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AESTRACT

This thesis presents on extension of a recent model of a phgsiologicol

sustem producing oculor pulse, including the models 0f the left side c6r0tid
vôsculðr sgstem, stenosis, 8nd the ege. The meth0d is intended for eorlg

screening of both stenosis ond elevoted introocular Fressure for preventing

stroke ôncl glaucomo. The voliditg 0f the corotid vasculor sgstem model is
shown through its (i) stobititg, (ii) accuracg, (iii) sensitivitu to degrees of

the model, ond (iv) linearitg of the sgstem. The stenosis model is improved

with respect t0 the integrõtion olgorithm and the displocement olong the

cörotid vasculor sgstem. The ege model is olso modified to achieve the

relôtionship between the oculor blood pressure ond intraoculor pressure with
resFect to different severitg levels of stenosis. The oculôr pulse is onolgzed,

both in spotiol ond frequencg domoins, with its ðssociôted signols such os the

ocular blood pressure, 6nd the introoculor pressure. Êomputer simulotion hos

shown that the model compûres well with the previouslg published results,

while reveoling det6ils not avoiloble before. The sensitivitu of the ocular

pulse waveform to the stenosis 6nd intr8ocular pressure is studied through ô

differential differencing analgsis,6nd sho,'vs that it is possible to use the

ocular pulse wôyef0rm t0 detect the severitg level of stenosis from l0ß to
908 with precision 0f the level difference or zog,6nd its location in either

the common corotid, 0r the externûl corotid, or the internol corotid, ðs Ìrell
0s the introocular pressure levels from lS to 40 mmHg.
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CHAPTER I

It{TR0DUCTt0t¡

t.l llotiyotion

stroke ond groucoma ôre 0f msj0r c'ncern t0 preventive medicine due to
their toll on humon life ond health c6re sgstem. ln lgg0, over I million
Americans died of rliseases 0f the hesrt and blood vessels. The majoritg of

these patients died of acute problems such üs heart ottsck (566,900 persons)

and stroke [8ron86l. stroke accounts for r rß deaths tworfTT] (approximoterg

500,000 persons per ueôr in the u.s. olone). 409 to 708 of the people who hÊd

the csrdi0vÊscular diseases €re rendered disabled ond require billions of

dollars per ge6r in continuing care. For exËmple, in lgg3, over $s6 billi0n
was spent or lost due t0 c6rdiovssculÊr dise8ses, with over $J2 billion spent

0n hospitsl ornursing home care. Glsucomo Eccounts for l5E of blindness in

the u.s. [scAl69l. Therefore, eõrlu detection of the diseases could be verg

important t0 preyentive medicine.

stroke mag be caused bg on effective blood vessel nsrrolying (on arteriol
stenosis, possiblg combined with orterial sposm) ryhich obstructs the blood

flow to the braln, leading to o possible domðge of the broin or even deoth.

6loucomo m6u be cÉused bg an elevated intrôocul8r pressure (l0F) which mog

reduce blood supplg to the nerve fiber in the retina, thus leÊding to possible

blindness. Therefore, earlg screening for the stenosis anrt elevated l0p in ôn

outpatient enyironment should be verg important and an effective wag to
prevent the two rliseases.
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Although the plausible causes 0f stroke (an aFterial stenosrs without 0r

with the spasm) and gìauc0m¿ (an elevated rop) ¿re not reìated, they can be

detected by a common method based 0n an anarysis 0f an ocurar purse

wavel'orm (opw), which is deflned as the pulsatile radial displacement of the

cornea due t0 choroidal pulsations under a given top. The method is hìghly

sensìilve t0 the level and locailon of caroild occìusions causing stroke
because the chonoldal arterles are connected t0 the ophthalmlc artery which,

ln turn, ls the first major dlvlslon of the tnternal caf.otid . ln nls study 0n

rabbits, Best [Best7o to EestT4J has shown that carotid occlusions can atter
the oculat pulse. The method is also sensitive to the level of the lop because

the spectral contents of the opw change as the function of the lop due to
their dlrect correlation h1ow66l.

work 0n flnding a srngre sffeenrng method fof both drseases started rn

1977 [Kins79, cKlu8t]and summarized in [KinsBT]. The method is to analyze

the oPw measured Þy an accurate and repeataÞle technrque to achreve rts
relationships with eithen the caroild stenosis of the elevated lop. These

relationshlps can be used t0 screen for the exlstence of the carotid sten0sis

and the elevated loP in an outpatient environment. An example of a decision

tree can be compiled tn Flg. l.l to expìatn the screentng process.

Separate screening methods presenily used for the two dlseases have

been studied [Kins79, JuKiB4a, Julì64a]. They incìude (i) the non-invasive

methods (Doppler sonography, phonoangiography, therm0gtaphy) and the

invasive methods (angiognaphy) for blood vessel narnowing encountered in

stroke, (li) the contact methods for lop measurement (tonometry and tts
derivatives), (iii) the non-contact method (Doppler shift with ultnasound) for

the ocular pulse measunement. However, all of these methods have serlous
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End essential drawbacks thot eliminate their use for the ocul8r pulse

screening method. These dröwböcks hsye proved to be (i) the non-invasive

methorls 8re not reliable and simple enough for the outpotient screening, (iÍ)
the invesive methods, due to its donger to humon beings, is usuollg used rfter
stroke hos occurred, (iii) the contoct methods d0 n0t Þr0duce occurote

results, 6nd (iv) the ultrosound meosurement of opw is too sensitive to
environmental conditions ond noise. A loser interferometru method hss been

selecterl UuKiE4bl Ës the mrst promising. which is non-invasive, non-c0ntôct,

ond accurate enough to be opplied in the outpatient environment.

1.2 Research tlethodologg

The ultimote goal of this research topic is to establish a non-invosive,

non-contoct, reproducible, economicol, ônd 0utpstient method for earlg

screening of the stenosis ond the elevated l0p. ln order to ochieve this gool,

Ë sequence of reseorch phôses \rere prop0sed fcKKJBl, KinsgTl, including (i)

the preliminarg studg bg modelling snd simulËti0n of the oculËr pulse sgstem
(the phgsiological sgstem producing ocular pulse), (ii) the development of o

new laser interferometer for measuring the oculür pulse, (iii) the clinicol
studg 0f the screening method, ond (iv) the deyelopment of o practicsl

apparotus.

since the presentlg used methorls connot obtoin the occurate ocular
pulse, the oculor .pulse ond its interrelstionship with the stenosis ðnd

elevoted l0P for an accurate non-contoct screening method need to be first
investigated. ln phõse (i), a model of the oculor pulse sgstem hss been

developed uull84a, JuKi84al, including the models of the carotid vasculôr
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sustBm (CVS), stenosis, 6nd the ege. Through this sgstem model, the

sensitiyìtu 0f oPw t0 the c8rotid stenosis snd the elevated l0p within the eue

c8n be extensiveìu studied. The results sre intended t0 ðssist in further

clinic8l studies. This thesis hss Þeen d0ne t0 improve the present mûdel,

includlng the re-eyôluati0n Ënd v6lidltu studu 0f the sustem. Furthermore,

this thesls ls €ls0 forused 0n the senslUyltu 0f Bpw t0 the stenrsls 8nd the

elevated l0P.

1.3 Thesis 0bjectives ônd Structure

The objectives 0f this thesis work f0il0w the serected research

methodologu ðnd tnctude:

3.

Further development Ënd detôiled improvement 0f the present sustem

model, including the models 0f CVS, stenosis, snd the eue;

Evslusti0n Ënd vôliditU studu 0f the sustem, ônd estsÞlishment 0f more

det6iled formulËtl0n 0f the 0culËr pulse snËlUsis structure ln b0th

sÞEtlal snd frequencu domðins; önd

The sensitivitU studu 0f the opw t0 the stenosis õnd the lop levels, snd

the studu 0f meth0ds for findlng the corresFondtng opw frequencu

sgectrum Fôtterns.

ln Chspter ll, the exlsting models 0f sustemlc srteru, stenosis, Ënd

oculðr pulsÉ are revlewed, from which our present model ls Froyed t0 be yËlid

ônd imprsved in terms 0f its specificitu for the Opvl studg. chspter lll is the

descrlpil0n Ënd det6iled formulôti0n 0f the present model lncludlng the

m0dels 0f CVS, stenosis, snd the eue. Evaluðti0n 0f results and the sustem

EnðlUSis ðre Els0 presented in thõt chspter. lt is then follo\red bU ChðFter tV

-5-



0n the sensitivitg studg of the Opw with respect to the stenosis and levels of

l0P. ln thËt chÊpter, the developed methods for finding the corresponding

OPW spectrum potterns ôre Ëls0 described. Finailg, conclusions and

rec0mmendations for further research work on the accurate, non-contoct opY'/

screening method for stenosis and eleveted l0p ore Fresentecl.

-6-
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CHAPTER II

ETISTIT{G T1ODELS

A vorietg 0f preyious studies hove contributed to modelling 0f the humõn

ðrteriõl sustem, stenosis, Ënd the ege to obtoin o better understðnding 0f the

phusicsl phenomenË (i) of the human sgstemic orteriol tree, such 8s Fressure
Ënd flory wove propagation, properties ond architectures of the orterisl tree,
(ii) of stenosis effect on the blood fl0.,y, and (iii) of dunsmic mechanism

within the ege. Two kinds of methods hove been used for ereveloping these

models, phusicôl modelling and mathematicsl modelling. Tupicõl modelling

involves o phgsicol model, such os an electricol circuit, Ënd its evoluat.ion bg

measuring its voltages Ënd currents. such phgsicol models hove been used in

the e6rlu research on the vosculor sgstemic hoemodgnomics becouse of the

ödvûnced level of anolog computing ond the inobiritg of sorving lorge sgstems

of equotions thot are required to describe the csrtliovasculor sgstem. with
the advent of computers ond new ôlgorithms for solving large sgstems,

mothemoticol modelling hos become dominant. Ìiothemoticol modelling

involves a mothemotical descripti0n of o phgsical model Ënd its evoluation bg

solving pertinent equôtions either anolgticollg or numericsllu. The results

Ëre obtöined in the digitol domôin. All the analgticol studies of lorge

sgstems con be proceeded sufficienug ûnd more effectivelg in the

mothemËtical model thon in the phusicol model olthough the mothemotical

model m6g be verified in some ospects bg the phgsicol model. Therefore, the

m6them6ticÉ¡ modelling is chosen for our studu 0n the development of the

ocul6r pulse sgstem model.

-7-
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2.1 llodelling 0f the Humon Arteriol Sgstem

The first and simplest form of the mothemÊticor models is known ss the

windkessel model, in which it is assumed thËt sll pressure fluctustions in the

6rteru 0ccur sgnchronouslg. severol vsriÊti0ns of the model have been

develoFed. This model is useful in a sense that it can approximote the input
impedonce of the entire arteriol sgstemic tree. Hswever, since it does not

consider the wove propogotion 0f the pressure (pulse), the windkessel model

cannot be used to investigote the det6iled properties within the €rteri€l
sustem. Therefore, it has been ogreed that the arteriol sgstem is not 6s the

Windkessel model.

The limitations of the windkessel model led t0 the design 0f other
models in which it wos assumed that the arteries respond to o centrol pulse

wôye Ës 0 resonant sustem snd, therefore, the transmission line theorg con be

applied. Prototgpes 0f these models wos developed bU NOordergr¡of [Noor60,

Noor63]. ln this moder, a püssiye erectricor ônslogu wos obtoined bg

compôring the transmissi0n line pr0prgsti0n equôtions ônd simplified

equ6tions of blood motion and continuitg for fluid flow in o short segment of

arterg. There were I l3 segments with s cm of segment length thot were

interconnected to construct the architecture 0f the human sgstemic srteriôl
tree. The behavior of this model was tested to be consistent with the reolitg
in that it exhibited the feôtures 0f pulse wave travelling down the arteries.

However, it wos l¡ter evidenced that the pressure pulse, while travelling
towsrds the periphery, increased more thsn in realitg. pôter [pav864l in his

studg has developerl ôn electric6l onolog model for the circulstion 0f humÊn

heart and the major branches of entire human srterial vessels. He used
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simiìEr methods t0 Noordergrsaf except he emprûued 6 c0rrecti0n f8ctor in
the cslculati0n 0f the comFonents representing blû0d viscositu snd inertis
bôsed 0n the l0w frequencu aFÞr0ximsti0n. For higher frequencu thËn 5 Hz,

this method Froduces I m€rked difference. Jsger usge65l sls0 described the

sustemic srterrÊl tree mËthem8uc6lru, incruding the wÊlr dunËmrcs, snd

ðttempted b0th õnsluticsl 8nd numeric8l soluilons. The detõiled component
pôrûmeters were 0btsined ln his studu. Snuder lsnRl6El gave his result 0n the

model 0f central F6rt 0f the humsn sustemic 6rteriôl tree under the
"equsl-v0lume" prlnclple. Bperrti0nöl ômplifiers instead 0f pËsslve

eìectricËl netrrorks were implemented, which hôs the ödyant6ge 0f greËter

flexlbilitu. The results for thls model \yere comporsbte wlth the dats

recorded from the hum6n. The moftel provided 0 me6ns for determinsti0n 0f
c8rdiôc output under assumed c0ndrilon such ðs ysrrôilons 0f heÊrt rðte.

Bûsed 0n N0ordergrssf's Þrot0tupe snd f0ilo.'ylng the pulsÊute fl0w the0ru bu

Jsger, Westerhof fwest6g¡ constructed Ën e¡ectrlcsl m0del snd comFsred it
with its reÊl c0unterp6rt ln yÊrious ðspects such os the mognitude and phase

0f input imFedsnce, wsye propËgûilon, Ënd shopes 0f Fressure snd frow ðt

different locati0ns. ln the m0del, some preyious c0ntrsdlctions were 0y0ided

bu including the wsll dunômics ond removing the üssumption 0f thin wsil.
Another modificotion t0 the Brototupe is the use 0f 6 summetricËl netryork.

lncre8se 0f the Y0ung's m0dulus 0f elssticltu tovrsrds the peripheru wËs 8ls0

inc0rp0r6ted. He showed thst the model behaved veru much like the resl

sUStem.

All 0f these models hðve contrlbuted t0 the development 0f s

msthem6ticôl model 0f human sgstemic arterial tree. Ho\yever, n0ne 0f them

hôs provided results \./ith respect t0 the regulEtion 0f the 0culsr bl00d

pressure (08P) from the sustem. This fact, therefore, motivËted us t0 devel0p

-9-
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ð ney/ model of the carotid yasculEr sustem (cvs) tJullg4al for onalgsis of
the ocular pulse waveform (0PW) related t0 the stenosis in the CVS and the

intraoculer pressure (l0P) in the ege.

2.2 Stenosis t{odelling

severËl previous reports hõve focused on the stenosis and ege models.

Best [BestTlo] in nis in viva studu 0n rabbits c0nfirmed that the car0tid
ôrterg occlusion cûuses amplitude reduction and vorious alterations of oculor
pulse olong \yith increôse of the stenosis severitg, including decre6ses in
slopes of the anacrotic ond catacrotic limbs, more notching and rounding of
the crest. ln his graphic (non-computer) studg lBestz rcl, the ocuror pulse wos

chsrocterized bg several features as shown in Fig. 2. l. The studg

concentrated 0n how those feotures sre chËnged with the severitg progression

0f the induced occlusion in the common corotid. llorked amplitude chonges

were f0und for the stenosis obove sog in the grôphic studg and 205 in the

hsrmonic onolgsis [Eest74l. Horyever, the contoct measurement bg the

sucti0n cup technique 0n önesthetized rabbits was used throughout the studg,

snd the sucti0n level was used to control the regulor oculrr pulse output and

l0P level. ln this wog, the results lost informÊtion leading to low
sensitivitu, and could not be occurote as compared with the real ocular pulse

from the living subject. As shown in Fig. 2.r, the ocurar purse appears to be

smoothed bg a low-poss filter. The harmonic phsse 0f the 0cul6r pulse wos

not published. This phôse mag be Ën imp0rt6nt fsctor indicating the ocular
pulse olteration bg stenosis because phsse shift bu the stenosis can be

0bserved in his ocular pulse results. Nevertheless, the findings from Eest's

results rem6in vslusble in thot it does expose some 0f the fundamentol

- t0-
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features of ocular pulse ônd its relotion with the stenosis Frogressi0n. All 0f

the oculor pulse contour chonge in his graphic analgsis reflects spectrel

content chonge os o function of stenosis

Young [YoTs73l proged o major role in estabrishing o stenosis moder, with
which the results lrsm in r,/¿r¿? studies on the stenosis performonce have

been achieved. The model expresses the pressure droF over the constrictìon

of an arterial segment. The pressure drop hös been studied with various

conditions. A generol formule expressing the pressure dr0p over o stenosis is

4 = rt!s, Ao, Zo, R.)PlYrArro Q.t)

vchere ÄP is the pressure drop over the length 1., p is fluid densitg, U is meön

velocitg on the unoÞstructed tube, r is the rûdius 0f the unoþstructed vessel,

Ag and A¡ are the cross 6re8s of the unobstructed and obstructed tubes

respectivelg, Zg is half 0f the stenosis length, snd Re is the Regnolds number,

2prUly (an abstract number chôrðcterizing the fluid flow past the

obstruction). with more detailed interpretðti0n of this general formula, it is
possible for us t0 studg the stenosis with diff€rent formulations ln terms 0f

severitg, location, etc. 6fter it is intsgrsterl into our ËVS model. A detailed

description of the stenosis model will be given in next chspter.

2.3 EUs t{odelling

Previous studies on modelling of the ege hove contributed to revealing

the ocul¡r dgnomics reloted to the vascular bed, the l0p, and the Ëqueous

12-
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a volume. After sn extensive review 0f the previous studies 0n the eue, collins

lCoVieE0l compiled ô caussl diEgr6m for understûnding 0f the oculsr dun6mic

relati0nship. Everu relËtiûn in the di6grôm hss been expressed in €

m8themôticül f0rmuls based 0n the exÞerimental result vslld in certain r8nge.

csre must be tsken t0 prevent Ënu lncorrect Judgement bu these relüilonshlps

realizing the.intrÊoculsr dunömic st6te chsnges uncertslnlu ônd nonllnesrlu

vrhen c0ndiilons ch€nge. Essed 0n these results, sn oEp-l0p relsti0nship cËn

be res0lved. This slloyrs us to embed the eue model ìyith the cvs model t0

ôchleve the oculðr pulse, yrhich beôrs the effect 0f the csrotid sten0sis.

E6sed 0n the contr0l theoru, Ch0khsnl Ënd KulikOr#skl tChKuTJl studted

the regulsti0n 0f the IBP in 0rder t0 estðblish ð control bssis for ü clinic8l

consultrti0n progrðm ln glsuc0m6. Although gl€uc0mË is chürscterized bu 6n

elevated l0P, other elements õffecilng the regulEtion 0f the humsn eue must

be tËken into account because 0f medicsì uncertsintu 0r insbilitU Ënd

v6rlstions 0f humsn being. The model is t0 interpret the humsn Fr0cess in the

eue rel8ted t0 the regulõtiOn 0f the lop Ënrl gl€uc0mû; rrhich serves 6s 6

c0ntrol Þssis in finding the rel6tionships Êm0ng v6rious cllnicsl stôtes during

org8nlzlng E c6usðl netìTork. Thls model hss õssisted us in schlevlng 6 g00d

result for the studu 0f glôuc0ms, which could, ln turn, set uF other fact0rs ln

the crusol netw0rk 0r the contr0l models.

2.4 Summsru

Prevlous studies 0n the modelllng 0f hum6n ðrteriËl sustem, stenosis,

önd the eue hrve been revlewed in this section. All 0f these models hôve h8d

8n essentlEl inlluence 0n our studu 0f õ method for screening the stenosls 6nd

l0P through the 0PW. With0ut first exp0sing the oBp Ënd ocul6r Fulse

t3
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reguìation effected bg the carotid stenosis, it is difficult to achieve

complete results of the ocular pulse onolgsis. Based on the previous studies

bg others, models presented in this thesis sre specisllu developed f0r studu

0f oEP and oPW rðther thËn a sgstemic ôrteriôl tree, which is oriented

towards studging the effect of carotid stenosis ancl elevated l0p on the OptV.

It should be noted that our studg of the elevôted l0p is ûlwôUs

associated 
"liith 

the causal sgstem within the eue, 8nd not the l0p onlg. The

expressi0n 0f elevated l0P is used 0nlu for brevitu. lt is Ëls0 imp0rtsnt t0

menti0n that stenosis studu should include the severitu levels, locations,

kinds of deposits, End relationship between the shope of stenosis ond blood

flow post the stenosis. ln this thesis, the severitu levels ancl locations 0f

stenosis 6re studied onlU.
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CHAPTER III
THE OCULAR PULSE STSTEII TIODEL

An oculor pulse sgstem. model hos been developed, which includes the

models 0f the corotid vôsculor sustsm (CVS), stenosis, ontt the ege. This

sgstem is copoble of producing the oculor pulse for a studg 0n 0 method 0f

screening tha corotid stenosis ond the elevûted introocul0r pressure (l0p).

