, which could, in turn, set up other factors in
the causal network or the control models.

2.4 Summary

Previous studies on the modelling of human arterial system, stenosis,
and the eye have been reviewed in this section. All of these models have had
an essential influence on our study of a methed for screening the stenosis and
0P through the OPW. Without first exposing the OBP and ocular pulse
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regulation affected by the carotid stenosis, it is difficult to achieve
complete results of the ocular pulse analysis. Based on the previous studies
by others, models presented in this thesis are specially developed for study
of OBP and OPW rathgr- than 8 systemic arterisl tree, which is oriented

towards studying the effect of carotid stenosis and elevated 10P on the OPW.

it should be noted that our study of the elevated (OP is always
associated with the causal system within the eye, and not the 10P only. The
expression of elevated I10P is used only for brevity. it is also important to
mention that stenosis study should include the severity levels, locations,
Kinds of deposits, and relationship between the shape of stenosis and blood
flow past the stenosis. In this thesis, the severity levels and locations of

stenosis are studied only.
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CHAPTER I}
THE OCULAR PULSE SYSTEM MODEL

An oculer pulse system model has been developed, which includes the
models of the corotid vascular system (CVS), stenosis, and the eye. This
system is capable of producing the ocular pulse for o study on a method of

screening the carotid stenosis and the elevated intraocular pressure (IOP).
3.1 The Model of the Carotid Vascular System (CVS)

The C¥YS model is designed for studying the regulation of the ocular blood
pressure (OBP), which can be affected by the carotid stenosis, and aiso
responsibie for providing the blood supply to the ocular circulation. This
model gives the fiexibility for eny modification of the system parameters,

and even more, it is speciaily easy to incorporate the models for the stenosis

and eye.
3.1.1 CVS Topology

The topology of the CVS is illustrated in Fig. 3.1.1, in which (a) shows
each side of the CYS with both the internal and externel carotid arteries and
their branches, and (b) iHlustrates the retinal and uveal circutation within the
eye. We consider here the left side of the CYS. The right side requires an

additional segment for the innominate artery.
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(b) Retinal and uveal circulations.

Fig. 3.1.1. Topology of the carotid vascular system (CVS)

[From [Kins87]).
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3.1.2 Haemodynamic/Electrical System Analogy

The artery can be considered as a cylindricat elastic tube which responds
to the central pulse wave &8s a resonant system [Warn57]. In this study the
central pulse wave is the gorta blood pressure (ABP) . Motion of the fluid can
be described in an original form

2P (3.1.1a)
oz
§= a(P) (3.1.1b)

where P is the pressure, O is the flow, 3z is the incremental length of a
segment, {0), g(P) are the impedance funclions. This Relationship between

pressure and flow within the artery can be further axpressed [FoMc78),
[Jage65] as

oP _ P3Q_, By

9Q_SoP (3.1.2b)
3z Kot

where K is the relative volume elasticity modulus, S is the cross-sectional
area of the tube, u is the viscosity of the fluid and p is the density of the
flutd. K = ZEh/(3r) for r << h where r is the radius of the artery, h is the
arterial wail thickness, E is the Young's modulus of elasticity of the arterial
Yrall,
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An electrical analog can be found by comparing Eqs. 3.1.1 and 3.1.2 with
equations describing the relationship between voltage and current in

transmission line, which is

ov(z,t) . ai(z,t)

37— R i(z,t)+ L 31 (3.1.30)
3i(z,t) - av(z,1)

3 - Gv(zt)+C 3 (3.1.3b)

where v(z,t) and i(z,t) are the voltage and current as & function of the
position on the line and time, R is the resistance/length, L is the
inductance/length, G is the conductance/length and C is the

capacitance/length.

Assuming that the srterial wall is purely elastic and there are no
arteriat wall losses, and considering the artery is cylindrical, the equivalent
can be drawn as

v=P | (3.1.48)
i =0 ] {3.1.4h)
R= % {3.1.4c)
L=_"F - (3.1.4d)
r
G=0 (3.1.4e)
3
C= .%r_ (3.1.4f)

where R represents the viscosity effect of blood, L is the inert mass of blood,

C is the distensibility of vessel or arterial compliance, 6 is the blood leakage

_]8..
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(b) A segment of transmission line.

Fig. 3.1.2. Analogy between haemodynamic system and
electrical system [After [KinsG7, Jull84al].
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Table 3.1.1 The analogy of haemodynamic/electrical quantities

[After {Jull84al].

Hemodynamic Electric
Pressure ,P mmHg Yoltage, V v
Flow, Q 1.333E+3 em3/sec | Current, | amps
Volume 1.333E+6 cm 3 Charge coulombs
Time 1 sec Time 1 sec
Frequency 1 Hz Frequency 1 Hz
Viscosity 1gcm ™4 /sec Resistance, R 1 ohm
Inertia 1gcem ™ Inductance, L | henrg
Distensiblity g"cm“ secZ Capacitance, C 1 farad
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which is considered to be zero for a healthy artery.

A better approximation of R and L obtained in [SnRit’nB'] is used in this

wark, which is expressed as

g1
R = ——8_1'#—4- (3.1.4g)
L= 41?;2 (3.1.4n)

Fig. 3.1.2 and Table 3.1.1 are the iliustration of this analogy and the
transiation from electrical to haemodynamic quantities, respectively.

3.1.3 The Hodel of the CVS

According 1o the  transmission  line theory and  the
haemodynamic/electrical analogy, the artery can be segmented with certain
length in lumped sections. The length affects the accuracy of the model. The
higher the frequency response required, the shorter the length should be.
Pater [PaYa64] found that for an artery segment with a length of aboul 6 cm,
the errors on the longitudinel impedance were less than 2% on the modulus
and 3% in the phase angle. Pater in his modelling of artery reported a good
resuit for up to at least 15 Hz. Westerhof [wWest69] in his test obtained the
same accuracy for up to 50 Hz with segments ranging from 2 to 7.5 cm.
Snyder {SnRi68] also suggested the equal-vblume modelling of arterial tree,
¥hich means the length of one lumped section should be approximately

inversely proportional to its cross-sectional ares for certain accuracy of the
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model. For higher frequency, the results from the model will be sffected by
cut-off frequencies of the lumped arterial segments and, therefore, become
irrelevant to the real human arterial circulation. Based on all of this
principle, 8 model describing the left side of the CVS was established
[Jull84e] as shown in Fig. 3.1.3. Table 3.2 lists the physiological data and
component values. Later, we will discuss the fact that the frequency band

remains below 20-50 Hz in this study.

The 22nd degree model shown in the Fig. 3.1.3 represents the left side of
the CVS with its input at the branching point of the common carotid artery
and the aorta. Segments |, 2, 3, and 4 represent the common carotid artery
before the branching point of the external carotid {segments 5, 6, and 7) ahd
the internal carotid arteries (segments 8 and 9). The internal carotid artery
separates into the middle cerebral artery (segment 10} and the ophthalmic
artery (segment 11) which, as a first approximation, terminates into the
choroid R13 (vascular lining at the posterior eyeball). The approximation of
this choroidal termination is supported by the fact that the uveal vessels
(ciliary and choroidal vessels) leading to the choroid carry 40 to 70 times the
amount of blood presented in the retinal system [weit73]. Both the external
carotid artery and middle cerebral artery terminate into minor branches that

are approximated in the meodel by the vascular bed resistances, R12 and R14.

Notice that the repeated solutions from the CVS model are required for
the analysis of the overall ocular pulse system. Since the computation with
the 22nd degree model is time-consuming, the 22nd degree mode! had to be

reduced to & lower degree. The 14th degree model was selected {Jull84a] to

preserve the same structure and frequency response bandwidth of the CVS.
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This electrical analog model is illustrated in Fig. 3.1.4. The common carotid
artery is reduced to segments 1, 2, 3. As the diameter of the vessels and the
ratio of arterial radius to arterial wall decrease, the apparent viscosily of
blood increases so as to make the series of artery segment almaost
exclusively resistive; i.e, the equivalent inductance and compliance become
negiigible.  Based on this approximation, both the external and internal
carotid arteries have been segmented into two equel segments, 5 &. 6, and 8
&. 9, respectively. Resistances R7 and R10 represent the vessel leakage. The
effect of the cerebral artery is almost purely resistive and has been included
in the vascular bed resistance R10 since the ophthalmic artery is a main
branch of the internal cerotid srtery. Physiological data of the component

values was also modified and is listed in Table 3.1.3.

The vascular bed terminations are expressed as the peripheral vascular
bed resistances in which the pressure across R10 (for the 14th degree model)
or R13 {(for the 22nd degree model) accounts for the OBP as an output of the
model. The resistance bed remains constant over the normal range of OBP
[Best71d] so that they can be calculated by using the DC equivalent of the
CVS, as shown in Fig. 3.1.5. Since Rpeq is inversely proportional to the

cross-sectional area of the blood vessel, we can write

R10 = K, R7, for the 14th degree model, and (3.1.5)
R12 =R14 =K, R13, for the 22nd degree model (3.1.6)

Notice that K, and K, have been calculated to be 0.6, 0.64, respectively.
Choosing the typical systolic amplitudes of the ABP of 140 mmHg and the OBP

of 75 mmHg (comparable to the result reported in [CoWeB0}) we can resolve
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(a) DC equivalent of the 22nd degree CYS model.
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(b) DC equivalent of the 14th degree CVS model.

Fig. 3.1.5. DC equivslent of {iic carotid vasculsr system (CYS)
model.
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R7=5355.6 gem™s™!, R10 = 3213.4 gem™s™, for the 14th degree mode],
and R12 = R14 = 8254.9 gcm™4s™!,
R13 = 12898.2 gem™s7!, for the 22nd degree mode.

3.1.4 Computer Modelling of the CVS Madel
For the CVS model shown in Fig. 3.1.3 or 3.1.4, a set of state equations

can be systematically formulated to describe the behavior of the model.

These state equations can be expressed as

ddxt(t) = A x(t) + B u(t) (3.1.78)
y(t) = C x(t) + D u(t) (3.1.7b)

where x(1) is the state vector, u(t) is the input vector, which is ABP, u{t} is
the output vector, which is 0BP, and A, B, C, D are constant matrices which
gre composed of the component values of the model. Thése equations can be
systematically set up [Chend3] by means of & directed graph representation of
this network with normal tree and cotree, given in Fig. 3.1.6 for the 22nd
degree model. Since the structure of the 14th degree model is very similar
with that of the 22nd degree model, similar graph representation of the
network can be directly extracted from Fig. 3.1.6. From this graph, a normal
tree that contains all capacitive edges can be selected, the corresponding
cotree containing all inductive edges. Using Kirchhoff's current and voltage
laws, each tree-branch current can be expressed as a sum of cotree-link
currents, each cotree-link voltage can be expressed as a sum of tree-branch

voltages. Currents on the inductive edges and voltages in the capacitive egdes
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are the state variables. By combining all equations and eliminating non-state
variables, a set of state equations in a normal form (Eq. 3.1.7) were obtained

[Jull84b]. Elements of these state equations are presented in Appendix A.

These state equations of the model can be solved numerically using
Euler's forward Integration equation which c¢an be expressed as

Reaf(1) = (U + “’;‘f” At (3.1.8)

The error introduced by this method is of the order (At)2 and can be kept

smail by using a8 small at value.

Thus, the CVS cen be Tully expressed by & set of state equations. A
system equation solver has been programmed [Jul184b} and improved so that
this model can generate the OBP waveform (OBPW) which controls the eye
bleod circulation and ocular pulse, and shows the effect from stenosis. With
the expression of these state equations, this system becomes flexible and
may be modified for any system parameters for analytical purposes. it can
a1s0 be seen that inclusion of models for stenosis and eye with this system
will be convenient because every reactive element in the system is explicitly
expressed in the state equations and OBP is directly related to ocular
dynamics. Thus, the ocular pulse as a function of the stenosis in the CVS and
elevated I0P in the eye can be obtained. These points will be more clear after

two models for stenosis and eye are presented later

3.1.5 Evaluation of the CVS Model Performance
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The input driving function of the CVS is the ABP waveform (ABPW).
Based on the recording within 5 cm of the top of the aortic arch in @ human
subject [ReWoS6], the ABPW has been derived [Jull8ds] using polynomiel
regression featuring typical systole/diastole ratic 140/80 mmHg, systolic
portion 0.33 sec, and duration of one cycle 1 sec. This waveform is shown in
Fig. 3.1.7. In order to ease and standardize further study, both discrete
Fourier magnitude and phase spectra are presented in Fig. 3.1.8. From the
magnitude spectrum, it cen be seen thet (i) the ABPW contains high low
frequency comﬁunents and much lower frequency componenis after 20 Hz, (ii)
the DC component gives the mean value of the ABP about 63 mmHg, and (iii)
the oscillation of the magnitude reflects the sharp change in the ABPW, such
as the transient between systolic and diastolic portions. The phase of the
ABF components oscillates very much in the phase spectrum, which indicates

high sensitivity of phase spectrum to its waveform.

Although the CYS model itself is a linear model, questions about its
linearity and stability still hold as we use a numericai method for solving the
system equations. Any numerical iterative method may produce accumulalive
error thet could introduce nenlinearity and instability. Accuracy of the

numerical method is also to be evaluated.

Eigenvalues of matrix A in Eq. 3.1.7 determines cheracieristics of the
system. They were evaluated using a published computer software package
for the 22nd degree model and listed in the Table 3.1.4. Furthermore, the step
response of a system characterizes the system performance so that the

accuracy and stability of a system can be analysed using step response and

confirmed by the system eigenvalues. Step input of ABP from 0 to 140 mmHg




Table 3.1.4 Eigenvalues of matrix A for
the 22nd degree CVYS mode).

i Aj
1 - 208559+ 000
2 - 1695.18+3j 0.00
3 - 1693.17+j 000
4 -5200+j 000
3 - 1521 +j] 000
6 - 1934+ Q.00
7.8 - 16.85+ ) 237.41
3,10 -9.03+£]20309
11,12 -227 118271
13,14 -690 =] 136.684
15,16 -338+] 12282
17,15 -309+]115.89
*19,20 -091+) 7770
*®21,22 -196+j 2850

The asterisks denote the fundamental eigenvalues.

Table 3.1.5 Eigenvalues of matrix A for
the 14th degree CVS model.

i i
1 - 159093 +j 000
2 - 1753.00+j 0.00
3 -1180+j 000
4 -1620+j 0.00
3,6 -458+ ] 15656
7.8 - 453+ 111.79
9,10 - 1.03+§105.13
*11,12 -076+] 7333
*¥13,14 -194+j 2891

The asterisks denote the fundamental eigenvalues.
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was used to calculate the step response waveform of OBP, which is plotted in
Fig. 3.1.9. From this waveform, we can see that after S seconds it converges
to a steady state of 75 mmHg level with difference of less than 1 mmHg. This
level of OBP is consistent as predicted in calculating the resistance bed. It is
therefore concluded that the system is stable to sufficient accuracy with the
implemented numerical solution. Frequency spectral change of step response
ten be confirmed by analyzing the system eigenvelues. The negative real
parts of the eigenvalues explain the step response being @ predominantly
damped sinusoid. The fundamental frequency of this sinusoid can be traced to
the eigenvalues with lowest imaginary velues {equal to 2n1f) and least real
part values (dominant factor). These eigenvalues are A19 to A2Z in the
Table 3.1.4 which indicate the step response will first show the sinusoid
with the fundementel frequency of ebout S Hz, end then move to the
frequency of about 10 Hz because the network experiences the lesst energy
loss @t about the 10 Hz frequency point. These features are fully shown in
Fig. 3.1.9.

In order to ease the further study of the C¥S, the 22nd degree model was
simplified to the 14th degree model. With this simplificetion we expect that
Fundamental spectral content of this network is still held. Sensitivity bf the
network to degrees of the model can be exemined by difference of the step
responses, eigenvalues, snd OBPWs. The step response for the simplified
model, {in Fig. 3.1.10) shows aiso a damped sinusoid with a similar set of
features as in Fig. 3.1.9 for the 22nd degree model except that it is demped
faster and has weeker fluctuation around the level 75 mmHg. These
similarities'andr differences can also be seen from the eigenvalues in

Table 3.1.4 6nd Table 3.1.5. The fundamental eigenvalues in two tables are
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Fig. 3.1.11. The ocular blood pressure (0BPW) for the 22 nd
degree C¥S model with input shown in Fig. 3.1.7.
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Fig. 3.1.12. The ocular blood pressure (OBPW) for the 14th
degree CYS medel with input shown in Fig. 3.1.7.
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similsr and Table 3.1.4 exhibits more eigenvalues stending for higher

spectral content.

With the ABP in Fig. 3.’1.? applied 1o the CVS models, the associsted
outputs, the OBPWs at choroid, were achieved by solving the state equations
for the 22nd degree and the 14th degree models and are shown in Fig. 3.1.11
and Fig. 3.1.12 respectively. The DBP amplitude is consistent with the result
reported in [Adle65). Appearance of these two waveforms is very much
similar excebt more notchings occurred slong the slope in Fig. 3.1.11,
indicating higher frequency content. Their spectra are also presented in
Fig. 3.1.13 and 3.1.14.  These waveforms contribute to seeking the
relationship between ABP and OBP, exhibit how Lhe ABP is changed in the
propagation through the CVS to the 0BP &t the choroidal periphery. The 0BPW
(can be assumed now as a approximation of ocular pulse) showed & much more
complicaled pattern than Fig. 2.1 in which Best classified the waveform with
parameters such as pulse delay, crest time, snacrotic and catacrotic slopes.
The reason for this is not only the rabbits that were used in his test instead
of man, but the measuring method itself that has been discussed in
Chapter II. Much more notching appeared along the catacrotic slope in Fig
3.1.11 and 3.1.12. The few features of ocular pulse will no longer be
sufficient to describe this waveform. Therefore the graphic analysis method
may not apply to the resl human subject test. The spectrsl analysis is
expected to be an effective method. Nevertheless, the general trend of the
OBPW seems similar with Fig. 2.1 so that the smplitude and varistion

reduction rates of OBP with stenosis may be compared with his results.

The magnitude spectre in Fig. 3.1.13a and 3.1.14a are similar. The high
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frequency components (after 20 Hz) are reduced as the RLC network of the
CYS model can be considered as a low-pass filter. The frequency components
around 3 and 10 Hz (4, 10, 12 Hz for the 22nd degree model, 4, 11, 12 Hz for
the 14th degree m_udel) is enhanced, comparing with their adjacent
components. This is because the system fundamental frequency are 5 and

10 Hz as discussed earlier.

In order to compare the difference between the two OBPWs, spectral
difference of the two waveforms is displayed in Fig. 3.1.15. All of spectiral
magnitude differences are less then 1 and gradusily fall to the negative 3rd
order. This difference is small compared with their spectrum magnitude in
Fig. 3.1.138 and 3.1.14a. It can also be spotted that the smaller spectral
difference in the spectral band around 10 Hz and higher difference in the
spectral range between 10 Hz and 20 Hz as we expected thst the 22nd degree
model contains higher spectral content. Phase spectra in Fig. 3.1.13b and
3.1.14b are very different due to its high sensitivity to waveforms. Since we
have already known from the eigenvelue analysis tha{ spectral magnitude
attenustion after 10 Hz is much higher as seen in Fig. 3.1.13a and 3.1.14a, it
can be concluded that the simplified CVS madel contains most of fundamental

spectral content, and can be implemented for the further study of the CVS.

it has been addressed that numerical error can introduce nonlinearities
to the system. In order to prove the linearity of the CVS models, Fig 3.1.16
shows speciral magnitude trensfer function from the ABP (Fig. 3.1.8) to OBP
(Fig. 3.1.13). This spectral transfer funclion exhibits the network worked as
low pass filter with relative smaller attenuation (concerning the original two

magnitudes) at the frequency of about S HZ and 10 Hz. This is consistent
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with the result of the eigenvalue analysis. Linesr transfer impedance from
ABP to OBP has also been calculated for each frequency component. Absolute'
difference between the transfer impedance and its numerically obtained
counterpart (Fig. 3.1.16) is 0.078 for each frequency component below 20 Hz
(20 Harmonics).  This small difference indicates that no new spectral
content was introduced in the network, linearity is preserved under the
present numerical method. The impedance magnitude calculated fell below
the negative 2th order smaller than the normal value after 20 Hz and, for all
the spectra shown above, magnitudes for higher frequency band after 20 Hz
are all decreased to below the negative 2th order. Therefore frequency
component after 20 harmonics is not considered significant and not valid for

use. Qur leter frequency domain analysis will remain below 20 harmonics.
3.1.6 Summary

A model of the human CYS was developed. This mode! shows special
features of specificity for OBP study and flexibility for .sgstem modification
and inclusion with the two disease conditioned models. 1t has been evaluated
that the method for developing this CVS model results in a linear, stable CYS
network, accurately performing the function of CVYS in the human subject.
- The simplified version of the CVYS model was also derived and chosen as the
model to be implemented for further study of the CVS. ABPW and OBPW
resulted from the computer simulation method have shown a new and more
complicated pattern of their relationship than the previously published resuit.
These waveforms and their spectra give & standerd for further study. By
adding the eye model to the CYS maodel, it will give the better exhibition of
the ocular pulse waveform (OPW) and effects of the elevated I0P. With the
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stenosis model integrated into certain segment of the CvS, we'wm be able to
study the sensitivity of the ocular pulse to the different presence of stenosis
in the CVS. The characteristic spectral feature of the OPW can be used to

screen the stenosis and the elevated 10P.
3.2 The Model of Stenosis

Stenosis was modelled based on the experimental data in the vitro study
[YoTs73].  Stenosis is essentially referred to a local narrowing (a
constriction or occlusion) in the blood vessel. The arterial stenosis is caused
by the accumulation of fats or calcified deposits on the interior surface of
the arteries. These deposits or plaques can bresk away from the arterial ﬁ'é!l
and flow through the biood stream, which may cause sudden scute effects
(LaSed6). The stenosis can be possibly combined with the arterial spasm,
which may elevate the stenosis level uncertainly, leading to stroke. The
model Teatures the characteristic dynamics that stenosis performs in causing
the pressure drop over the constriction. The pressure drop is determined by
the haemodynamic and geometric condition with the stenosis. This model can
be modified and integrated into the C¥S model Lo study the stenosis effect.