J.l The llodel of the Carotid Voscutor Sgstem (CVS)

The CVS model is designed for studuing the regulotion 0f the ocul6r bl00d

pressure (0BP), which can be affected bg the cÊrotid stenosis, ond also

responsible for providing the blood supplg to the oculor circulotion. This

model giyes the flexibilitg for ong modificotion of the sgstem parumeters,

and eyen more, it is speciollg eosg to incorporote the models for the stenosis

ond eus.

3.1.1 CVS Topologg

The topologg of the CVS is illustroted in Fig. J. l.l, in which (a) shows

eoch side of tha CVS with both the internol ond externol corotid orteries ond

their bronches, ond (b) illustrotes the retinol ond uyeol circulotion within the

ege. V/s consider here the left side of ths CVS. The right side requires !n

odditionol segmÊnt for the inn0minate ortery.

- t5-
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Fig.3.l.l. Topologg of the carotid vascular sgstem (CVS)
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5-1.2 Hsemodgnamic/Electric6t Sustem Anülogu

The örteru csn be c0nsidered 6s õ culindric8l elastic tube which responds

t0 the centrsl pulse ,#Êve õs E resonant sustem ltYarns7l. ln this studg the

centrsl pulse wsve is the ËortË bl00d pressure (AEp). Hoti0n sf the fluld csn

be described in 6n orlginsl form

S=sttl

9P = r(n)
ðz

àP Pò0 8¡lu-+ 
---:- 

I Iòz 5At 52 *

AQ SòP
òz Kòt

(3. l.la)

(3. r. rb)

(3.1.2a)

(5. r.2b)

whsre P is the pressure, Q is the ftow, àz is the incrementsl length of a

segment, f(a), g(P) are the impedonce functions. This Relationship between

prsssure and flow within the orterg can be further expressed fFol,lcTEI,

Uage6Sl as

where K is the relûtlve volume elssticitU modulus, S ls the cross-secuonûl

Ereö 0f the tube, I is the vlscositg 0f the fluid Ënd p ls the densitu 0f the

fluld. K = ZEh/ßrJ for r (< h where r ls thÊ rsdlus 0l the srteru, h ls the

arteriol wõll thickness, E is the Voung's modulus 0f elasticitU 0f the ôrterial

wüll.
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An eìectricol onolog con be found bg comporing Eqs. 3.1.1 ond j. 1.2 with
equotions describing the relstionship between voltoge ond Çurrent in

tronsmissi on line, which is

where v(z,t) rnd l(z,t) 6re the y0lt8ge 6nd current ûs ô funcilon 0f the
positi0n 0n the llne 6nd ilme, R ts the resistônce/length, L is the

inductsnce/length, 6 ts the c0nductsnce/tength End C ts the

cspõci tsnce/length.

òT!.,D.=Ri(z,t)*¡ði!z-,t)

iis=Gv(z,t)-c¿*+

Assuming thðt the srterial \yðll is purelU elËstic End

0rteriôl Yisll losses, snd c0nslderlng the ûrteru is cUlindrtcsl,

c8n be drôIyn 6s

Y=P

'i 
=Q

p- E,r
'' - rtr4

L= P

í12

6=0

^ 3fr3I ---- 2Eh

(5.1.5a)

(3. r.3b)

there ôre no

the equivslent

(3.1.40)

(3. t.4b)

(3.1.4c)

(3. t.4d)

(3.1.4e)

(3. r.4f)

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

c is the distensibilitg of vessel or arterial compliance, 6 is the blood leakoge

tE-
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(b) A segment 0f transllìissi0n line.

ig. 3. 1.2. Ansl0gg between haemodgnanric sgstem ond
electrical sUstem lAfter IKinsË7, JullB4all.
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Table 3. l.l The analogg of haemodgnamic/electrical quantities
lAfter UullS4all.

Hemodgnomic Electric

Pressure , P

Flow, Q

Volume

Time

Frequencg

Viscositg

lnerti 6

Di stensiblitg

mmHg

1.333E+3 cm 3 /sec

1.333E+6 cm 3

I sec

lHz

lgcm{/sec
lgcm-+

lg-tç¡¡4 ssçz

Voltage, V

Current, I

Charge

Time

Frequencg

Resistance, R

lnductance, L

Dapocitance, C

Emps

coulombs

I sec

lHz

I ohm

I henrg

I farad

-20-
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which is considered to be zero for a heolthg arterg

A better approximation 0f R ônd L sbtained in tsnRi6El is used in this
work, which 'is expressed ös

p _ ElJr
" - Er'r4

, 9pL =- 4Ír2

(3. r.49)

(3. r.4h)

Fig. 3. 1.2 6nd Table J.t.t õre the illustrðtion 0f thts snstogu 6nd tne

trõnslsil0n from electrlcsl t0 h8emodunûmlc quônilties, respectlvelu.

5.1.3 The Hodet of the cvs

Acc0rdlng t0 the transmission llne theoru Ënd the

hôem0dunËmic/electrical ûnËlogu, the srteru côn be segmented ''yith certsin

length in lumped sections. The length sffects the Êecurscu 0f the model. The

higher the frequencu response required, the shorter the length should be.

Poter [PôV864¡ foun{t that for sn ôrteru segment with s tength 0f Ëb0ut 6 cm,

the errors 0n the l0ngitudinsl imped6nce were less thðn zfr 0n the m0dulus

and 30 in the ph6se sngle. p8ter in his modelling 0f srterg reported s g00d

result for up t0 st leÊst l5 Hz. westerhof lllest6gl in his test oþtsined the

sÊme Eccurûcu for up t0 50 Hz ìvith segments rônging trom Z t0 Z.S cm.

snuder lsnRi66l also suggested the equôl-votume modelllng 0f orterisl tree,

Yrhich mesns the length 0f one lumped secil0n should be spproxlmstelu

inverselg proportionËl t0 its cross-sectionËl area for certain accuracg of the

-21-
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model. For higher frequencg, the results from the model will be affected bg

cut-off frequencies of the lumped orteriol segments and, therefore, become

irrelevant t0 the reÊl human srterial circulation. Based on alì of this

principle,0 model describing the left side 0f the CVS wos established

fJullS4ol os shown in Fig. 3.1.3. Tsble 3.2 lists the phgsiologicol doto ond

component vôlues. Later, we will discuss the foct thot the frequencg band

remains below 20-50 Hz in this studg.

The22nd degree model sho\yn in the Fig. 3. 1.3 represents the left side 0f

the CVS with its input at the br8nching point of the common côr0tid srtery

6nd the aorto. Segments 1,2,3, snd 4 represent the common csrotid rrterg

before the branching point 0f the external corotid (segments S,6, and 7) and

the internol carotid arteries (segments I snd 9). The internol carotid orterg

sepör€tes into the middle cerebral ûrteru (segment l0) ond the ophtholmic

orterg (segment ll) which, as o first opproximation, terminrtes into the

choroid Rl3 (vosculor lining ôt the posterior egeboll). The opproximation of

this choroidal terminôtion is supported bg the fact that the uvesl vessels

(ciliarg ond choroidal vessels) leoding to the choroid corrg 40 to 70 times the

amount of blood presented in the retinal sgstem fWeit73l. Eoth the external

carotid ürteru ônd middle cerebrol arterg terminûte into minor bronches thot

sre ôFproximsted in the model bg the vascular bed resistances, R l2 and R 14.

Notice thrt the repeoted solutions from the CVS model ôre required for

the analgsis of the overall ocular pulse sustem. Since the computsti0n with

the 22nd degree model is time-consuming, the 22nd degree model hôd t0 be

reduced to s lower degree. The l4th degree model was selected Uull84rl to

preserye the sËme structure and frequencg response bandwidth of the CVS.
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An

This electrical analog model is illustroted in Fig J.1.4. The common c¡rotid

arterg is reduced to segments 1,2,3. As the diËmeter of the vessels Ënd the

ratio of ârterisl r6dius t0 €rteriÊl wEll decresse, the epparent viscositg of

Þlood increoses s0 Es to make the series of arterg segment almost

exclusivelg resistive; i.e., the equivolent inductönce and compliance become

negligible. Eôsed 0n this opproximÊti0n, both the external and internal

cÊrotid arteries have been segmented into two equal segments, 5 &. 6, and B

&.9, respectivelg. Resistances R7 ond Rl0 represent the vessel ìeakoge. The

effect of the cerebral arterg is olmost purelg resistive and has been included

in the vascular bed resistance Rl0 since the ophthslmic arterg is I mrin

branch 0f the internal corotid orterg. Phgsiological dats 0f the component

volues was olso modified ond is listed in Tsble 3. 1.3.

The voscular bed terminations Ere expressed as the peripheral vasculôr

bed resistonces in which the Fressure ðcross Rl0 (for the l4th degree model)

or R l3 (for the 22nd degree modeì) öccounts for the OBP as an output 0f the

msdel. The resistonce bed remains constônt over the normol range of OBp

lBestTldl s0 thot theg csn be calculöted bU using the DC equivalent of the

CVS, os $hov?n in Fig.3.1.5. Since R¡r6 is inverselg proportionol to the

cross-sectionol ôre6 0f the blood vessel, we can write

Rl0 = K1 R7, for the l4th degree model, and

R l2 = R l4 = K2 R 13, for the 22nd degree model

tó

(3

t.s)

r.6)

Notice that K.| and K2 hove been calculated t0 be 0.6, 0.64, respectivelg.

Choosing the tgpical sgstolic omplitudes of the ABP ofl40 mmHg End the Otsp

of 75 mmHg (comparable to the result reported in [CoWe80l) we can resolve

-27-
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(a) DC equivaìent ú lhe ZZnd degree CVS model.

(b) DC equivalent 0f the l4th degree CVS mod€|.

Fig. 3.1.5. DË equivalent of ti¡r: côrotid voscular sgstem (EVS)
model.
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R7 = 5355.6 gcm-4s-1, Rt0: J2 lJ.4 gcm-as-r, for thel4th degree model,

önd Rl2 = Rl4 = 8254.9 gcm-4s-t,

R l3 = 12898.2 gcm-as-1, for the 22nd degree model.

J. 1.4 Computer l{odelling 0f the CVS llodel

For the CVS model shown in Fig. J. 1.3 or 3
con be sgstemoticollg formuloted to describe

These stote equations c6n be expressed 6s

d#(t)'=Ax(t)+Bu(t)

U(t)=Cx(t)+Du(t)

1.4,

the

o set of st6te equütions

behövior of the model.

(3.1.7s)

(3. r.7b)

where x(t) is the stõte yector, u(t) ls the input vector, ryhich rs AEp, u(t) ts
the output yect0r, ''rhich is oBp, and A, E, c, D ôre constËnt mstrices yihich

6re comF0sed 0f the component yslues 0f the model. These equstions c6n be

sustemõticÊllU set up [Chen63l bg meons 0f Ë dlrected grsph representati0n 0f

this netìyork with normal tree snd cotree, given in Fig. J. 1.6 for the z2nd

degree model. Since the structure 0f the l4th degree model is veru similËr

with thËt 0f the 22nd degree model, similsr graph represent6ti0n 0f the

network cðn Þe direcuu extrËcted from Fig. J. 1.6. Fr0m this graÞh, ü norm8l

tree th6t contains sll cËpõcitive edges cõn be selected, the corresp0nding

cotree contalning õll lnductiye edges. uslng Kirchhoff's current snd voltEge

laws, each tree-branch current can be expressed as a sum 0f cotree-link

currents, each cotree-link yoltage csn be expressed ss 6 sum 01 tree-br8nch

voltages. currents on the inductive edges and voltages in the capðcitive Bgdes

29-



18
 a

?l
 

t2
2 

¡2
5 

t2
6

v2
1 

vi
z

/t9 9

ft5 n5 @

F
ig

. 
3.

 1
.6

. 
N

et
w

or
k 

re
pr

es
en

ta
tio

n 
of

 t
he

 2
2n

d 
de

gr
ee

 C
V

S
 m

od
el

lv
34 lv
sz

ls
z ro 12

4

*/

ø
s 
l/

vt
ilh

 2
2 

re
ôc

tiv
e 

el
em

en
ts

 d
en

ot
ed

 b
g 

bo
ld

 c
ha

ra
ct

er
s

ûn
d 

!e
gm

en
ts

 d
en

ot
ed

 b
g 

ct
rc

le
d 

nu
m

be
rs

. 
lA

fte
r 

U
ul

lB
4b

]l



- ûre the stôte vrri6blÊs Eu c0mbining sll êquÊtiOns ünd eliminsting non-ststE

vûri6bles, s set 0f stste equEtions ln ô norm8l form (Eq.3. 1.7) w8re 0btõined

lJullE4bl. Elements 0f these stote equotions sre presented in Appendix A.

These stôte equstions 0f the moder csn be sorved numericalru using

Euler's forwôrd lntegrail0n equsU0n Ìyhlch can be expressed ôs

x¡¡(t) = 4(t) -$Q Ât (3.1.8)

The err0r introduced Þu this method is of the order (¿tp õnd cûn be kept

small bU using a smsll Ât võlue.

Thus, the CVS can be fuilg expressed bU s set 0f st6te equôilons. A

sustem equËtion solver hss been progrsmmed fJullE4bl önd imFroved s0 thst
this model cün gener8te the oBp \yËveform (oEpW) \rhlch c0ntr0ls the eue

blood circuletion and ocular pulse, and shows the effect from stenosis. with
the exFressi0n 0f these state ÊquËtions, thls sustem becomes flexlble End

mËg be modified for anu sgstem Farameters for Ensluticsl purposes. lt cÊn

8ls0 Þe seen th6t lnclusi0n 0f models for stenosls snd eue with this sustem

ryill be convenient becûuse eyeru resctive element in the sustem is expticiuu

expressed in the stôte equations and oBp is direcilu related t0 oculEr

dunËmlcs. Thus, the oculôr Þulse €s ð function 0f the stenosls ln the cvs Ënd

elev8ted l0P in the eue cõn be 0btsined. These points will be more clesr ðfter
tlvo m0dels for stenosis önd eue sre presented l6ter

5. 1.5 Eyôlustlon 0f the CVS ¡.lodel perf ormance

- 3t -
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Fig. 3. L7. The aorta blood pressure (ABp) waveform
[Af ter UullE4oll
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(b)

Fig. 3. 1.8 Discrete Fourier transform of the ABFW in Fig. J.1.7
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The input drivìng function of the cVS is the ABp w'yef'rm (ABpw).

Bssed 0n the recording within 5 cm of the top of the aortic srch in a humon

subject [Re\d056], the AEPW has been derived Uullg4ol using polUnomiôl

regressi0n fe€turing tgpical sgstole/diostole rËti0 l40/90 mmHg, sgstolic
porti0n 0.33 sec, ond duration of one cgcle I sec. This woveform is shown in

Fig.3. 1.7. ln order t0 esse ond standordize further studu, both discrete

Fourier mognitude and phose spectra Êre presented in Fig. J.l.g. From the

m6gnitude spectrum, it csn be seen thst (i) the ABpI{ contoins high toy/

frequencg components End much lower frequencg components aller 2ö He, (ii)

the DE component gives the meon volue 0f the ABp obout 6J mmHg, and (iii)
the oscillation 0f the msgnitude reflects the shÊrp chonge in the AEp\{, such

os the tronsient between sustolic and diostolic portions. The phase of the

ABP components oscillotes verg much in the phase spectrum, which indicates

high sensitivitg of phase spectrum to its woveform.

Although the CVS model itself is a linear model, questions about its

linearitg and stabilitg still hold Es rye use Ê numeric8l method for solving the

sustem equotions. Ang numerical iterotive method mûU produce occumulotiye

error that could introduce nonline¡ritg and instabilitg. Accurocg of the

numerical method is also to be evalurted.

Eigenvolues of motrix A in Eq.3. 1.7 determines choracteristics of the

sgstem. Theg were evoluoted using a published computer softwore packôge

for the 22nd degree model ond listed in the Table 3. 1.4. Furthermore, the step

response of a sgstem characterizes the sgstem performonce so that the

Eccurscu and stobilitg of a sgstem can be analgsed using step response and

confirmed bg the sgstem eigenvolues. Step input of ABP from 0 to 140 mrnHg

: -34-
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Tôble 3. 1.4 Eigenvñlr,les 0f måtrix A f 0r
the 22nd degree CVg model.

Ài

I

2
3
4
5
6

7fi
9, t0
I1.12
13,14
15,r6
17, l¡l

*tQ ?r1
*r 1 'J¿)

-5085.59+j Cr.00
- 1695.18+ j 0.00
- 1695. t7 + J 0.00

-52.00+j 0.00_ls.Zt+J 0.00
_ lg.S4+ j 0.00
- 16.Ë5 ! j237.4t
-5.05¿j2O3.OS
-?.27 ! J t62.71
- 6.90 ! j 136.84
-3.38tj122.82
-3.09rJ ll5.Ê9
- 0.91 r j 77.70
- t.96t j 28.50

The ¿sterísks denole the fundåmåntêl eig€nyàlues.

TËÞle 3. 1.5 Eigenvülues 0f mõtrix A for
the t4th degree CVS model.

Li

I

2
3
4

5,6
7,8

9,10
* I l,l2
* 13, t4

- 1590.95+ j 0.00
- 1753.00+ j 0.û0

_ il.Êo+ j 0.00
_ t6.20+ j 0.00
- 4.58 t j 156.56
- 4.58 ! j lll.79
- 1.03 ! j 105.13
-0.76!J 73.33
- 1.94t j 2E,.91

The asterisks denot? lhe fund¿mental eiçnv:lues.
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Fig. 3. 1.9. Step resÞonse oÍ the Z2nddegree CVS m0de,l.
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Fig.3.l.l0. Step response of the l4th degree CVS model
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wos used to calculote the step response woveform of 0Bp, which is plotted in

Fig.3. 1.9. From this waveform, rye cÊn see thõt ofter s seconds it converges

to o steodg stote of 75 mmHg level with difference of less thon I mmHg. This

ìevel of oBF is consistent os predicted in colculating the resistance bed. lt is
therefore concluded thot the sgstem is stohle to sufficient oecurocu with the

implemented numericol solution. Frequencg spectrol chonge of step response

con be confirmed bg onolgzing the sgstem eigenvelues. The negative reol

ports of the eigenvolues explain the step response being o predominonilg

domped sinusoid. The fundomentül frequencu of this sinusoid con be troced t0

the eigenvelues with lowest imaginorg values {equal lo 2¡f) and least reol

port volues (dominsnt factor). These eigenvolues ore Àlg to \22 in the

ïoble 3. 1.4 which indicote the step response will first show the sinusoid

with the fundamentol frequencg of about S Hz, önd then move to the

frequencu of about l0 Hz becðuse the network experiences the least energg

ìoss ot about the l0 Hz frequencg point. These features are fullg shorrn in

Fig. 3.1.9.

ln order to ease the further studg of the CVS, the 22nd degree model \r6s

simplified to the l4th degree model. Hith this simplificotion we expect thot

Fundamentol spectral content of this network is still held. sensitivitg 0f the

netryork to degrees 0f the model eon be exomined bg difference of the step

responses, eigenvolues, ond 0BPWs. The step response for the simplìfied

model, (in Fig.3. l.l0) shows olso o domped sinusoirl with o similor set of

feotures os in Fig.3. 1.9 for lhe22nd degree model except thot it is dômped

fsster ond has weoker fluctuatl0n oround the level ZS mmHg. These

similorities ond differences con olso be seen from the eigenvolues in

Table 3.1.4 and Toble 3.1.5. The fundomentol eigenvolues in two tobles ore

-36-



o.0 0.2 0.4 0.6 0.8

TlllE lsecl
Fig. 5.1.1l. The ocutûr blood Fressure (oEpW) tor lhe 22nd

degree EVS model with input shown ln Fig. J.l.7.
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72

OBP
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Fig. 3. 1.12. The ocul6r blood pressure (OEPW) f0r the 1 .4th
degree CVS model v/ith input sh0y{n in Fig. 3. l.T.

;
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similar and rable 3. 1.4 exhibits more eigenvËlues standing for higher

spectral content.

with the ABp in Fig.3.r.7 äpplied t0 the cvs models, the ossociated

'utputs, 
the OBPWs st choroid, \yere schieved bg sorving the stðte egu.ti'ns

lor lhe 22nd degree ond the r4th degree moders snd ôre shovi n in Fig. 3. r.l r

6nd Fig.3. l.l2 respectivelg. The 0Bp ômplitude is consistent tïith the resu¡t
reported in [Adre65l. Appeorance of these two waveforms is verg much

similor except more notchings occurred Ëlong the slope in Fig. J. l.ll,
indicating higher frequencg content. Their spectra ore arso presented in
Fig.3. l.l3 and 3.r.r4. These woveforms contribute to seeking the
relotionship Þetween ABp and OBp, exhibit how the ABp is ch€nged in the
propõgôti0n through the cvs to the oBp ot the choroidar peripherg. The 0Bpw
(can be ossumed now ôs Ë Êpproximötion of oculor pulse) showed a much more

complicated psttern than Fig. 2. I in which Best clôssified the waveform \yith
porometers such os pulse delog, crest time, anacrotic and cstôcr0tic sl0pes.

The reoson for this is not onlg the rabbits thot were used in his test instesd

0f man, but the messuring meth'd itself thËt hôs been discussed in

Chapter ll. Huch more notching appesred along the catacrotic slope in Fig

3.l.lland 5.Lt2. The few features of ocurar pulse wiil no ronger be

sufficient t0 describe this ry6vef0rm. Therefore the graphic snalusis meth0d

mag not applg to the reol human subject test. The spectrol onolgsis is

expected to be ¡n effective method. Nevertheless, the general trend of the

0BPW seems similor with Fig. 2. I so that the amplitude and voriation

reduction rstes 0f 08P with stenosis mËu be compËred with his results.

The mognitude spectrô in Fig.3.t.lJû ônd J. l.l4a Ëre similËr. The high

-41-
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frequencg cûmponents (sfter 20 Hz) are reduced ôs the RLC network of the

cVS model çan be considered ôs s low-pass filter. The frequencg components

Êround 5 and l0 Hz (4, 10, 12 Hz'lor lhe 22nd degree model, 4, ll, 12 Hz for
the l4th degree moder) is enhonced, comparing with their adjacent

components. Thìs is because the sgstem fundsmental frequencg ôre 5 snd

l0 Hz os discussed e6rlier.

ln order to compere the difference between the two Otspws, spectrôr

difference of the two woveforms is displsged in Fig. J. l.ls. All of spectrõl

magnitude differences are less thon I ond groduallg fall to the negôtive 3rd

order. This difference is small compored with their spectrum mognitude in

Fig.3. l.l3Ê snd 3. l.l4Ë. It can also be spotted that the smsller spectral

difference in the spectral bsnd oround l0 Hz snd higher difference in the

spectroì range between l0 Hz ond 20 Hz os we expected that the 22nd degree

model contains higher spectral content. phase spectra in Fig. J. l.lJb and

3.l.l4b ôre verg different due to its high sensitivitu t0 wËveforms. since rye

hove alreadg known from the eigenvolue anolgsis that spectrol magnitude

ottenuation after l0 Hz is much higher as seen in Fig. 3. l. I 3o and 3. l. l4o, it
can be concluded that the simplified cvs model contains most 0f fundsmental

spectral content, and can be implemented for the further studu 0f the CVS.

It hËs been oddressed thot numericol error csn introduce nonlineorities

to the sgstem. ln 0rder to prove the linearitg of the CVS models, Fig 3.1.,l6

shows spectrol môgnitude transferfunction from the ABp (Fig. j. l.g) to OBp

(Fig.3. l.l3). This spectrôl transfer function exhibits the network worked as

low pass lilter with relstive smoller attenuotion (concerning the original two

magnitudes) at the frequencg 0f about S HZ and l0 Hz. This is consistent
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with the result of the eigenvolue anolgsis. Linear tronsfer impedonce from

ABP to 0BP has olso been cölculÊted for eoch frequencu comFonent. Absolute

difference betvÍeen the transfer impedance snd its numericallg obtained

c0unterpart (Fig. 3. l.t6) is 0.078 for eðch frequencu c0mponent bet,J,ìt zo Hz

(20 Harmonics). This smalr difference indicEtes thrt no new spectrar

content was introduced in the netryork, ìinearitg is preserved under the

present numerical method. The impedËnce magnitude csìculated fell belovr

the negstive Zlh order smÊìler thsn the normal volue afler zo Hz and, for all
the spectro shown above, mognitudes for higher frequencg b6nd after 20 Hz

Ëre Ëll decreased to below the negotive 2th order. Therefore frequencg

component after 20 harmonics is not considered significont ond not volid for
use. our loter frequencu d0môin analgsis \rill remsin below 20 harmonics.

3. 1.6 Summorg

A model of the human CVS was developed. This model shows special

feotures of specificitg for OBp studg and flexibilitg for sgstem modificsti0n

önd inclusion with the two disease conditioned models. lt has Þeen evaluÊted

that the method for developing this cvs m0del results in a linear, stsble cvs
netlyork, accuratelg performing the function of cvs in the humsn subject.

The simplified version 0f the cvs model \yôs also derived Ënd chosen as the

model t0 be implemented for further studg of the CVS. AEPW snd oBpW

resulted from the computer simulotion method hove shown o new ond more

complicated pôttern of their relationship thon the previouslg published result.

These woveforms ond their spectra give a standord for further studg. Eg

adding the ege model to the cvs modet, it will give the better exhibition of

the ocular pulse waveform (OPW) and effects of the elevated l0p. with the
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sten0sis model integrôted int0 certsin segment 0f the cvs, we will be ûþìe t0

studu the sensitivitu 01 the oculsr pulse t0 the different Þresence 0f stenosis

in the CVS. The chôrôcteristic spectrËl featurs 0f the opl./ côn be used t0

screen the stenosis ônd the elevsted lop.

3.2 The Hodel of Stenosis

stenosis rvas modelìed bôsed 0n the experimentôì d€ta in the vitro studu

[YoTs75l. Sten0sis is essentiEllu referred ts a local narrowing (o

c0nstñcU0n or occluslon) in the bl00d vessel. The ðrterisì sten0sls ls cüused

bu the accumulõti0n 0f föts 0r c€lcified deposits 0n the interior surfôce 0f

the €rteries. These deposits 0r plËques c8n bresk ôwËu from the ðrterlsl \ratì

önd fl0Ty through the bì00d streÊm, which môu c6use sudden ôcute effects

[LüseE6l. The stenosls csn be posslblu comblned ,]ylth the ôrterlûl spûsm,

which mau elevÊte the stenosis level uncertainlU, leading t0 str0ke. The

m0del feôtures the ch6rËcterlsilc dunËmlcs thðt stenosls perf0rms ln csusing

the Þressure drop over the constrlcu0n. The pressure drop ls determined bu

the hsemodunûmic snd geometrlc condiilon \ylth the sten0sls. Thls mode¡ côn

be modified 8nd lntegrsted into the cvs model t0 studu the stenosis effect.

5.2.t Descrlpilon 0f ths Stenosls n0del

Stenosis existing in the ðrteru cËn be considered as Ë nonlineËr

reslst8nce which csuses pressure drop due t0 Þlood viscosltU for l0\y

Reunolds number, turbulent losses for high Reunolds number, snd inertial

losses t0 scc0unt for the pulssule nËture 0f the bl00d fl0w. ousntitative

descripti0n of this pressure rlr0p ôls0 involves the geometric parameters of

the vessel c0nstricti0n. Holyeyer, s smsll number 0f the ge0metric
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Þsr8meters csn be sufficient t0 festurs the stenosis perf0rmsncs [yoËR751.

ln this studu, the sgmmetricsl stenosis configurotion was considered, which

is shovrn in Fig. 3.2. l. Ths figure sho\Â/s the constriction in the bl00d vessel

snd definiti0n of geometric porameters.

The pressure drop over the stenosis can be composed as

ÀPs=APy+AP1 +¿Pt (3.2. la)

(5.2. rb)

oPt = *t ruttf - rl'

ÄP¡ = K¡pr.#

(3.2.lc)

(3.2. rd)

where R, is the Regnolds number, p is the fìuid densitg, L, is length of the

stenosis, Ao/4, is the ratio of the area of the unobstructed tube to the arer

of constriction. Ky, K1, K¡ Ëre coefficients determined bg the constriction

geometrg, U is the blood velocitg. Three terms in Eq.3.Z.l Ëccount for the

viscous, the turbulent Ênd the inertial losses respectiveìg. The rati0 A0/Al

ere used to describe the severitg of the stenosis. lû levels 0f stenosis

severitg ore classified from 08 to 90ß 0f the Êre6 reduction due to the

constriction.

Considering U=Q/A' and Rr=2pUrlg where Q is blood flsw, I is the blood
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viscosltu, Ênd r ls the rôdlus 0f the un0bstructed vessel. Âps cðn Þe

expressed in ûnother form

ae.= lv!=Q -å*,rh,t - r)'Q.* *,0#*l ß.2.2J" 2'Ílr

From Eq. 3.2.2, we can see thÊt stenosis can be trested ss s flow controlled

nonlinear resistance which is expressed os

(3.2.3)

3.2.2 lntegrsil0n End Dtsptûcement 0f the Sten0sls tn the CVS

Seversl studies lzõ68Ê3, BhtlGE2l hõye conctuded thst transltions in the

Erteru wslì configurËti0n such Es bends 8nd bifurcsti0n, which õre sssociEted

wlth locül modificsuons ln rste ônd Fsttern 0f bl00d flovf, ðre predlsÞosed t0

the deveìoPment 0f srterioscler0sis plüques. The c8rotid bifurcôti0n snd its
Ess0ciEted csr0tid sinus is pôrticutarlu suÞJect t0 deposits. lt hss ûls0 been

found thõt the stenosls occurred in the cõrotid sinus in 75 Þercent 0f the

ex8mined p8thologlcs¡ csses. lt ls therefore reðsonüble t0 tûke the fìrst
ch0lce t0 lntegrste the stenosis ôt such ð locati0n. This ì0c6ti0n corresponds

to segment I ln the CVS model. N0re emphasis will put 0n studu 0f stenosis

in this locûtion.

Since fl0\y Q is a state vÊriöble included in the stõte equstions of the

CVS model, this resist6nce c8n be lntegrsted in series with the reslstsnce Ri

in the ith segment 0f the CVS model. Then, Ri sh0uld be modlfled as

ns =&0

R¡*=R¡-Rsss

-50-
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where Rsos is 0E stenosis resistËnce. Then, the nery modified t0tar

resist8nce 0f the segment, where the stenosis is l0cated, will be

Rnt*=R¡*+R, (5.2.s)

EU replôcing the reslstËnce R¡ with the Rnevr, 'l{e cËn sÌmulste the

Derf0rmônce 0f sten0sis in the cvs wlth lo ìeyels 0f severitu ln different
segment locôtions. The effect 0f stenosis will bÊ reflected in the peripher6l

observôti0n. ln this case, we exûmlne the ocul6r bì00d pressure (oEp). with
sdditi0n 0f the eue model, vrhich wlll be dlscussed in the next section, the

stenosis with severitg levels and l0cËtions c6n be screened from the ocular
pulse.

ln the stenûsls model, coefflclents Ky and Kt ôre determlned ÞU the

geometru 0f stenosls. Howeyer, 8s stated in fyocR7sl, these c0efflclents are

pñmËrilU rlependent 0n the limlted number 0f b6slc geometricôt

chôrscterlstlcs, such ûs stenosis lsngth snd percent stenosis. Thsrefore, lt
môg be possible t0 estim6te Ky and K¡ from Ë relaUvelu sm6ll number 0f

ge0metric6l pürsmeters whlch could be obtûined in clinicôl sltustions. ln

thls studu, we chose the summetrlca¡ pottern 0f stenosls. Kv ls str0nglu

deFendent on the percent stenosls snd lsngth radlus rsfio L5/r. K¡ ls much

less dependent on the geometru of stenosls ônd fslls lnto the ronge 0f

1.0-2.31. The vôlue 0f K¡ does not vûru wlth stenosts, ônd ls chosen t0 Þe 1.2

whlch hss the best flt wlth emptñcal dôtû.

Ky csn be modifled bg the rule thôt 0t stenosis formulô reyerts t0 be ö

llnesr resistËnce õs expressed ln the CVS model. S0, the rel0tionship

between Kv (.l.e., coefflclent 0f the llnesr term) €nd geometru psrômeter c6n

¡I
;tL.- ,
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Table 3.2. 1 Coefficients of stenosis in segment g
of the CVS,

ß Stenosis Kv K1 K¡

0

t0

20

30

40

50

60

70

80

90

il3
120

126

t42

t5/
t77

22A

346

566

1456

0.0

r.07

1.21

1.35

1.49

r.63

1.76

1.9

2.O4

2.la

0.0

1.2

1.2

t.2

1.2

1.2

1.2

1.2

1.2

1.2

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

Ë Stenoslr lv It l¡
0
l0
20
30
40
50
60
70
80
90

0.5 1E- 1

0.34E- I

0.36E- I

0.428-l
0.49E- 1

0.628- 1

0.96E- I
0.19E00
0.49E00
0.27E0 t

0.00E00
0.66E-2
0.3ËE- r

0.12E00
0.33E00
0.82E00
0.20E0 t

0.52E0 t

0. t 6E02
0.8ËE02

0.û0E00
0.148- I

0. tsE- |

0.15E- r

0.17E- r

0.r9E-1
0.25E- r

0.35E- I

0.58E- 1

0.14E00
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be deduced os

_ KrO!
Rso* = -ffi
_ 8lg Lg* =Tt7T

Rs95 = R

So,

P _ ElLs
^Yfr 7¡

where Ky' is the K, coefficient for 0t stenosis, ond is

v6lue 0f K, for a given level of stenosis in the CVS model.

reported in lVoCR7Sl, the modified Ky, K1, K¡ values for

segment I of the CVS are listed in Table 3.2. I with L, = I

(3.2.60)

(3.2.6b)

(3.2.6c)

(s.2.6d)

used to modifu the

Eased on the result

stenosis located in

cm ônd r = 0. l8 cm.

3.2.3 Three Tenn lndex lumbers of the Stsnosis llodel

ln order t0 svaluôte effects 0f stenosis from its three different terms of

the model, we can rewrlte Eq. 3.2. 1 sg

ffi = #u'. *-¡f- r)' r.{,2 . !ffFfr.¿, (3.2.7)

where UO is the peak velocitg, U¡=U/Up, AO is the peak vôlus 0f flow

acceleration dU/rlt. The Um End U/AO can onlg vary vrithin the ronge 0f lass

than L RrO is the peak Reunolds number. Thus, the retotive importänce 0f the

three terms can be analgzed through the three coefficients rgferred Es three



r, = jx¡ff- rr'

(3.2.8a)

(3.2.6b)

,t=Áff

Three index numbers reflect effects from viscositg for smoll Regnolds

number, turbulence for large Regnolds number, ond inertio for highlg

occeleroted flow. With the stenosis induced in segment B of the CVS, three

index numbers are calculoted bg Eq.3.2.8. lable3.2.2lists the result of these

index numbers chünged with the stenosis vorying from l0ß to gOE. The

viscous ond nonìineor turbulence terms increose with the increosing severitU

of stenosis, whereas the lotter increoses much foster, and Þecomes dom.inont

fsr over 208 stenosis. The viscous effect of the stenosis is speciollg

importont Ët loryer levels of stenosis. The inertiol effect is found to be

relotivelg smoll and constont. The result in Toble 3.2.2 accords with th¡t in

IYoTs73bl. These three terms of stenosis, especiallg the n0n-lineôr term,

will certoinlg introduce new frequencu components into the sustem, ìyhich

estsblished a Þasic clue for screening the stenosis from the oculor pulse.

3-2.4 EBP l{eveforms (08P1{s) Itith l0 Level Stenosis

As described obove, the stenosis with l0level severitg can be integroted

in the CVS so thot the OBP con be obsarved from the output of the CVS os o

function 0f the stenosis chonges. Here, the stenosis in segment E of the l4th

.:a
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tiï.3.2.2. 0EPWs os a function of stenosis severitg
in segment E of the CVS.
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degree cvs model with l0level severitg progression is first considered. The

input function (ABP) of the cvs remoins to be the one in Fig. J. 1.7. The result

inFig. 3.2.2 clesrlu shows the 0Bpws ss a function of the stenosis severitg.

The Ëmplitude and voriotion part of the OBp is öttenuôted as the stenosis

severitg increôses. still, ôs discussed lôst ch6pter, the 0Bpws displau I
much more complicated pûttern than the ones exômined in Best.s results

[Best7 lc]. lt is notoble thot with the more complicated pottern, these 0Bpws

show the shape and phûse change with the stenosis severitg progressi0n. The

phËse shift côn be observed even with l0g stenosis while the ocular pulse

waveform (0PV/) in Best's result can onlg show the pronounced chonge for
over 50t stenosis due to the contact meôsuring technique. simple graphic

anolgsis will not be strong enough to be applied to the complicoted oBpw 6nd

0Pw. Horyever, the observotion 0f the spectrol content chsnge in the oBpw

with the increosed stenosis severitg will trigger the studg on the oBp and

oFW in frequencg spectrol d0mÊin with higher sensitivitg.

In orc,er to give a clear pattern 0n how the oBp amplitude is decreosed

\yith the stenosis seyeritu progression, the meËn volues of the oBp in Fig.

3.2.2 is plotted in Fig. 3.2.3 üs 6 functi0n of the stenosis severitu levels. The

me6n vûlue for eech 0BP\{ is expressed ôs ô percentôge agoinst the oBp mean

value for 0t stenosis. The meon volues of the oBp drop much foster with
acute stenosis thon with low stenosis. similsr effects oìso take plËce in

stenosis blood flow os shown in Fig. J.2.4, where reduction rate is c6lcul6ted

ag6inst the volues for 08 stenosis. The relationship between stenosis blood

flow ond OBP mean values is plotted in Fig. J.2.S, where esch point

corresponds to certain level of stenosis. lt con be seen that stenosis blood

flow reduction is transferred to the OBp rerluction. The corresponding dato



Foints in Fig. 5.2.5 6nd Fig. 3.2.4 are veru close to the results reported in

IEest7 lE, Best74l.

5.2.5 Summûru

E6sed 0n the previous model describing the pressure drop 0ver the

stenosis in the aneru [YoTs73l, 6 model for the studu on sten0sls locsted in

the CVS y/8s devel0ped UullE4û1. Nodtficsti0n 0f coefficlents in the m0del

for its integrôti0n ôlgorithm Ënd displôcement Elong the CVS is studled in

thls sectl0n. Three lndex numbers descrlblng the stenosls effect from three

different terms Ëre presented. The 0EP|i/S ss s funcurn 0f l0 levels 0f

stenosis severitU ôre ûchieyed öfter the stenosls m0del ls integröted lnto the

CVS. These \rËveforms show E new psttern 0f the oEP Ëltered bU the lnduced

stenosls. The simulôted resuìts presenterl ln thls sectl0n ôre compsroble

wlth the preylous publlshed results.

5.5 The nodel of the Ege

The humsn eue ls ô complex,6ut0rÊgulatoru, phusl0l0glcÊl sustem

controlled bU mechanlcal , blochemlcal End neurologlcül f€ctors s0 thût the

stsbllltU anrl norm8l functlon 0f the eUe 6nd regul6tl0n 0f intr60cular

pressure (l0P) can be msintained. Here, onlU the mechsnicËl dunamics vrlthin

the eue ls consldered, ln \rhlch pressure-volume relatlonshlp plsus the m0st

lmp0rtant r0le. Vssculsr bl00d pressure together r/lth l0P c0ntrols the bl00d

v0ìume in the eue, v/hich is dlrectlu rel6ted t0 the intrsocul0r bl00d flow, and

ôlso I msjor p8rt 0f intrsoculËr v0lume. lntrû0culðr pressure 6nd v0lume

determlne the mechsnlc6l propertu 0f the eue. All 0f these relotl0nshlps csn

Þe complled ln ã cðusôl dlûgrôm [C0V/eBol shovrn ln Flg. 5.5.L ln this flgure,



O
P

H
T

H
A

LI
IIC

P
R

E
S

S
U

R
E

(4
) 

...
...

...
 ..

...
.-

!-
2.

1.
...

...
...

...
...

...
...

;

A
Q

U
E

O
U

S
P

R
O

D
U

C
T

T
O

T
{

(3
) 

( 
l0

) IT
{T

R
A

-
O

C
U

LA
R

P
R

E
S

S
U

R

F
ig

. 
3.

3.
 l.

 C
ou

ss
l d

is
gr

am
 f

or
 t

he
 e

ge
.

IF
ro

m
 [

C
oW

eB
ol

l

III
T

R
A

-
O

C
U

LA
R

vo
LU

H
E

E
P

IS
C

LE
R

A
T

vE
f{

ou
s

P
R

E
S

S
U

R
E

A
O

U
E

O
U

s
O

U
T

F
LO

Y
'



the arrows denote the directi0n of the causal relÊtionship from csuse t0

effect with solid lines denoting positive influence and dashed lines denoting

negatiYe i nfl uence.

ln Fig. 3.3. l, the bosic relationship (i.e., pressure-volume ) in the ege's

mechanism is well expressed, in which the homeostatic and autoreguìatorg

noture of the ege côn be seen bg trocing the effects through the diogram. The

blood volume is determined bU the tr6nsmurol pressure, i.e., difference

bet*,yeen introoculor orteri6l pressure ( l) and l0P ( l4). lt is Êlso 6 psrt 0f the

total intraoculor volume (8). The intrõoculsr orteriol (retinal or choroidsl)

pres$ure is obtained from the source, the ophthalmic orterg pressure (4).