3.2.1 Description of the Stenosis Model

Stenosis existing in the artery can be considered as a nonlinear
resistance which causes pressure drop due te blood viscosity for low
Reynolds number, turbulent losses for high Reynolds number, and inertial
losses to account for the pulsatile nature of the blood flow. Quantitative
description of this pressure drop also involves the gesmetric parameters of

the vessel constriction. However, a small number of the geometh’c
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Fig. 3.2.1. Geometric configuration for stenosis.
[After [Kins87]]




parameters can be sufficient to feature the stenosis performance [YaCR7S].
In this study, the symmetrical stenosis configuration was considered, which
is shown in Fig. 3.2.1. The figure shows the constriction in the blood vessel

and definition of geometric p&.rameters.

The pressure drop aver the stenosis can be composed as

APg = APy + APy + APy | (3.2.1a)
sP, - KvaeUZ G2.10)
APy = %xtpuz(%?-— n? (3.2.1¢)
AP = Ki pLS%?. : (3.2.1d)

where Ry is the Reynolds number, p is the fluid density, Lg is length of the
stenosis, Ag/A; is the ratio of the area of the unobstructed tube to the ares
of constriction. Ky, Ky, Kj are coefficients determined by the constriction
geometry, U is the blood velocity. Three terms in Eq. 3.2.1 account for the
viscous, the turbulent and the inertial losses respectively. The ratio A0/A1
are used to describe the severity of the stenosis. 10 levels of stenosis
severity are classified from 0% to 90% of the area reduction due to the

constriction.

Considering U=0/Aq and Re=2pUr/n where Q is blood flow, i is the blood
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viscosily, and r is the redius of the unabstructed vessel. AP can be

expressed in another form

Kyt 2 Lg do
éPS: 2; 3[1 K —Qr_‘*( 1) 0+ Kjp—= o, ot (3.2.2)

From Eq. 3.2.2, we can see that stenosis can be treated as a flaw controlled

nonlinear resistance which is expressed as

Rs =——
3 a (3.2.3)

3.2.2 Integration and Displacement of the Stenosis in the CVS

Several studies [2aG5683, BhMGS2] have concluded that transitions in the
artery wall configuration such as bends and bifurcation, which are associated
with local medifications in rate and pattern of blood flow, are predisposed to
the development of arteriesclerosis plaques. The carotid bifurcation and its
associated carotid sinus is particularly subject to deposits. It has also been
found that the stenosis occurred in the carotid sinus in 75 percent of the
examined pathological cases. It is therefore reasonable to take the first
choice to inteérate the stenosis at such a location. This location corresponds
to segment 8 in the CYS mode!. More emphasis will put on study of stenosis
in this location.

Since flow Q is a state variable included in the state equations of the
CVS model, this resistance can be integrated in series with the resistance R;
in the ith segment of the CVS model. Then, R; should be modified as

Rij* = Rj - Rgom {3.2.4)
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where Rgog 1S 0% stenosis resistance. Then, the new modified total
resistance of the segment, where the stenosis is located, will be

Rnew = Rj™ +Rg (3.2.3)

By replacing the resistance R; with the Ry, we can simulate the
performance of stenosis in the CVS with 10 levels of severity in different
segment locations. The effect of stenosis will be reflected in the peripheral
observation. In this case, we examine the ocular blood pressure (OBP). With
addition of the eye model, which will be discussed in the next section, the
stenosis with severity levels and locations can be screened from the ocular
pulse. |

In the stenosis model, coefficients K, and K; are determined by the
geometry of stenosis. However, as stated in [YOCR75), these coefficients are
primarily dependent on the limited number of basic geometrical
characteristics, such as stenosis length and percent stenosis. Therefore, it
may be possible to estimate K, and K¢ from a relatively small number of
geometrical parameters which could be obtained in clinical situstions. In
this study, we chose the symmetrical pattern of stenosis. Ky is étrunglg
dependent on the percent stenosis and length radius ratio Lg/r. Ky is much
less dependent on the geometry of stenosis and falls into the range of
1.0-2.31. The value of K; does not vary with stenosis, and is chosen to be 1.2
which has the best it with empirica) data.

Ky can be modified by the rule that 0% stenosis formula reverts to be &
linear resistance as expressed in the CYS model. So, the relationship
between K, {i.e., coefficient of the linear term) and geometry parameter can
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Table 3.2.1 Coefficients of stenosis in segment 8

of the CvS.

& Stenosis Ky Kt Kj
0 113 0.0 0.0
10 120 1.07 1.2
20 126 1.21 1.2
30 142 1.35 1.2
40 15¢ 1.49 1.2
50 177 1.63 1.2
60 228 1.76 1.2
70 346 1.9 1.2
80 566 2.04 1.2
90 1456 2.18 1.2

Table 3.2.2 Three index numbers of the stenosis
in segment 8 of the CVS.

& Stenosis Iy It li
0 0.31E-1 0.00ECO | 0.00EQO
10 0.34E-1 0.66E-2 | O.14E-1
20 0.36E-1 0.38E-1 0.15E-1
30 0.42E-1 0.12E00 | G.15E-1
40 0.49E-1 0.33E00 | 0.17E-1
a0 0.62E- 1 0.82E00 | 0.19E-1
60 0.96E-1 0.20E01 0.25E-1
70 0.19E00 | 0.5ZEO01 0.35E-1
80 0.49E00 | 0.16E02 | 0.58E-1
90 0.27E01 0.88E02 | 0.14E00
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he deduced as

' Kyg H
RSO‘B = _:?T)'Fs— (3.2.66)
- ——-—T
nr (3.2.6b)
| Rgom = R (3.2.6¢)
S0,
8iL
Kyr 77> (3.2.6d)

where Kyq is the Ky coefficient for 0% stenosis, and is used to medify the
value of K, for a given level of stenosis in the CVS model. Based on the result
reported in [YoCR75S], the modified Ky, Kt, Ki values for stenosis located in

segment 8 of the CVS are listed in Table 3.2.1 withLg = 1 cmand r = 0.18 cm.
3.2.3 Three Term index Numbers of the Stenosis Model

In order to evaluate effects of stenosis from its three different terms of

the model, we can rewrite Eq. 3.2.1 as

KilgAp d , U
8Ps _ Ky y o LyqBo_ g2y 2, lizshp 8 U, 327
PUR? ~ Rep Um* %€ D"t _T‘PTE‘“ Ap (522

yhere Up is the peak velocity, Um:U:’Up, Ap is the peak value of flow
acceleration dU/dt. The Up, and U/Ap can only vary within the range of less
than 1. Rgp is the peak Reynolds number. Thus, the relative importance of the

three terms can be analyzed through the three coefficients referred as three
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index numbers, which are

Ky
ly= 5 | (3.2.88)
ep .
1 Ag 2
= Ly 20 3.2.8b
t= 7Kg 1 (3.2.8b)

KilLs
= —-‘UL;‘z@ | (3.2.80)

Three index numbers refiect effects from viscosity for small Reynclds
number, turbulence for large Reynclds number, and inertia for highly
accelerated flow. With the stenosis induced in segment 8 of the CVS, three
index numbers are calculated by Eq. 3.2.8. Table 3.2.2 lists the result of these
index numbers changed with the stenosis verying from 10%8 to 90%. The
viscous and nonlinear turbulence terms increase with the increasing severity
of stenosis, whereas the latter increases much faster, and becomes dominant
for over 20% stenosis. The viscous effect of the stenosis is specially
important at lower levels of stenosis. The inertial effect is found to be
relatively small and constant. The result in Table 3.2.2 accords with that in
[YoTs73b]. These three terms of stenosis, especially the non-linear term,
will certainly introduce new frequency components into the system, which

established & basic clue for screening the stenosis from the ocular pulse.
3.2.4 OBP Waveforms (0BPWs) With 10 Level Stenosis

As described above, the stenosis with 10 level severity can be integrated
in the CYS so thet the OBP can be observed from the output of the CVS as a

function of the stenosis changes. Here, the stenosis in segment 8 of the 14th
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Fig. 3.2.2. 0BPWs as a function of stenosis severity
in segment 8 of the CVS.
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degree LYS model with 10 level severity progressien is first considered. The
input function (ABP) of the CVS remains to be the one in Fig. 3.1.7. The result
inFig. 3.2.2 clearly shows the OBPWs as & function of the stenosis severity.
The amplitude and variastion ‘part of the OBP is attenuated as the stenosis
severity increases. Still, as discussed last chapter, the DBPWs display s
much more complicated pattern than the ones examined in Best's results
[Best71cl. It is notable that with the more complicated pattern, these DBPWs
show the shape and phase change with the stenosis severity progression. The
phase shift can be observed even with 10% stenosis while the ocular pulse
waveform (OPYW) in Best's result can only show the pronounced change for
over S0% stenosis due to the contact measuring technique. Simple grap_hic
analysis will not be strong enough to be applied to the complicated OBPW and
OP¥. However, the observation of the spectral content change in the OBPW
with the increased stenosis severity will trigger the study on the OBP and

OPY in frequency spectral domain with higher sensitivity.

In order to give a clear pattern on how the OBP arhp!itude is decreased
with the stenosis severity progression, the mean values of the OBP in Fig.
322 is plotted in Fig. 3.2.3 as a function of the stenosis severity levels. The
mean value for each OBPY is expressed as a percentage against the 0BP mean
value for O% stenosis. The mean values of the DBP drop much faster with
acute stenosis than with low stenosis. Similar effects also take place in
stenosis blood flow as shown in Fig. 3.2.4, where reduction rate is calculsted
against the values for 0% stenosis. The relationship between stenosis blood
flow and OBP meen values is plotted in Fig. 3.2.5, where each point
corresponds to certain level of stenosis. It can be seen that stenosis blood

flow reduction is transferred to the OBP reduction. The corresponding data




paints in Fig. 3.2.3 and Fig. 3.2.4 are very close {0 the results reported in
[Best71a, Best74].

3.2.5 Summary

Based on the previous model describing the pressure drop over the
stenosis in the artery (YoTs73], a model for the study on stenosis located in
the CTVS was developed {Jull84a). Modification of coefficients in the model
for its integration aigorithm and displacement along the CVS is studied in
this section. Three index numbers describing the stenosis effect from three
dgifferent terms are presented. The O0BPWs as a functien of 10 levels of
stenosis severity are achieved after the stenosis model is integrated into the
CVS. These waveforms show a new pattern of the OBP altered by the induced
stenosis. The simulated results presented in this section are comparable
with the previous published resuits.

3.3 The Model of the Eye

The human eye is @ complex, autoreguiatory, physiclogical system
contrelled by mechanical , biochemical and neurological factors so that the
stability and normal function of the eye and regulation of intraoccular
pressure (I10P) can be maintained. Here, only the mechenical dynamics within
the eye is considered, in which pressure-volume relationship plays the most
important role. Yascular blood pressure together with [OP controls the blood
volume in the eye, which is directly related to the intraocuiar blood flow, and
also a major part of intraocular volume. Intraocular pressure and volume
determine the mechanicai property of the eye. All of these relationships can

be compiled in a causal diagram [Cowe80] shown in Fig. 3.3.1. in this figure,
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the arrows denote the direction of the causal relationship from cause to
effect with solid lines denoting positive influence and dashed lines denoting

negative influence.

InFig. 3.3.1, the basic relstionship (i.e., pressure—volume ) in the eye's
mechanism is well expressed, in which the homeostatic and autoregulstory
nature of the eye can be seen by tracing the effects through the diagram. The
blood volume is determined by the transmural pressure, ie., difference
between intraocular erterial pressure (1) and 10P (14). It is also a part of the
totsl intraocular volume (8). The intraccular arterisl (retinal or choroidal)
pressure is obtained from the source, the ophthalmic artery pressure (4).
Negative influence (2) by the blood flow indicates that it is the measurement
of the intraocular arterial pressure drop. Blood flow is driven by the
perfusion pressure, ie. difference between ophihalmic pressure (5) and
venous pressure (6). The resistance to the blood flow through the eye is
primarily a function of the local radii of the blood vessels which is
equivelently represented by the total blood volume in the eye. A higher blood
volume meeans a lower resistance which in turn increases the blood flow (3)
for & given perfusion pressure. Lower blood flow decreases the rate of
aqueous production (7). Due to the poor distensibility of the veins, the venous
pressure and intraoculsr pressure affects each other positively (10}, (11).
Part of the intreocular volume is determined by difference between
production and outflow of the equeous humour (9), {17). The difference
between the intrsocular and episcleral venous pressures drives the aqueous
4outflow (16), (15) as in (S), (6). The episcleral pressure is directly and

positively influenced by the intraocular pressure (13). Intraocular pressure

falls along with the scleral retaxation (12). Intraocular pressure and volume
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affect each other positively (18), (19). A positive external force is also
included in this diagram as it is used in some measurements like tonometry.
But it will not be used 1T 8 non-contact method is implemented. This force is
placed, could be in other places, to affect both intraocular pressure and
volume (20), (21) as used in the experiment,

Quantitative formulation of these relations in Fig. 3.3.1 can be expressed
in mathematical formulas which are derived based on the previous
experimental ‘data. The constant values are determined under certain
conditions and would be subject to further refinement with new experimental
findings.

3.3.1 Vascular Bleod Circulation In the Eye

From Fig. 3.1.1, it can be seen that the internai carotid artery reaches
the eye by the ophthalmic artery, (in cats and rabbits, the blood supply is
from both the internal and the external carotid arteries [Adie65)). Man's eye
comprises two separate circulatory system, retinal and uveal, both originated
from the ophthalmic artery. The retinal system, formed from the central
retinal artery, supplies the inner layers of the retina and is almost perfectly
autoregulatory [611175]. The uveal (or choroidal) system, formed from the
anterior and posterior ciliary arteries, supplies the outlayers of retina and
the outer coats of the eye. It has also been found {weit73] that the
intraocular blood flow to the choroid is 40-70 times that to the retina.
Therefore, the intraocular mechanical property is essentially due to
ophthaimic arterial pressure derived from the internal carotid, and the
intraocular arteris! blood pressure ,Pa, or OBP as described in last chapter,

can be assumed to be the ophthalmic arterial pressure. In this way, two

_61_



models, C¥S and eye, are very well incorporated and stenosis in the CVYS can

be possibly screened from ocular pulse. This will be discussed further next.

The ocular blood flow is determined by two primary factors: the
perfusion pressure and ocular vascular resistance. The perfusion pressure
can be epproximated with the transmural pressure due to the equality of the
|OP to venous pressure [CowWeB0]. The relation between flow and transmural

pressure has been found [Best73)] in cats as
1=00011(Pq-Py) (3.3.1)

where Q is uveal biocod flow, Pa-Py is transmural pressure, Pg is arterial
preésure, Py is I0P. According to this equation, blood flow is reduced with
increased 0P, which indicates one of the feedback mechenism in the eye.
This is left for further refinement of the model. Transmurel pressure (Pg-Py)
should be positive in order to keep certain required mount of blood flow. This
constitutes one of the principles governing the biood preésure in the eye, ie,
the arterial pressure always exceeds the IOP. The arterial pressure for

stopping the blood flow is referred as the closing pressure.

It can also be seen that vascular resistance does not vary much and falls
into the same order of values as the resistance bed in the CVS model.
Concerning the resistance from P;, values of the resistance bed in the CVS
model shanid he highar  Dravione recidts on blood pressure and volume
relation have been studied in [CoWeB0). After comparing five different

formules with experimental data, e best fit is obtained as
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1- T~
—i—t-—' [(Pag = P]z) C(-_ (Pm - P” } m) = Km]n_}?{ﬂ_? (332)
- Ya

where Vg is the blood velume, subscripts 1" and "2" denote the initial and

final states, Ko is 8 constant related to the vasculsr vessel properties, and
equal to 0.805 witha = 1.6,

Vascular rigidity coefficient VR is defined [Best7 1a] as:

_A(P;j- Py
- AVy
log [(Paz - PI? )K(Pﬂi - Piy)l
- Vaz - Vai (333)

VR

¥R is a important measurement for the intraoculsr vascular circulation, and
also implies that the vascular blood volume is decreased with the transmural

pressure decressed.
3.3.2 Aqueous Humour Dynamics

The aqueous humour is & clear liquid (98.1% water) filling the anterior
and posterior chambers of the eye. In addition to serving ather functions for
the cornes and lens, it plays a key role in maintaining the IOP. The relation
between production of aqueous humour {SD) and |I0P can be expressed [CowWeB0]

as
Sp =Cp (Pe - Py (3.3.4)

vhere P is the cutoff pressure required to drive aqueous production, CB is a

constant.
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Similsrly with the blood flow, the aqueous outflow is proportional to the

pressure drap between the anterior chamber and episcleral venous plexus, and

expressed as
50 = Cf (Pi - Pv) (3.3.5)

where P, is episcleral venous pressure, which is also a function of IQP

expressed as
Py=cPj+d (3.3.6)
where ¢, d are canstants, empirically determined to be ¢ = 0.48, d = 4.26.
C¢ is pressure dependent and can be expressed as

C¢= ]
f 8P; + b (3.3.7)

where a, b are empirically determined to be a = 0.05, b=1.125.

Substituting Eq. 3.3.5 with Eq. 3.3.6 and 3.3.7, the agueous outflow can be
expressed as

(1-c)Pj-d
SO: aPi +h (3.3.8}

3.3.3 Oculaer Rigidity Function

Ocular rigidity is mainly associated with mechanical characteristics of
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the corneo-scleral envelope. it can be formed as [McHe65)

dPj

av TERit T (33.9)
where d¥; is intrsocular volume change, E, f are empirical constants obtained
by fitting the experimental dats with the so-called “unifyfng ocular rigidity
formula”, and found to be E = 0.022 p1-!, and f = 0.208 mmHg/ ul.

3.3.4 0BP-i0P Relationship
Since the Intraocular volume, Yi is comprised of a vascular biood volume,

Va, and an agueous volume, Vaq, the intraocular volume change rate can be

gxpressed as

dy; d¥y dv
1L_-'8 a

The time change rate of the aqueous volume Vaq is equal to a difference

between aguecus production and outflow

dy

Substitute Eq. 3.1.11 with Eqs. 3.3.4 and 3.3.8 to get

dv (1-c)Pj-d
L= CoPe- P - —gp5p (33.12)

Through an equivalent differentiated form of Eq. 3.3.2, the time change rate

of the vascular blood volume V4 can be obtained
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% VB (dPa QPI)

The I0P, Py, change rate can be determined as follows

dPj _ dPj dV;

Substituting Eq. 3.3.14 with the ocular rigidity function (Eq. 3.3.9), the 10P
change rate becomes

dvy |
EEL_(EPI 05 (3.3.15)

Substituting Eq. 3.3.15 with Egs. 3.3.12 and 3.3.13, the |OP change rate can be
derived as

| va __ dPs R LE
o EP D e a P Pe - P - ]
at v (3.3.16)
" Xatpa-pip 100

This equation expresses relationship between the arterial pressure {0BP) and
pulsations of {0P.

The P; and V4 can be considered to be composed of mean values (Pjp,,
Vam? and pulsations (Pip, ""ap)a which are

Pi=Pim*Pip (3317
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Ya=VYam* Yap (3.3.18)

and

Pip << Pim (Pip: 1 - 2 mmHg, Pjpy: 15 - 20 mmHg) (3.3.19)
Vap < VYam (Vap: 1= 2 11, Yim: 30 1) (3.3.20)

Therefore, the IOP can be approximated with the 10P mean value, Py, It is
also possible to assume aqueous volume change rate equal to zero [CowWeB0] as
the period of interest is short enough (1 sec). Based on thesa assumptions,

Eg. 3.3.16 can be simplified as

dPip _ Vam(E Pypp* 1) dPy
at - . e (3.3.21)
By integrating Eq. 3.3.21, the I0P pulsation can be obtained as
2 VamlE Pip,+ )
Pip- f om= Tim o dPg (3.3.22)

This eyustion iv Uwud Lu wuicwinic the IOP variation due to the OBP. Pim and

Vim can be determined through Egs. 3.3.9 and 3.3.2 as follows.

Integral form of Eq. 3.3.9 is

) 1 Pim2 + f/E
AV = —_ PO L.£ £ 7L el
im= In(pi“*I ~17E) (3.3.23)

where AY,n, is the average intraocular volume change (¥, - Yom). Equality

of AVym to AVyy is elso preserved here, assuming AV¥aq is zero. So, the
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Pimg = (Pimi + f/E ) g “ECVami-Vam2)_ o (3.3.24)

Replacing variables in Eq. 3.3.2 with mean values, we can get

|

RN Y _p 31y Yamz
— [(Pam Pima ) {Pam1 Pimi ) 1= Keeln (V&ml 3 (3.3.25)

Combining Egs. 3.3.24 and 3.3.25, the Pjp, and Y4m, £an be solved.