Negative influence (2) bg the blood fìow indicates thst it is the messurement

of the intraoculor orterial pressure drop. Blood flow is driven bg the

perfusion pressure, i.e. difference between ophthalmic pressure (S) and

venous pressure (6). The resistsnce to the blood flow through the ege is

primarilg a function 0f the locÊl rsdii of the þ100d vessels which is

equivalentlg represented bU the totËl blood volume in the eue. A higher blood

volume means s lower resistonce which in turn increases the blood flow (J)

for o given perfusion pressure. Lower blood flow decresses the rate 0f

Equeous Froduction (7). Due to the poor distensibilitg of the veins, the ven0us

pressure and intraoculor pressure affects eÊch other positivelg (10), (ll).
Part of the introocular volume is determined bg difference between

production and outflow of the oqueous humour (9), (t7). The difference

between the intraocular Ênd episcleral venous pressures drives the Ëqueous

outflow (16), (15) os in (5), (6). The episclerol pressure is direcilg and

positiyelg influenced bU the intrÊocular pressure (15). lntraoculor pressure

folls olong ?rith the scleral relaxation (12). lntraoculor Fressure and volume
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Effect eôch other posltiyelu (lE), (19). A p0sitive externül force is Ets0

included in this disgram ôs it is used in s0me meüsurements like tonometru.

Eut lt wilt not be used lf a n0n-contËct methûd is tmplemented. Thts force ts
plôced, could Þe in ûther Flaces, t0 Ëffect both intrsocular pressure and

volume Qù,Ql) ås used in the experlment.

Qu8nutsilve formulËu0n 0f these relðilons ln Flg. 5.5. I csn be expressed

in mËthemõticûl formulôs which sre derived bssed 0n the previous

experimental dôts. The constant values ore determined under certõin

condlilons ônd w0uld be subject t0 further reflnement \ylth new experlmentôl

findlngs.

3.5. I Vosculor Elood Ctrculûilon ln the EUe

From Fig. J. l.l, it cõn be seen thôt the internôl csrotid srteru re€ches

the eue bU the ophth8lmtc õrteru, (ln csts snd rËÞblts, the bt00d suFplu is

from both the tnternsl snd the externõl csrotld €rteñes [Adte65¡). l1ün's eue

comprises two sepðrfrte clrculat0ru sustem, retlnrl snd uveôl, Þ0th originsted

fr0m the ophth8lmlc srteru. The reilnô¡ sustem, formed fr0m the centr8l

retinsl srteru, supplies the inner lsuers 0f the retina snd is Êlmost perfecug

ôutoregulatoru lBiltzsl. The uye6l (or choroldat) sustem, formed from the

ônteri0r Ënd posteri0r cili€ru srteries, supplles the ûuilðuers of retina antl

the outer c0ûts 0f the eue. lt hss als0 been found tweltTJl thðt the

intrô0culsr Þ100d flory t0 the choroid is 40-70 times thðt t0 the retinË.

Therefore, the lntrõoculEr mechanicðl pr0pertu is essent,l6llU due t0
0phthô¡mic Erteri€l pressure derlved fr0m the lnternsl côr0ild, ônd the

intrsoculsr 6rtÊrisl bl00d pressure ,pô, 0r oBp ss described in lËst chõpter,

c8n be Ëssumed to be the 0phthôlmic srteri€l pressure. ln this wsu, tryo



models, CVS Ënd eue,6re veru well incorporoted and stenosis in the CVS can

be possiblg screened from oculür pulse. This rvill be discussed further next.

The oculor blood flow is determined bg two primaru factors: the

perfusion pressure and oculsr vascular resistance. The perfusion pressure

can Þe approximôted \rith the tronsmurol Þressure due to the equËlitu 0f the

l0P to venous pressure [Eo9/eB0l. The rel6tion between flow and trËnsmurôl

pressure hËs been found lBest73l in c¡ts as

Q=0.0011(P6-P¡) (3.3. r)

where 0 is uyeol bl00d flow, pu-p¡ is transmural pressure, ps is arterisl
pressure, P¡ is l0P. According to this equation, blood flow is reduced ryith

incressecl l0P, which indicates one of the feedÞock mechËnism in the eue.

This is left for further refinement 0f the model. Transmural pressure (p6-p¡)

should be positive in 0rder to keep certain required mount 0f blood flow. This

constitutes one of the princiÞles governing the bl00d pressure in the ege, i.e.,

the arterial pressure alwogs exceeds the lop. The ôrterial pressure for

stopping the blood flow is rÉferred os the closing pressure.

It c6n o¡s0 bB seen thot vascular resistÊnce does not vory much Ênd f6lls
into the same order 0f vÊlues as the resistônce bed in the CVS model.

Concerning the resistance from P¡, values of the resistance bed in the CVS

mgdel Shr-l!!4 ho hiobnr Prñr,'inrft res¡llS On blOOd pfe55ufe Ond VOlUme

relstion have been studied in lcolye8ol. After comparing five different

formulas with experimental dots, o best fit is obtained as
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S tttu, - Pir)'-*- (Pu, - P¡, )'-*) = x,*tn-ff ßJ.zJ

where v6 is the blood volume, subscripts "1" and "2" denote the initial and

final ststes, Kc{, is ô constrnt related to the vasculor vessel properties, and

equ6l to 0.805 w'ith æ = 1.6.

Vasculor rigiditU coefficient VR is defined lBestT lal os:

U*=Â(Pi.-.Ps)
Àva

_ log [(Paz - Pi, )/(Par - P¡1)l- vaz - vat (3.3.3)

vR is a importsnt meûsurement for the intrsoculðr vüscuìar circulation, and

ôls0 implies that the vascular bl00d volumB is decre8sed with the transmural

pressure decreased.

3.3.2 Aqueous Humour Dgnamics

The aqueous humouris a clear liquid (98. lE water) filling the anterior

and posterior chambers 0f the eue. ln addition to serving other functions for

the cornea and lens, it plags o keg role in maintaining the lBp. The relation

between Þroduction of aqueous humour (SO) and l0p c6n be expressed [Co!{eg0l

ôS

Sp =CO 
(Pç

where P, is the cutoff pressure required to drive ôqueous production, CO is a

constant.



Similorlg with the bl00d fl0v/, the aqueous outfl0\r is proportionôl t0 the

pressure drop between the anterior chsmber €nd episclersl venous Flexus, snd

expressed Es

So = C¡ (P¡ - Py) (3.3.s)

'i/here Pv is episcleral ven0us Fressure, which is also s function 0f lop

expressed Ës

Pe=CP¡+d (3.3.6)

where c, d sre constsnts, empiric8llU determined to be c = t.AE,d = 4.26.

C¡ is pressure dependent snd côn be expressed as

Substituting Eq.3.3.5 yrith tq.3.3.6 and 3.3.7, the ôqueous outflow csn be

expressed as

Ü'= I
"l- ÊPt *b

where 6, b ore empiricollg determined to be o = 0.0S, b=1.125

" _ (l - c) P¡ - d*0= 6FirE-

5.3-J Oculor Rigiditg Function

0culor rigiditg is moinlg associated with mechônical

(3.3.7)

(3.3.8)

chürscteristics of



(3.J.9)

where dvi is introoculor volume chonge, E, f are empiricol constonts obtoinerl

bg fitting the experimentol doto ryith the so-colled "unifging oculor rigiditg
formulo", and found to be E = 0.022 ¡tl-t, and f = 0.206 mmHg/gl.

3.5.4 OEP-l0P Reloilonship

since the lntrooculor yolume, v¡ is comprised of o vosculor blood volurne,

Vu, ond on aqueous y0lume, Vðq, the introoculor volume cñonge rote can be

expressecl os

the corneo-scleral envelope. lt can be formed as h1cHe65l

o!ft=ee¡.r

!!l=dYa*dvoodt-dt da

The time chonge rote of the oqueous volume VuO is equol

between ûqueous production and outflow

#=fo-so
Substitute Eq. 3.1.1 I with Eqs. J.J.4 ond 3.3.8 t0 gst

$¡s-=cp(ps-pi)-l#-
Through an equivalent differentiated form of Eq.

of the voscular blood volume Vu can be obtoined

(5.5. r0)

to o difference

(3.3. r r )

(3.3. t2)

3.3.2, the time change rote



dv, ,!!a_!li'
f= Kn{Pu- P¡)ü ' dt dt /

The ltP, Pi, chônge rate can be determined as follows

(3.3. r3)

dP¡ - dP¡ dV¡+=-- (3.3.14)dt dV¡ dt

Substituting Eq.3.3.14 \yith the ocular rigiditU functi0n (Eq.3.J.9), the t0p

change rate becomes

* =,r Pi+ r)!# (3.3. rs)

Substituting Eq.3.3.15 with Eqs.3.3.12 and 3.3.13, the lOp change rate can be

derived as

-{tr -dt-
(Ep¡ +1¡ rK_fu 9F - .o(pc -pi)- t' ;Ëlff-o'

r . *ff;¡"-(E P¡+ ¡¡
(5.5. r6)

This equôti0n expressÊs relationship between the arterial pressure (0EP) and

pulsations of l0P.

The P,¡ and Vu con be considereft to be composed 0f mesn values (P¡r,

Vur) ond pulsations (P¡p, V6p), which srs

P¡=P¡¡¡+P¡p (3.3. r 7)



V6=V6¡¡+V¡p
(5.3. r6)

PiÞ <, Pim (P¡p: I - 2 mmHg, p1¡¡: lS - 20 mmHg) (J.3.19)

Vap <( Vam (V6p: I - 2 ¡1, V¡r: J0 gl) (J.3.20)

Therefore, the l0P côn bs approximôted with th€ l0p mern yalue, pim. lt is
also possible t0 ôssume squBous volume chônge rôte squsl to zero lcowegol as

the period 0f interest is short enough (l sec). Based 0n these ossumptions,

Eq.3.3. l6 con be simplified as

!fi!- - Ysqltjft'r) dPs:=-dt-ffid--
8g integrating 8q.3.3,21 , the l0p pulsation c6n b€ obt6insd ôs

- f. V¡¡(E P¡r+ f)Pip=JomdFs

(5.5.2 r)

:.]:1:;:

:::1''

:.4á.
.).4?¿

.::a4.

;::jé.

.,i4

..:f"

',i:t4

(3.s.22)

This er.¡u.itiurr i, r¡;u.i i."....ì.,.,i¡Lu ths lOp vôristion due to the 0Bp. p¡n¡ 6nd

V¡¡ côn be determined through Eqs. J.3.9 and3.S.2 as follows.

lntegrol form of Eq. 3.3.9 is

¿vim= *,n (Ëifl+j|) (3.3.23)

where AV¡,¡ is the overage introocular volume chonge (V,,n - Vzm). Equalitg

of ÄV1n1 t0 AVsm is olso preserved here, assuming ÅVaq is ¿ero. So, the



equiriîl.n! t^-* ^' 1I23 is

Pirp= (Pimt + f/E ) e +(vrnt - v*n2)- trt

Replsclng varlübles ln Eq.5.3.2 wlth mesn y8lues, yie cËn get

- P¡¡¡2 )t-*- (P6¡¡¡ - pimr )t-*l= K,*tn,P, (3.3.2s)

ß.3.24)

,-r.r tttu*

Combining 9qs.3.3.24 and 3.3.25, the P¡* ond Vu* csn be solved.

Referring Po os the 0BP, the relationship betyre€n l0p (meon and

pulsotion part) and OBP has bsen ôchisysd so thot OBp voristion can be

directlg transformed into the l0P pulsation. Bg ossigning the OBp without

stenosis in the ÊVS as statel snd the OEP \yith stenssis in the CVS as stote

2, the lOP meon volus ond pulsation part with respect t0 blood supplg from

the OBP bearing certain (10-908) leyel of stenosis severitU can be obtained

bg solving Eqs. 3.3.24, 3.3.25, and 3.3.22. This relationship can be

demonstrated bU the côse that stenosis is presented in segment I of the CVS.

The OtsP mean values haye been calculated from the l0 curvss in Fig. 3.2.2.

The OEP mean value without stenosis is 55.5 mmHg, which makes the

trsnsmurol pressurê equal to 210.5 Hg. lOP ond oculor voscular volums has

been chosen to Þe l5 mmHg ônd 32.37 ttl rsspsctivelU. All these data volues

are similar with previous puÞlished rssults for msn fCoWe80l. Corresponding

to each of l0 reduced OEP meon volues, the mean values of lOP ônd oculsr

blood volume ¡re solved numericallg through Eqs.3.3.24 and 3.5.25, ônd listed

in Table 3.3. 1. The lOP meon vôlue is rsduced along with the OBP reduction,

and ocular vascular volume is also rsducsd os a result of the transmural

prBssure reduction with the increased stenosis sevsritU. Furthermore, the

;.
,Å¿
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Toble 5.5.1 lleon volues of l0P ond oculor vosculor volume
as o function of stenosis severitg located in
segment Ê of the CVS.
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Fig. 3.3.2. oEP-l0P relûtionship rs 6 functì0n 0f stenosis
severltU loc8ted ln segment E 0f the CVS.



relôtionship between l0P pulsati0n ond oBp os o function of stenosis severitu

can slso be obtained bU Eq.3.3.22, as plotted in Fig. 3.3.2. This result

illustrates how the 0BP variOtion (st o certoin level of the mean volue) is

transformed to the l0P pulssti0n. The percent numbsrs indicate the

corresponding stenosis severitg, and lop Fulssti0n rsnge ryith different ûBp

varging range Ëre also morked. From this groph, it con be seen that ûtsp-l0p

relotionship is monotonic 6nd highlu lineôr, ônd the l0p pulsation range is

betìyeen I snd 2 mmHg which accords with the previous result [Adle6S]. Suctl

Ê relôti0n bet\yeen OBP 8nd l0p will conveg the 0Bpw, altered bu the stenosis,

to the ocular pulse waveform (0pH) which is direcilu related with the l0p
pulsotion. lt is should be noted the lop pulsation range does not chonge

m0n0t0niclu with the stenosis severitg progression due to the non-linear

0BP-l0P relotionship.

3.3.5 Ocular Pulse

The egeball is ossumed to be o perfecilg elostic, thin wslled sphere.

Five lager sondwich structure 0f the corneËl ryôll hôs been studied bg Mow

[Mow68l, in which it is ossumed that the c0rne6 is elostic ond linear. ln his

corneol model, the viscoelostic properties of the cornes was not considered.

These properties con be reasonoblg neglected because the pu¡soti0n period of

interest is short, compared with their larger time constônt. The linearitg of

the cornea is supported bg the foct thot the deformation of cornea due to the

l0P voriotions is small and falls into the linesr porti0n of its long time

displocement trend. Fig. 3.3.3 shows the corneo model, in which the cornesl

woll, supported bg the ciliary muscles, is meosured Þg three parometers for

the core thickness, internal, and externsl surface thickness. The internal snd

- 7t



Fig. 3.3.3. CorneË model



externsl surfscÊ thickness côn be c0nsidered equal, denoted ôs I

following dimensions have been used in this model:

Tgpical dimensions of the corneo

The

R

te,ti

hc

r

Radius of corneal sphere

lnternal and extern¡l surfsce

lager thickness

Core lager thickness

Holf of the corneðl width

Value

7.43 mm

l5 ¡m

700 gm

6mm

ln the simplified form where the stress in the cornea due to

vôristirn is onlg considerecl, the model for the radiol displocemenl

cornea aìong the z coordinate is expressed as

the l0P

of the

rn =(tu,îlÉae, (3.3.26)

where ÅH is the radiol displocement 0r oculõr pulse, ÂP¡ is the pulsation of

lOP, v is Pcisson's rotio of corneo, equol t0 0.3 Uull64bl, and E¡ is Voung's

modulus 0f internõl ond externol face logers of the shell. This opproximotion

forthe Young's modulus is justified since E¡/E, = ld-ld UullÊ4a1,,Ìyhere Ec

is Voung's modulus of the shell core.

H0ìy, the wag has been estoblished t0 obtôin the oPW driven bg the

pulsûtion of l0P. Therefore, both stenosis beared from lOP os discribed
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Fi9.3.3.4. OPW without stenosis.
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Flg. 5.5.5. oPWs ss s function 0f stenosis severltU locÊted
ln segment E of the EVS.
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eôrlier, snd elevsted l0P can be screened from the OpW to conform to the goal

of this resesrch.

As an example, Fi9.3.3.4 iilustrates the opw corresponding to the brood

supplg from the oBP os shown in Fig. J. 1.r2. The two waveforms (Fig.3.5.4

ond 3. l.l2) ôre veru similar, indicoting that the Opw direcilg reflects the OBp

sltersti0n as steted before. The amplitude of this Opw is ûbout l0 gm, which

is compotible with the published result in IHorv70l. Fig. 3.J.s illustrotes the

OPW as o function 0f stenosis severitg in segment g of the cVS. Associated

OtsPlr's is Fig. 3.2.2. lt can also be seen thot the 0BpWs ore direcUg

transformed to OPWs. similorlg, as discussed earlier, this set of woveforms

presents o complicated psttern of 0pW, in which the shËpe and phase

(frequencg content) are altered bU the stenosis existence. All 0f these

features can be traced in the frequencg spectrol anolgsis. lt should be noted

thot the oPw Êmplitude does not chônge monotoniclg yiith the stenosis

severitg progression due to non-lineûr dunomic ronge tronsformËtion from

OBP to lOP as stated in last section. This is different from Eest's result

fBestTlcl since the ocular pulse obtoined in his test is controlled bg the

sucti0n level snd the oPW is compressed. Another reoson for this difference

is thot the test subject was robbit, which hos phgsiologicol rtifference fr0m

man. From Fig. 3.3.5, it is cleor thot graphic analgsis is not suit€ble for ûn

occurate, non-contact screening method, ônd the BpW ônËlUSis with respect

to stenosis effect will be pursued in the frequencg spectral domain.

5.3.6 Summarg

Based 0n the previous model describing the mechonism within the ege



lco\{eE0l, û model 0f the eue w€s deve¡0ped uuilE4al. for €chievtng the

0EP-l0P relütionship. This model ls improyed with respect t0 the oBp-top

relati'nship ss E functi0n 0f either sten.sis severitu or Ievers of r0p. The

Þresent eue model crn Þe incorporated thr0ugh thts retsil0nship wlth the cvs
model. The c0rne8l model is sls0 presented ln this p8rt bôsed 0n the studu in
lll0w68l, IJullE4ôl s0 thõt the r0rrespondlng opw ös s funcUon of etther
stenosis seyeritu levels 0r leyels 0f l0p côn be 0btËlned. SimulËted results

Fresented ln thls secti0n rre comp8red wlth the preylous experimentðl dôtü

c0nsistenuu. The opv/ result from thls studu showed 6 much more

complicsted põttern besring the effect from the carotid stenosis, vfhich côn

be anolgzed more preclselg in frequencg domôin. This wlll be descrlbed l.n

next chapter.

5.4 DescrlDuon on the Sustem Structure

The ocursr pulse sgstem, ôs descrlbed 8b0ve, rncludes the models 0f cvs,
stenosis 6nd the eue. Theu sre simulsted using numericsl methods. The

ôctu8l computer progrÉm structure 6nd llstlng sre presented in Appendtx c

and D. The structure 0f thls sustem c0ntalnlng all the lnterconnected models

6nd unlts is shown ln F19.5.4. l. Seyerôl speclflc slgnôt , as well as others,

côn be 0btslned fr0m thls sustem. The AEp model produces AEpws vrlth

dlfferent festures, bosed 0n the bôslc tuplcsl AEp functi0n. The cvs m0det

takes an AEPW Ës ôn lnput. wlth the tntegrsted stenosls model, the cvs
model ffin produce not ûnlu the normsl oBp outFut, but Ëls0 the 0Bpws beorlng

the effect fr0m the sten0sis. The oBp output provides b¡rod supp¡u t0 the

oculËr clrcul6ti0n withln the eue. E6sed 0n the oBp-l0p relstionship in the

eue m0del, the opïy cûn be obtûined, which contôlns feôtures 0f either
stenosis 0r elevsted t0p. All 0f the results from different stûges 0f the



sustem côn be displÊUed ðnd monitored for further analgsis. All 0f the

detailed descriptions of the models have been given in this chopter.
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CHAPTER IV

A SETISITIVITY STUDY AIID PATTERil ETPLORATIOI¡

OF OCULAR PULSE

Based 0n the models described last chopter, voriations of the ocular
pulse sgstem on stenosis chenge, ABPW ch0nge, vescular bed change, ond

geometric pôrðmeter change of the cVS cËn be estÊblished in order to studg

the sensitivitu 0f OPw to either stenosis or elevated lOp. with these

variütions (all related to the l4th degree cvs model), methods for exploring

the 0PI{ pattern corresponding to severitg levels ônd locotions of stenosis in

the cvs csn be studied. These methods con also be used to onolgze the Opw

riith respect to elevoted l0P.

The voriations for o studg on stenosis ore clossifiert into 2J coses:

CASEI: The originËl côse \rith stenosis located in segment B of the CVS.

Variations for stenosis dlsplrcement:

CASE2: Stenosis located in segment l.

CASE3: Stenosis located in segment 2.

CASE4: Stenosis locoted in segment J.

CASES: Stenosis locoted in segment S.

CASE6: Stenosis locôted in segment 6.

ËASE7: Stenosis locoted in segment g.

Variations from CASEI:

CASES: Stenosis length, Lr, changed to 2 cm.



[45E9: Stenosts length, Ls, chsnged ts J cm.

N0te: Stretchlng sten0sls length rrl¡l increôse the visc0us snd inertial l0ss,

ös desüribed in the stenosls model.

EASEI0: AEp disstotic Ëmplitude decre8sed bU t0ß.