Referring P, as the OBP, the relationship between I|OP (mean and
pulsation part) and OBP has been achieved so that OBP variation can 'be
directly transformed into the IOP pulsation. By assigning the 0BP without
stenosis in the CVS as state! and the OBP with stenasis in the CVS as state
2, the {0P mean value and pulsation part with respect to blood supply from
the OBP bearing certain (10-90%) level of stenosis severity can be obtained
by solving Eqs. 3.3.24, 3325, and 3322 This relationship can be
demonstrated by the case that stenosis is presented in segment 8 of the CVS.
The OBP mean values have been calculated from the 10 curves in Fig. 3.2.2.
The OBP mean velue without stenosis is 555 mmHg, which makes the
transmural pressure equal to 405 Hg. 0P and ocular vascular volume has
been chosen to be 15 mmHg and 32.37 ul respectively. All these data values
are similar with previous published results for man [Cowe80]. Correspending
to each of 10 reduced OBP mean vslues, the mean values of |OP and ocular
blood volume are solved numerically through Eqs. 3.3.24 and 3.3.25, and listed
in Table 3.3.1. The I0P mesn value is reduced along with the OBP reduction,
and ocular vascular volume is also reduced as a result of the transmural

pressure reduction with the increased stenosis severity. Furthermore, the
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Table 3.3.1 Mean values of |OP and ccular vascular volume
as a function of stenosis severity located in
segment 8 of the CVS.

& Stenosis [m!rg!;g] "-/c[eLu}i;ne
0 15.00 32.37
10 14.99 30.34
20 14.95 32.27
30 14.94 32.08
40 14.63 3167
50 14.22 30.90
60 13.50 29.48
70 12.24 26.92
80 10.02 22.03
90 6.10 11.81
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Fig. 3.3.2. OBP-10P relationship as a function of stenosis

severity located in segment 8 of the CVS.
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relationship between |OP pulsation and OBP as e function of stenosis severity
can also be obtained by Eq. 3.3.22, as plotted in Fig. 3.3.2. This result
illustrates how the OBP varistion (at s certsin level of the mean value) is
transformed to the I0P pulsation. The percent numbers indicate the
corresponding stenosis severity, and |0P pulsation range with different OBP
varying range are also marked. From this graph, it can be seen that OBP-10P
retationship is monotonic and highly linear, and the I0P pulsation range is
between | and 2 mmHg which accords with the previous result [Adle6S). Such
a relstion between OBP and 10P will convey the OBPW, altered by the stenosis,
to the ocular pulse waveform (OPW) which is directly related with the 10P
pulsation. it is should be noted the I0OP puisation range does not change
monotanitlg with the stenosis severity progression due to the non-linear
OBP-I10P relationship.

3.3.5 Ocular Pulse

The eyeball is assumed to be a perfectly elastic, thin walled sphere.
Five layer sandwich structure of the cornesl weall has been studied by Mow
[Mow68], in which it is assumed that the cornea is elastic and linear. In his
corneal model, the viscoelastic properties of the cornea was not considered.
These properiies can be reasonably neglected because the pulsation period of
interest is short, compared with their larger time constant. The linearity of
the cornea is supported by the fact that the deformation of cornea due to the
IOP variations is small and falls into the linear portion of its long time
displacement trend. Fig. 3.3.3 shows the cornea model, in which the cornesl
wall, supported by the ciliary muscles, is measured by three parameters for

the core thickness, internal, and externsl surface thickness. The internal and
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Fig. 3.3.3. Cornea model.
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external surface thickness can be considered equs!, denoted as t. The

following dimensions have been used in this model:

Typical dimensions of the cornea

Symbol Name Value
R Radius of cornesl sphere 7.43 mm
te. & Internal and externsal surface 1S pm

layer thickness
he Core layer thickness 700 pm

r Half of the corneal width 6 mm

In the simplified form where the stress in the cornea due to the IOP
varistion is only considered, the model for the radial displacement of the

cornea along the z coordinate is expressed as

(1-v)R?

AH = — { APy (3.3.26)
vhere AH is the radial displacement or ocular pulse, AP; is the pulsation of
lOF, v is Poisson’s ratic of cornea, equal to 0.3 [Jull84b), and E¢ is Young's
modutus of internal and external face layers of the shell. This approximation
for the Young's modulus is justified since E¢/E¢ = 102-10% [Jull84al, where E,.

is Young's modulus of the shell core.

Now, the way has been established to obtain the OPW driven by the

pulsation of IOP. Therefore, both stenosis beared from I0P as discribed
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Fig. 3.3.4. OPW without stenosis.

- 74 -




12

OPW
[nm]

10

i
0 % : : : :
0.0 0.2 0.4 0.6 0.8 1.0
TIME {secl

Fig. 3.3.5. OPWs as a function of stenosis severity located
in segment 8 of the CVYS.
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earlier, and elevated I0P can be screened from the OPW to conform to the goal

of this resesrch.

As an example, Fig. 3.3.4 illustrates the OPW corresponding to the blood
supply from the OBP as shown in Fig. 3.1.12. The two waveforms (Fig. 3.34
and 3.1.12) are very similar, indicating that the OPW directly reflects the OBP
alteration as stated before. The amplitude of this OPW is about 10 um, which
is compatible with the published result in [Horv70]. Fig. 3.3.5 illustrates the
OPW as a function of stenosis severity in segment 8 of the CVS. Associsted
0BPWs is Fig. 3.2.2. It cen also be seen that the OBPWs are directly
transformed to OPWs. Similarly, as discussed earlier, this éet of waveforms
presents a compliceted pattern of OPW, in which the shape and phase
(frequency content) are altered by the stenasis existence. All of these
features can be traced in the frequency spectra! analysis. It should be noted
that the OPW amplitude does not change monotonicly with the stenosis
severity progression due to non-linesr dynamic range transformation from
OBP to I0P as stated in last section. This is different from Best's result
[Best71c] since the ocular pulse obtained in his test is controlled by the
suction level and the OPW is compressed. Another reason for this difference
is that the test subject was rabbit, which has physiological difference from
man. From Fig. 3.3.5, it is clear that graphic analysis is not suitable for an
accurate, non-contact screening method, and the OPW analysis with respect

to stenosis effect will be pursued in the frequency spectral domain.
3.3.6 Summary

Based on the previous model describing the mechanism within the eye

-?6_



[CoweB0], a model of the eye was developed [JullB4al. for achieving the
UBP-10P relationship. This mode! is improved with respect to the OBP-10P
relationship as a function of either stenosis severity or levels of IOP. The
present eye model can be incorporated through this relationship with the CVS
model. The corneal model is also presented in this part based on the study in
[Mow68), [Ju84al so that the corresponding OPW as a function of either
stenosis severity levels or levels of 10P can be obtained. Simulated results
presented in this section are compared with the previous experimental data
consistently. The OPW result from this study showed 8 much more
complicated pattern bearing the effect from the carotid stenosis, which can
be analyzed more precisely in frequency domain. This will be described in
next chapter. |

3.4 Description on the System Structure

The ocular pulse system, as described above, includes the models of CVS,
stenosis and the eye. They are simulated using numerical methods. The
actual computer program structure and listing are presented in Appendix C
and D. The structure of this system containing all the interconnected models
and units is shown in Fig. 3.4.1. Several specific signal , as well as others,
can be obtained from this system. The ABP mode! produces ABPWs with
different features, based on the basic typical ABP function. The CY¥S model
takes an ABPW as an input. With the integrated stenosis model, the CVS
model can produce not only the normal OBP output, but also the OBPWs bearing
the effect from the stenosis. The OBP output provides blaod supply to the
ocular circulation within the eye. Based on the OBP-IOP relationship in the
eye model, the OPW can be obtained, which contains festures of either
stenosis or elevated IOP. All of the results from different stages of the
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system can be displayed and monitored for further analysis. All of the

detailed descriptions of the models have been given in this chapter.

-?a_




Stenosis Model Mainframe Computer
7 ™y
- Eye Model
CVS Maodel
OBR/10OFP
Relationshiop
vy2
I
Corneal
Displacement
. e
? 2 4 5
'd ™
Graph Display Macintosh
and o Computer
Analysis
\.. * A LEGEND
—» /0 1 ABP
Result ——  Connect 2 OBP

C____D Model 3 IOP
4 OBP/IOP
T unit 5 OPW

—§»- Support & Flow
-+ Others

Fig. 3.4.1. System structure chart.
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CHAPTER IV
A SENSITIVITY STUDY AND PATTERN EXPLORATION
OF OCULAR PULSE

Based on the models described lest chapter, varistions of the ocular
pulse system on stenosis change, ABPW change, vascular bed change, and
geometric parameter change of the CYS can be established in order to study
the sensitivity of OPW to either stenosis or elevated I0P. With these
variations (all related to the 14th degree CYS model), methads for exploring
the OPY pattern corresponding to severity levels and locations of stenosis in
the CVS can be studied. These methods can slso be used to analyze the OPW

with respect to eievated I0P.
The variations for a study on stenosis are classified into 23 cases:
CASEl: The original case with stenosis located in segment 8 of the CVS.

Yariations for stenosis displacement:
CASE2: Stenosis located in segment 1.
CASE3: Stenosis located in segment 2.
CASE4:  Stenosis located in segment 3.
CASES:  Stenosis located in segment 5.
CASEG:  Stenosis located in segment 6.

CASE7:  Stenosis located in segment 9.

Variations from CASE1:

CASE8: Stenosis length, Lg, changed to 2 cm.
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CASES:  Stenosis length, Lg, changed to 3 cm.

Note: Stretching stenosis length will increase the viscous and inertial loss,

8s described in the stenosis model.

CASE10: ABP diastolic amplitude decreased by 10%.

CASE11: ABP diastolic amplitude increased by 108,

CASE12: ABP systelic amplitude decreased by 10%.

CASE13: ABP systolic amplitude increased by 10%.

Note: These are only linear expansions of the ABPW. No new frequency

content is introduced by these four cases.

CASE14: [OP level decreased to 10 mmHg.

CASE13: 10P level increased to 20 mmHg.

Note: In these twao cases, the OPW is altered.

CASE16: Ophthalmic terminal resistance R10 increased by 20%.

CASE17: R10 deceased by 10%.

Note: These two cases will increase or decrease the level of the CYS output,

0OBP, and also alter the transfer function of the system. The resistance bed

R7 ts also changed accordingly to keep the ratio R7/R10 unchanged.

CASEID: Radius, r, for each segment of the CVS increased by 20%, with
corresponding artery wall thickness, h, increased proportionally by
4% to keep the ratio r/h constant.

CASET3: r decreased by ZOX, with h decreased proportionally by 4%.

CASE20: Length, Az, for each segment of the CVS increased by 10%.

CASE21: Az decreased by 108.

Note: These four cases will change the component values in the electric model

of CVS accordingiy.

CASE22: ABP duration changed to 0.4 sec with systolic portion 0.25 sec and
diastolic portion 0.15 sec.

CASE23: ABP duration changed to 1.5 sec with systolic portion 0.35 sec and
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diastolic portion 1.15 sec.
Note: In these two cases, the ABP frequency content has been changed so that

new frequency content will be introduced into the CVS model.

All of concrete values for parameters changed in each case fram CASE1

are listed in Appendix B.
4.1 Stenosis:

In this part, the variations are applied to analyze how stenosis presented
in the CVS affects the system outputs both in spatisl and frequency domain.
Study in spatial domain gives the general analysis of the system behavior
with respect to the stenosis, while in frequency domain, the methods on
finding the OPW patterns for screening stenosis (severity and location) are
described. In section 4.2, the same analysis methods will be applied to the
study on the effect of elevated I10P levels to OPW.

4.1.1 Spatial Analysis

CASE! is the original as used in last chapter. The derivatives of CASET,
(CASE2 to CASE7) can be studied for the stenosis location. The method for
stenosis displacement along the CVS tree has been presented in section 3.2,
Stenosis coefficients (Ky) are listed in Appendix B, modified from that in
Table 3.2.1 for stenosis located in different segments. Since 7 segments of
the CYS can be grouped to present the common carotid (Segment 1-3), the
external carotid (segment 5 and 6), and the internal carotid (segment 8 and

9), most of testing results will be presented here only for segment 2, 5 and 8
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Table 4.1.1 Three index numbers for stenosis in
segment 2, 3, and 8 of the CVS

Segment

® 2 5 g
Stenosis | |, it K o i f v It K
0% 001900 |00 [0084 (00 {00 |oo31|oo |00
10% 0.021 | 0.007}0.097}0090 | 0.007] 0.025] 0.024 | 0.007| 0014
20% 0022 | 0.038|0.092]0.095 | 0.038| 0035} 0.036 | 0.038| 0015
0% 0.025) 0.124| 0036 | 0.108 | 0.124 | 003¢| 004z | 0.124 | 0015
40% 0029 | 0.331]0.103}0.123 | 0331 | 0038} 0049 | 0231 | 0017
S0% 0.023| 0815{0.107 | 0.146 | 0.815| 0.040] 0062 | 0815} 0019
60% 0.046 | 1980} 0.118]| 0.205 | 1.980 | D042 0.096 | 1380 0.025
70% 0079} 5.172| 0130} 0372 | 5.172| 0052} 0.195 | 5.172] cozs
80% 0.016 [16.320 | 0.145 | 0.841 | 16.320| 0.077| 0.491 | 16.320] 0.058
0% 0.693 33.290' 0.182)4.16 |88.290] 0.154] 2.652 | 82.290| 0.125

_83-




without losing any meaning for each segment.

Table 4.1.1 lists the three index numbers achieved for stenosis locsted in
segment 2, 5 and 8. It shows, as in Table 3.2.2, the dominant effect from
turbulent term, Iy which remains constant as stenosis moves to different
segments because it only depends on the levels of the arterial occlusion. The
inertial effect, lj, is still relatively small and constant as expected in the
development of the stenosis model. The viscous effect, ly, 18 significant at
low level of stenosis whereas it is gradually reduced st higher levels,
compared with velues of Iy. Values of |, are different as stenosis moves to
different segments. I, values for stenosis in segment S are larger that those
for stenosis in segment 2 and segment 8. This is because the arterial radius
of segment 5 is smaller, which increases the viscous coefficient, K, and
reduces the Reynolds number. All of these results are similar to those in
[YoCR7S].

Fig. 4.1.1 and 4.1.2, together with Fig. 3.2.2, are the OBPW outputs from
the CVS for stenosis located in segment 2, 5, and 8 respectively. Stenosis in
the commen or internal carotid (segment 2 or 8) reduces the OBP amplitude
and variation as it is on the path of blood flow to the ophthalmic artery. As
stenosis moves to the external carotid (segment 5), the blood flow in the
internal carotid is enhanced, as a result of which the OBP (emplitude and
variation) output at the ophthalmic terminal is slightly increased along with
the stenosis severity level progression. More and faster smplitude reduction
of OBP can be seen when stenosis is located in the internal carotid (segment
8) than in any other places (e.g., segment 2) because the internal carotid is

directly connected to the ophthaimic artery.
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Fig. 4.1.1. OBPWs as a function of stenosis severity

in segment 2 of the CVS.
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Fig. 4.1.2. DBPWs as a function of stenosis severity
in segment S of the CVS.
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The same effect can be seen from Fig. 4.1.3, which shows mean values of
IOF as a function of stenosis severity located in different segments of the
CY¥S. For stenosis in segmeht 9 and 6, mean values of |0P keeps almost
constant (a slight increase). It has a slow reduction 8s stenosis moves to
segment 1, 2, and 3, and the reduction grows faster when stenosis moves

closer to the ophthalmic artery (segment 8 and 9).

Corresponding to the OBP supply to the eye shown in Fig. 4.1.1, 4.1.2 and
3.22, the OPY results were achieved (Fig 4.1.4, 4.15, and 3.3.5) for stenosis
in segment 2, 5, and 8 respectively. Although the OPY result does not show
the clear stenosis severity progression pattern, as explained in last chapter,
it still exhibits that OPWs are altered differently by the cerotid stenosis in
different locations. The OPWs are so complex that it is difficult to apply
graphic analysis methods as used for other periphers! signal studies in
medical research. However, the frequency content for each set of OPWs is
different, indicating that frequency esnalysis methods‘can be epplied for
screening both stenosis location and severity through analysis of OPW in

frequency domain.

Yeriations from CASEB to CASE21 are all based on CASE! which has the
stenosis located in segment 8. These veriations include stenosis length
change (CASES and CASES), linear emplitude expensions of ABPW (CASE 10—
CASE13), 10P level changes {CASE14 and CASE1S), ophthalmic peripheral
resistance changes (CASE16 and CASE17) and geometric parameter changes
(CASE18-CASE21). They are treated as one group since these variations are

only linear expansions of certain parameters of the system in a smail range,
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Fig. 4.1.3. Mean values of I0P as a function of stenosis sevc 1y,
location of stenosis is marked above each curve, the

I0P values are percent against the normal I0P 1ave]
15 mmHg.
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Fig. 4.1.4. GPWs as a function of stenosis severity in segment 2

of the CVS.
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Fig. 4.1.5. OPWs as a function of stenosis severity in segment 3
of the CVS.
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Fig. 4.1.6 Mesn values of OBP as a function of stenosis severity
in segment 8 of the CYS for CASE! and CASES—CASE? 1,
the values are percent against the normal 0BP mean
velue 55.5 mmHg, standard deviation is marked.
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Fig. 4.1.7. Mean values of |0P corresponding to mean values of

OBP in Fig. 4.1.6, the normal 10P level is 15 mmHg.

_91_




Total duration

Slow of cardiac cycle
S. 035 D. 1.15 1.5 sec
Normal
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$.02 L'?..l 0.3 sec

Fig. 4.1.8. Spectrum of human heart beat cycle with systolic
(S) and disstolic (D) portions. [From [Gree78]]
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Fig. 4.1.9. ABPWs with (a) cycie 0.4 sec, systolic porticn 0.25,

diastoiic portion 0.15, (b) cycle 1.5 sec, systolic
portion 0.35 sec, diastolic portion 1.19 sec.
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gnd have the stenosis all in segment 8 of the CVS. These changes will not
make significant spectral pattern changes, as will be confirmed in the
following spectral analysis. They are discussed in preparation for studying

the spectral patiern of OPWs in the next section.

Fig. 4.1.6 and 4.1.7 show the OBP mean values and corresponding 10P mean
values reduced by the growing stenosis severity. As can be seen, all the
cases fall into the same pattern with very small standard deviations. The
UBPWs and OPWs of these cases, as a function of stenosis severity, have also
been cbtained, which are similar with Fig. 3.3.2 and 3.3.5. Therefore, they can

be indeed identified with the same group.

The last part of the varistion cases are CASE2?2 and CASE23, where the
ABPY is modified. The modificalion is based on the published result [Gree78]
on human heart rate for the ABP duration adjustment, and the ABPW shown in
Fig. 3.1.7 for the amplitude expansion. The humsan heart rate spectrum has
been classified into five averaged groups [Gree?78] as shown in Fig. 4.1.8. For
this study, two extreme cases were chosen with heart durations 0.4 and 1.5
sec respectively. Due to the duration change (systole end diastole), the ABP
frequency speciral pattern for each group will be different, which causes the
system output OPW to have new spectral patterns. The methods of finding
spectral patterns for these two cases also apply to other groups. In the
ctinical test, it is feasible to divide subjects into different groups, having

different spectrail patterns.

The ABP amplitude of these two cases was chosen to be the standard as

inFig. 3.1.7. By the linear alignment with this standard ABPW, two new
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Fig. 4.1.10 OBPWs as a function of stenosis saverity

in segment 8 of the CVS with the input ABP shown
inFig. 4.1.9a.
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Fig. 4.1.11. OBPWs as as function of stenosis severity

in segment 8 of the CVS with the input ABP shown
in Fig. 4.1.9b,
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Fig. 4.1.12. OPWs as a function of stenosis severity in segment 8
of the CVS with the input ABP shown in Fig. 4.1.9a.
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Fig. 4.1.13. OPWs as & function of stenosis severity in segment 8
of the CVS with the iiput ABP shown in Fig. 4.1.9b.
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ABPWs were obtained (Fig. 4.1.9a and 4.1.9b). Both ABPWs have obvious
frequency content change from the standard one. Systolic portion in
Fig. 4.1.9a is stretched with anacrotic and cetecrotic slope in this portion
certainly reduced and catacrﬁtic slope in diastolic portion increased. The
opposite changing effect is shown in Fig. 4.1.9b. These apparent frequency
content changes will make them have different spectral patterns, which is to

be discussed in the next section.

with the two ABPWs as inputs tn the system, corresponding OBPWs and
OPY as outputs ere shown in Fig. 4.1.10-4.1.13. As can be seen, the similer
shape patterns as the ABPWs are shown in these graphs with more ripples

occurring on the longer slopes as predicted.
4.1.2 Spectral Analysis of OPW

Due to the non-lineer distertion from OBP to 0P and the direct relation
between the ocular pulse and pulsation of 0P, the OPW amplitude does not
have a clear progression pattern in order of the increasing severity levels of
stenosis, and the graphic pattern of the OPW, as displayed in last section, is
very complicated. This fact indicates theat screening the stenosis from OPW
cannot be accomplished by using graphic anslysis. As mentioned before,
carotid occlusion alters OPW to such a extent thet spectral content in
frequency domain has been changed as a function of stenesis locations and
severity levels. Therefore, it is reasonable to think thet frequency spectral
analysis, which is more sensitive to the waveform change, could be useful to

screen the stenosis.
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in order to tell the difference that the carotid stenosis makes on 0P,
the spectrum of OPW without stenosis was chosen as reference to be
compared with other OP¥s bearing the stenosis effect. in the clinical test on
human subjects where the normal OPW may ﬁat be available for a particular
patient, thisfeference can be shifted to the OPW obtained from another eye
because the carotid occlusion at a single side of CVS (usuatly the case) is not
supposed to change the OPW from another eye so that this OPW will keep
unchanged throughout the stenosis development. Therefore, even although
OPWs from both eyes may be different (they actually appesr simiiar in shape
{Best71c]) for the healthy CVS, the reference spectrum can still be derived
from the OPW at the side of CVS without stenosis. Thus, it is practical to
take, in this study, the OPW without stenosis as a reference and analyze only
its difference with other OPWs bearing some level of stenosis at the same
side of CVS. By using this differencing method, the obtained spectrai
patterns of OPWs will be more stable, not be affected by infinite variations
from different patients, and therefore, universatly applicable to all patients.