CASEII: AEP diast0lic smplitude incre8sed bU l0t.
EASEI2: ABP sustolic €mplitude decreðsed bU l0S.

CASEIS: AEP sustotic smplitude tncressed bU l0t.
N0te: These Ere onlu lineôr expãnsions 0f the AEpw. N0 neyl frequencu

content ls introduced bU these four cÊses.

CASEt4: l0P level decreased t0 l0 mmHg.

CASEIS: l0P level increðsed t0 20 mmHg.

Note: ln these two cûses, the opw is ðltered.

CASE l6: 0phthÊlmtc termtnsl reslstûnce Rl0 tncreËsed bU 20t.
CASEIT: Rl0 deceösed bg l0B.

Note: These two cases wlll incresse 0r decreûse the level 0f the cvs 0utput,

08P, snd ôls0 ðlter the trsnsfer funcu0n 0f the sustem. The resistËnce bed

R7 is sls0 chsnged sccordlngtU t0 keep the rail0 R7/Rl0 unchsnged.

CASEIE: Rsdlus, r, for eðch segment 0f the CVS increôsed bU 20Í, wlth

corresp0ndlng srteru yrsll thlckness, h, lncressed proporil0nsllu Þu

4ß to keeÞ the rstio r/h constsnt.

f,ASE ì9: r decreûse{l Du z0ã, wlth n decressed Dr0p0rilOnÊllu Þu 4g.

CASE20: Length, 
^2,îor 

eôch segment 0f the CVS increased bU l0E.

CASE2 l: Âz decreËsed bU l0E.

Note: These four c8ses wlll change the comp0nent values in the electric model

of CVS sccordinglU.

CASE2Z: AEP durôti0n chônged t0 0.4 sec with sust0llc F0rti0n 0.AS sec ând

disstolic portion 0. lS sec.

CASE23: ABP duration chûnged to 1.5 sec n'ith sustolic porti0n o.JS sec and



diastolic portion l.l5 sec.

Note: ln these t\yo cases, the ABP frequencg content hðs been chônged so thot

new frequencu content will be introduced int0 the CVS model.

All of concrete values for parameters chonged in each case from CASEI

are listed in Appendix B.

4. I Stenosis

ln this part, the variotions are opplied to analgze how stenosis presented

in the cvs affects the sustem outputs both in spotial and frequencg domoin.

studg in spatial domoin gives the generol onalgsis of the sgstem behovi0r

with respect to the stenosis, while in frequencg domoin, the methods 0n

finding the OPW patterns for screening stenosis (severitg and location) are

described. ln section 4.2,rhe same anolgsis methods \yill be epplied to the

studu 0n the effect of elevated l0p levels t0 OpW.

4. l.l Spatial Anrlgsis

CASEI is the originsl as used in lsst chüpter. The derivatives 0f CASEt,

(cAsE2 to CASET) csn Þe studied for the stenosis locËti0n. The method for
stenosis displacement along the cvs tree has been presented in secti0n J.2.

stenosis coefficients (Ky) are listed in Appendix B, modified from thût in

Table 3.2. I for stenosis locÊted in different segments. since 7 segments of

the CVS cõn be grouped to present the common csrotid (Segment l-J), the

external carotid (segment 5 and 6), and the internËl cõrotid (segment g and

9), most of testing results will be presented here onlU for segment 2, 5 ond g



ToÞle 4. L l Three ind8x numbers for stenosis in
segment 2, S, €nd E of the CVS
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without losing snu meüning for each segment.

Table 4. l.l lists the three index numbers achieved for stenosis locËted in

segment 2,5 snd 8. rt shows, as in Table 3.2.2, the dominant effect from

turbulent term, l1 ryhich remôins constant a$ stenosis moves t0 different
segments becouse it onlg depends 0n the levels of the ôrterisl occìusion. The

inertial effect, l¡, is still relotivelg smôll and constant os expected in the

development of the stenosis model. The viscous effect, lu, is significont 6t

l0rr level of stenosis whereõ$ it is groduallg reduced at higher levels,

compored with values of 11. values of lo are different ss sten0sÍs moves to

different segments. l, volues for stenosis in segment s ore lorger that those

forstenosis in segment 2 and segment E. This is because the orterial radius

of segment 5 is smoller, \yhich increôses the yiscous coefficient, Ku, and

reduces the Regnolds number. All of these results ôre similsr to those in

lYoCR75l.

Fig. 4. l.l and 4.1.2, together with Fig. 3.2.2, Ëre the 0BpW outputs f rom

the CVS for stenosis l0c6ted in segment 2,5, and g respectivelg. Stenosis in

the common or internol carotid (segment 2 or g) reduces the Ogp Ëmplitude

and veriation as it is on the path 0f bl00d flow to the ophthalmic ôrterg. As

stenosis moves to the externôl carotid (segment S), the blood flow in the

internol cûrotid is enhonced, as o result of which the tBp (amplitude and

varittion) output at the ophthelmic terminal is slighilg incressed slong with

the stenosis severitg level progression. llore and faster amplitude reduction

of OBP can be seen when stenosis is locoted in the internol carotid (segment

8) then in ang other places (e.g., segment 2) because the internol corotid is

directlg connected t0 the ophthËlmic orterg.
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Fig.4. l.l. oEPWs Ës I funcilon 0f sten0sis severltg
in segment 2 of the CVS.
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Fig.4. 1.2. OBPWs as a function of stenosis severitg

in segment 5 of the CVS.



The sôme effect cËn be seen from Fig.4.r.J, which shoïis mean ysrues 0f

l0P as a function of stenosis severitu locsted in different segments of the
cvs. F'r sten'sis in segment 5 and 6, mean values of lop keeps olmost
constsnt (a slight increase). lt h6s ô s¡ow reduction as stenosis moves t0
segment 1,2, and 3, ontt the reduction grows faster when stenosis moves

closer to the ophthôlmic orterg (segment E ond g).

Corresponding to the OBp supplg to the ege shown in Fig. 4.1.1, 4.1 .2 and

3.2.2,Lhe OPW resurts were schieved (Fig 4.r.4, 4. l.s, and J.J.s) for stenosis

in segment 2, 5, ûnd I respectivelg. Although the Opw resurt does n't shoïy

the cleor stenosis severitg progression pattern, os exploined in last chapter,

it still exhibits thot OPWs ore eltered differenilg bg the corotid stenosis in
different locôtions. The 0pws are so complex that it is difficult t0 ôpplg

grephic onolgsis methods ôs ueed for 0ther peripherol signol studies in
medicôl reseôrch. However, the frequencg content for eôch set of opl{s is
different, indicating thot frequencg analgsis methods con be opplied for
screening both stenosis locôti0n and severitg through analgsis of 0pt{ in
frequencg domain.

Voriotions from CASEE t0 cAsE2l are all based on CASEt which hos the

stenosis located in segment L These voriotions include stenosis length

chenge (CASE8 and cASEg), lineer amplitude exponsions of Atspw (cAsElo-

CASElS), lOP level changes (ÊAsEt4 antt CASEts), ophthôtmic peripheral

resistonce changes (cAsEt6 onrt CASEI?) 6nd gÊometric p€rômeter changes

(CASElE-CASE2l). Theg Êre treðted ôs one group since these vsriations are

onlg lineor expansions of certoin porometers of the sgstem in e smoll ronge,
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Fig. 4. 1.3. l1eÊn values of l0p as a function of stenosis seui;; ;tg,
location of stenosis is marked above each curve, the
loP values are percent agsinst the normal lop level
tS mmHg.
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Fig. 4. 1.4. 0PWs as a function 0f stenosis severitg in segment 2
of the CVS.
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Fig.4. 1.5. oPWs 6s Ë function of stenosis severitg in segment S
of the CVS.

-90-



r00

90

EO

70

0

Fig. 4.1.6

Ë60
fi=o

40

30

20

t0
r0 2t 30 40 50 60 70 8o 90

I stenosis
Mean values of 08P as a function of stenosis severitg
in segment E of the CVS for CASE t 6nd CASEB_CASEã t,
the values are percent Egsinst the normal otsp mean
value 55.5 mmHg, stondard deviotion is marked.

fLo
â{

01o2030405060706090
ß stenosls

Fig.4.L7. l1eôn values 0f l0p corresponding to mean values of
0BP in Fig.4. 1.6, the normal l0p level is lS mmHg.
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diôst0ltc poril0n 0.1s, (Þ) cucte l.S sec, sUst0ilc
porti0n 0.55 sec, dlÉst0lic poril0n l.tS sec.



6nd have the stenosis all in segment g or the cvs These chonges will not

moke significant spectral pattern ch8nges, as will be confirmed in the

following spectrËl analgsis. Theg ore discussed in preparôti0n for studging

the spectrôl põttern of 0PWs in the next section.

Fig.4. 1.6 and 4.r.7 show the OBF meon values and corresponding r0p meon

volues reduced bg the growing stenosis severitg. As can be seen, oll the

côses fôll into the some pottern with veru small standord deviotions. The

ÐBPws ünd OPWs of these cases, os o function of stenosis severitg, have also

been obtÊined, \yhich are similor with Fig. 3.3.2 ond J.J.s. Therefore, theu can

be indeed identified with the ssme group.

The lsst port of the vsriation cÊ$es ôre cAsE22 ond CASE2J, where the

ABPW is modified.The modificotion is bosed on the puÞlished result [GreeTBl

0n human heort rote for the AEp duration adjustment, ond the ABplv shonn in

Fig.3. 1.7 for the omplitude expônsion. The humôn heort rate spectrum hos

been classified into five overoged groups [GreeTEl as shown Ín Fig. 4. l.g. For

this studg, two extreme c6ses Ìyere chosen with he6rt durstions 0.4 €nd l.s
sec respectivelg. Due t0 the dursti0n change (sgstole and diastole), the ABp

frequencg spectrol pôttern for eoch group will be different, which causes the

sgstem output OPW to have new spectrôl potterns. The methods 0f finding

spectrol patterns for these two coses olso applg t0 other groups. ln the

clinical test, it is feasible to divide subjects into different groups, hoving

dif f erent spectrol patterns.

The ABP amplitude of these two csses wos chosen to be the stondord os

in Fig. 3. 1.7. Bg the linear alignment with this standard ABPW, two new
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0BPWs f,s å funetion of stenosis severitg
in segment E of the CVS with ths input ABP shown
in Fig. 4..l.9s.
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Fig.4. l.l l. 0BPWs Bs Ë6 function of stenosis severitg

in segment I of the CVS with the input AEp shown
in Fig. 4. t.9b.
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Fig.4. 1.12. 0PWs as a function of stsnosis severitg in ssgment B
of the CVS with the input ABp shown in Fig.4.l.9a.
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Fig. 4. 1.'l3. 0PWs as a function of stenosis severitg in segment E
of the CVS with the iiiput ABP shown in Fig.4. 1.9b.
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ABP\'/s were obtained (Fig. 4. l.9a and 4. l.9b). Both ABpws hôye obvious

frequencg content change from the stondord one. Sgstolic porti0n in

Fig. 4. l.9a is stretched with snocrotic antl cotocrotic slope in this portion

certrinlu reftuced and cotocrotic slope in diôstolic portion increËsed. The

opposite chonglng effect is sho\rn in Fig.4. 1.9b. These apparent frequencg

content chËnges will moke them hove different spectral patterns, which is to
be discussed in the next section.

Hith the two ABPWs ôs inputs tn ths srr1m, corresponeling 0Bpl{s and

OPW as outputs ore shown in Fig.4. l.l0-4. l.lJ. As can be seen, the similor
shrpe potterns ss the ABPI{s ore sho\yn in these graphs with more ripp}e$

occurring on the longer slopes os predicted.

4.t.2 Spectral Analgsis of 0phl

Due to the non-lineor distortion from oBp t0 l0p ûnd the direct relation

between the oculor pulse and pulsation of l0p, the opl{ õmplituds does not

have o cleor progression pËttern in order 0f the increôsing severitg levels of

stenosis, and the graphic pôttern of the opw, as displaged in l0st section, is
very complicoted. This foct indicates thrt screening the stenosis from opw

cÊnnot be accomplished bg using grsphic analgsis. As menti0ned before,

côrotid occlusion olters oPW to such o extsnt thot spectrol content in

frequencg domain h¡s been chonged as r function 0f stenosis locotions and

severitu levels. Therefore, it is reosonoble to think that frequencg spectrol

analgsis, which is more sensifiye t0 the ryoveform chonge, could be useful to

screen the stenosis.
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ln order t0 teìl the dlfference thot the caroild stenosls môkes 0n oply,

the spectrum 0f opw \yithout stenosrs ryss chosen Ës reference t0 be

comÞEred with other opws bearing the stenosis effect. ln the cllnlcûl test on

humËn subjects where the n0rm6l opw msu not be syôlìable for ô pôruculür
patient, this reference cün be shlfted t0 the 0p\y 0bt6tned from sn0ther sue

Þecûuse the cËrotid occlusion at o single side 0f cvs (usuallg the csse) is not

supposed t0 chËnge the opt{ from snother eue so th6t this opvl will keep

unchsnged throughout the stenosls deyel0pment. Theref0re, even slthough

0Pws fr0m þoth eues mEU be dlfferent (theu sctuûllu ûppe6r simllEr ln shüpe

IEestTlcl) for the heslthu cvs, the reference spectrum c€n silil be derlved

from the oPw st the side 0f cvs without stenosis. Thus, lt ls pr6ctic6l t0
tôke, in this studu, the opw wtthout sten0sls ös E reference Ënd ônaluze onlu

Its dlfference \rlth other opws beËrlng s0me level 0f stenosls st the same

side 0f cvs. Eu uslng thls dlfferenclng meth0d, the obtôined spectrôl

pstterns of 0PV/s will be m0rs stôb18, not be Ëflected bu lnflnlte vôrlsuons

from dlfferent FsUents, End therefore, unlyerssllu oppllcôÞ|8 to 6ll poilents.

Slnce the oPw amplltude En{t vsrulng rônge d0 not haye E cle6r order ln

terms 0f thelr correspondence t0 the increûsing levels 0f stenosls, € simple

tllfference bet\reen môgnltuda spectrË of th0 opw wlth stenosls ond

relerencs (ryithout stenosis) will not bs sble t0 reyerl the true spectrol

difference brought in bU the induced stenosls. Ths scoled spectrum bg the

relEtive dlfference 0f Ë{tJacent frequencu polnts ls needed t0 n0rmûllze ûll

the sFectra for unlform cl6sslflcÊil0n. The ph6se spectn¡m cünn0t be ch8nged

bu smplitude chÊnges 0f w0yeforms so thot the slmple dlfference between the

phûse spectrô wtlì be sufflclent t0 derlye p0tterns reftecilng stsnosls

Dresence in the CVS.
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Bssed 0n ôll thBse re8sons explsined sb0ve, Ë differentis¡ differencing

frequencg sp€ctrum for an 0Pl/ as a function 0f certsin level of stenosis is

defined in this studu, ond denoted ss DlFx. For the msgnituds spectrum

(llAGDlFx(i)), it is expressed 6s

(4.t)

where F(i) is the mÊgnitude of the discrete Fourier tronsform st frequencu

point i (or ith hermonic), SuÞscript '0" indicôtes the reference spectrum, 0r

the tronsform of the 0PW without stenosis, subscript 'x', to be substituted

for one of 9levels 0f stenosis severitg from 108 t0 90F, indicstes the

spectrum of the oPW with cert6in level stenosis. The mGgn,itude of the

tlAGDlFx(i) will trulg reflect the spectrum difference between OpW with

certsin level of stenosis in certoin segment of the CVS ond the reference OpW

without stenosis regôrdless of how the omplitudes of different individuôl

0PWs vary within the some level of stenosis. ln this w6U, this spectrum

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

The differenclng method con olso be 6pplied 0n the phôse spectrum. The

definiti0n for the phose spectn¡m difference (PllADtF¡(i)) is

PHADIFx(i) = Po(i)-Pr{(i) u.2)

where P is the phôs€ spectrol v6lue. With these tyr0 spectrum differences, the

spectrol pûttsrn for o certôin OPW con be studied for screening the corotid

stenosis from tPl{. This method cÊn be further Ëpplied to 6ll the wayeforms

to search for the spectrum difference.

HAGDIFx(i) - IFo(i)-- lo(i-l)l -
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Flg. 4.,l. l4 HAGDTF spectrum 0t the opw fsr cAsE l, spectr6ì polnts
are denoted bU g numbers correspondlng to g levels of
stenosis severitU from l0g to 909.
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Fig. 4. 1.15. PHADIF spectrum 0f the Bpw for EASE t, spectrËl p0int
ðre denoted bU g numbers corresponding t0 9 levels of
stenosls severltU from t0B ts 90t.



As studied in lost section, frequencg sÞectral pstterns 0f 0pws cËn be

gr0uped in different categories: (i) 7 patterns (CASEl-cASE7) for each

stenosis r0c6ti0n in 7 segments of the cvs for stenosis dispracement studg.

cAsEE-cAsE2 I can be grouped with the pôttern for stenosis roceted in
segment 8, (ii) and (iii) CASE22 ônd CASE23 are set to two different
cÊtegories due to the new frequencg content introduced bg ABp duration

ch6nges. Each category c'rresponds t0 eoch set 0f pôtterns for screening the

stenosis with l0 level severitg snd T locations.

The method f'r finding oil the patterns Ëre deveroped bg studging the
pattern forCASEl. The DIF*(|) spectro of 0pl{ in CASEI ôre shoy/n in Fig.

4.l.l4 and Fig. 4.1.15 for both mognitude ond phose spectra up t0 20 Hz (or the

20th harmonic). From these two spectrË, it c6n bs seen thËt the frequencg

spectrum change as o function of stenosis severitg progression. verg

sensitive difference value con be traced with rsspect t0 the leyel of stenosis

in that some frequencu component is increased ond others is reduced.

corresponding phase spectrum is also Ëltered bu the different level of

sten0sis. From these two spectra, the potterns of opw for 0 specific stenosis

con be investigoted.

The same spectrô for esch côses hûve also been studied for the pattern

exploration. Bg connecting the lines through each frequencg point for certain

spectrum (os connected lines shown in Fig.4. l.l4 for 908 stenosis) the

llAGDlFx chonging trend pôttern for oculor pulse ln eüch côteg0rg c6n be

obtoined (Fig. 4.1.16) without considering the l{AGDtF* vatues. The trend

potterns are onlg exômined for up to the l2th harmonic because the
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Fig. 4. 1.16 Trend patterns from HA6DIF spectra for different slots.
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severi tU for CASE I and ÊASEB-CASE2 I , level of
stenosis severitg and SD for each point are mËrked.
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Fig,4. l.l8 PHADIF Þðttern 0f the opw ôs 6 functi0n 0f sten0sis
severitU (progresston dlrectt0n m6rked) for CASE I
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Flg.4. 1.19. PHADIF pattern of the opW as s funcuon 0f stenosls
severltU (progresslon dtrecil0n mÊrked) for CASEz
and cAsEt9-CA5E2t,5D is môrked
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consistencu within the trends for CASEI ond ËAsEB-cAsE2t con onlg be

f'und in this frequencu r6nge. studg on these tlAGDrF* changing trend
potterns reyeôls s different groups \yith 0t leËst 4 point difference between

groups 6nd less thon 3 point difference within s group. These fiye groups 6re
(i) sl-s3, the common corotid stenosis, (ii) ss and s6. the externol côrotid
stenosis, (iii) SB ond Sg, the internol corotid stenosis, (iv) and (v) S04, SIS
present the intsrnâl corotid stenosis with different ABp pstterns as shown in
Ftg. 4.1.9.

The sôme kind of pstterns of thE 0pws for CASEB-CASE2r foll into the
pattern grûup (iii) with, ot most, two different p.ints. pÊttern groups (l),
(ii), and (iii) con be used to roughlg clðssifu the stenosis location as o

pre-step. This pottern seorch method for stenosis locotion studu côn ôlso

6pplu t0 the derivotive coses from cAsE22 ond CASE2J ûs the ,,yôu used for
CASE I -CASE2I

Potterns of the DrF* spectro of CASEr ond its darivotives, cAsEE-

cAsE2l, hove slso been studied for more precise classificotion of stenssis

with respect to lts severltg levels and locations. The consistencg for
spectrum voluEs of these cases ryôs found up t0 4 Hz for llAGDlF* ond 12 Hz

lor PHADIF*. For the PI{ADtF¡{, the prtterns for CASE 19, CASE2O, and CASE2 t

fell verg close t0 the pottern for CASEZ.

To show how the DIF* Fatterns of opw ore derived to clossifg levals ond

locations of the corotid stenosis, the llA6DlF* pottern for CASEI and cASEg-

cAsE2l, the PtlADlF* patterns for OASEI inctudlng cAsEB-cAsE tB ônd cAsEz

including CASEIg-CASE2l are giysn in Fig. 4.1.t7, 4.t.tE, 6nd 4.t.tg
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respectivelu. The stsndûrd devisilons (sD) are môrked \yith E dssn

designating the limit f0r e6ch SD. FOr overlËped SD, the longer dssh

c0rresponds t0 the spectrum for the higher stenosis. A exception is th6t 0nlu

one bold line cOnnecting Ell the spectrum points st I Hz ûf Fig.4. l.l7 v{ith0ut

dsshed llmit is used to mark the sD for Êll the sFectra due to their seyere

0verlEpping. From these spectrË as o function 0f sten0sis severitu, it can be

seen thôt the different sten0sis mðkes pron0unced difference 0n opw in

frequencu d0m6in. For each level 0f stenosis, the FËtterns 0f both NA6DlFx

6nd PHADIFx vsìues give I sFecific corresp0ndence. Although there ãre 5D

0verlapping for vsristi0n c8ses, the precisi0n 0f clôssifulng the stenosis

severltu level bu these Fôtterns can sUil be wlthln the levet dlfference 0f

20ß, as it cõn be trsced froffi these three grÊphs.