Since the OPW amplitude and verying range do not have a clear erder in
terms of their correspondence to the increasing levels of stenosis, a simple
difference between magnitude spectra of the OPW with stensosis and
reference (without stenosis) will not be able to reveal the true spectral
difference brought in by the induced stenosis. The scaled spectrum by the
relative difference of adjacent frequency points is needed to normalize all
the spectra for uniform classification. The phase spectrum cannct be changed
by ampiitude changes of waveforms so that the simple difference between the
phase spectra will be sufficient to derive patterns reflecting stenosis
presence in the CYS.
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Based on all these reasons expisined above, a differential differencing
frequency spectrum for an OPW as & function of certain level of stenosis is
defined in this study, and denoted as Dify. For the magnitude spectrum
(MAGDIF (i)}, it is expressed as

[Fg(i) - Foli-1)]  [Fyeli) - Fyli-1)]

where F(i) is the magnitude of the discrete Fourier transform at freguency
point i {or ith harmonic), Subscript “o" indicates the reference spectrum, or
the transform of the OPW without stenosis, subscript "x", to be substituted
for one of 9 levels of stenosis severity from 108 to 908%, indicates the
spectrum of the OPW with certain level stenosis. The magnitude of the
MAGDIF, (i) will truly reflect the spectrum difference between OPW with
certain level of stenosis in certain segment of the CYS and the reference OPW
without stenosis regardiess of how the amplitudes of different individual
OPWs vary within the same level of stenosis. In this -wey, this spectrum

difference is able to indicete the different presence of stenosis in the CVS.

The differencing method can also be applied on the phase spectrum. The

definition for the phase spectrum difference (PHADIF (i)} is
PHADIF (i) = Po(i)-Py(i) (4.2)

where P is the phase spectral value. With these two spectrum differences, the
spectral pattern for a certain OPY can be studied for screening the carotid
stenosis from OPW. This method cen be further applied to all the waveforms

to search for the spectrum difference.
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Fig. 4.1.14 MAGDIF spectrum of the OPW for CASE |, spectrsl points
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are denoted by 9 numbers corresponding to 9 levels of

stenosis severity from 108 to 90%.



As studied in last section, frequency spectral patterns of OPWs can be
grouped in different cetegories: (i) 7 petterns (CASEI-CASE7) for each
stenosis location in 7 segments of the CVS for stenosis displacement study.
CASEB-CASE21 can be grouped with the pattern for stenosis located in
segment 8, (i) and (iii) CASE22 and CASE23 are set to two different
categories due to the new frequency content introduced by ABP duration
changes. Each category corresponds to each set of patterns for screening the

stenosis with 10 level severity and 7 locations.

The method for finding all the patterns are developed by studying the
pattern for CASE1. The DIF (i) spectra of OPW in CASE! are shown in Fig.
4.1.14 and Fig. 4.1.15 for both magnitude end phase spectra up to 20 Hz (or the
20th harmonic). From these two spectra, it can be seen that the frequency
spectrum change as a function of stenosis severity progression. Very
sensitive difference value can be traced with respect to the level of stenosis
in that some frequency component is increesed and others is reduced.
Corresponding phase spectrum is also altered by the different level of
stenosis. From these two spectra, the patterns of OPW for o specific stenosis

can be investigated.

The same spectra for each cases have also been studied for the pattern
exploration. By connecting the lines through each frequency point for certain
spectrum (as connected lines shown in Fig. 4.1.14 for 908 stenosis) the
MAGDIF, changing trend pattern for ocular pulse in esch category can be
obtained (Fi;g. 4.1.16) without considering the MAGDIF, velues. The trend

patterns are only examined for up to the 12th harmonic because the
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Fig. 4.1.17. MAGDIF pattern of the OPW as a function of stenosis
severity for CASE1 and CASES—CASE21, level of

stenosis severity and SD for each peint are marked.
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Fig. 4.1.18 PHADIF pattern of the OPW as a function of stenosis
severity (progression direction marked) for CASE 1
and CASEB-CASE 18, SD is marked for each point.
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Fig. 4.1.19. PHADIF pattern of the OPW as a function of stenosis
severity (progression direction marked) for CASE7
and CASE19-CASEZ1, SD is marked.
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consistency within the trends for CASE! and CASES-CASE21 can only be
found in this frequency renge. Study on these MAGDIF, changing trend
patterns revesis 5 different groups with at least 4 point difference between
groups and less than 3 point difference within & group. These five groups are
(i) S1-S3, the common carotid stenosis, (ii) S5 and S6. the external carotid
stenosis, (iii) S8 and S9, the internal carotid stenosis, (iv) and {v) 504, 515
present the internal carotid stenosis with different ABP patterns as shown in
Fig. 4.1.9.

The same kind of patterns of the OPWs for CASES-CASE21 fall into the
pattern group {iii) with, at most, two different points. Pattern groups (i),
(ii), and (iii) can be used to roughly classify the stenosis location as a
pre-step. This pattern search method for stenosis location study can also
apply to the derivative cases from CASE22 and CASE23 as the way used for
CASE1-CASE21. ’

Pstterns of the DIF, spectra of CASE!1 and its 'derivatives, CASES-
CASE21, have also been studied for more precise classificetion of stenosis
with respect to its severity levels and locations. The consistency for
spectrum values of these casés was found up to 4 Hz for MAGDIF, and 12 Hz
for PHADIFy. For the PHADIF,, the patterns for CASE19, CASE20, and CASE2]
- fell very close to the pattern for CASE?.

To show how the DIFy patierns of OPY are derived to classify levels and
locations of the carotid stenosis, the MAGDIF, pattern for CASE1 and CASES-
CASE21, the PHADIF, patterns for CASE1 including CASEB-CASE 18 and CASE?
including CASE19-CASE21 are given in Fig. 4.1.17, 4.1.18, and 4.1.19
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respeclively. The standard deviations (SD) are marked with a dssh
designating the limit for each SD. For overlaped SD, the longer dash
corresponds to the spectrum for the higher stenosis. A exception is that only
one bold line connecting alt the spectrum points at 1 Hz of Fig. 4.1.17 without
dashed 1imit is used to mark the SD for all the spectra due to their severe
overlapping. From these spectra as a function of stenosis severity, it can he
seen that the different stenosis makes pronounced difference on OPW in
frequency demain. For each level of stenosis, the patterns of both MAGDIF,
and PHADIFy values give a specific correspondence. Although there are SD
overtapping for variation cases, the precision of classifying the stengsis
severity level by these patterns can still be within the level difference of
20%, as it can be traced from these three graphs.

The DIFy patterns for CASE! and CASE7 may be grouped together as one
to represent a pattern for stenosis located in the internst carotid of the CVYS
because the pattern in Fig. 4.1.18, as can be seen, is very similar to that in
Fig. 4.1.19, and the PHADIFy patterns for CASE19-CASE21, as mentioned
above, already fell into that for CASE7.

Now, the method has been established for exploring the OPY spectral
patterns for classifying stenosis located in the internal carolid with
precision of the severity level difference of 20%. The same method appiies to
studying on other patterns for other cases. Since results from study on other
cases have also shown the same precision, the patterns presented in the
following ‘éfﬂ! only show the three middle leve! stenoses, i.e., 208, J0%, 80%.
These three levels are sufficient to cover the stenosis severity span from
10& to 90% with the established precision of the level difference of 20%.
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Fig. 4.1.20 MAGDIF patterns of the OPW as a function of stenosis
severity in different locations, all values are 10g10 scaled.
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Fig. 4.1.21. PHADIF patterns of OPW as a function of stenosis severity
in different locations, all values are 10g190 scaled.

- 112 -




Fig. 4.1.20 and 4.1.21 show the MAGDIF, and PHADIF, patterns of OPWs
for stenosis located in segment 1 (a), segment 2 (b}, segment 3 (c), segment 5
(d), segment 6 (e), and segmeht 9 (f). These patterns, together with patterns
in Fig. 41,17, 4.1.18 and 4.1.19, cover all the locations where the carotid
stenosis can be presented in the CVS. They clearly show the spectrum
difference progression due to different stenosis severity levels (208, 508,
and 80%). By using the DIFy pattern (with concrete values as a function of
frequency) for each stenosis severity level located in certain segment of the
CVS, the severity levels and locations of the carotid stenosis can be

screened from the OPWs.

It can be inspected from these patterns that some patterns appear
similar both in shape snd values because they represent the silenosis in
adjacent segment. These patterns (MAGDIF, and PHADIF,} can be classified
into three groups within which the patterns are largely similar. These three
groups are (i) patierns for stenosis in segment 1, 2, and 3, representing the
common carotid, (ii) patterns for stenosis in segment 5, 6, representing the
external carotid, {iii) pstterns for stenosis in segment 8, 9, representing the
internal carotid.  Although similarities between MAGDIF, patterns for
stenosis in segment 3 and segment 4 and 5, and between MAGDIF, patterns for
segment 8 and segment 5 slso exist, these similarities are eliminated in the
corresponding PHADIF, patterns. Therefore, combined patterns (MAGDIF, and
PHADIF,) hasve very strong specificity for classifying certsin level of
stenosis {with precision of the severity level difference of 20%) located in
certain part of the carotid artery {the common carotid, the external carotid,

and the internal carotid).
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Fig. 4.1.22. DIF patterns of OF'W as a function of stencsis severity

for CASE22.
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Fig. 4.1.23 DIF patterns of OPW as a function of stenosis severity
for CASE23.




For the other two different categories of the patterns, Fig. 4.1.22 and
4.1.23 show the MAGDIFy and PHADIF, patterns for CASEZ2 and CASE23
respectively. These patterns are indeed different from any of those shown
above, indicating CASE22 and CASE23 really belong to different categories.
As explained earlier, the reason for the existence of different categories of
patterns is thet the frequency content is totally changed due to the duration
pattern change of ABPWs. Therefore, for each category, the same set of
patterns of OPW as in CASE1-CASE21 covering stenosis with varying levels
from 10% to 90% and its location in one of the segments of the CYS can be
investigated based on the patterns shown in Fig. 4.1.22 or 4.1.23. |In the
clinical study, the subjects should be first identified for certain category of
patterns and then, screened by the patterns established for that specific

category.

Finally, it should be noted that the patterns for the varistion cases,
expressed in CASES-CASE21, are very similar and cah be trested as one
pattern, as exhibited in Fig. 41.17, 4.1.18, and 4.1.19. This result indicates
that variations in a small range on stenosis length (CASES and CASE9),
amplitude of ABPW (CASE10-CASE13), 10P level (CASEt4 and CASE15),
aphthalmicr peripheral resistance (CASE16 and CASE17), and geometric
parameter {CASE18-CASE21) do net make pronounced difference te the DIF,
patterns of OPW with respect to stenosis so that the patterns are quite
generalized and stable for variations. This finding is expected by this pattern

study which is to search for finite patterns from ean infinite number of

variations.




4.2 Elevated I0P

Glaucoma is characterized by abnormally high IOP, or elevated 10P. In
the equilibrium state of the eye, the intraocular pressure is maintained at a
nearly constant level 15-20 mmHg with variation 1-2 mmHg [CowWeB0], as
shown eartier. Abnormally elevated IOP may result in an inadequate blood
supply to the nerve fiber in the retina, causing collapse of the corresponding
blood vessels, or blindness. Visual loss resulting from glaucoms cennot be
restored. Present therapy is to maintain the I0P st a level which does not
cause further damage to the optic nerve [CoweB0]. Therefore, outpatient
screening of elevated |0OP is specially importent in preventing the disesse,
glaucoma. Although the elevated IOP is not always sufficient for impairment
of blood supply te the nerve fiber, screening the elevated |OP is still helpful
and plays an mejor role in diagnosing the potential glaucoma with other

clinical conditions [ChKu73).

For examining the sensitivity of OPW to the IOP levels, the mean 0P
(Pym) in the eys model is forced to be elevated from 15 to 40 mmHg (Table
42.1). Corresponding vesculer volume is calcuiated through Eq. 3.3.25 with
the standerd OBP as shown in Fig. 3.1.12. As can be seen, the ocular vascular
volume is reduced with the increasing levels of the mean 10P because the
elevated 10P reduces the transmurel pressure (Pa - Pi). This corresponding
relationship can be exsmined through the vasculsr rigidity function as stated
in Eq. 3.3.3. According to the 0P and vascular volume (va) values in
Table 4.2.1 with the mean value of OBP (Pg) in Fig. 3.1.12 equal to 55.5 mmHg,
the relationship between transmurel pressure (Pg - Py} and ocular vascular

volume (""a) is plottied in Fig. 4.2.1. This relationship is very consistent with
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Tahle 4.2.1 10P level and ccular vascular volume

1P volume
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Fig. 42.1 Relationshin between transmursl pressure and ocular
vascualr volums.
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previously published result in [Best71d], where the vascular rigidity function

(VYR) was studied.

To examine the puisafion of 0P, the OBP-IOP relationship for the
elevated I10P has alsc been investigated, shown in Fig. 42.2 in which the 10P
level is elevated with the constant evel of OBP and pulsation from about 2
mmHg for normal I0P to sbout 8 mmHg for high level of I0P. The OPW
corresponding to each ievel of the eleveted I0P is given in Fig. 42.3, in which
the effect of elevated 10P on OPW is clearly reflected. As the I0P level is
elevated from 15 to 40 mmHg, the ocular pulse emplitude is increased from
about 10 to about 50 pm. Previous study in [Horv70] has shown that the
ocular pulse amplitude was increased to 28 pm after the 0P level was
elevated to 30 mmHg. Similar result can be found in Fig. 4.2.3, where the

ocular pulse amplitude is 25 yum at the 0P level of 30 mmHg.

Although the OPWs in Fig. 4.2.3 show a clear amplitude progression es a
function of elevated 10P, it may be still necessary to investigate the spectral
patterns for each OPY in frequency domain for a more precise and better
classification. The method for exploring DIFy pattern of OPY, used in last
section in studying the effect of stenasis, alsc applies to exploring the DIFy

pattern of OPW with respect to the elevated 10P levels.

Fig 42.4 and 4.2.5 show the MAGDIF, and PHADIF spectra of OPW as a
function of 10P levels. They demonstrate clearly that the elevated I0P levels
have the pronounced effect on the OPW spectrum, the clear progression as a
function of elevated |0OP levels for each frequency component. Therefore, it is

very possible to extract a clear pattern from these spectra for screening
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Fig. 4.2.2.’ OBP-10P relationship as a function of the elevated IQP,

a constant level of OBP is 55.5 mmHg, and the elevated
1OP levels marked above each curve.
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Fig. 4.2.3. OPWs as a function of |0P levels, marked above each

curve.
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Fig. 4.2.4 MAGDIF spectrum of the OPW as a function of {OP levels,
spectral points are denoted by S numbers corresponding
to 5 elevated I0P levels from 20 to 40 mmHg.
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the elevated I0P from OPY.
4.3 Summary

Based on the ocular pulse system model described in last chapter, the
sensitivity study with respect to both stenosis and elevated 10P levels is
proceeded in this chapler. Spatial analysis of OBP, I0OP, OPW shows that
results from this system are largely comparable with previous published
resutts, while revealing new patterns of 0OBP and OPW with respect to both
stenosis and I0P levels. The OPW can be effectively analyzed and described
by the spectral pattern in frequency domain. A new differential differencing
method (DIF ) based on the spectrum of OPW is defined and implemented in
the OPW pattern exploration with respect to both stenosis and elevated I0P
levels. The results showed that the stenosis severity level from 108 to 90%
with precision of the level difference of 20% can be screened from DiFy,
pattern of OPW with its location in one of sections (the common, externsi,
internal carotid) of the CYS. The 10P level may also be analyzed from OPw
both in spatial and frequéncg domain based on the same method used in

studying on stenosis.
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CHAPTER ¥V
CONCLUSIONS AND RECOMMENDATIONS

Stroke end gleucoma sre of major concern to preventive medicine.
Screening the plausible causes of the two disesses, stenosis and elevated
IOP, is of great importance for preventing the development of the diseases. It
is possible to find a single screenin'g technique through an anslysis of OPW
for screening both the carotid stenosis and elevated IOP within the eye
because the brevious studies have shown their interrelationships with the
OPY [Best], [Mow68]. Previous techniques and methods for screening the
blood vessel narrowing (a stenosis) and measuring the 10P and OPW from the
eye have proved to be either inaccurate or not relisble and simple enough to
apply to the outpatient screening. A new accurate technique, based on &
non-contact laser interferometry method [JuKiB4b], suitable for outpatient
screening, hes been selected as the one to measure the OPY with the
resolution less than 0.1 um. The ultimate'goai of this resesrch work is to
establish a non-contact, non-invasive, reproducible, economical, outpatient

method for early screening of the stenosis and the elevated 10P.

Following the selected methodology to the goal of this research, the
model of the overall gcular pulse system has been developed [JuKiB4a,
Jull84a] and improved in this thesis work, includéng the models of the CVS,
stenosis, and the eye. The method of achieving the OPW analysis in this
thesis with respect to the stenosis and 0P is: (i) modelling of the CVS to
obtain the output of OBP, (ii) integrating a stenosis model to achieve 0BPWs
bearing the information on both locations and severity level of stenasis for

stenosis study, and then, (iii) by embedding the eye model with the CVS, OPW

- 125 -



is analyzed with respect to either the carotid stenosis or the 10F levels.

Results from this study have revesaled that:

The present CVS model is of different specificity from the previous
madels forfsgstemic arterial tree. This model is specislly intended tg
clearly exhibit the OBP regulation, and has the explicit expression (state
equations) for its behavior so that the system modification and

incorpuratiﬂn of both stenosis and eye models can be easily proceeded.

The validity of the CVS model is shown through its stability, accuracy,
sensitivity to degrees of the model, and linesrity of the system. The
eigenvalues (Table 3.1.4 or 3.1.5) and step response (Fig. 3.1.9 or 3.1.10)
of the CV¥S have been studied to confirm thst the CVS model is stabte,
and the numerical solution converges after 5 sec to a expected autput
OBFP level at 75 mmHg with an error of less than | mmHg. Since
repeated solutions of the CVS are required in the 'étuﬁg of the overall
ocular pulse system, and computation with the 22nd degree CYS model is
time-consuming, the 22nd degree has been reduced to the 14th degree.
The 14th degree model preserves the same structure and frequency
response bandwidth of the CVS as the 22nd degree madel. The
corresponding eigenvalues and step responses of the two models are
similar, indicating that the 14th degree model contains most of the
fundamental freguency components of the 22nd degree model. The OBP
spectral difference in Fig. 3.1.15 shows that the difference between
frequency components of the OBP outputs from the two models s mostly
less than 1071, It has also been proved that the numerical method for the

solution of the CVS does not introduce nonlinearity because the
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difference between the impedance transfer function and its numerically

obtained counterpart (Fig. 3.1.16) is less than 0.078 for each frequency

component.

The stenosis model can be integrated into & certain segment of the CVYS
model. The relationship between the OBP output of the CVS and the 0P
{level and pulsation) within the eye cen be obtained from the eye model.
According to the cornea model, the ocular pulse is driven by the pulsation
of 10P so that the OPW can be analyzed with respect to its relationship
with either the stenosis (severity levels) located in & certain place (the
common carotid, the external carotid, the internal carotid) of the CVYS, or
the elevated I0OP levels. The results about the stenosis effects, OBP, 0P,
and OPW amplitudes are comparable with the previously published

results.

The OBP and 10P levels are systematically reduced by the stenosis
severity progression located in different parts of the CVS. The results
for the OPY analysis have also shown that OPW is very sensitive to both

stenosis (severity and location) and I0P ltevels in a complicated fashion.

The OPY is altered by either stenosis {severity and location) or 10P level
to such an extent that the analysis of its sensitivity to these two
effects has to be fulfilled in its frequency spectral domain by a

differential differencing method.

Spéctrai analysis based on the differential differencing method has

shown that (i) the OPY is sensitive to the severity level of carotid
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(1)

(1)

stenosis from 10& to 90% with precision of level difference of 20%, (ii)
locations of the carotid stenosis (the common carotid, the external
carolid, and the internal carotid) can also be traced from the spectrum of
the OPW, (ii1) the different levels of 10P from 15 to 40 mmHg can be

displayed from analysis of OPW both in spatial and freguency domains.
The key contributions of this thesis are:

Studied the previous models for the systemic arterial tree, and improved
the presently used CYS model for the OBP regulation, which was shown
to have mere proper specificity and easier ability for incorporation of
maodels for both sterosis and eye. |

Clarified and confirmed the validity of the CYS model in terms of its
stability, accuracy, sensitivity to degrees of the model, and linearity of
the system.

(i11) Established standard ways for the system analysis, and largely compared

(iv)

(v)

the basic system outputs (e.g., OBP, IOP, OPW) with previous reported
results so that it can be shown that the system performs closely to

reality.

Further developed and improved the present stenosis model for its
coefficient modification, integration in the CYS, and study on either its

own analusis (index numbers) or the displacement along the CVYS.

Further developed and improved the present eye model for its

formulation and OBP-I0P relationship with respect ta the different
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stenosis severity levels.

{vi) Defined a differential differencing method for the OPW spectral analysis

which is able to reveal the sensitivity of OPW to either stenosis
(severity and location) or levels of IOP. This is specially important for

future screening of stenosis and elevated I10P.

(vii) Extensive spectral analysis of the OPW in this study provides a basis for

(&)

(b)

(c)

implementing other techniques used in signal analysis. The developed
pattern recognition methods and artificial intelligence (Al) technologies
can be merged with the resulls of this work to facilitate the further

clinical study.

Further work required for this research topic is recommended as follows:

Open-loop nature of the present model can be considered as a major
limitation of the model. The future work should concentrate on a
closed-loop model which includes the influence of the stenosis and 10P
back on the CVS and ABP.

Other than its severity levels and locations, the stenosis should be
further studied with respect to kinds of deposits and relationship

between the shape of stenosis and the blood flow past the stenosis.

Detection of simultaneous existence of the ste_nosis and elevated 10P
should be studied.
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(d) Other techniques of signal analysis, pattern recognition methods, and Al

(e)

technologies should be further studied to esteblish a intelligent

information system for the ocular pulse screening of stenosis and
elevated [0P.

Development of an accurate, non-contact screening apparatus based on a
laser interferometry method for measurement of OPW to be used in a

clinical study for the early screening ef bath stenosis and elevated 10P.
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APPENDIX A
Elements of State Equations of the CVS

For the 22nd degree model [After [Jul184b] |:

k(U = LILY3,ISV,19VI1113,v15,117,¥19,121 ¥23,125,v27,130
V32,134,¥36,138,¥40,143 v45 |T.

V45 is OBP,

C=10,0,.0,1].

D=0

B={1/11,0,.0IT.

A(1,1) = -RI/L1, A(1,2) = - 1/L1,

A(2,1) = 1/C1, A(2,3) = -1/C1,

A(3,2) = 1712, A(3,3) = -R2/L2, A(3,4) = - 1/L2,

A(4,3) = 1/C2, A(4,5) = -1/C2,

A(5,4) = 1/L3, A(S,5) = -R3/L3, A(5,6) = ~1/L3,

A(6,5) = 1/C3, Al6,7) = -1/C3

A(7,6) = 1/L4, A(7,7) = -R4/L4, A(7,8) = - 1/L4,

A(B,7) = 1/C4, A(8,9) = -1/C4, A(B,15) = -1/C4,

A(9,8) = 1/15, A(9,9) = -RS/LS, A(9,10) = - 1 /L5,

A(10,9) = 1/C5, A(10,11) = -1/C5,

AC11,10) = 1/L6, A(11,11) = -R6/L6, A(11,12) = - 1/L6,

A(12,11) = 1/C6, A(12,13) = -1/C6,

A(13,12) = 1/L7, A(13,13) = -R7/L7, A(13,14) = - 1/L7,

A(14,13) = 1/C7, A(14,14) = -1/(CTR12),

A(15,8) = 1/18, A(15,15) = -R8/L8, A(15,16) = -1/L8,

A(16,15) = 1/C8, A(16,17) = -1/C8,

#




A(17,16) = 1719, A(17,17) = -R9/L9, A{17,18) = -1/L9,
A(18,17) = 1/C9, A(18,19) = -1/C9, A(18,21) = -1/C9,
A(19,18) = 1/L10, A(19,19) = -R10/L10, A(19,20) = -1/L10,
A(20,19) = 1/€10, A(20,20) = - 1/{C10R14),

A21,18) = 1/L 11, A(21,21) = =R 1/L1 1,A(21,22) = -1/L11
A(22,21=1/C11, A(22,22) = -1 /{C1IR13),

Other elements of A[1:22,1:22] are zero.

4

For the 14th degree model {similarly using the same method):

(0 =111,v3,i5,¥7,113,¥15,1 17,¥18,125,V27,134,V¥36,138,v40 |1
v40 is 0BP.

B, C, D are not changed.

A(1,1) = -R1/LT, A(1,2) = -1/L1,

A(2,1) = 1/C1, A(2,3) = -1/Ct,

A(3,2) = 1/1L2, A(3,3) = -R2/1L2, A(3,4) = -1/L2,

A(4,3) = 1/C2, A(4,5) = -1/C2,

A(5,4) = 1/L3, A(5,5) = -R3/L3, A(5,6) = - 1/L3,

A(6,5) = 1/C3, A(6,7) =-1/C3, A(6,11) = - 1/C3,

A(7,6) = 1/L5, A(7,7) = -R5/L5, A(7,8) = -1 /LS,

A(8,7) = 1/C5, A(B,9) = -1/C5,

A(9,8) = 1/L6, A(9,9) = -RB/L6, A(9,10) = -1/L6,
A(10,9) = 1/C6, A(10,10) = -1/(C6R7),

A(11,6) = 1/L8, A(11,11) = -RB/LS, A(! 1,12) = -1/L8,
A(12,11) = 1/C8, A(12,13) = -1/C8,

A(13,12) = 1719, A(13,13) = -R9/LY, A(13,14) = -1/L9,
A(14,13) = 1/C9, A(14,14) = - 1/(C9R10),

Other elements of A{1:14,1:14] are zero.
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APPERDIX B
PARAMETER CHANGES IN VARIATION CASES
: OF CHAPTER IV
{Changes in all cases are based on CASE1 J

CASE2, CASEZ, CASE4
(coefficients of stenosis changed : only K,, changed, Ky, K; unchanged )

B stenosis 0% 0% 208 30% 408 50% 60% PR 80% 0%
Ky 51 54 57 &4 7 80 103 156 255 655

CASES:

(coefficients of stenosis changed : only Ky changed, Ky, K; unchanged.)

R stenosis 0% 0% 208 308 408 S0 60% OB 80® R
Ky 135 144 151 170 188 212 274 415 619 1747

CASER:

(coefficients of stenosis changed: only Ky changed, Ky, K; unchanged.)

R stenosis 0% 108 208 30% 40% SOR 60% 70% 80K 90K
Ky 202 216 226 256 282 z19 410 623 1018 2620

CASE?Z:

(coefficients of stenosis changed : only K, changed, Ky, Kj unchanged.)

B stenosis 151 108 208 208 408 508 60% o 0% S0R H0OB
Ky 156 166 174 196 217 243 316 479 784 2013

CASES:

(coefficients of stenosis changed: only Ky changed, Ky, K; unchanged.)

B stenosis 0% 108 20% 30% 40% SO® 6GO0% 708 SO0 90K
Ky 223 240 252 284 314 4 456 692 1132 2911

CASES:

(coefficients of stenosis changed: only Ky changed, Ky, K; unchanged.)

R stenosis 0% 108 208 30% 40% 508 608 70% 80%  90R
Ky 237 360 378 426 471 531 684 1038 1698 4348

CASEID:

Diastolic arnplitude of ABP is changed to 72 mmHyg.

CASEt1:
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Diastolic arnplitude of ABF iz changed to 33 miFnHg.

CASE1Z:

Systolic amplitude of ABP is changed to 126 mimHg.

CASEIS:

Diastobic amplitude is changed to 154 mrnHg.

CASE1G:
fCorresponding R7 also changed to keep the ratio R7/R10 unchanged.}
RI10=3856.0799em™ 57! R7=6426 719 gem 4 571

CASE17:
{Corresponding R7 also changed to keep the ratic R7/R10 unchangad.}
R10=289206 gem™4 571 | R7 = 4820039 g o4 571,

CAZEIS:

Segment 1 2 3 5 & 3 9
r 043 048 048 018 012 0216 0.156
h 0.0624 0.0624 0.0624 0.0463 D026 0.0463 0.0416

(coefficients of stenosis alse changed: only K., changed, K¢, K; unchanged.)

% stenosis 0% B 20% 0R 408 S0%  60% 70%  S0%
Ky 94 100 103 118 13 147 190 288 472
CASE19:
Segment 1 2 z 3 6 g 3
r 032 032 032 012 0078 0.1944 0.104
h 0.0576 0.0576 00576 00432 0024 00432 0.0384
{caeffisients of stenosis also changed: only K, changed, Kt. Kj unchanged.)
% stenosis 0% 108 20% 30% 40% SO0% 0% 0% Q0%
Ky i40 150 157 177 194 221 285 433 707
CASEZ0:
Seqment | 2 2 S 6 8 S
Az LN 1.7 1.7 93 33 £.6 6.6
CASE21
Segment 1 2 z 3 6 2
az 5.3 6.3 63 8.1 3.1 34 3.4

0%
1820



APPENDIX C
SIMULATION PROGRAM STRUCTURE

{a) Structure of the CVS section

EULER
| matrices ABP n oBP s v} OBP ,
ABP 1 g in state aspﬂ‘ and matrices; stenosis stenosis
equations flow flow
ASSIGN RESCALE STATE SOLYER ¥RITEIT
wWiTH STENOSIS
MODEL
matrices
resistance ABP l in state
bed values] & lequations
RBED ADAPTABP CMPNTMTX
tcomponent gABP t component
2 values values
Fig. C1. Structure of the CVS process.
EIGNMTXA
. eigenvalues of g eigenvalues of
matrix Aaz gmatrix A l; matrix A
EIGRF YRITE
LEGEND :
Fig. C2. Strucuture of Eigenvalue module. 3 Module
— Aocess call
o Data
caupling




(b} Sturcture of the eye section

PIYA il
oBP
Flbmem vames oy aiier )| §7 oo e vauesg] g mon
of OBP & of ocular va ues
oBF of OBP ¥ vascular vaseular of 10P
SETP A GETYA | ¥olume yolume | GETPI

Fig. C3. Structure of mean values of (0P and vascular Yolume pro

l‘El
Ul
ey

0BPIOPOP

l

oBp ;l: 10P 10P 3& oPY

OBPIOP OCUL AR PULSE

»)
OBFP, mean values of |0P

Fig. C4. Structure of DBP-I0P realtionship and OFW saction

{c} Structure of spectral analysis section

SPECTM
DFT
DFT magnitude
signal u: DFT ;
spectrum spectr um; and phase
MAGNITUDE

PHASE

Fig. C5. structure of DFT spectrum process.

SPEDIF T‘F DiF [—o>

MAGDIF DFT
magnitude

Fig. CE. Structure of MAGDIF spectrurm process.
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APPENDIX D
PROGRAM LISTING

{a) Simulation of the Models in WATFIV

/7Y AN JOB '1=35,T=25M", EULER" MSGLEVEL=(1,1) CLASS=1
//STEP1 EXEC WATFIV SE=768K

//SYSIN DD *

$J0B WATFIV EULER NOEXT NOWARN

/fi*i***i*i****i*i***i******i*********i*********************i

/7%
/i
A
/¥
/7%
/%
/1%
A
ii¥
A
/%
1%
f1*
¥
/%
£1%
f*
/i
L1¥
i%
l1¥
Hi®
/1%
/1%
/7%
i
11%
¥
/7%
/7%
/%
/i%
1%

MODULE NAME : EULER (modified from [JuliS4b))
THIS MODULE COMPUTES THE OBP FUNCTION USING THE STATE EQUATION
REPRESENT ATION OF THE CYS MODEL.
(EULERZ IS THE CORRECTED VERSION OF THE EULER)
A NON-LINEAR ELEMENT OF STENOSIS IS A PART OF THE MODEL AND ITS
POSITION IS IDENTFED BY NE.

INPUT DATASET TYPE: ABP
OUTPUT DATASET TYPE : OBP, STENOSIS FLOY, AND STENOSIS PRESSURE
DROP.

YARIABLE DICTIONARY :

A THE STATE MATRIX REPRESENT ATION OF THE CVS MODEL.

B,C : CONSTANT MATRICES.

WK : THE INPUT DRIVING FUNCTION.

Vil THE EXP ANDED INPUT DRIVING FUNCTION.

XC1 : THE MNITIAL CURRENT STATE VECTOR.

Y :THE GUTPUT VECTOR.

KP : THE NUMBER OF PERIODS OVER WHICH THE ITERATIVE SOLUTION
IS TO BE APPROXEMATED.

LOC : THE LOCATION OF THE STENGSIS WITHIN THE CVS MODEL . _

NE : THE LOCATION OF THE NONLINEAR ELEMENT IN THE STATE MATRIX:

N : THE SRE OF THE STATE MATRIX.

NS : THE NOMBER OF POINTS OVER ONE PERIOD { USED TO DETERMINE
THE STEP SRE OF THE ITERATIONS ).

ZZ :LOOP COUMTER.

LRE : THE INDUCT ANCE OF THE SEGMENT N WHICH THE STEROSIS 1S
PLACED.

LSEG: THE LENGTH OF THE SEGMENT IN WHICH THE STENOSIS IS PLACED.

RNE : THE RESISTANCE OF THE SEGMENT I WHICH THE STENOSIS IS
PLACED.

RSEG: THE RADIUS OF THE SEGMENT IN WHICH THE STENCSIS IS PLACED.

SF : THE SCALING FACTOR FOR FLOYW WITHIN THE STENOSIS.

TABP: THE DURATION OF ABP CYCLE (S£C)

f{i**i**i*i***i******ii*i*i***ii*****i*****i*****************
DOUBLE PRECISION A(20,20),B(20),C(20)
DOUBLE PRECISION YIN(10001),XC1(20),¥(10001)
DEMENSION WK(101)

INTEGER KP LOC N NE NP NR NS NSt 22

REAL LNE LSEG RNE RSEG,SF,TABP

READ INPUT DATA AND ASSIGN EXECUTION-INDEPENDENT YARIABLES

CALL ASSIGNCA B,C KP LNE LOC LSEG N NE NP NS RNE RSEG SF,
$WK XC1,TABP)
C  RESCALE AND EXPAND INPUT DRIVING FUNCTION
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CALL RESCALE(NP NS WK NR NS 1 VIN)
b0 999 22=1,10
€ COMPUTE STATE YECTOR USING EULER METHOD
CALL COMSTATECA B,C KPLNE LIEG NE N NS NS1 RNE RSEG SF,

*

VIN,XC1,22,Y T ABP)

c WRITE DATA TO DiSK
CALL WRITEIT(NR NS1 Y)
999 CONTINUE

STOF
END

SUBROUTINE ASSIGN(A B ,C KP LNE LOC LSEG,N,NE NP NS RNE RSEG,
CSF WK KC1,TABP)

-
L’.....-._-—-

-
e

L MODULE NAME : ASSIGN

C  PURPOSE : TO READ IN THE NECESSARY YARIABLES AND ASSIGN STARTING

OO0 GOONOOOOCMO0N0O00DDO00O0MN o E O

(g

YALUES TO EXECUT ION-INDEPENDENT Y ARIABLES.

VARIABLES :

NE : LOCATION OF THE STENOSIS ELEMENT iN THE STATE
MATRIK.

N . SIZE OF THE STATE MATRIX.

NS : NUMBER OF POINTS QVER OME PERIOD { USED TQ
DETERMINE THE STEP SIZE OF THE ITERATIONS .

KP - NUMBER OF PERIODS OVER WHICH THE ITERATIVE
SOLUTION IS APPROXIMATED.

A :THE STATE MATRIX.

B,C: CONSTANT MATRICES.

XC1: THE INITIAL CURRENT STATE YECTOR.

WK : THE INPUT DRIVING FUNCTION.

SF : THE SCALING FACTOR FOR FLO% WITHIN THE STENOSIS.

LNE: THE INDUCT ANCE OF THE SEGMENT IN WHICH THE
STENOSIS IS LOCATED.

ALNE . ARRAY OF LNE FOR 7 SEGMENTS

RNE : THE RESISTANCE OF THE SEGMENT IN WHICH THE
STENOQSIS 1S LOCATED.

ARNE : ARRAY OF RNE

LSEG : THE LENGTH OF THE SEGMENT 1M WHICH THE STENOSIS

IS LOCATED.
RSEG : THE RADIUS OF THE SEGMENT IN WHICH THE STENDSIS
IS LOCATED.

ARSEG : ARRAY OF RSEG.

DZ: THE LENGTH OF THE SEGMENT FOR 7 SEGMENT.

LOC: THE LOCATION OF THE STENOSIS IN THE CYS MODEL.

TABP: THE DURATION OF ABP CYCLE (SEC)

DIXUBLE PRECISION A(20,20},8(20),C(20) XC1(20)

DIMENSION WK(101),ALNE(?), ARNE(T), ARSEG(T) ,D2(T)
INTEGER KP LOC N NE NP NS
REAL LME LSEG RNE RSEG,SF TABP
€ READ INPUT DATA
READ (1,%)L0C N NS, TABP NP KP L3EG
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READ (1, %2 (BOR,I=1 N) CEC0,I=1 1) (40100 1= 8
N2=H /2
READ(12,109)(ARNE(D) I=1 M2}
READ(12,10S) ALNECH I=1 N2)
READ(CI2,105)(ARSEG(D) =1 N2)
READCY 2, 105 ARSEG( 1=1 N2}
READ(12,105X0Z(1),I=1 N2}
OO 52 =1 N
READ(I3 22 AC,J) J=1 M)
S2 COMTINUE
22 FORMAT(4D15.7)
B{1)=1./ALNE(1)
READ(4,105)(CwKCD,1=1,101)
105 FORMAT(4E1S.7)
PRINT LOC N NS NZ
FRINT A1 10,BC1Y,C01 XC1(T13
FRINT 105 {ARNECI i=1 N2)
PRINT 105 ,{ALNECH ,I=1 N2)
FRINT 1035 (ARSEG(I) i=1 N2)
FRINT 105,{D2() 1=1 N2)
DOS3 =1 N
PRINT 22 (A(1 0y J=1 N)
SZ COMTINUE
C  ASSIGN STARTING YALUES
SF=1 ZITE+5
LNE=ALNECLOC)
RNE=ARNE(LOC)
NE=LOC*2-1
RSEG=ARSEG(LOC)
RNE=({DZ(LOC)-LSER) /D2(LOC)) #RNE
PRINT ,LNE RNE NE RSEG LSEG
RETURN
ENDY
FUNCTION DMAX(N %)

SEARCH FOR THE MAXIMUM IN A ONE-DIMENSIONAL ARRAY OF NUMBERS.
N - DIMEMNSION OF THE ARRAY
e - THE ONE-DIMENSIONAL ARRAY

DOUBLE PRECISION X(101) DMA&X
DMAX=0.0
00100 =1 N
IF (X(D.6T DMAR) DMAX=X(I)
100 CONTINUE
RETURN
END

[}

SUBROUTINE RESCALECNP NS YK NR HST VIN)

Lac aw BN o]

MODULE NAME : RESCALE

)
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PURPOSE : TO RESCALE AND EXPAND THE INPUT DRIVING FUNCTION.

YARIABLES :
WK THE INPUT DRIVING FUNCTION.
NS : THE NUMBER OF POINTS OVER ONE PERIOD.
HP - UWKNOWN.
NP1,NR1 NS : DIMENSIONING ?ARJABI.ES
¥ : THE RESCALED INPUT DRIVING FUNCTION.
VOMAX : THE MAXIMUM OF THE INPUT DRIVING FUNCTION.
1 1 THE INPUT DRIVING FUNCTION SCALED TO 80-140 MIMHG.

OOOOOOOM0OE

Low]

DOUBLE PRECISION YOMAX DiMAX \-‘lﬂ(!@&)i) M1I01),v0(101)
DMENSION WK(101)

RESCALE IWPUT DRIVING FUNCTION
FOR 80 - 140 MMHG
FOR 100 - 180 MMHG
FOR 70 - 90 MVHG
DO 120 i=1,10%
120 VO{I)=WK({+80.0
C120 vo(D=WK()*+100.0
C120 VO()=WwK((}+70.0
YOMAX=DMAX(101 ¥0)
Y1(1)=v0(1)
D0 120 I=1,100
RINC=(YO(i+1)-YO(1)) #60.0/(YOMAX-80.0)
€ RINC=(VO(H1)-¥O{D)*80.0/(YOMAX-100.0)
C  RINC=(YO(H1)-YO(1))¥20.0/(VOMAX-70.0)
130 Y10+ 1)=VI(D+RINC
C  WRITE ABP
€ WRITE(3,555XY1(D,I=1,101)
555 FORMAT(4E15.7)
c
C  EXPAND BNPUT DRIVING FUNCTION TO NS PTS
¢
NR=NS /NP
NP1=NP+1
NR1=NR+1
NS1=NS+1

Moo

SCALE PUT DRIVING FUNCTION FOR 0.8 - 1.4 MMHG

[ I e B

DO 110 =1 NP1

110 Yi(=Y1(1)/1.0E2
D0 10 =1 NP1
FOLEQNP1) 60 TO 15
RNC=(V1(H+1)-Y1(D)/NR
DO 20 J=1 NR

20 VINONR (-1 +0)=V 1 (DH(J-1)*RINC
GOTO 10

15 VIR(NR*(-1 )+ 13=V1(D

10 CONTINUE

[
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RETLRM
END

SUBROLITINE COMST ATECA B,C KP LNE LSES NE,N NS NS1 RNE RSES 3F,
¥YIN,KCY 22, TABP)

R R R e B o oy B o s It o B o B B o T o T O B S o M o T e T e Wl B o W S8

Lar 2wl B o]

9

Lo 0w B N v

MODULE NAME : COMSTATE
PURPOSE : TO COMPUTE THE STATE YECTOR USING THE EULER METHOD.