The DlFx patterns for CASEI End CASET mËU be grouped together €s one

tû represent E psttern for stenosis located in the lntern8l c6r0tid 0f the CVs

bec8use the ÞÊttern in Fig.4. l.lE, as c8n be seen, is veru slmi16r t0 thÊt in

Fig. 4. 1.19, and the PHADtFx patterns for CASEI9-CASE2t, Es mentioned

Ebove, slresdu fell into thÊt for CASE7.

N0w, the meth0d hss been estsblished for exploring the opw spectral

pEtterns f0r clssslfUing stenosis l0cËted in the lnternsl csr0tid wlth

precisi0n 0f the severitU level dlfference 0f Zot. The ssme method applies to

studuing 0n 0ther pÊtterns for 0ther c6ses. Slnce results fr0m studu 0n other

c8ses h8ve slso shown the ssme preclslon, the pstterns presented ln the

following ìvill onlU shoìy the three middle level sten0ses,l.e.,ZOß, Sot, B0B.

These three leyels Ere sufficient t0 cover the sten0sis severitU spön fr0m

108 t0 90t with the estäblished precisi0n 0f the level dlfference 0f 20t.
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Fig.4. 1.20 and 4.1.21 sho\y the tlA6DlFx ond PHADIF* potterns of 0pWs

f0r stenosis locoted in segment I (a), segment 2 (b), segment J (c), segment S

(d), segment 6 (e), ond segment 9 (f). These pðtterns, together with patterns

in Fig.4. 1.17,4. l.l8 6nd 4. l.lg, cover oll the locstions nhere the côrotid

stenosis can be presented in the CVS. Theg clearlg shov/ the spectrum

difference progression due to different stenosis severitg levels (209, 509,

and 808). Bg using the DIF* pôttern (with concrete volues os a function of

frequencg) for esch stenosis severitg level loc¡ted in certsin segment of the

CVS, the severitU levels and locstions of the carotid stenosis c6n be

screened from the oPWs.

It can be inspected from these Þatterns that some põtterns ôppesr

similôr both in shËFe ünd values becouse theg represent the stenosis in

ôdjôcent segment. These potterns (llAGDlFx end PHADIF*) con be classified

into three groups within which the potterns ore lorgelg similor. These three

groups 6re (i) patterns for stenosis in segment l, 2, ond 3, representing the

common carotid, (ii) pËtterns for stenosis in segment 5, 6, representing the

external carotid, (iii) patterns for stenosis in segment B, 9, representing the

internal corotid. Alth0ugh similarities Þetween llAGDlFx pûtterns f0r

stenosis in segment 3 ond segment 4 and 5, and between NAGDIFx patterns for

segment I snd segment 5 slso exist, these similorities Êre eliminated in the

corresponding PHADIFx patterns. Therefore, combined potterns (tlAGDlF* and

PHADIFx) hsve verU strong specificitU f0r classifging certain level 0f

stenosis (with precision 0f the severitg level difference of 208) l0csted in

certôin part of the corotid erterg (the common carotid, the externol carotid.

ônd the internal carotid).
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for CASE22.
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Fig. 4. 1.25 DIF patterns of OPW as a function of stenosis severity
for CASE25.
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F0r the other tw0 different cotegories 0f the põtterns, Fig.4. ,l.22 
ond

4. 1.23 show the llAGDlF* õnd PHAD|F¡ potterns tor CASE22 and CASE2J

respectiyelu. These pûtterns Ëre indeed different from onu of those shown

Ëbove, indicËting CASE22 ond cA5E23 reollg betong to different cotegories.

As explEined eËrlier, the reason for the existence 0f different cõtegories of

pÛtterns is thot the frequencg c0ntent is totôllg chünged due to the duroti0n

pûttern chonge of ABPWs. Therefore, for eoch cûtegorg, the söme set 0f

potterns of 0Pl{ as in CASEI-CASE2 I covering stenosis with vorging levels

from 108 to 90ß ond its locotion in one of the segments of the CVS con be

inyestigËted bosed 0n the põtterns shoìrn in tig.4.l .22 or 4.1.23. ln the

clinical studU, the suÞjects should be first identified f0r certoin cotegorg of

potterns ônd then, screened bg the patterns estoblished for thot specific

categorg.

Finallg, it sh0uld be noted thot the pstterns for the variotion cases,

expressed in CASEE-CASEZ l, ore verg similar Ënd con be treoted os one

pattern, os exhiþited in Fig.4. 1.17,4. 1.18, ond 4. 1.19. This result indicotes

thot variotions in a small rsnge 0n stenosis length (EASEB and CASES),

omplitude 0f AtsPH (CASElO-CASElS), IUP level (CASEt4 ond ÊASEt5),

ophthalmic psriphers¡ resistsnce (CASEl6 and CASEIT), and geometric

porometer (CASEIB-CASE2 l) do not moke pronounced difference t0 the DlFx

potterns of OPW with respect t0 stenosis s0 thôt the patterns ore quite

generolized ond stoble for voriotions. This finding is expected bg this pottern

studg which is t0 seôrch for finite potterns from on infinite number 0f

voriotions.
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4.2 Eleveted l0P

Gloucoma is charscterized bg abnormollg high l0P, or elevôted l0P. ln

the equilibrium stôte 0f the ege, the introoculor pressure iS môintôined ôt a

neorlg constont level l5-20 mmHg with variotion l-2 mmHg [CoWeEOl, as

sho\yn eËrlier. Abnormallg elevated loP mag result in on inadequote blood

supplu t0 the nerve fiber in the retino, cousing colìapse 0f the corresponding

blood vessels, or blindness. visuôl loss resulting from gloucomo connot be

restored. Present therÊpu is to maintoin the loP st o level v/hich does not

csuse further domage to the optic nerve [Ëowe8ol. Therefore, outpatient

screening of elevated loP is speciallu import8nt in preventing the dise8se,

gloucoma. Although the elevsted l0P is not olwags sufficient for impairment

0f bl00d supplg to the nerve fib8r, screening the elevoted loP is still helpful

ond plags on major role in diagnosing the potential glaucomo with other

clinical conditions IChKu73l.

ForexominingthesensitivitgofOPWt0theloPlevels,themeanloP

(P1¡) in the ege model is forced to be elevôted from 15 to 40 mmHg (Table

4.2. l). Corresponding vôscular volume is côlculûted through Eq. 3.3.25 with

the stôndÊrd oBP os shown in Fig. 3.t.12. As can be seen, the ocular vagcular

yolume is reduced with the increasing levels of the mean loP because the

elevoted l0P reduces the tronsmural pressure (P6 - P¡). This corresp0nding

relationship c8n be exsmined through the vascular rigiditg function as ststed

in Eq. 3.3.3. According to the l0P ond vosculer volume (ve) volues in

'lable 4.2.1vrith the mean vslue of oEP (P6) in Fig.3.l.l2 equûl t0 55.5 mmHg,

the rel6tionship betyreen transmurol pressure (P6 - P¡) ond oculor Yascular

volume (v6) is Þlotted in Fig.4.2.1. This relotionship is veru c0nsistent with
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T6ble 4.2.1 l0P level ônr:l ocuì€r vËscul€ir volume
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Fig.4.2.l RelationchiF between trônsmurol pressure and ocular

vascuËlr volume.
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previ0uslU published resuìt in IBestTldl, where thB vssculsr rigiditg function

(VR) was studied.

To examine the puls6ti0n of l0p, the oBp-l0p relstionship for the

elevoted l0P has elso been investigoted, shoyrn in Fig.4.2.2 in yyhich the l0p

level is eìevsted vrith the constant level of OBp and pulsôti0n from about 2

mmHg for normal lüP to about I mmHg for high level of l0p. The opW

corresponding to eoch level 0f the elevoted l0F is given inFig.4.2.3, in which

the effect 0f elevated l0P on OPW is clearlg reflected. As the l0p level is

elevated frDm l5 to 40 mmHg, the oculôr pulse emplitude is increosed from

about l0 to about 5û ¡m. Previous studg in [Horv70l hos shown that the

oculËr pulse Ëmplitude was increosed t0 28 Jrm 6fter the lÛP level was

elevated t0 30 mmHg. Similor result can be found in Fig. 4.2.3, yrhere the

oculor pulse omplitude is 25 gm ot the lÐP level of 30 mmHg.

Älthough the 0PWs in Fig. 4.2.3 show o cleör smplitude progression os a

function of elevsted l0P, it môU be still necessÊrg to investigate the spectrol

pstterns for eoch OPW in frequencg domoin for o more precise and better

clôssificati0n. The method for exploring DIF* pottern of 0PW, used in last

section in studging the effect 0f stenosis, olso applies to exploring the DlFx

Fsttern of OPW with respect t0 the elevüted lOP levels.

Fig4.2.4 and 4.2.5 show the NAGDIFx and PHADIF* spectra of OPW as a

function of l0P levels. Theg demonstrate clearlg that the elevated lOP levels

have the Þronounced effect on the OPW spectrum, the clear progression as a

function of elevsted l0P levels lor each frequencg component. Therefore, it is
verg possible to extroct o clear pattern from these spectra for screening

ilg-
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Fig. 4.2.2. oEP-l0P relsilonship as ô f uncti0n 0f the elevsted t0p,
ã const8nt leyel of oBp is SS.S mmHg, ônd the elevated
loP levels mÊrked ãÞove eEch curye.
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the elevoted l0P from 0P\{.

4.3 Summoru

Eösed 0n the ocuror purse sgstem model described in rost chapter, the
sensitivitu studu yrith respect to both stenosis ond elevated l0p levels is
pr0ceeded in this chopter. spotiôr onorgsis of uEp, r0p, opw shows thot
results from this sgstem are largelg comporoble with previous published

results, while reveoling new potterns of OBp ond Opw with respect to both

stenosis and l0P levels. The 0pl{ can Þe effectivelg analgzed ond described

bg the spectral pattern in frequencg domain. A new differentiol differencing

method (DlF¡) based on the spectrum of 0pr{ is defined and impremented in

the OPW pattern exploration ïith respect to both stenosis ond elevated lOp

levels. The results showed that the stenosis severitu level from l0t to 90g

with precision of the level difference of 209 con be screened from 0lFx
pottern of OPW with its locotion in one 0f sections (the common, externüI,

internal corotid) of the cvs. The lOp level mog olso be ünüluzed from Opw

both in spotiol ond frequencu d0m6in bosed 0n the s6ms method userl in

studging on stenosls.
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CHAPTER V

coHcrustoils Ar{D RECot{tlEHDATloHS

Stroke 6nd gloucom8 sre of m8jor concern to preventive medicine.

screening the plausible causes of the tryo diseoses, stenosis and elevated

l0P, is of greôt importünce for preventing the development of the diseases. lt
is possible to find ü single screening technique through an anolgsis of Opw

for screening both the carotid stenosis ond elevoted l0p within the ege

becËuse the previaus studies have shown their interrelationships ryith the

OPW lBestl, [How68l. Previous techniques and methods for screening the

blood vessel nsrrowing (o stenosis) and meosuring the l0p ond Opl{ from the

ege hove proved to be either inaccurôte 0r not reliEble ond simple enough to

ôpplu to the outpotient screening. A new accurote technique, based on a

non-contoct l6ser interferometrg meth0d UuKig4bl, suitable for outpotient

screening, has been selected Ës the one to messure the opw with the

resoluti0n less thon 0. I ¡m. The ultimste gool of this reseorch work is to
estôblish o non-contoct, non-invosive, reproducible, economical, outpatient

method for earlg screening of the stenosis ônd the elevÊted l0p.

Following the selected methodologg to the goal 0f this research, the

model of the overall ocular pulse sgstem has. been developed uuKiB4a,

JullS4al ond improved in this thesis work, including the models of the CVS,

stenosis, ond the ege. The method of achieving the opW anolgsis in this

thesis with respect to the stenosis ond lOp is: (i) modelting of the CVS to

obtain the output of 0BP, (ii) integroting a stenosis model to achieve OBpws

bearing the information on both locotions and severitg level of stenosis for
stenosis studg, and then, (iii) bU Bmbedding the ege model ï¿ith the CVS, UpW



is analgzed \yith respect t0 either the csr0tid sten0sis 0r the l0p levels.

Results from this studg have revealed that:

r rhe present cvs moder is 0f different specifrcitu from the Frevrous
m'dels f'r sustemic Ërterrsr tree. Thrs m'del is specrrilu intended t0
cleôrlu exhibit the oBp regulËti0n, ônd has the explicit expression (state

equailons) for its behôvl0r s0 thôt the sustem modiflcsil0n ônd

incorp0rsti0n of both sten0sis snd eue m0ders csn be eôsilu Froceeded.

2. The v€lidftu of the EVS m0del ls shown through its stûbilitu, ðccuracu,

sensluvitU t0 degrees 0f the m0del, Ênd ilneõrttU 0f the sustem. The

eigenvslues (T6bre i.r.4 or i.r.E) 8nd step resp0nse (Frg. J.r.9 or J. l.r0)
0f the cvs h8ve been studied t0 c0nflrm thöt the cvs modet ts stôble.

ônd the numericËl solution c0nverges ûfter 5 sec t0 E expected outFut

08P level Ët 75 mmHg wlth 6n err0r 0f less thsn I mmHg. Stnce

repeôted solutions 0f the cvs are required in the studu 0f the oversll

oculEr pulse sustem, snd computau0n wlth the 22nd degree CVS model is

time-c0nsuming, the 22nd degree hos been reduced t0 the l4th degree.

The l4th degree model Freserves the sËme structure õnd frequencg

response b6ndwidth 0f the CVS ûs the 22nd degree model. The

c0rresponding elgenvslues and step responses 0f the t\y0 models ôre

similür, indic8ting that the l4th degree model contoins most 0f the

fundamentôl frequencu csmponents Ef ne ZZnd degree m0del. The oEp

spectrsl dtfference in Fig. 3. l.l5 shorrs thôt the difference between

frequencu comFonents 0f the oEp 0utputs fr0m the try0 models ls m0silu

ìess thon l0-1. lt h8s 8ls0 been proved thËt the numeric8l meth0d for the

soluti0n 0f the EVS does not lntroduce nonllnesrltU becÊuse the

126 -



@_

difference between the impedsnce trËnsfer function End its numericollg

0bt'ined counterpart (Fig.3.r.r6) is ress thsn 0.07g f'r each frequencg

component.

The sten'sis moder con be integrôted into a certain segment of the Ëvs
model. The rerationship between the 0Ep .utput 0f the cvs and the r0p
(level ond pulsotion) within the ege c6n be obtsined from the ege model.

According to the cornea model, the oculer pulse is driven bg the pulsation

of l0P so that the oPW csn be 0nËluzed with respect t0 its relÊtionship

with either the stenosis (severitg levels) located in a certain place (the

common côrotirf, the externol cðrotid, the internal csrotid) of the cvs, or

the elevated l0P levels. The results about the stenosis effects,0Bp, l0p,

0nd 0P\{ amplitudes are comporable with the FreviouslU published

results.

4. The oBP ond luP levels ore sustemüticsllu redured bg the stenosis

severitg pr0gressi0n located in different pürts 0f the cvs. The results

for the OPW onolgsis have olso shown that Opw is verg sensitive to both

stenosis (severitg and location) and l0p levels in o complicated foshion.

5. The OPW is altered bg either stenosis (severitg and location) or t0p level

to such õn extent thot the anolgsis of its sensitivitg t0 these ty/o

effects hos to be fulfilled in its frequencg spectral domain bg o

dif f erentisl dif f erencing method.

Spectral snölUsis bosed on the differential differencing method hos

shown that (i) the 0Pt{ is sensitive to the severitg level of carotid
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stenosis from l0t t0 90t with precisi0n of level difference of 208, (ii)
lûcstions 0f the csrotid sten0sis (the common c6r0ud, the externsl

c8rotid, snd the internsl c8rotid) can also be trôced from the sÞectrum 0f
the opw, (iii) the different revers 0f rop fr0m r5 t0 40 mmHg can be

disploued fr'm ônËrusis of Opw b'th in spôtiör and frequencg domðins.

The keu contributions 0f this thesis ðre:

(i) gtudied the preyious models for the sustemic arterisì tree, ðnd improved

the presenilU used CVS m0del for the 0Ep regulûtion, whtch wss shown

t0 hûve more pr0per specificitU ðnd eûsier sÞilitU f0r incorporôil0n 0f

models for both stenosls ünd eue.

fil) ElËrlfted End conftrmed the vËildltu 0f the cvs m0del tn terms 0f lts
st8ÞilitU, Eccurscu, sensluvitU t0 degrees 0f the model, ûnd llne6rltU 0f

the sUstem.

(ill) tst8bllshed stsndðrd wôUs for the sustem ÊnalUsts, snd lõrgelU compôred

the bôsic sustem outputs (e.9., oBp, t0p, opw) yrith preylous reported

results s0 thst lt c8n be shown thst the sustem performs cl0selu t0

re8l itU.

(iv) Further develoÞed önd imprûved the present stenosis model for its
coefficient modification, integrsu0n in the CVS, Ënd studu 0n elther its
own snËlUsls (lndex numbers) or the displËcement along the CVS.

(v) Further devel0ped Ênd lmÞr0ved the Þresent eue m0del for lts
formulôti0n and oBP-l0P relsil0nshlp \yith resFect t0 the dtfferent
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stenosis severitU levels.

(vi) Defined e differential differencing method for the Opw spectrût analgsis

which is oble to reveal the sensitivitg 0f OFW to either stenosis

(severitg and locetion) or levels of l0P. This is speciollg important for

future screening of stenosis snd elevsted l0P.

(viì) Extensive spectral anolgsis of the OPW in this studg provides s bôsis for

implementing other techniques used in signol enolgsis. The developed

pÊttern recognition methods ônd ortificiðl intelligence (Al) technologies

con be merged with the results of this work to focilitate the further

clinical studg.

Further work required for this resesrch topic is rec0mmended os follows:

(a) 0pen-loop nature of the

limitation of the model.

closed-loop model,¡Yhich

bock on the CVS and ABP.

present model can be considererf ôs ð môjor

The future work should concentrate on a

includes the influence 0f the stenosis and l0P

(b) 0ther than its severitg levels and locotions, the stenosis should be

further studied with respect to kinds of deposits Ënd relôti0nship

bet\reen the shape 0f stenosis ond the blood flow post the stenosis.

(c) Detection of simultaneous existence of the stenosis and elevated l0P

should be studied.
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(d) 0ther techniques of signoì onolgsis, pattern recognition methods, ond Al

technologies should be further studied t0 estobli$h o intelligent

inf0rmation sgstem for the oculor pulse screening 0f stenûsis ônd

elevated l0P.

(e) Development of on accurate, non-contoct screening oppôrütus bosed on a

loser interferometrg method for measurement 0f OpW to be used in a

clinicol $tudg for the earlg screening of both stenosis and elevoted l0p.
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APPET{DIT A

Elements of State Equations of the ËVS

For the 22nddegree model lAfter UullA¿nl l.

x(r) = [ | t,v3,t5,v7, t9,V I l,t I 3,V I 5,t t7,V tg,t2 1,v23,125,V27,t30,

v32,134,V36,t38,V40, t43,V45 lT.

V45 is 0Ep.

c = [ 0,0,...,0,11.

D=0.

B = lt/tt,O,...,OlT.

A( t, t) = -R t/L t, A( t,2) = - l/L t,

A(2,1)= l/C,l,A(2,3) = -t/Ct,
A{3,2) = I /L2, 

^(5,3) 
= -R2lL2, A(1,4} = - | /L2,

A(4,3) = lltz, A(4,5') = -l/C,2,

A(5,4) = l/13, A(S,S) = -RJ/LJ,,4(5,6) 
= -tlLJ,

A(6,5) = l/C3, A(6,7) = -l/ts
A(7,6) = l/L4,A(7,7) = -R4/L4,4(7,8) = -tl14,
A(8,7) = l/C4, A(8,9) = -t/C, ,A(E,tS) = -l/84,
A(9,8) = l/15, A(9,9) = -RS/LS, A(9, t0) = - t/LS,

A(10,9) = llË5, A(l0,lt) = -t/CS,

A(lt,t0) = l/L6, A(il,t l) = -R6/16, A(il,12) = 
_11L6,

A(l2,ll) = llC6, A(12,t3) = -tlC6,
A(13,12) = l/L7,4(tJ,t3) = -R7/L7,A(13,t4) 

= -t /L7,

A( 14,13) = I /C,7, A( 14, t4) = - t/(C7R t 2),

A( ts,B) = t/LB, A( ts, ts) = -RB/LB, A( ts, t6) = 
_ t/LB,

A(16,15) = t/C8, A(16,17) = -llCB,



A(17,16) = l/L9, A(tZ,t7): -R9/19, A(t7,tS) = -llLs,
A( I 6, I z) = I /C,9,A( I E, I 9) = - t /C,9,A( I E,z I ) = - t lcg,
A( I 9, t E) = I /L I 0, A( I 9. I 9) = 

-R I 0/L I o, A( I 9,20) = - I /L I 0,

A(20. l9) = I /Ct0,A(20,æ) = - t/(CtORt4),

A(21,18) = l/Lll, A(2t,ZtJ = -Rlt/Lt l,A(21,2Ð = -tlLlt,
A(22,21) = tl1tt.A(22.22J = -l /(CilRtJ),
0ther element s ot AII.ZZ,l:2Zl are zero.