YARIABLES :

ZZ : PERCENT STENOSIS ((22-1)%10%) BEING CALCULATED.

SF 1 THE SCALING FACTOR FOR FLOW WITHIN THE STENOSIS.

LNE : THE INDUCT ANCE OF THE SEGMENT IN WHICH THE
ZTENGSIS IS LOCATED.

RME: THE RESISTANCE OF THE SEGMENT IN 'WHICH THE
STENOSIS 1S LOCATED.

NE : THE LOCATION OF THE STENDSIS ELEMENT IN THE
STATE MATRIX.

XC1: THE INITIAL CURRENT STATE YECTOR.

#C : THE CUURRENT STATE YECTCR.

A THE STATE MATRIX.

B.C:CONSTANT MATRICES.

YIN: THE INPUT DRIVING FUNCTION.

LSEG : THE LENGTH OF THE SEGMENT IN wHICH THE STENOSIS

15 LOCATED.
RSEG : THE RADIUS OF THE SEGMENT IN WHICH THE STENOSIS
IS LOCATED.
CY¥ LT Cl : COEFFICIENTS OF YISCOSITY,TURBULENCE, AND
INERTIA. :
T o THE DUTPUT VECTOR.
TABP: THE DURATION OF THE ABF C\(CLE (SEC)

DIMENSION FFS1(101) FFS2(101) FFS3(101),¥2(101)
DOUBLE PRECISION A(20,20) ,B(20),C(20),D(20) F(10001) DF DABS
DOUBLE PRECISION VINC10001),XC(20) XC1(20) ¥N(20),Y(10001) YN
DOUBLE PRECISION FS(10001) DFF(10081)

INTEGER 22

REAL LNE RNE LSEG RSEG KV KT KI,PIE,AC,A1 GV CT CI,TABP
DF=0.00
DO 99 [=1,14

KC(D=XCI(N

CONTINUE

ASSIGN VALUES DEPENDENT ON STENDSIS DEGREE

(BASED OM THE SEGMENT £

DO CASE 22
CASE 1
0% STENOSIS
K¥=1125
KT=0.0




L]

L]

(]

Ki=0.0

CASE 2
109 STENGSIS
K¥=1200
KT=107
Ki=1.2

CASE 3
20% STENCSIS
K¥=126.0
KT=121
Ki=1.2

CASE 4

I0% STENOSIS
Kv¥=1420
KT=133

Kl=1.2

CASES
40% STENOSIS
K¥=137.0
KT=1.49
Kl=t.2

CASEE
0% STENGSIS
K¥=177.0
KT=183
Ki=1.2

CASET
60% STENOSIS
Ky=2280
KT=1.76
Ki=1.2

CASE 8
0% STENOSIS
K¥=Z46.0
K1=19
Kl=1.2

CASE 9
B0% STEMOSIS
K¥=566.0
KT=2.104
Ki=1.2

CASE 10

0% STENOSIS
K¥=1455.0
KI=2.1%
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Ki=12

[ ]

END CASE

MODIFY THE K¥ FOR THE CURRENT STENOSIS SEGMENT

" ITH RESPECT T0O THE YALUE OF KV IN SEGMENT & AND LSEGE=1
K\=(0.18 ¥KY /RSEG) ¥L3EG

PRINT ,' KV="KV

Lo B

CALCULATE C¥ 0T, AND €

Lo B w ]

PIE=Z 14159
CY=KY #0031 /(2*PIEFRIEG ¥ #3)

L]

AD=PIE *RSEG* #2

Al=A0%(1-(Z2-1)%.1)

CT=(KT*0 5%1 0S#((AD/A1)-1)# ¥23/(PIE ¥ #2¥RSEG ¥ #4)
CI=(KI*LSEG*1 05)/(PIE¥RSEG# ¥2)

~3 40 L=1 KP

DO 50 K=1 NS

COMPLITE NON-LINE AR ELEMENT OF 4

DF IS THE DIFFERENTIAL SCALED FLOW USED 7O COMPUTE
THE INERTIAL COEFFICIENT OF THE STEMDSIS.

[ B I e B o B N

IF(XCCNE).NE.O) GO T 200
A(NE NE)=-{CY+RNE}/LNE
FS(K)=0.0
G0 TQ 250

200 CU=(CI/(SF*XC(NE))) *DF
RS=CY+(CT #SF D ABS{XC(NE)))+CU
A(NE NE)=-(RS+RNE)/LNE
FS(K)=RS
FS(K)=FS(K) #XC(NE)

C
€ COMPUTE NEY STATE VECTOR
C
250  YN=0.D0
D060 =1 N
p(1)=0.00
DO 70 J=1 N
70 DY=D{+ AL ) *¥RC(J)
DCD=D{H+BINEVING
KNCD=XC(+D(1) ¥T ABP /NS
C

C COMPUTE DIFFERENTIAL SCALED FLOW FOR THIS STEP
fF {1.E.NE) THEN DO
DF=SF *D(1)
DEF(K)=DF
END IF
£ COMPUTE DUTPUT YECTOR
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Y=+ KT
£0  CONTINUE
YiKI=¥N
FOK)=XCINE)*SF
i (i} MENS1) THEN DO
DO 82 I=1 N
2 HCC=KN()
END IF
S0 COMTINUE
40 CONTINUE
J=1
DO 20 I=1 NS1,100
FFS1{dI=F3i)
FFG20)=F(1)
FFS2(D=DFF(D
20 J=JH
WRITE(9 B1FFS1(J),J=1,101)
WRITE(10,81)(FFS2(J} ,J=1,101}
WRITE(H 1 S1XFFS3(J) J=1,101)
81 FORMAT{4E15.7)
RETURN
EMD

w2

SUBROUTINE WRITEIT(NR NS1T,Y)

')

MODULE NAME : WRITEIT

PURPOSE : TO WRITE THE OUTPUT OF THE EULER MODULE TO DIZK.

VARIABLES :
YN : THE INPUT DRIVING FUNCTION
®C : THE CURRENT STATE VECTOR.
¥ :THE OCULAR BLOOD PRESSURE.

[ o 2N i e T wr I v BN w B B By

DIMENSION Y2(101)
DOUBLE PRECISION Y{10001)

SELECT POINTS TO BE WRITTEN

Lo B e ]

J=1
DO 80 I=1 NST MR
v2(J3=(1)
80  J=.d+t
WRITE(Z 95)(Y2(1),I=1,101)
95 FORMAT(4E15.7)
T PRINT 35,(1,v2(0,I=1,101)
85 FORMAT (SC ¥2('.13,)="D125,2X)
RETURN
END

£ THE FIRST MUMBER IN THE DATA LIST CAN RAMNGE BETWEEN 1 AND 7,
. AND CORRESPONDS T THE SEGMENT OF THE CV5 MODEL IN WHICH THE
C STENQSIS LIES.




c

$ENTRY

/%

{/GOFTO1FO0T DD *

6!41000010100510
0000000000000000000000000000
00000000000000000000000000ID
0000000000030900000000000000
7%

//GOFTO2FQ01 DD DSN=Y &N, AL2.0BP6 DISP=SHR

/%

/ /GO FTO4F001 DD DSN=Y AN, ABP JUNE? DISP=SHR

7%

/{GOFT12F001 DD DSN=Y AN A1 LPT ,DiSP=SHR

/%

//GOFT13F001 DD DSN=YAN. A1 MTXA LDISP=SHR

/%

//GOFTOSFOD1 DD DSH=YAN.ALZ STEDRPE LDISP=8HR
I

//GOFT10FO0T DD DSN=YAN.AL2. STEFLY6 DiSP=SHR
/%

//GOFT11F001 DD DSN=YAN.AL2 DSTEFLY6 LDISP=8HR
/%

//YAN JOB 'I=10,T=5","RBED" MSGLEVEL=(1 ,1),CLASS=4A
{7 EXEC WATFIY SQE‘Z‘S&K

//SYSINDD #

$JOB WATFIY RBED,NOEXT NOWARN

ff***************iii********i****i******i**i*******i**!**

Ji% MODULE NAME : RBED

//%  PURPOSE : TO CALCULATE THE YASCULAR RESIST ANCE BED YALUES

/1% FOR THE CVS MODEL.
/4% MNPUT DATASET TYPE: CPT
£{%  OUTPUT DATASET TYPE: RBED VAUES.

ff*****i***i*********i**********************i*****ii*****

DIMENSION R(11)

D=100.

Ri3=10F+4

N=11

READ(1 ,81 XR()), =1 N}
81 FORMAT(4£15.7)

Y1=GETYA(R13 R N}
F (ABS(V1) LT.Q.0001)G0 TO 1
4 R13S=R132
R13=RiZ+D
Y2=GETYA(R13 R N)
F (ABS(Y2) LT.0.0001) GO TO 1
F(Y2*¥1) 6T.0)60T03
D=-D/2
5 Vi=y2
GO TG 4
3 F{ABS(V2) LT. ABS(¥1))G0TOS
D=-D
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G0T0S
1 CONTINUE
FRINT ,R1Z RIS R1Z RIS
R14=0 54 ¥R13
PRINT ,R14 R12° R14
sTOP
END

FUNETION GETYAIRIZ R N)
DIMENSION RO
REAL R14,R13Z R12 R367 R29 R1234 RCE ROP REX RS
REAL VO V2,¥8
YO=73,
V2=149,
R14=0.64%*R13Z
RiZ2=R14
RIGT=R{SHR{EHR(T)
R83=R(2)+R(3)
R1234=R(1 MH#R(2I+R(Z}+R(4]
ROP=R(11)4+R13
RCE=R(10)+R14
REX=RS67+R12
VS=(VD/RI1ZY*ROP
RS=RCE*ROP /{RCE+ROR)
YS=[Y3 /RII*(REMHRS)
RS=REX ¥(RS+R39) /{REX+RS+RET)
VS={¥S/RS)I*(RS+R1234)
GETYA=VE-V2
RETHRN
END
$ENTRY
/¥
{{GOFTOIFOOT DD DSN=YAN.AZ2 CPT DISP=SHR
R

/74N JOB "1=10,T=5","ADAPT ABP' MSGLEVEL=(1,1) CLASS=4
! /STEPY EXEC WATFIV SIZE=256K
//SYSINDD #

$J0B W ATFIY ADAPTABP NOEXT NOW ARN
SRR R R R R R R RN R AR AR R R R F R R R RS R EF RS

fr= MODULE NAME: ADAPT ABP
/7% THIS MODULE WORKS FOR THE ADAPTATION OF ABP
7% DURATION.

/1% INPUT DATASET TYPE : ABP.
/7% OUTPUT DATASET TYPE: ABP.
f,"******{-**************************************'!'
DIMENSION YA(TO1) Y(101)
READ(T,10)(VACE,I=1,101)
10 FORMAT(4E15.7) -
C----NA1: SYSTOLIC PORTION OF ABP(S0-140)
C----NA2: DIATOLIC PORTION OF ABP(80-140)
C----N1: SYSTOLIC FORTION OF ABP TO BE ADAPTED
C----N2: DIATOLIC PORTION OF ABP TO BE ADAPTED
MA1=32
NAZ=63
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N1=23
WN2=77
Y{1i=0.0
SYSTOLIC PROTION ADAPTATION:
HE =M +1
DO 20 =2 NN
Al=FLDAT(I- 1 J*FLOAT(NATY/FLOATINT 141 .
1AT=INT(AD '
1A2=1A1+1
YD=YALIA1 I+ (Y ACIAZ)-V AT AT NE(AFLOATOATD
200 CONTINUE
€ DIATOLIC PORTION ADAFTATION:
NIt =Nt +1
D0 20 =811 ,101
AIFLOATO-NT- 1 1 #FLOATINAZI/FLOATINZJ#FLOATINAT+1)
1AT=INTCAD
IAZ=1A1+1
IFIAZ.GT 1010 THEN DO
=V A(1A1)
ELSE DO
VD=V ACIAT (Y ALIAZ)-YAIA 1 D *{ AFLOAT(IATY
END IF
0 CONTINUE
DUTRUT :
WRITE(Z,10X¥(]) I=1 ,101)
STOP
END
$ENTRY
i*
//GOFTOIFCOT DD DSN=Y AN ABP JUNST DISP=SHR
P #
Z /GO FTOZFO01 DD DSN=Y AN.A1 5.ABP DISP=SHR
£¥

]

[

247 aN JoB
/{STEP1 EXEC WATFIV SIZE=256K
/FSYSINDD #
$JOB WATFIV CMPNT NOEXT NOWARN
ff-!-*********************************************************
fi¥ MODULE NAME : CMPNTMTX
f/%  THiIS MODULE COMPUTE THE COMPONENT YALUES AND MATRIX 4.
f{%  OF THE CYS MODEL.
/7% OQUTPUT DATASET TYPE: CPT; MTRA.
‘."j**i**-l-*********i**i**********-I-************************-I-**-I-
DIMENSION EC7),H(7),RD(?),2(7) R(7),6T)
DIMENSION AC14,14)
REAL PUAL RAL L(7) R7 RIO
N=7
PUAL=0 031
RAL=1 05
FiE=3.141593
C  CALCULATE THE COMPONENT VALUES OF THE £4S MODEL
READCY, #3CE(D, =1 N)
READCY, ¥M(H(D,I=1 D
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READCT,*XRDOD 1=1 N}
READCT,*302(13,1=1 23
READCY,¥IR7 RID
D 10 =1 N
ECO=ECN*1 E+5
10 CONTINUE
DO 20 I=1 N
RUD=(31 *PUAL NG *PIE¥(RDID*24))) ¥20])
LID=Q *RAL /(4 *PIE*RDID RO *#2(N
COI=0Z #PIE*RDUD* #2402 *E( [ *HIN*2(N)
20 COMTINUE
WRITE(2 S2UR(Y,1=1 M)
WRITE(2,82)L(1),1=1 N}
WRITE(Z 320C00) =1 )
WRITE(Z S2)RE(N =1 1)
WRITE(2 2230203 1=1 M)
WRITE(2 S2WHCI 1=1 W)
WRITE(2 82)(ECD I=1 N)
WRITE(Z,32)R7 R10 PUAL RAL
82 FORMAT(4E15.7)
C CALCULATE THE MATRIX A OF THE STATE EQUATION OF CVS MODEL
N2=N*2
DO 20 =1 N2
DO 30 J=1 N2
A(l =00
20 CONTINUE
&C1,10=0-1 YER(1)A()
ACH,2)=(-1 3/LE1)
N1=p-1
Dit 40 =1 N1
NR=1+1
I2=1%2
N=i2-1
1B=i2+1
A2 11)=1./C(D
A(I2,13)=-1 /C(,
LI2=12+1
Lit=Liz2-1
LiZ=Liz+1
ACLIZ LI )=1./L(NR)
ALIZ LI2)=-1 *R(NR)/L(NR)
A(LI2,LIZ)=-1 /L(NR)
40 CONTINUE
A6, 11)=(~1.)/C(3)
A(10,100=A(10,11)/R8
A(10,11)=00
ACTT BI=AC1T 100
ACT1,1=00
A4 12)=1 /007
A1, 14)=(-1 J/C(D*RI)
DO 51 I=1 N2
WRITE(Z 1053 A(1 ,J),J=1 N2)
S1 CONTWMUE
105 FORMAT(4E15.7)

STOP




END
$ENTRY

1%

/#GO.FTO1FO01 DD *

4.4.4.8.16.8.8.
0.06,0.06,0.06,0.045,0.025,0.045,0.04
04,04,04,0.15,0.1,0.18,0.13
70,70,70,90,90,606.0

5355.6,3213 4

I

//GOFTO2F001 DD DSN=YAN.A16 CPT DISP=SHR
I*

//GOFTO3FO01 DD DSN=YAN.A16 MTXA DISP=SHR
/%

/1Y &R JOB
/ /STEP2 EXEC WATF ¥ SRE=256K
//STSINOD #
$J0B WATFIV EIGEN NOEXT NOWARN
fj**i*****i************i*************i*****i********
L MODULE NAME : EIGNMTX A
/7% THIS MODULE IS TO CALCUL ATE EIGENYALUES OF MATRIX A.
/7% USING A STANDARD SUBROUT INE.
{{*****ii****i********ii**************ii**********i*

INTEGER N 1A 0B, 2, ER

REAL A(22,22) WK(22)

COMPLEX W(22) 2(22,22)

1A=22

g=22

N=22

K0B=0

DO 30 =1 N

READ(2,10X A(1,J) J=1 N)

10 FORMAT(4E1IS.7)
30 CONTHNUE

CALL EIGRF(A,N,IA,IJOB,Y 2,2, %K ER)

PRINT ,'ER="_¥R '

DD20 I N

PRINT ,¥(l)

20 CONTRUE

STOP

END
$ENTRY
]
/ /GO FTO2F001 DD DSN='Y AN.A22 MTX A DISP=SHR
/®

/7Y AN JOB

//STEP1 EXEC WATFIY SRE=256K
FISYSINDD *

$JOB WATFIV STEN NOEXT NOWARN

PR R R R R R R R F R R R R F R R S R P SR EEF PN SR F R R SRR XX E 532

ir® MODULE NAME : STENOSIS ANALYSIS
/7% THIS MODULE COMPUTE THE STENOSIS DROP AND FLOW ANALYSED
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fi% RETAT TURET HGEY NUMBERS.
JA%INPUT DATASET TYPE: STEMOSIS OROP AND FLOW AMD TS DERIVATIVE
7% QUTPUT DATASET TYPE : MEAN YALUE AMD PEAK VALLE AND THREE INDEY
Fi¥ HUMHBERS.

FUNCTION DMAX(N,¥)

DIMENSION X(131)

DitAx=0.0

D100 1=t N

F CR0)GT DMAK) DMAK=5()

100 CONTINUE

RETURN

ENEx

FUNCTION DMEANCN %)

DIMENSION X(101)

DME AN=0 0

Do 100 =1 N

DME AN=DME AN+X(1)

140 CONTINUE

DME AN=DME AN/N

RETURN

END

DIMENSION DROPCIO1),FLOW(101),SUB(101) DFLOW(101)
DIMENSION DM(10),DP(10) FMU10),FP(10) REP(0) REM(10)
DIMENSION DFM(10) DFPE10)
DIMENSION DIV(10),DIT(10) DHCID)
INTEGER 22
REAL PUAL RAL STENL,STENR KV KT KI,PIE, AP, 40,41 ,CY CT,CI
H=10H
PLUAL=0031
RAL=1 05
C FOR SEGMENT 9:
STENL=1.0
STENR=0.13
PE=3.141593
5F=1 333E+5S
DO 111 22=1 10
READ(1,105)(DROP(D,1=1 K}
READ(2,105)FLOW(),I=1 N}
READ(3,105)(DFLOW(D, =1 )
105 FORMAT(4E15.7)
DM(ZZ)=DME ANCN ,RCP)
DP(22)=DMAX(N DROP)
FM(22)=DME ANCH FLO%)
FP(Z2)=0MAX(N FLOY)
LFM(2Z)=DME ANCN DFLOW)
DFP(ZZ)=DMAR(N DFLOW)
REP(22)=2*R AL ¥FP(2Z) /(PIE *STEMR #PLAL)
REM(22)=2 *R AL #FM(2Z)/(PIE #*STENR #PLIAL)
DO CASE 22
CASE 1

C 0% STENDSIS




KV=1123
KT=0.0
Ki=0.0
CASE 2
10% STEMOSIS
Ev=120.0
KT=107
Kl=12
CASE R
C % STENGEIS
Kv¥=126.0
KT=1.21

Ki=1.2

)

CASE 4
o Z0% STENOSIS
Ky=1420
KT=135

¥i=12

CASE S
C 40% STENOSIS
KY=137.0
KT=1.43
Ki=1.2
CASE &

C 0% STENOSIS
K¥=177.0
KT=1.63
Kl=1.2

CASET

¢ 50% STENOSIS
K¥Y=223.0
KT=1.76
Kl=1.2

CAZE S

c TO% STENOSIS
K¥=3246.0
KT=192
Ki=1.2

CASE D
C 30% STENOSIS
K¥=366.0
KT=2.04
Ki=t.2
CASE 10
0% STENOSIS
KV=14550
KT=2.18
Ki=t.2
END CASE
C ADJUST K¥ VALUES FOR DIFFERENT SEGMENT LIKE IN PEULERZ
KY=(0.18 %KY /STENR) *¥STENL
PRINT kv
C INDEX NUMBER OF THE STENOSIS

L}
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DiVZTI=KY /REPI(ZE)

DITRD)=0 S #KT*# (1 /(1-(22-12% 1))-11% %2

DI 22)=KI ¥STENL #DFP(ZZ) *#PIE *(STENR * # 21 /FF(ZZ) $42)
111 CONTINUE

WRITE(4 82XDIN(Z2) DIT(22) DINZ2) 22=1 100}
82 FORMAT(3EIS.TD)

WRITE(4 B1)(DM(22),DP(22) 22=1,111)

WRITECS 81 0FM(22) FP(Z2),22=1 100

WRITE(4,21 XDFM(22) DFP(22),22=1,100

WRITE(4 31)(REM(22),REF(Z2) 22=1 ,10)
81 FORMAT{ZE15.7)

STOP

END
$ENTRY
F¥*
{50 FTOIFO01 DD DSN=YAN.A7 STEDRP7 DISP=SHR
IE
//GOFTOZFO01 DD DSN=Y AN.AT STEFLW7 DISP=SHR
L
/GO FTOZFO01 DD DSN=YAN.A7 DSTEFLW7 DISP=SHR
£¥
4 /GOFTO4FO01 DD DSN=YAN.A7 STENANAT DISP=SHR
£¥

/4 AN JOB 'I=10,T=5",'PIVA" MSGLEVEL=(1,1) CLASS=1
{7 EXEC WATFIV SIZE=256K
//SYSINDD *

$.J0B WATFIV PIvA NOEXT NOWARN
SRR R R R R R R R R EFF R FF R R R E R R R RS R RS AR R R R RS R R AR R E RS

i MODILE NAME (PIVA

if*

/7%  PURPOSE : TO CALCULATE THE MEAN YALUES OF I0P AND OCULAR
if* YASCUL AR WOLUME.

7% INPUT DATASET TYPE: ORP
/7% DUTPUT DATASET TYPE : PIXVAX (Pim, Vam)
jj***********************************************i*******
FUNCTION CALCYAX(PAX)
C THIS FUNCTION CALCULATES THE VALUE OF VAX BY SOLYING
C  THE RELATION ITERATIVELY
C  SET STARTING YALUES
REAL A,B,C,DF G,CALCVAX V1 V2 PAX
COMMON ABCF,G
D=4,
CALCYAX =10
Vi =~(PAX - A * EXP(B * CALCYAX) +C) #* (-0 60) + G *
CALOGICALCYARY +F
IF {ABS(¥1) LT. 00001160 TO !
4 CALCYAR = CALCVAX + D
Y2 =-(PAX - A *EXP(B * CALCYAX) +C) % (-0 60) + G *
CALOG(CALCYAR) +F
IF (ABS(Y2) LT. D.0001) GO TO §
Fv2 #VI) 5T.00G0TO 3
D=-b/2

S yi=y2




G TO ¢
2 IFCABS(VZ) LT ABS(MINGOTOS
D=-D
GOTES
T RETURN
END

[l

BIMENSION PAKIT ,10) :

REAL PIX Y A% 4 B.CF G KALFHA, ALPHA FIO VAQ £ SF
INTEGER 1,J M STEN

COMMON A B G F G

D]

READ TOTAL NUMBER OF ALL SEGMENTS IN THE DATASET

[ el

READ N PIO VA0
CALL SETPAXIN PAX)
SET UP INITIAL VALUES

DO

KALFHA=0.203
ALFHA=8./5.
E=0.022
SF=D.208

(PIO+SF/E)$EXP((~-1 J*¥E*VAD)
E
SFAE )
(PAX(1,1)-FI0)**(1 - ALPHA)-(1 - ALPHA)Y®K ALPHA * ALOG(Y AD)
(1 .-ALPHAJ#KALPHA

Gy ™M O e
[T I I T Y

DO i=1H
WRITEE] &JPI0 VAD
D03 .J=2,10
Yax = CALCYAXP AX(TUN
PlX= A ¥EXP(B *VAX)-C
STEN = (J-1) * 10
WRITE(T,5) PIX VAKX

3 CONTINUE

1 COMTINUE

& FORMAT(ZE15.7)
STOP
END

FUNCTION ME ANCOBP)
DEMENSION 0BP(101)
REAL TEMP ME AN
INTEGER |
TEMP=0.
p012 121,100

12 TEMP=TEMP+0BP(I)
ME AN=TEMP /100.
RETURN
END

SUBRTLTINE GETP AX(N PAX)
DIMENSION PAX(7,10) ,0BP{101)
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NTEGER N
REAL MAX MM MEAN
DO 18 =1 N
D0 17 J=1,10
READ(2,19X0BP(K) K=1,101)
19 FORMAT(4E1S.7)
P AX(1,J)=ME AN(OBP)
17 PAX(LJ)=PAX(I,J)¥100.0
18  CONTINUE
RETURN
END
$ENTRY
1,15.,32.37
7%
/ /GO FTOIFO01 DD DSN=YAN.A16 PYXYX DISP=SHR
L¥
/ /B0 FTOZFO01 DD DSN=YAN.A!6.0BP6 DISP=SHR
/%

/Y AN JOB '1=80,T=3M",'0BPIOPOP" MSGLEVEL=(1,1) CLASS=4A

/ /STEP4 EXEC WATF IV, SIRE=256K

}/SYSIN DD #

$J0B WATFNV DISPNEY NOEXT NOWARN

H'*ii-l-i*****ii**i***i**i{-***-I--I-*{-{-*******i********iiii*****

L MODULE NAME : DBPIOPOP (modified from [JullS4b])

Z/%  THIS MODULE COMPUTES IOP YARIATIONS, ABSOLUTE VALUES AND

/7%  CORNEAL DISPLACEMENT (OPY). AS A FUNCTION OF CAROTID

/7%  STENGSIS.

/7% INPUT DATASET TYPE: OBPS AS A FUNCTION OF STENDSIS FOR EACH

/¥ STENOSIS LOCATION (SEGMENTS 1-7).

2%

/7%  OUTPUT DATASET TYPE: IOP YARIATIONS, IOP ABSOLUTE,AND OPY.

jj*i***-!*******-I-***-I--I-*-I--I-*i—********************************
FUNCTION DMINN,X)

c

C  SEARCH FOR THE MINIMUM IN A ONE-DIMENSIONAL ARRAY OF NUMBERS

C N - DIMENSION OF THE ARRAY

C X - THE ONE-DIMENSION ARRAY

C

REAL X(101) DMI

DMIN=0.72£76

DO 100 =1 N

F (X(D.LT DMI) DMIN=X(I)
100 CONTINUE

RETURN

END

FUNCTION MEAN(N, %)
REAL X(101),MEAN
Ni=N-1
SuM=00
DO 1=t NI
SM=SUM+X(I)

1 CONTINUE
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Lo B B

L B R ]

[y N B B o6

(%]

[ar B aw I wp]

Lop B o R v 4]

MEAN=SUM/FLOATIND)
RETURN
END

DIMENSION PACTOT) OPC101]
EIMENSION OPDISP{101)
INTEGER 22

N=101

M=5

K=11

T=1.0E-2

NU=0.2
H=13.0
EF=13.0E4
RSQ=(0.743E4) % *2
REFEAT LOOP FOR aLL 7 STENOSIS LOCATIONS
DR 33 22=7,7
23 J=1 K
READ POLYAQ FROM PIXY A% FILE.

READ(11,27)P0,Y AD
FORMATIZEIS.T)

READ OBP FUNCTION FOR STEMNOSIS ON SEGMENT 22

READ(1 ,2MPACD I=1 M)
FORMAT(4E15.7)
L=(J-1)%10

SCALE INPUT DATA IN MMHG

5F=1.0E2
00t =1 N
P ACD=P A()*SF

CALL OBPIOP{OP PA PO, VAD)
WRITE(10,2)(0P(D), =1 ,N)

DO 4 =1 N
OPDISP(D=((1-NUY*RSU*OP(1) /{4 ¥H*EF)
CONT INUE
OPMIN=DMIN(N ,OP)
DISPMiN=DMIN(N OPDISP)
G038 =t N
OPED=0P{D-0PMIN
OPDISP()=0PDISP{-DISPMIN
CONT RUE

WRITE(S,2)(0P(1),1=1 .N)
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WRITECQ 2NOFDISPCIY,I=1 M)

o

[}
0

FORMATI4E1Z.5)
COMTINUE
COMT INUE

sTOF
END

L)

[ar I e B o By

(]

©

3]

El

THIS SUBROUTINE 1S TO CALCULATE OBP->10P INTEGRAL.
P —-- 0P RESULT.

P&L --- DEP INPUT.

PO --- MEAN YALUE OF 10P.

YAD --- MEAN YALUE OF OCUL AR BLOOD ViIBLUME.

SUBROUTINE OEPIOF(P P AL PO,V AD)
DIMENSION P(101) PAL(101)

REAL KA KT PO VAD MEAMN FMEAN
INTEGER 4 1

N=101

STEP=0.1
KT=(E*PO)+F

STARTING Y ALUE FOR INTEGR AL
VA=V AD
FRAQ=(YA*KTY /(KA *(((-POY ¥ * A) X *BVASKT)
COMPUTE INTEGR AL
DO =T N
IS=IF IX(P AL(I/STER)
IS1=15-1
SUMP=0

FINAL YALUE FOR INTEGRAL
YA=VAD
FPAL=(YAZKTI/(KAX((PAL{)-POYE % A) X XBHY A ¥KT)
COMPUTE INTERMEDIATE VALUES
po 2 J=1,151
Y A=V AD
PA=J2STEP
FRA=(VAXKT) /(KA *(((PA-PO) ¥ ¥ A3 ¥ $B)+Y A $KT)
SUMP=SUMP+FP A
P(=(STEP /2.0) *(FP AQ+2 0 ¥SUMP+FP AL)
CONTINUE
PME AN=ME AN(N P)
b 90 =1 N
FL{I=P(1)-PME AN+PD

CONTINUE
RETURN
END

PENTRY

/¥

£ /GO FTOIFO0 DD DSN=Y AN A1 DBPS DISP=SHR

i®




,; AG0FTOSFO01 DD DSN=YAN. A1 TRUE OPVARS JLISP=SHR
*

}r"Gﬂ.FTG‘BFOOI DD DSN=Y AN A1 TRUE OPW6 DISP=SHR

*

j;.-"IBD.FT! OF0D1 DD DSH=Y AN A1 TRUE 0P ABS6 DISP=SHR
£

.':".‘"BU.FTI TFO01 DL DSN=Y AN.A1 PRVXS DISP=SHR

/Y AN JOB '1=50,T=40",'SPECTM' MSGLEVEL=(1 1) CLASS=4A

F{STEPS EXEC YWATFIV SIZE=256K

£ fSYSINDD *

$I0B WATFIV SPECTM NOEXT NOW ARN

R T E T T T TR T T T T T Y E R R,
i MODULE NAME : SPECTM (modified from [JullB4b])

{#% THIS MODULE COMPUTES THE DFT SPECTRUM OF & SIGNAL.,

/4% INPUT DATASET TYPE: WAVEFORM AS & FUNCITON OF STENOSIS LEVELS

/8% OUTPUT DATASET TYPE: MAGNITUDE AND PHASE DIFFERENCE SPECTRA.

R L Y R L Ll L T e P

SUBROUTINE DFT

PURPOSE
THE PROGR AM CAN BE USED TO EVALUATE THE DISCRETE FOURIER
TRANSFORM (DFT) OF AN N POINT SEQUENCE GF COMPLEX NUMBERS.
IT CAN ALSO EYALUATE THE INVERSE DFT.

METHOD
THE PROGRAM IS BASED ON THE DEF INITION OF THE DFT AND ITS
INVERSE.

USAGE
CALL DFT(N NCHOCE X1 X2}

N - THE NUMBER OF GIYEN COMPLEX NUMBERS

NCHOCE - NCHOCE = -1 TO COMFUTE THE OFT, AND NCHOCE = 1
TO COMPUTE THE INVERSE DFT

A1~ THE NAME OF THE INPUT ARRAY WHICH HOLDS THE
SEQUENCE TO BE TRANSFORMED

X2 - THE NAME OF THE OUTPUT ARRAY WHICH HOLDS THE
SEQUENCE OF THE TRANSFORM

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE

REMARKS
DOUBLE PRECISION IS USED IN ALL THE COMPUT ATIONS.
THE INPUT DATA ARE N, NCHOCE, AND %1. THE QUTPUT IS X2.

OO0 OO O0DON OO0

SUBROUT INE DFT(N NCHOCE X1 ,%2)
COMPLEX ¥16 X1(N) X2(N) % CD CDEXP
w=(0.0,1 0)%6 2831853071796 /DFLOAT(N)
D0 2 K=1 N

K2(K)=(0.0,0.0)

0O 1 1=t N




1 N2OK=XZO0+K 1 () *CDEXPINCHOCE #4 ¥(1-11%(K~11)
IF (NCHOCE £.-13 %2(K)=K20K) /DFLDATIN)

2 CONTINUE
RETURN
END

COMPLEX#16 X1(101),X2(1013,%IN(101) 20UT(101 ,10)

COMPLEX SINGLE |

DIMENSION R(101,107,JXY(2) X¥(40,2) wK(101 2) ¥D(101) ¥1(101)
DIMENSION wK1(40),wK2(40) SDFT(1D1 1)

INTEGER 22
REAL F1
PIE=3.141593
N=101
N1=21
MZ=N-1
K=10
T REPEAT FOR EACH STENOGSIS LOCATION (SEGMENTS 1-7)
D0 99 22=7,7
DO S =1 K

READ(2,111)(R(1,J) 1=1 N)

111 FORMAT(4E15.7)
DD 2 I=1 M

H1()=CMPLKCR(1,J) 0.EQ)
CALL DFT(NZ -1 %1 X2)
DO 3 I=1 it
KOUT(1 J)=R2(D)
SDFT(1,J)=C0 ABS(X2(1))
SINGLE=X2(1)
R(I,J)= AT AN2( AIMAG(SINGLE) RE AL(SINGLED)
R(|,J)=120.0%R(1,J/PIE

28]

2 CONTINUE
WRITECI7,111)(SDFT(,JY, =1 N1)
5  CONTINUE
DO & J=2 K
DO 7 I=1 N1

RCED=R(1,1)-RCEJ)
7 CONTINUE
WRITECT, 11 1R,JY, =1 N1)
5 COMNTINUE
39 CONTINUE
STOP
END:
$ENTRY
F#
£ /GOFTOIFO01 DD DSN=Y AN, A1 OP%We FHABIF DISP=SHR
£*
A /GOFTAZFO0T 0D DEN=Y &N.A1 AP%e6 DISP=SHR
FE
/GO FT17FO01 DD DSN=Y AM.A1.0PW6 DFT DISP=SHR
i%

/Y AN JOB '1=50,T=2",'SPEDIF* MSGLEVEL=(1,1) CLASS=A
! /STEPE EXEC WATFIY SIZE=256K




FISYSINDD #
0B WATFIV SPELAF HOEXT NOtw ARN

R S s R R I S Rt R R T2 T I E FE Ry
£i MODULE NAME : SPEDIF '

£4%  THIS MODIULE (S TO CALCULATE DIF SFECTRUM.

F7% INPUT DATASET TYPE: DFT SPECTRUM,

f7%  QUTPUT DATASET TYPE: DIF SPECTRUM.

I I T R Y T F R E P PR TR T T T g
HIRROUTINE DIFCSPE)

REAL SPECZTI,RIZ1

cid i =2
T SSTINLORO T :‘;;-pr_r‘i_ [
0 CONTIMNE
i 20 =2 20
SFECD=R{1}
:n‘_l n'_':'- RIT l!.l LIE
SPEC1)=R(Z)
RETURM
EHD

DIMENSION R(Z1,10)
INTEGER 22

N=101

Ni=21

NZ=H-1

K=10

[y

b0 99 72=7,7
READ(T,1I(R(1,1D,1=1 N1)
CALL DIF(R(1 1))
[0S .J=2 K
READCH 1 MR(ELD,i=1 N1)
i FORMAT(4E15.7)
CALL DIF(R{1,J))
DO 10 (=1 Mt
RUHLJI=REL 1 -ROELJ)
10 CONT INUE
WRITE(2,1)(R(1,J),1=1 N1)
5 CONTINUE
99 COMTINUE

STOP

END
PENTRY
¥
£ {GOFTO1FO0T DD DSN=YAN.AT OP'W6 DFT DISP=SHR
i¥
£ /G0 FTQZFO01 DD DSN=YAN.A1 .OPWE DFTDIF [ ISP=SHR
¥
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(b} Plotting on MAC in MacrosoftBasic

|||||||| nunn.x==|uun.--.unn“uu.-u1:uunuunn-nnunuuuuun|uunuunuuunuuuu:u

MOGULE : PLOT W AVEFORM
" THES MODULE 1S TO PLOT ANY W AVEFORM QUTPUT
FORM THE MODELS.
REM ---~ MAIN -PLOT W AVEFORM--
CFTIONBASEQ
Dt OBFCTO0,9)
WIDE=426 '6& INCHES
HIGH=S57 3 INCHES
COORX=0
COORY=£08 " & INCHES 'THIS IS THE FRAME OF THE CHART.
DRTN=1!
Ni=100:Nz=2
FILENAME$=FILES$(1) LOADING THE DATA POINTS.
(F FLENAMES="" THEM END
OPEN FILENAMES FOR INPUT AS #1
FOR =0 TO N2
FOR J=0 TO N1
WPUT *1 ,0BP(J,{)
NEXT J
NEXT |
CLOSE *1

REMf =~mmm- SCALLING---
CIMYSETC1Y:DIM YSET1(1,9) "YSET1 HOLDS THE MAX FOINT OF THE TEN CURYES.

GOSUE MINMAK "YSET(1} HOLDS THE MIN AND MAX VALUE OF THE DAT A POINTS.

SRIDE=INT(DRTN/S*100+5)/1G0
YRET(O=INT(YSET{O)
GRIDY=INT{{YSET(1)-YSET(0)}/6)
YSET(1I=YSET 4GRIDY /S
K=YSET(0)+GRIDY ¥7-YSET(1)
XG=GRIDY /5

IF ¥ <XG THEN YSET(1)=GRIDY ¥ 7+YSET(0)
GRDLEN=''SET(1)-'YSET(0)

REM ===~ GRAPH=----
DIM X¥(SY:DIM YY(7) DIM PATTERN®(Z)  ‘GRID LINE.
W INDOW CLOSE 1
WINDOW 3,"GRAPH" (0,0)-(460,700) 3
WINDOW QUTPUT 3
CLs
CALL SHOWPEN
CALL PENMODE(S) :CALL TEXTMODE(! ) :CALL PENSIZEC1 1)
PICTURE ON
GRID:
K1=C00RK+45 X 2=COORN+Y IDE :XLEN=X2-X1
¥1=CO0RY-20 :¥2=COORY-HIGH :YLEN=Y1-Y2
P ATTERN®(0)=&HFF 00 P ATTERN®(1)=0
FATTERNT(2)=&HFFO0 P ATTERNZ(3)=0




CALL PENP AT(YARFTRIPATTERNE(QT
“FOR I=1 70 4
XCI=INT O H/SIEXLENT S)
CALL MOYETD (K0 Y1) :CALL LINETD CED V2
MEXT §
FATTERNSB(D)=%H22082 F ATTERNR(1)=4HBR28
PATTERNB(Z)1=4HBE8S PATTERNB 2 =& Hases
CALL PENPAT(YARPTR(PATTERNS(O))])
FOR =1 TO &
TY=INT(Y 1-(1¥GRIDY /GROLEN) #YLEN+ 5)
CALE MOVETO (R1,7Y(0) -CALL LINETO (X2,YY(H)
MNEXT [
CALL PENNORMAL
CALL PEMMODE(3Y .CALL TEXTMODE(1 1:CALL PENSIZEC BB
RRIOI=INT(X T+ 5):M%(S)=INT(X2+ 5) Drawing the frame of the waveform
LINE £2X000, ¥ 11-(¢K(03,¥2)
LINE (XN(3),Y 11-(X%(5) ¥2)
PET=Y2 Y ON=Y
LINE (%1 ,71)-(%2 Y1)
LINE (%1,v2)-(:2,v2)

LABEL :
LIBRARY "TOOLLIE"
FORI=0TOS  'HORIZONTAL AXIS.
A=T1+15:AX=XX()-10 B=GRIDX *¥|
CALL MOVETO(AK,A)
'PRINT USING"# #" &
LBS=LEFTS(STRE(R),Z)
DRAWTEXT LE$
NEXT |
FORI=0TO 6 ‘VERTICAL AXIS.
A=X1-44 AY=YY(1) B=GRIDY ¥ H+YSETIQ)
CALL MOVETO(A, AY)
LB3=LEFT$(STRS(B) ,5)
DRAWTEAT LB$
NEXT
CALL MOVETO(A,Y2)
IF X <XG THEN LBS=LEFT$(STRS(YSET(1)),3) DRAWTEXT LBS
A=COORY+15 : AX=INT((XR(3)-RX(2)) /2+XX(2)-45 5)
CALL TEXTFACE(T)
CALL MOVETO(AX,A)
DRAWTEXT "TIME [sec]”
A=YY(8)+30 :AX=%1-32 CALL MOYETO(AX &)
DRAWTEXT "OBP"
A=A+15 AX=AX-20 CALL MOVETO(AX ,A)
DRAWTEXT “[mmHg]"
CALL TEXTF ACE(D)

REM --- PLOT --~

DIMLEGEND(1,9),5Y$(9)  FOR LEGEND

SY$="0%" Sr$(1)3="10%" SY$(2)="20%" SY$(3)="20%" Sv$(4)="40%"
SY$(3)="30%" :SY$(6)="60% " SY$(7)="70%" 57$(8)="80% " SY$(9)="30%"
LEGEND(D 0)=X)(2)+1 2 LEGEND(1 ,0)=vY(7)+15