For the l4th degree m0del (slmilorlg using the ssme method):

x(t) = [ I l,V3,l5,V7,l l3,Vl5,l 17,V lg.tZS,V27,tJ4,VJ6,tJE,V40 lT

v40 is 0EP.

E, Ë, D Ere not ch€nged.

A( l,l) = -R l/L l, A(l ,21 = - t lLt,
A(2,1) = I l1l, A(2,3) = -l /Cl,
A(s,2) = tlLz, A(s,sJ = -RZ/L2, A(3,4) = -t/LZ,

A(4,J) = t /c,2, A(A,s) = -t /C.2,

A(5,¿) = l/13, A(s,s) = -RS/LS. A(5,6) = - l/LJ,
A(6,5) = l/Ë3, A(6,7) = -l /C3,4(6,t t) = -tlCJ,
A(7,6) = t/LS, A{?,7) = -RS/LS, A(?,6) = - t/LS,

A(8,7) = l/C5, A(Ë,9) = -llCS,

A(9,6) = t/16, A(9,9) = -R6/16, A(9,t0) = -l116,

A(10,9) = llE6, A(t0,to) = -ll(c6R7),

A(11,6) = tlLE,A(ll,ll) = -RË/LE, A(tt,t2) = -t116,

A( l2,l I ) = l/C6, A( l2,l 3) = - l/CE,

A(13,12) = lltg,A(tJ,tJ) = -R9/19, A(tJ,t4) = -ttLg,
A(14,13) = llcg,A(t4,t4) = -tl(cgRl0),

0ther elements 0f Al l:t4, l:l 4l are zero.



APPEI{DIT B
FARAI.IETER CHAI{GES III VARIATIOH CASES

OF CHAPTER IV
(Ch¿nçs h ¿ll c¿s+s are besed on CASEI .)

cAstz, cAsE3, CAS4 :

(coefficie¡ts of stmosÈ ch$g?d: mþ K" changed, K1, K¡ qæh*qed.)

C A5f,5 :

(cocfficimts of stcmsis ohençd : onþ K,, chrrgd, K1, Ki $rci,.rrgÇd.)

ß stenosk

KY

F sterìûsis

KY

ß stênúsis

KY

5 stemsis

Kv

5 slemsÈ

KY

ß slemsis

KY

ffi tos M 305 4û96 58 605 ?ffi
51 54 57 64 ?r fl) t03 156

0Í t 0ñ w* 30rB 4t' 505 6016

t35 144 tst t?0 1æ 212 2?4

8ffi gtg

2ã5 655

70Ë 8û5 Tlg
4t5 6?9 1747

805 905
't0t 8 %æ

7t5 soß 905

479 784 æ15

7g% g¡5 gftg

6y¡ I t32 29t I

?fxE 8tf6 905

1038 t6æ 4368

cAsf6:
(coefficienls of stemsis *ång?d: mb K,f ctrïqåd, X1, K¡ ,rEitïlged.)

C ASTT :

(co+fficimts of stemsis changed: ont¡ K, chäged, K1, K¡ rnch$ged.)

0g 105 æg sffi 4ffi sffi 60s ?ffi
ñ2 2t6 2% 2s6 æ3 3t9 4t0 623

m 105 205 38S 405 sog 60g
t56 t66 174 t96 217 ?43 516

cAsfS:
(coÊffhÈnts 0f slerþsis ñ¡ñgÊd: m¡J Kl/ dr*rçd, K1, l{¡ Ûnûr:rçd.)

CAST9:

(coeffbimts of stenosb chançd: ølfu K,, drarçed, K1, K¡ wrhrrçed.)

zä 240 252 284 3t4 354 456

33? 360 3?8 4?6 471 53t 6€.t

cåsfl 0:

Diôstolb ¿rplitudå of t€p È chanqed to T2 mr*19.

cAs€1 I :

:=: ,.':': '

_æ.-

- t37 -
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a:.,. '....
:.:;. .: ,::...

,**..t=,..:4.

Þi¡st(,lic ¡ftplitude ûf ABp iE chirìqed l0,?il mmHa.

tASt 1 2:

Sgstuìic rmpliirde of ABF is chang*d to l2É mmHq.

rlÀÈEt 3.

tri¿slùlir., årnFliludÊ is Èhsnged lo lE4 mmHg.

cAsE l6:
([orrÈsFonding R7 ¿tso ch¿nged t0 keÊp lhe råtio R7/Rt D ¡Jnchàngêd.)

Rl0 = 3856.0?9 ! c*-4 t-1 , B7 = 64?Ë.?19 9 cm-4 s-1.

CASE I7 :

(u'orresponding R? :lso chrnçd io keep lhe ratio R?/Rl ú r.rnch:nged.)

Rl0 = 28?2.86 g cm-4 5-1 , p7 = 4g2g.¡g9, arn-4,-f.

I]ASEIB:

SegmentlZSS6Ag
r 0.48 0.48 rl.48 ü.1 I 0.1 2 0.2 r 6 0.1 56
h 0.oaz4 0.0624 0.0624 0.0468 0.0?6 û.0468 0.0416

(toeffioients of sienosis aìso chanç,J: onlq Ku changed, K1, Ki unch¿nged.)

ñ stenosis rl$ 10F Zt% 30ñ 4DF- 50ñ ó0F ?0F BilS 9r:r$
K" 94 100 105 I lg tgl 147 190 2Bg 412 l2l3

cASt I 9:

Segmentl?3S6S9
( o.3? o.32 0.52 0.12 0.078 0.144 0.104
h o.osz6 0.0526 0.0s?6 0.0432 0.024 0.0432 0.0s84

(coeffi¿ients of stenosis ¿lso changed: onlg K" changed, K1, K¡ unchånged.)

S stenosis 05 tOS 209 B0% 40S S0S 605 ZûS gLìS gDF
Ky .l40 tsO lS? 111 1g{, ZZt 2gS 4gg ?Ð? |SZO

ÈASEzO :

Seqmentl2gs6ep
Á¿ 7.? 7.7 1 .7 9.? 9.9 6.6 6.6

[:ASE? I :

S€gmentl?5568?
À¿ 6.3 6.3 6.5 8.1 8.t 5.4 5.4
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APFEHDIX C

5IÌIULATIOH PRTGRAH STRUTTURE

{¡} Structure of the CVS section

¡ màtricÊs
,\ in state

equàtions ^BP+'J
åBP

¿nd m¡

values

Fig. tJ 1 . Structure of the rlVS FrBr:ess.

m¡lrices
in st¡te

tions

component
velues

eigenvalues of
måtrix 

^

Fig t:2. Strucuture of Eigenvelue rnûdulrl

ST ATE SOLYER
HrTH SïEllOStS

IIODEL

TR ITE IT

139 -



(b) Sturcture of the eUe section

qt
OBP .

fmean values
.u of tBP

¡ mÊåD Yålues
f or ocular

Y¿seulðr

meen values Ç
of ocular ? ¿ meån

ÁYa¡ues
m*ån YðIues

of OBP v¡sculer toP
Yolume Yolume

Fig tlJ. Struci.ure ul r'ÌleËn'dËluÈs Df lUp 13nü vÐ::ìrlulsr vcrlunle prûr:e5r;

Fig. t:4. 51.ruËture 01 rlEF-lDp reËlti0nshlp snd tlFl{¿ ËEr:lir:rn

{c) Structure of spectrûl analUsis section

DFT
mågnitude

f'lÁljD I F :jF Ðctrutl'r prtrDeËs

- l4n -

, mÉ¡n yå¡ues of IOP

DFT

Fig. tì5. stmctr.lre rrf DFT strÈr:trutl Frrtrless

Fi'1. |1Ê,. Struct ure of
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APPEÍ{DIX D

PROGRATI tISTIH6

(¿) Simulation of the llodels in WÂTFIV

//YAl{ J08 1=õS,T=zs}a.¡tlrER,l1$6il.rrfit=(t,t ),CtAS=t
//STEPI E)€C VATF td,SpE=76€(
//SYST{ DD *
$æB vATFil ItI.ER¡ffi}If J{ÛYARI{
//** *t * + ¡ *i ** r * * ** * * i* ** *t ** å*i** **å* * * * r r** ** * ** * * * ** t + * * i *t
I lr pffiXLE illù€: ETJI.ER (modifkd frorn l.hllg,{bl)/./.t tHls tæoti_E crl.æurEs ltE æ FIJûETH{ lJ$ñto Tffi sìAi¡ ¡wrrrui
I I * RTPRESEf{T AT ffi{ Of THE C'/S I,IOD€L .
/ / * (Elj.ER2 E TIE CORRECTED fyERStOt{ tr lt{ EULER.)IIX A IG{-T5€AR ELEI.,ÍIIT Of STET{OSF Ë A P*RT trTlf I€O€L AiD ITS//* FosfTut ts Þ€tÍf f fD BY tf .

I I * [fUÍ DATASTT Tyft: ¡rr8p
Ì lx OUTPIJT DATASTT Tt?E: @, STEHOSF FLOV, AI\D STEI{G|S pRtSStRE
//x DRop.
I I* V,iRIÆTE DETÍTIARY :

/ l* A :TlE STATE MATRÞ{ RfpREStt{IATffi{ tr T¡E Cr/S tiÐft.
I t* B,C : HFISTAÍII |'4ATRE[S.
I I * vK : TIE Fpt T DRñrf{6 FI¡ìET pfl.
I l* VÍ{ : TtE t}€¡rtþ€D fflrr DRrubG FI¡ETÍH.
I l* l€t : TtE nnt¡U. Anftm STAT€ VECTÍR.
llx Y :TtE üJTPIJT tfiCT0R.
I t* KP : TtE t{.t Ë€R tr HRÍþ,S 01rER yHEtt T}E nERÅTñ/t Sü_UIH{IIT ËTOBE APPRü{h,IATED.
/ t* LE : Ttf, IEATIü{ tr Ttf STETGF yIfHH TtG CVS t-iæ[t.
I t* nr : TIE t0cATüt $ Tt{ f{Iq.tüAR ttEt"ft{f t{ Tt{ sTåri Nrrnx:ll* N : Tlf SEE ff Tt[ STAft HATRD{.
I l* tlS : TIC tñ.l,SR tr m;{TS 0{rER fiG pERtD ( t$tÐ T0 DITERHIG
/ ì* Tlf, STEP SEE tr TI{ ITERATfitr} ).ll* ZZ :lffiülItTER.
ll* Lt€ : TtE IIDLETÀlrEt 0f TtE Sf$ÈftfÍ il VIIEH Ttf STEiüSEi tS
I l* Pt,tcED.
I lx LSt0: TtE LEiliTH tr TtlE SEG|-tHT n VlUt T¡: StEt*lSË S pt¡ræD.
I I * trE : Tlf RESE}T¡iÍ{CE tr Tt{ SEGt'IfiT fl yHH{ Tl[ SltHæF B
I l* PLActD.
I I * RSIG : Tlf R¡lDtE fF Ttf SËfiltÑT H Vt{Ht Tt{ STEI€SF F pL¡tCtD.
I l* Sf : TtÉ SCAIIE F ¡tCTffi FOR Ft0\d ytTHt{ Ttf STEIiæF.
I lr T¡IEP: TtE H.RATFËi fF ¡t8p Cfir_E (StC)
//***r**¡i***rrr***rr**rt*****¡**t**rr****r**rr***r******r***

Düßt E Pf,fCFHt A(æ2û).8æ),(2r)
Dd_BrE pRECtston vr(t æ0t ),¡{c I (20),( I (mr )
Þh'fit{sf}t Yt((t0t)
r{1E6rR KPI0c¡¡C¡pIrR¡s,flsl ¡z
RE¡rL tlE ¡5€6,Rtf ,RSE{},SF,T AEp

C RE AD nnn DATA AtÕ ASSEtt ttfCuTþr+.rOtetrctmT virRtA8tEs
q¡ú-t rtssFü(1,8,c,"1çllÈ j-tE,Lst6 ¡,tiE,rf ,rs.R5E ¡src,sr,*vÏ,xct,r/€P)

C RESC¡{IE 
'tlÐ t}ç¡¡O ñ{PUT DRrunl6 FLhET0¡t

- l4l
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CALL RESCALE(NP,HS,ïK,NR,IisI,VIH)
0rl 999 ¿¿=1,10

C L]¡]I'IPUTE STATE VECTOR USIN6 EUTER METHITÞ

üALL TDMSTATE(A,8,tlP,Ll,lt,L$Eri,NE,N,N¡-,N51,Rl,¡t,RSErj,sF,
* vft,Rrl I ,zz'Y.T ABP)

È rfRlTE DATA T0 D|SK
CALL VRITE IT{NR ,NS I ,Y)

999 D0HTmut
9TOP

EI.¡D

E

SUBROUTII{E ASSIGH(A,B,t],KP,LNE,LOC,L5EG.N,NE,NP,NS,PI{T,RSEIJ,
ü9F,3K.XCt,TABP)

c-----------------
Ë MDDULE IIAME : ASSIGH

C PURPÐSE :T0 READ lt{ THE HECESSARy VARTABLES ANÞ ASS|GN STARTtN6T 
'/ALUES 

TO EHTCUT IOI.I- I¡IDEPENDEI.{T UARIAFLES.
D

I VARIABLES :

rl NE :LtlCATl0N 0F THE STEN0SIS ELEI'IEHT t¡t THE STATEC MATRIX,
C N :Sl?E 0F TlË STATE ÞlAÌRtX.
C NS :NUMBER 0F Pû|NTS ûVER OHE pERtOD ( USED ttrC ÞETERMIIif THE STEP SI¿E OF THE ITERATIÛT{S ).Ll KP : NUMBER rlF PER|0DS üUER \tHtCH THE |TERAT|VEE SOLUTIÐN lS .lPPR0Xtt'iATED.
C A :THE STATE MATRIN.
C 8,C: D0NSTAIIT HATR|CES.
C XCI :THE lNlTlAL CURRET'IT STATE VEcTrlR.tl \/K :THE TNPUT DRIVINC FITNCT|0N.
C SF : THE SCAL|NG FArlToR FoR FLoV \i tTHtN THE STENOS|S.E tNE: THE lllDUCT AHCE 0F THE SEGMTNT tN \/H|CH THtI] STEHOSIS IS LOCATTD.
C ALNE: ARRAY 0F LttE FOR ? SEOt*,Iff{TSI] RIfi: THE RES¡STAf,ICE OF IHE SEI]MTHT IN vHIcH THEß STENOSIS IS LOCATED.
C ARi,lE: ARRAY 0F Rf'¿E

ç LSEÛ : THt LEt6TH 0F THt SEÐt'fNT tr{ \tHtcH Tt{€ STEH0SISC IS LOCATED.
C RSEo :TlE RAOIIS 0f ttf; SE6MEi¡T N VHTCH THE STEH0S|SC l{ì L0C¡{TED.
C ARS[6 : ARR r\Y 0f reE0 .

C DZ: THE LENGTH 0F THE SEGMEI'{T FnR 7 SEGMENT.
C L0C: TH€ LæATÐll 0F THE SIENOS|S tN THE ÊVS MODEI.ü TABP:THE DURATIOÍ{ 0F ABP ÊycLE (SEC)
t:
c------------------------

ÞDUBLE PRECts ttrN A(20,20),8(?B),c(zO),Å81 (.?D)

T MEI{S ION VK( I O 1 ) , ALHE(7) , ARNE(7) , lqRSE6(?) ,D¿(?)
INTEIJER KP,LOC,N,ft¡E,HP,NS

RTAL LITE,LSTIJ,RNI,RSEIJ,SF,T ABP
C REAIì INPUT ÞATA

READ (1,*) L'][,N,NS,TABP,HP,KP,LsE6

- 142-
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):.-, EEAD il ,*ì rFil),r=l,l'l),(c{l),1=1,|1).lrcrlr),r=1,f,{J
. l¡-¡¡i.:
,, READ(I ?.t 05XARllt(D,t=1 ,N?)
I nEÁÞ(l 2,1r15){ Al_NE(t),t=r ,N2)
. REAt'r.l ?,105)(ARSEG(D, t=l ,t'¡Z): ÊE ¿iD[ I 2, ir]s)i ÁRSEË(¡),I= I ,t¡2)

EEAÞ( I ?,105)(Þ¿(t), t=1 ,N2)
Þrl 92 t=l,H

E E AF( I 3,43.r(A( t,J),,J= 1 .fl)
52 ËLl¡lTfluE

, âî F0Ê|1AT{4C,15.7)

' Þ(l)=l 
'¡ÀL¡lE(l l

RE Atì(4,105X1/K( t),t= I ,101)
1¡]5 FÚÊMAT{,IE I5.?)

PEINT,LOC,N.I,IS.I,I?
FÊtNT,A(1 .1 j,B(r ),¡r(1),xrl1(1 ]
PRI¡¡T I n5,i ARt¡E(t), t= I ,[rZ)
pRrNT 1rl5,iAL¡lt(t),t= I .N2)
PR[,¡T I 05,(A85EG(l),¡= r,lre)
FRTNT t D5,(0U(t).t=I ,N2)

_ D0 55 t= I ,f.l
PRINT 82.(A(t.J).J=t,N)

' 53 [r]¡lTtÍ'tuE
. D AgSIüN STARTING UÁLUES

tF=t .gISE+s
LHE=ALNE(LÐc)

. RNE=ARTIE(LI]C)
, I'lE:Lrlrt+2- l
, RSE0=ARSEG(L0|])

RNE=({D¡(L¡]¡])-LËE¡j) /D¿(LOT)) +RNE

PRINT,LI,¡T,RI,II,NE,RSED,L9ED

RETURH

. EHr]

. FUNCTION ÞI"IAX(N,X):c
c
a

C SEARCH FI]R THE MAXIMI}I IH A OIE-DIMENSIONAL ÅRRAT OF NUI.IBERS,
C f'{ - BIMEÍ'{SNN OF TI{E ARRAY

: rl 11 _ THE oNE_ÞtMEt¡St0Nl{¡- ARRAT:c
rC
: ÞBIJELE PREC|S|0N X(l 0l ),DMAX

ÞMA)1=0.0
: 00 100 t=l ,N
, F (x(t).6T.DÌ,tAX) DMAX=x(t)
, lOO CONTIHUE. 