LEGEN(D,1)=LEGEND(Q,0)+ 15 LEGEND(1 1 )=LEGEND(1 ,0)+15




LEGEND(D 2}=LEGEND(O OMI0 LEGEND(T 2)=LEGEND(] 0)4+Z0
LEGEND(D 3)=LEGEND(D ,0)+45 LEGEND(1 3)=LEGEND(1 ,0)+45
LEGEND(O 4)=LEGEND(Q,0)+60 LEGEND(Y ,4)=LEGEND(1 ,0)+£0
LEGEND(D 5)=LEGEND{D 0+ 75 LEGEND{1 ,5)=LEGEND(1 ,0)+75
LEGEND(Q 6)=LEGEND(Q,00+90 LEGEND(1 &)=LEGEND(1 ,0)+90
LEGEND(D, 7)=LEGEND(D ,0)+ 105 LEGEND(1 , 7)=LEGEND(1 ,0)+105
LEGEND(Q,8)=LEGEND(D 0)+120 LEGEND( 1, 8)=LEGEND(1 ,0)+120
LEGEND(D,9)=LEGEND(D ,0)+135 LEGEND(1 ,9)=LEGEND(1 ,0)+135
KMAX=GRIDX ¥5 YMAX=GRDLEN FRSTX=X1
FOR =0 TOMZ  'PLOT LEGEND
NYSET1=YSET1(0,1)
METR=INT{X +(DRTN/NT JENYSET | /XM AK €XLEN+ 5)
MXTY=INT{Y1-(OBRINYSET 1, J-YSET(OX} /YMAX £YLEN+ 5)
CALL MOVETOINXTY NXTY)
CALL LINETO(LEGEND(D, 1} LEGEND(1 1)
LX=LEGEND(G, [)+2 LY=LEGEND{ 1 I)
CALL MOVETO(LX LY)
PRINT SY$(1);
DRAWTEXT SY$(D
NEXT |
FOR =0 TO N2 ‘PLOT THE W AVEFORM
FRSTY=INT(Y1-{3BPL0O,1)-YSET(D))/YMAX #YLEN+ 5)
CALL MOVETO(FRSTX FRSTY)
FOR J=1 TO N1
NXTH=INTCX1+HDRTNANTI 2L KM AX XXLEN+ 5)
NXTY=INT(Y1-(0BP(J,D-YSET(ON) /YMAX ¥YLEN+ 5)
CALL LINETO(NXTY NKTY)
NEXT J
NEXT |
PICTURE OFF
CLOSE *1
OPEN "CLIF PICTURE" FOR QUTPUT AS*1
PRINT*1 PICTURES
IMAGES=PICTURE$
WINDOY CLOSE 3
“WINDOW 4,"GRAPH" {0,0)-(608,722) 3
CcLs
PICTURE ON
FICTURE (76,38)-(550,720),IMAGES
PICTURE OFF
MAGE$=PICTURES
WINDOW CLOSE 4
WINDOW 2,"GRAPH" (2,20)-(249,240) 3
PICTURE (43,29)-(217,290),IMAGES
123 :GOTO 123

MINMAX
SET(0)=10000:YSET(1)=-10000 YSET(D)--MIN,¥SET(1)--MAXK
FOR =0 TO N2
YSET1(1,D=-10000 YSETI(1,)--MAX, YSET1(0,)--X-AXIS VALUE
FOR J=0 7O Nt
IF DBP(J,)>YSET(1) THEN YSET(1)=0BP(J,1)
IF OBP(J,N<YSET(Q) THEN YSET(0)=08BP(J,I}
IF GBP(J,D>YSET (1,1} THEN YSET1{1,)=0BP(J,1):YSET1 (0,D=4
NEXT J

i
o
[ 1)

]




HEMT |
RETURN

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

MODLLE : OBPIOP
THIS MODULE 1S TO PLRT THE OBF-I0P RELATIONSHIF

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

REM ----MAIN 0OBPIOP10Q--
OPTION BEASE O
0iM OBF(100,9)
CIM I0P(1 00,97
WIDE=426 "4 INCHES
HIGH=537 5 INCHES
LOORX=0
COORY=608 '8 INCHES  'THIS IS THE FRAME OF THE CHART.
DRTN=21
N1=100:N2=2
FILENAMES=FILES$(1) LOADING THE DBP DATA PQINTS.
IF FILENAMES="" THEN END
OPEN FILENAMES FOR INPUT AS ®1
FOR [= TO N2
FOR J=0 TO N1
INPUT *1 0BP(J.D)
DBP(J, J=0BF(J, #1100
NEXT J
HEXT |
CLOSE #4

FREMAMES=FILES$( Y 1 7anmg TUE 08 0 aT 4 POINTS
T FLEMAMES= " THEN TNE
OPEN FILENAMES FOR INPUT A4S #1
FOR =00 T N2
FOR =i TO i
INPUT #1 10P(J, 1}
NEXT J
NEXT |
CLOSE #1

REM -=~--~ SCALLING---
GOSUB PIXVAX ‘FOR THE PIX YALUE ADJUSTMENT OF I0P.

DM YSET(1) DM YSET1{1,9) "YSET1 HOLDS THE MAX PRINT OF THE TEN CURVES,
GOSUB MiNMAX "YSET(1) HOLDS THE MIN AMD MAX Y ALUE INDEX OF THE DATA FOINTS.

GRIDX=INT(DRTN/5+ 5)
YSET(D)=INT(YSET(Q))
GRIDY=INT((YSET(1)-YSET(0))/6+5)
YSET(1J=GRIDY ¥6+YSET(D) FOR TEMPARORY USE.
GROLEN=YSET{1)-YSET(D)

REM ----- GRAPH--~---

DIM XX(3):DIM ¥¥(7) DIM PATTERN®(Z)  ‘GRID LINE.
W INDDY CLOSE 1

WINDOY 3,"GRAPH" (0,00-(460,700) 3

WINDOW OUTPUT 3

cLs




CALL SHOWPEN
CALL PENMODE(2) CALL TEXTMODE(1) CALL PENSIZE(Y 1)
PICTURE ON
GRID:
K1=L00RK+43 =2=C00RN+Y IDE KLEN=XZ-X1
¥ 1=CO0RY-20 ¥2=CD0RY-HIGH YLEN=Y1-%2
P&TTERN®(0)=&HFFOQ P ATTERN®E(1 }=0]
PATTERNS 2)=&HFFO0 PATTERNS(3)=0
CALL PENPATIY ARPTRIP ATTERNS(ON
FORI=1 TO4
ZRON=INTCE+( 1 /SI$HLENY 5)
CALL MOVETO (X0, 71 1:.CALL LINETO (XX(1),¥2)
NEXT 1
FATTERN®(0)=&H2223 PATTERNSR(1 =4 HS383
PATTERN®(2)=4H35838 P ATTERNE(3)=4&HB8E8
CALL PENPAT{YARPTRIP ATTERNS(D)))
FOR =1 TO &
YY(D=INT(Y 1-CI*GRIDY /GROLEN) #VLEN+ )
CALL MDYETO (R1,YY(D) :CALL LINETO (X2,YY(D))
HEXT |
CaALL PENNORMAL
CALL PENMODE(9) CALL TEXTMODE(1) :CALL PENSIZESY 1)
MUDI=INT(M 1+ 5) MH(S)=INT(¥2+5)  ‘Drawing the frame of the waveform
LINE (X)(0),71)-(x(0),¥2)
LINE (XR(5),¥1j-(¥%(5) ¥2)
V(=2 ¥Y(D)=Y1
LINE (%1 ,¥1)-(%2 ¥1)
LINE (X1 ,¥2)-(X2,¥2)

{ ABEL :
LIBRARY "TOOLLIB" '
FORI=0TOS  ‘HORIZONTAL AXIS.
A=Y1+15 :4%=K¥(1)-10 B=GRIDX *!
CALL MOVETO(AK &)
LB$=LEFT$(STRE(B} 3)
DRAWTEXT LB$
NEXT |
FORI=0TDA ‘VERTICAL AXIS.
A=X1-44 AY=YY(]) B=GRIDY *H+YSET(0}
CALL MOYETO(A,AY)
LE$=LEFT$(STR$(B) 3)
DRAWTEXT LB$
NEXT +
CALL MOYETO(A,Y2)
A=COORY+1S :AX=INT((XX(3)-XX(2)) /2455 21-45 5)
CALL TEXTFACE(T)
CALL MOVETO(AX,A)
DRAWTEXT "DBP {mmHg]”
ASYY(EH30 AR=KX1-Z2 TALL MOVETO( AKX, A)
DRAWTEXT "10P"
A=A+15 AX=AX-20 CALL MOVETO(AX A)
DRAWTEXT "[mmHg]"
CALL TEXTF ACE(D)
REM --- FLOT -—-
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UM LEGEND(T 27,5Y$(9)  'FOR LEGEND
SY$(D)="0%"8Y$(1)="10%" 5Y$(2)="208" SY$(2)="20B" SY$(4)="40E"
SYH(5)="30% " 3¥$(6)="60%" SY$()="70%" SY$(B)="20%" SY$(9)="anEg "
LEGEND(D,0)=XX(2)+ 12 LEGEND(1 ,0)=Y¥(7)+15
LEGEND(0,1)=LEGEND(0,0)+15 LEGEND(1 ,1 J=LEGEND(1 01415
LEGEND(0,2)=LEGEND(0 ,0)+300 :LEGEND(1 ,2)=LEGEND(1 0)+30
LEGEND(D 3)=LEGEND(D ,0)+45 LEGEND(1 3)=LEGEND(1 0)}+45
LEGENDLD,4)=LEGEND(D ,0)+60 LEGEND(T 4)=LEGEND(1 0)+60 -
LEGENDCA, 5)=LEGEND(O, 0)+75 LEGEND(1 ,S)=LEGEND(1 0)+75
LEGEND(O 6)=LEGEND(D,0)+90 LEGEND(1 ,6)=LEGEND(1 ,0)+30
LEGEMDIO, 7}=LEGEND(O,0)+ 105 :LEGEND(1 ,7)=LEGEND(1 ,0)+105
LEGEND(D,8)=LEGEND(D,0)+120 LEGEND(1 ,8)=LEGEND(1 ,0)+120
LEGEND(Q,3)=LEGEND(0,0)+135 LEGEND(1 ,9)=LEGEND(1 03+135
KMAK=GRIDK 5 :¥MAK=GRDLEN FRSTK=X 1
FOR =D TONZ  'PLOT LEGEND
NYSET1=YSET1(D,))
NXTX=INTCX1+OBPINYSET1 D/XMAX £XLEN+ 5)
NRTY=INTCY 1 -CIOPCNYSET |, [3-YSET(0)) /Y MAR #YLEN+ 5)
CALL MOVETOUNSTX NXTY)
CALL LINETO(LEGEND(D, 1) LEGENDC(1 1))
NYSET1=YSETI(1,])
NXTH=INT(X 1 +0BP{NYSET 1, /XMAK ¥ KLEN+ 5)
NATY=INT(Y1-(OP(NYSET T, -YSET(O))/YMAK ¥YLEN+ 5)
CALL MOVETO(NKTX NXTY)
CALL LINETOCLEGEND(O, 1) LEGEND(1 1))
LX=LEGEND(0, [}+2 LY=LEGEND(1 )
CALL MOVETO(LX,LY)
PRINT SY$(1);
DRAWTEXT SY$CD)
NEXT |
FOR =0 TO N2 ‘PLOT THE W AYEFORM
FRETH=INT(X1+(0BP(0, ) /XM AK $XLEN+ 5)
FRSTY=INT(Y1-(I0P(C,D-YSET(D)) /YMAX XYLEN+ 5)
CALL MOVETO(FRSTX FRSTY)
FOR J=1 TO N1
NRTR=INT(X1+0BP(J, ) /XMAK X XLEN+ S5)
NXTY=INT(Y1-(I0P(J,D-YSET(0))/YMAK SYLEN+ 5)
CALL LINETO(NXTY NKTY)
NEXT J
NEXT |
PICTURE OFF
CLOSE #1
OPEN "CLIP PICTURE " FOR QUTPUT AS™1
FRINT*1 PICTURES
IMAGE$=PICTURES
WINDOW CLOSE 3
WINDOY 4,"GRAPH" (0,0)-(608,722),3
CLs
PICTURE ON
PICTURE (76 ,33)-(550,720),IMAGES
FICTURE OFF
IMAGE$=PICTURES
¥INDOW CLOSE 4
WINDOW 2,"GRAPH" (2,20)-(243,340) 3
PICTURE (42 ,29)-(217,290),IMAGES




123 :60T0 123

MINMAK -

YSET(W=10P(0,0) ¥SET(1 )=10F(0,00

FOR 1=0 TG N2
YSMAR=10P(0, 1)

HEETOO0--MIN YSET( L J-- 1 A

YSMIN=IOP(Q,1)  "YSETI{1,--iN if'JDEX, YSETHD2,[)--MAX INDEX.

FOR J=0 TO N1

IF 1OPCS 1)>YSETOL) THEN YSETC1)=I0P(J, 1)
IF 0FC, D <YSETID) THEN YSETID)=I0R( 1)
IF 1OPTJ 1)>YSMAX THEN YSET1(0, l=J 'YSMAR=10P{J I}
IF [OPTJ, < Y5 THEN YSET1(H I)—d YSMIN=I0R(J, )

NEXT J
NEXT |
RETURN

PI¥YAR: THIS USE THE A
DIM PIX(9)
PI(D)=15
FIX(1)=14 986
PIX(2)=14.948
FIX¥(3)=14.843
PiX(4)=14 627
PI(S)=14.221
PIX(6)=13 496
PIX(7)=12.238
PIX(E)=10.025
PIX(9)=6.101
FOR (=0 TO N2

IOPM=01

FOR J=1 TO N1

IOPM=I0PM+OP(J, 1

HEXT J

10PM=10PM/ 100!

FOR J=0 TO N1

1 PIKVAXE DATA,

10P(J, D=I0P(J, D-I0PM+P IX(1)

NEXT J
NEXT |
RETURN

MODULE: PLOT DIF
THIS MODULE 870 PLOT THE DIF "PELTRAUM

REM --=-MAIN dif--
DPTION BASE 0

DIM GBP(100,9)

DIM BUF(100,3)
WIDE=426 ' & INCHES
HIGH=557 & INCHES
CO0RX=0

CIORY=608 '8 INCHES 'THIS IS THE FRAME OF THE CHART.
DRTN=201
Hi=200N2=5




FILENAME$=FILES$(1) LOADING THE DATA POINTS.

IF FILENAMEE="" THEM END

OPEN FILENAMES FOR IMPUT AS #1

FOR 1=0 7O N2

FOR .J=0 T0O N1

INPLIT #1 0DBP(J,T)

NEXT J

MEXT 1

CLOSE #1

REM ------ SCALLING---

DM YSETC) DM YSET1(1,9) "YSET1 HOLDS THE MAX POINT OF THE TEN CLIRVES.
GOSUR MINMAR YSET(1) HOLDS THE MIN AND MAX VALUE OF THE DAT & POINTS.
GRIDX=INT(DRTN/S5#100+ 5)/100

WSET(D)=INT(YSET(D)#10)/10  'This factor 113 is changable. This for MAGADIF
GRIDY=INT{YSET(13-YSET(O)}/6 #10+.5)/10

YSET(D)=INTCYSET(D)) "This is for phadif.

GRIDY=INTL(YSET(1 J-¥YSET(D)) /6+ 5]

YSET(1)=YSET(1)+GRIDY /S
X={SETIOMGRIDY ¥7-YSET(1)
XG=GRID' /S

IF X<XG THEN YSET(1)=GRIDY ¥7+YSET(0)
GROLEN="YSET(1)-YSET(0)

REM ----~ BRAFH-----
DIM KK() DM ¥Y(7)-DIM PATTERNS(Z)  'GRID LINE.
WINDOW CLOSE 1
WINDOYW 3, "GRAPH" (0, ,0)-(460,70M) 3
W DO JUTPUT 3
£Ls
CALe ZAlarEn
TALL PENMODECR1:CALL TEXIMUDELT S ALL FENSIZELT 1 S
FICTLRE OH
K1 =CO0RK+45 X Z=CO0RK+WIDE KLEN=K2-X1
Y1=COORY-20:Y2=CO0RY-HIGH ‘YLEN=Y 1 -Y2
PATTERNSB(0)=&HFFO0 :PATTERNR(1)=0
PATTERNR(2)=&HFF00 P ATTERNS(3)=0
CALL PENPAT(VARPTR(P ATTERNE(0)))
FOR I=1 TO 4
RY(D=INTCR +{[/5)¥XLEN+ 5)
CALL MOVETO (XX(1),Y1):CALL LINETQ (XX(1},¥2)
NEXT |
PATTERNB(0)=4&HB888 PATTERNR(1)=&HS888
PATTERN®(2)=4&HB888 P ATTERNB(3)=&H5338
CALL PENPAT(YARPTR(PATTERNZ(O)))
FORI=1 TO &
YY(D=INTIY 1-(1*GRIDY /GROLEN) #YLEN+ 5)
CALL MOVETO CX1 () :CALL LINETO {%2,¥Y (1)
NEXT |
CALL PENNORMAL
CALL PENMODE(9) :CALL TEXTMODE(1) CALL PENSIZE(1 1)
KR(D)=INT(X1+.5) :KX(S)=INT(X2+5)  ‘Drawing the frame of the waveform
LINE £XX(0),Y1)-(X%(0) ¥ 2)
LINE (¢(3) 1 13-(KK(S3,¥2)
YY(TI=Y2 (=
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LINE (¥1 ,‘r‘t)-(KZ,Yi)
LINE £X1,Y2)-(x2 ¥2)

LABEL:

LIERARY “TOOLLIB®

FOR =0 TO S ‘HORIZONT AL AXIS.
A=Y1+15:AX=KX()- 10 B=CRIDX #|
CALL MOYETO(AX, A2
LBS=LEFT$(STRS(B) 4)
DRAWTEXT LB$

MEXT i

FORI=0TO 6 VERTICAL AXIS.
A=H1-44 AY=YY(])

" B=INT((GRIDY $+YSET(0))#10+.5)/10 This facter 10 is changable.
B=INT({GRIDY * [+YSET{O))}+ 5) ‘This is for phadif.
CALL MOVETOCA,AY)

LB$=LEFT$(STR$(B) 5)
DRAWTEXT LES
NEXT |
CALL MOVETO(A,¥Y2)
If K<xG THEN LB$=LEFTS(STR$CYSET(1)),5) DRAWTEXT LB
A=COORY+1 5 AN=INT(RR(Z)-RE(2))/ 2+X%(2)-45 5)

CALL TEXTFACE(1) '

CALL MOVETG{AX,A)

DRAWTEXT “Frequency [Hz]"

A=YY(6)+30 :AX=K1-32 .CALL MOVETQ(AX, &)

DRAWTEXT "Mag”

A=A+ 3 AX=AX-20 CALL MOVETOD(AX,A)

CALL TEXTF ACE(D)

REM --- PLOT ~--

adjx=3 ‘for letter positien adjusting

XMAK=GRIDX ¥5:YMAX=GRDLEN FRSTX=X1-adjx

ZERO=INT(Y1-(DI-YSET(0)) /YMAK ¥YLEN+ 5)

LINE (X1 ,ZERQ)-(X2 ,ZERD)

CALL TEXTSIZE(3)

FOR =0 TO N2 ‘PLOT THE spectrum

FRSTY=INT(Y1-(UBP{0,1}-YSET(D)) /YMAX #YLEN+ 5)-ad 1

CALL MOVETO(FRSTX FRSTY)

ISTEN=1+1 .STEN$=LEFT$(STR$(ISTEN) 2)

DRAWTEXT STENS

FOR J=1 TO N1
NXTR=INT(X1+(DRTN/NTI*¥J/¥MARX *XLEN+ 5)-3d ix
NXTY=INT(Y1-(0BP(J, I-YSET(D))/ YMAK £YLEN+ 5)
CALL MOVETO(NXTX NXTY)

DRAWTEXT STENS

MEXT J
NERT |
PICTURE OFF
CLOSE 4
OPEN "CLIP PICTURE" FOR DUTPUT AS*{
PRINT®1 PICTURES
MAGE$=PICTURES
WINDOY CLOSE 2
WINGOW 4,"GRAPH" (0,0)-(608,722),3




L3
FICTURE ON

PICTURE (76 38)-(550,720),IMAGES
PICTURE OFF

IMAGE$=FICTURES

WINDOW CLOSE 4

WINDOYW 2 "GRAPH" (2,20)-(249,340) 3
PICTURE (43,29)-(217,290),IMAGES
123 6070 123

MINMAX
YSET{D}=10000 ¥SET(1)=-10000 “PSETCO)--MIN, YSET(1)--MAaX
FOR =0 TO N2
YSET1(1,D=-10000 "YSET1{1 JN--MAR, YSET1(0,)--K- AXIS VALLE
FOR J=0TOMI
IF OBP{J, D>YSET(1) THEN YSET(1)=0BP(J, 1)
IF QBP(J, 1<YSET(0) THEN YSET(D)=0BP(. 1)
IF 0BP(J,D>YSET1(1,I) THEN YSET1(1 L=0BP(J 1) YSET1(D, 1)=
NEXT J
MNEXT |
RETURN
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