RETURH

Ef{D

't':, suBRouT[,lE RESCALE(Np.HS,\íK,nR,HSI ,V[{):C
:G
, C ÞÍ0DULE NAt'1t :RESTìALE
ic
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C PURPæ€ : T0 RESCALE ittÐ EI€AND Ttf, htpuT ÞRArhË FtflCTþit.
c
C V'{R|I.8LES:
C VK : TH€ ltfuT DRIVFIG FtË,¡CtE[,¡.
C liS : TIE tt h,EtR tr F0FITS WER OfìE ptRÐD.
C t*P : lifitt0VH.
c tPl,tRt,l{St : DÍ{t*iÉ fiO y¡RtAEtES.
C VFI :THt REStrt-ED $FuT DRÍV$6 FLTTETÐfl.C Wtl#{ : T}C H¡L\tF4$,t 0f TtE h¡}UT DRFi lt$ FtfËTfi{.C Vl : TIE IPUT DRtVtfiG Ftj¡ËT[*{ SÐÁLED T0 Ë0-t 40 fu.
c
c----------------

ggf!! pf,Ecls.tüt yoHA¡{pt.rirür,vr(t 0æl ),yt (t 0t ),v0(t0t )
Dô4NSþil tiK(l01 )

c
C RESCATE hPUf DRIVFß FUÎ€TH{c FoR 80 - t 40 l*tfr
c Fm t00 - t8Ð t'&t{G
c Fm 70 - 90 trt6

D0 tæ Ft,l0t
120 vqttsvt((tþ€Ð.0
CÍ20 V0(lÞtrl((tÞlæ.0
cr20 vqtFh4<(tþ?0.0

VSIAX=Df4¿\.{ I 0 l,V0)
vt(tFvo(t)
00 130 tst,læ
RnC=('/O(t+ I )-WD)*60.0/('c0t'1ä{-80.0)c RF{C=(V(t¡l}v(ù)*æ.0/(vt}l^X-tæ.0)

c RFtc=(vo(¡rt F|t€(D)*20.0{vslAx-æ.0)
130 Vt(l+l)=Vt(tÞRitc
C VRITE ABP
c t/RtfE(3.5SxVt(D,tst,t0t)
555 FfnilAf(4Er5.?)
c
C T}CAIS FPI'T DRHIË FIITTfr{ TO T{S PTS
C

tlR.lls/tf
l{P l=tP+ I
tfil=tR+l
NSI =tr6+t

c
c s0Att tpt T DRtvts FttGTflt FfR 0.8 - t.4 t&fiì
c

D0 110 Ft J,¡Pt
l r0 vr(tÞYt(t)/t.fi2

D0 l0l=l J.lPl
F(r.rQJSr) 60 T0 r5
Rf.lc=(yt (F¡t Fvt (t))/tR
Þ0 æ J=l,l'¡R

20 vN(ff *(t-rÞJÞvt(tÞ(J-r)*RhE
00 T0 t0

r5 vs(t*r(t-t)+tÞvt(D
l0 cs{Tf{.E
c

t44 -
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PETURN

t¡tD
c

SUER0UT[!E C0t'lsTATE(A,B.C,Kp,L¡lE,L9E6,NE,ft,f,{s.tÏst,R E.R5E0,5F,
+vtN.11ú1,¿¡,7,f ABP)

c----------------
c
C Ì10ÞUtE f'¡AME :CotlSTATE
L-

C PURPoSE ;T0 ç0¡1PUTE THE îTAtE VECToR UStt'lc THt EULER METHoD.
c
Ê VARIABLE9 :

ü ¿¿ :PtRrlENT STEH0Stg (i¿z-t)+t0g) BEtf,¡rj DALËULATtÞ[ 5F : THE îCALINO FACIOR FOR FLO\Í \{ITHIN IHE STENOSI$.I] LNE: THE INDUCTANI]E OF THE SEGI"IEI,IT I¡¡ I/HICH THE
c ÊTEH0S|S ts LocAlEÞ.
C RNE: THË REsIsTÅI.¡I]E I]F THE SEIJI4ENT IN !/HICH THEI] STENOSIS 15 LOI: ATED.
rl ¡lE :THE LÐtATt0N 0F THE 9TEN0S¡S tLfi"lENT tH THt
C STATT I'1AIRIX.
C XCI ;THE lNlTlAL CURREÍ,¡T STATE VE¡IT0R.
C Xç :THE CURRENT STATE VECTOR.
C A :THE STATE MAfRt)t.
Ç B.C : lol,lsTAttT t lATRtCEs.
Ê VIN: THE l¡lPUT DR|VING FUNCTt0t't.
C LSEO : THE LENGTH OF THE SE6MEÍ.IT ¡N \r'HICH THE STENOSIS
C IS LOCATTD.

C RSE6 :THE RADTUS 0F tHE âEBMENT tN r/HtCH THE STEN0S|Sû ts trlt}lTEÞ.
C CV.çT,Cl : CoEFFrCtEtttTS 0F V|SC0StTy,ÍURBULENCE, AND
C INERT IA.
I.. T : THE OUTPUT VEI:TOR.
tl TABP: TltE DURAT|0N rtF THE ABp CTCLT (SEC)
c
c----------------

DMENStoil FFSI (101 ),FFS2(I 01 ),FFS5(101 ),y2(t st )
D0|JELE PRECtStoN A(2û,20),8(20),c(20) ,D(20),F( f 0ûûr ),DF,DABS
Þ0u8LE pRtctst0N v tN( t 0æt ),xc(20),xct (20),xN(20),y( t 0001),yN
ÞoLtsLE pRECtStoN F5(t 0001 ),ÞFF( I 0001 )
II{TEGER ¿Z

REAL Ltf ,RflE.LSEo,RSEB¡KV,KT.Kt.prE,A0,At,cv,ct,çt,TABp
DF=0.D0

D0 99 t=l ,14
xc(l)=xc1(l)

99 CDI'¡TIÍÌLE

T ÀSSII]N VALUES DEPENDEI'¡T OI'¿ 3TENOS¡S DEiJREE

C (BASED I]II THE sEGT.1ENT Ê)
c

ÞD CA5E ¿¿
rlAgE 1

C OE STENOSIS

KV= I I 2.s
KT=0.0
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rj

c

c

tì

tl

t

È

c

rj-

t-

t
c

c

c

c

rl

c

c

K l=t1.0

I]AST ?
1¡lS STENrlSlS

KV=1?ù.0
liT=1 .01
Kl=l .?

rlAsE 3
2Og STTNOSIS

KV=l26.0
KT=1.21
f':¡= I .2

ÊASE 4

5ts slEN0Stâ
KV=142.0
kT=1.35
l.ll=l.?

IASE 5
40s sTEHtrStS

KV=l ã?.0
KT=l .49
Kl=l.?

CASE ó
50s sT${os ts

KV= I ?7.0
KT=1 .63
Kl=1 .2

CASE ?
6ts STEHoStS

KV=2?Ê.0
KT=l .76
Kl=1.2

CASE 8
?OS STENOSIS

KV=346.0
KT= l .9
Kl=1.2

rl Å5€ 9
8Og STENOSIS

KV=566.0
KT=?.ü4
Kl=1.2

CASE 1D

9rl% STENoStS
KV= I 456.0
t\,-¿.tÉ
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L

c
E

t:

c
L

c

c
c

c
E,

c
t
t:

Ç

Kl=l.2

END DASE

I,II]DIFY THE KV FI]R THE CURRENT STENÛ5IS SEü¡1Ef'¡T

VITH RESPEÊT TD IHE VALUE I]F KV IN 5I6¡'IEIIT É ATIÞ L5E¡]8=I

EV=lrl.l 8+KV/RSEü)+19E0
PRINÍ ,' KV=',KV

LALÈULATE tV.uT. AliD tll

PE=3.14159
rtv=KV +û.rl3l /(2 *PlE tRSEü * *3)

All=PtE iRSEli it *2
A t =A0 *(1 -(zz- 1 )*.1 )
ilT=(KT *0.5* I .05+((Aû i Al )- 1 I * +2lJ(Plt+ +2 tRSt¡i; +4)

rl l=(K l+LgEG*l .05) 

"(PlE*FSEo* 

+2J

^Ð 4D L=l ,KP
trû 50 K= l ,NSl

I]LIMPUTE HON-LIHTAR ELTIÍTNT LlF A

DF IS THE DIFFERE¡ITIAL ÈCALEÞ FLL.ìY UgEÞ TO COMPUTE

THE INERTIAL CTEFFICIENT TF THE STENDSIS.

F(XC(NE).NE.o) 60 To 2oo
A(NE,NEl=-(CV+Rt¡E) /LHE

Fs(K)=0.0
GO Tû ?50

?0o cu=(ct/(SF*XÐ(NE)))*DF
RS=CV+(CT *SF *D AtrlX¡¡¡16)))+CU
A(HE,HE)=-(RS+RNE) /LNE

Fs(K)=Rs
Fs(K)=FS{K)*Xc(N€)

c
C DOMPUTE NEV $TATE VECTOR

c
2s0 YH=0.00

D0 60 l=l,N
D(l)=0.Þ0
D0 ?0 J=l,H

10 D(t)=D(t)+A(1,,J)*tlc(J)
o(D=d¡)+B(t)*vtr{K)
xN( l)=xC(l)+D( D *T ABP/NS

c
C COMPUTE DIFFERENTIAL SCATEÞ FLÐjd FL1R THIS STEP

IF (I.IÛ.NE) THEN DO

Df=sF *D(t)

DFF(r.)=DF

TNÐ IF

D COIÍPUTE I]UTPUT VETTOR

l4i



E

ïH='i H+Cl l)+Xt(t)
É,0 coflTl¡luE

{r/rri-{r+¡

F(Ki=XÊl¡lE)+5F
IF iK-NE.NS 1) TI{IN DO

D0 82 t=t ,N
Ê2 xtl(l)=l{¡¡(¡)

ENO IF

Írl rlrlf,¡T ll¡uE

40 IBNTINIJE

C'0 Ê0 l=l .¡lsl .l0B
FFSl {Jj=Fâ(ll
FFS2TJ)=F(I)
FFsE(J)=DFF(l)

80 J=,J+1

"iRlTE(g.81 
XFFSI (Jl,J=1,1 0t )

!i E rTE(r 0,81)(FF12(J).J=l ,1ol )
'ï/RITE(1 1,Ë1 XFFSS(J),J=l,l ¡lt )

8r F0Rt'4AT(4t 15.7)
ÊETURN

ENTJ

I]
gUBR0Uf rf'¡E lr'RtrEll(NR,NSl ,Y)

c----------------
Ê

C MODULE IIAME :liRlTElT
î
tl PURPOSE : TDrt/RITE THE 0UTPUT ÐF THE EULTR M0DULE TD Dl9K.

ç
I] V AR IABLES :

C VtN :THE ll'IPUT DRIV¡N0 FUHCTIoN

T XC :THE CURRENT STATE VEËTOR.

C Y :THE 0CULAR Ê1000 PRESSURE.

ü---------------
D rMEf.¡S roN Y2( r 0 I )
DÐIJ8LE PRECISION Y(I DOTI )

E

C SELECT POIHTS TO BE VRITTEN

c
J=l
00 80 l=l ,NSl ,f'{R
l'2(J)='i(l)

S0 J=J+l
vR¡TE(2,9sXY2(D,l=I,101)

?5 F0Rt'4AT(4E15.7)
r PRTNT 8s,(t,Y2(t)rt=l ,l0t )
85 FoRMAT (5(' Y?(',15.)=',0! r.5.2X))

RETUR¡¡

TND

c
C IHE FIRST I'IUMBER IN THE OATA LIST CAN RAT,¡OE BE'TWEEN I AND 7,
I] åI¡D ÊI]RRESPI]NÞS TCI TI{E SETMENT I]F THE ÈV3 MODEL I¡I '''VHITH THE

C STINOgIS LIES.
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t
SEI{TRY

/i 60.FT0t F00t DÐ i
6,t 4,1 00æ,t .0,t 00,5,t .0
0.0,0.0.0.0,0.0,0.0,û.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
g q,g g,g g,g g,q 9,0.0,0.0.0.0,0.0,0.0,0.0,0.0,0.0,r.0
0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0

//æ.FT02Fæt DD DSt{=y¡úìt.At2.0æ6,DtSp=StR
1x
//6tlf T04[0Ot DD DSfi=yå¡{.¡ff .JtJtB?,DBp=StR

I /æ rT l?fúI DÐ Dsfl=y¡tti.At .CpTpFP=Srn

//mfTl 3Fæl DD DSt{=yAfi .At -t',fTXA,D6ÊSt*

//00.FTfl9F0tl ÞÐ DSSþYAfi .¡ú_2.sTtDRp6,Dtsp=st{R
l*
//00rTl 0Fæl D0 D€iltsyAfi .At2.sTEFtV6,.DFr=s*
/z
//HÌ.FTl lFmt DD Dstt=yi$.åt_2OSTtF[V6,DtSp=St*

{ 4YA¡t Jæ 't= t 0,T=s,,RBÍD,¡I{ÐLE vEL=(t ,l ),cr ASs=A
// tEC VATFH,SEE=2S6X
I /sTsfi DD *
$,Æ vATFtr RFtD¡fi¡nJrovARfl
//**t***r**r********+***t***rr************t***********t**
llt l40Dtlt H¡{Ì{:REÊD
/ lx PIJRFGI : T0 C¡¡,LdJtATE Ttf yASCl.¡.tR R€S¡ST ¡*C¡ B€D V¡*r¡S
I l* Fm Tlt CVS t{0f1.Itx SPIJI DAIASIT lT]f: CpT
llr üJTruT DATASET Tt?E: RÊED VAtfS.
//**r** r * r ** * * * * *r ** * r ****t ** ** **i * * ** **: å* *i * * * *t* ** r ***

Dr'4ftStü{ R(r 1)
D=lm.
Rl3=l .0€+4
H.l I
RrAD(t,0txR(D,tst ¡)8r FoRi4AT(4ff5.?)

Ê

vl =fiTYA(Rt s,RÄ)
F (¡r8qVf ) tT.O.ml) m T0 I

{ Rl SS-R!g
Rl3 = Rl3 + D
Y2-6€rvA(Rt sFfr)
F (ABSV2) IT.o.{mt) 60 T0 I
r ((v2 * vr) .6T. 0) 00 T0 3
ù = -Dl2

5 Vl -V2
GOTO4

3 F (AEqv2) .LT. ilss(vl )) 60 T0 s
D=-D
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ONTDS
I I]DI'IT¡NUE

FRtNt . Ê1 ¡,R15S'.81 3,Rl 55
R14=Èr.64rRt 3
PRI¡lT . R 14,R12,,R 14
9TOP
END

c
FUr¡CTt0N DETVA(R1 5,R,fr)
Þ tMff,{strlN R(t¡J

REAt R I 4,R1 3.R 1 1,R5É.?,REg,R I ?54,R[E,ROP,REX,R5
REA! V0,U2,VS
v0=73.
V2= 140.
R l4=0.64 tRl 3
Rl2=Rl 4

R567=R(s)+R(6)+R{7)
R89=R(Ð)+R(e)
Rl ?54=Flt )+R(?)+R(s)+Ê(4)
R¡IP=R(l I )+R13
RCE=R(10)+Rl4
REX=8567+Rl2
V5=(V0/R I 3)*R0p
Ps=RCt *RÐP /(RcE+Rtp)
'v'5=(r15 /RS) +rR89+RS)

RS=REX*(R5+R89)/(RtX+nS+Ceg)
VS=(VS¡rRS)t(RS+Rl 294)
TiETVA=VS-V2

RE'TURN

ENÞ

$E¡ITRY

//00.FT0lF00l D0 DSN=YAtt.AZz.CpT,DISF=SHR

//?AN JOB 'I= I O,T=5"'AÞAPT ABP"MSGLEVEL=(I ,I ),CL ASS=A
//STEPI EXEC !/ATF lV,St¿E=256K
//SYSIN DD *
TJOB \f ATFIv ADAPTABP,NOEXT,f.IO!/AR¡I
;¡ ¿lx * * * + + ** ** * ** ** *t *t **** *t *** * * t * * *t *** * t ** + *+ t
II* moDULE HATf: AÞAPTABP
I I * TH IS MODUI-E VORKS FOR TIIE AD APT ÀT ION OF ABP
T I* DIJRATION.

/ I x INPUT DATASET TYPE : ABP.
I!T OUTPUT DATASET TYPE: ABP.
¿/ r/** + i * ** * ** å** ** ** *** + * + * * * * t **+ * * {. * r ** * * ** r r+ r

DrmE¡{sroN vA(101),v(101)
RE ÀD{ 1 ,1 0)(vÅ(t),t=t ,l 0l j

r 0 FoR¡.lAT(4E 15.7)
C----llAl :SYSTDLIC PORTlON 0F Å8P(S0-140)
C----NA?: DIAT0LIC P0RTlON 0F ABP(80-140)
I]----N.I : SYSTOLIC P']RTION OF ABP TO BE ADAPTED

C----Nz: D|AT0LlÊ P0RTI0Í{ 0F ABP T0 BE ADAPTED
llA I =32
NA?=68
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N1=23

V(1j=0.t1
T S?STI]L¡I] PROTION ADAPTATII]II:

ll ll =lll + t

Þrl 2r:l l=z,Nll
A l=FL0AT(F t )çFt0AT(NAl )/FLoAT(N1J+ I .

tAl =rNT(At)
lA2=lA I +l
v(r)=v A(tA I )+(VA( tA2)-VA( tA I ))r(A t-FLü AT(!A 1 iJ

z'l frlNTtf'tuE
T DIATOLIË PORTIÛN ADAFTATION:

Nll =Nlt +1

Dù 50 l=Nll , t 0t
AI=FLI]AT(FN1 -I }*FLOAT(Í'IA2J./FLI]AT(N?)+FLI]ATi¡IAI + I ì
tA I =tNT(A t)
lA2=lA 1 i I

IF (IA2.üT.1û1] THEH DO

v(l)=vA(lAl )
ELgE DO

v(r)=vA(tA I )+(VA(tAz)-VA(tA I j) *( At-FlrtAT(tA I ))
END IF

t0 coNTt¡tuE
ri rlUTPlJl:

liRITE(z,roXV(t),t=t,tÐt)
STI]P
IND

$EHTRY

iiGO.FT0l F0Ðl DD DSN=YAtl. AEp.JUNB?,D |SF=SHR

//s0.FT02FD0l DD DSlt=YAN.Al S.ABp,DlSp=SHR

/ /YAN JoB
//STEPI tXtC \lATFlV,S|ZE=256K
/ /SYsIN DT *
$JoB tiATFrv cÌ4pNT,ti0txT,t¡ovARH
/ /** * * * **+* * ** ** ****** ******* *** ***+ * * å* * * * ** * å*ã* *t** *** *i *

lffiu-E H Al'Ê : CI.4PNTMTX
I /* THIS Í'IOÞIJLÊ COI.fIIÍE TIE COI,FOIfHT VALUES AI{D MATRIX A.
I /* 0f THt cvs t'40ÐEL.
II* OUTPUT DATASET TYPE: CPT; MTXA.
//****t**********************+****rt++**å+t++**Ëå********+**

Dü{Hsþfl E(7),l{7),RD(?).2(?).R(?),q?)
Dn4f{sEH A(14,14)
REAL PUAt,RAL,L(7),R?,RI O

N=?
PUAL=r1.031

RAL=1.05
PIE=3.141 593

C CALTULATE TI{E COMPONTHT VALUES üF THE È!'Ë MtlDTL
READ{l ,+XE(D,t=t ,tr)
READ(1.+XH(t),t=t,¡t)
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READ(1, r){P0ít),t=1,t'tl
REÀÞ{1,*l(¡(t),t=t,¡lj
REAc.'ll .*)R7,R1Ll
[,D1ul:l,lt

t(l)=E(lì+l.t+6
I O LìLìNT II,¡IJE

C'0 ¡D l=1 ,N
R(l)=fBl +PI-lAL,rl8 tPlE *lRD( D + +4)ll *¿(D
L(¡]=(9. rRAL 1(4. ÈFtE rRDrt) rRc,(D)j ã¿(tJ
¡:{l)=i3. *F tE *RD(r)**3/¡(2. +E(t) *Ht t))j*¿(t)

?0 cotìlTlt¡LlE
vRlTEi?,Èz)r.R{t),t=1,N)
\YRllE(2,8?)(t( lj, j= I .r,tj
'r¡Ê lTt(:,s2j{C[l),1= 1 .N)
\t'RlTE(Z,Êz)(RF(t),t= t,N)
¿/R ITE(2,Ð2 j(r(. ¡l,l= I ,¡¡j
YRtTt(?,8?i(H(t),t=1,t¡)
\iRlTE(z,BzXE(¡),t= t,N)
I/BITT(1,A?)R7,R1 O.PUAL,RAL

82 FoRM¡rT(4Et 5.?)
c ÇALCULAft THE ¡.1AfRIX A AF fHE SIATE EQUAftof! 0F [vî t{ßotl

N2=N*2
Þ0 30 l=l .N?
DÐ .30 J=l ,l'¡2

A(t.J)=0.0
3U DOI¡T¡UUE

A(r ,l )=(-t .)åR(1)/L(l )
A(1 ,2)=Êl .)iL(l )
N1=l¡- 1

Þù 40 l=l ,Nt
NR=l+ I

=t?-l
l3: l2+l
A(12,ll)=1./c(l)
A(12,13)=-1./r:{1,
Ltz=t2+t
Lll =L12-l
L 13:L l?+1

A(L ¡2,1ll )=l ./L(NR)
A(L 12,L l2)=- I . *R(HR)/L(NR)
A(L12,L l5)=- I ./L(llR)

40 c0trlT tPtuE

A(6,1 I )=C1 .)/c(3)
A(10,10)=A(10,11)/RB
A(l0,ll)=0.0
A(l 1,6)=A(1 t ,10)
A(1 1 ,l t-r)=D.tl

¡(la,r.ll=1.ic(?)
A( r 4.14)=(- 1 .j/{Ð(?)*R9)
D0 5t l=l ,fiz
TRrTE(s,1 051(Á( t,J),J= I ,N2)

5l Êl:rNllfluE
r ¡15 FrrRÞtAT(4E 15.7j

lTDP
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Eto
$iJ{IRY

//G0.FT0|F00t DÐ *
4 .,4 .,4 . ,9.,16. ,8. ,9.
0.06,0.rË,0.06,0.t45,0.025,0.045,0.04.
0.4,0.4,0.4,0.1 5,0. t,0.t 8,0. I 3
7.0,7.0,?.0,9.0,9.0,6.0,6.0
5õ55.6,32r 3.4
lx
//6ûfT02F0Ol ÞD DSI{-Y Afl. ir I 6.CFT ,Þ ËF=SfR
lx
//60.FT03Fæl DD D5Ét-YAN.At 6 -t,ÍTXA,D tSp=stR

//YAfi æ8
//SIEPZ EI{EC VATF Ërr,SEE-2561(
//SYS¡{ DO *
$Æ VATFIV EEEH¡mXT,l{OV¡rnfi
//r i *+ **r r ** ** t * tå* *r i* t i* rt *** * * * ** ** * * * r* ** *t trt *t
I I * HoÐ{LE ll ll,f : E El*rTX A
I I* TI{IS MMI.E É TO CAICII.AT€ EIGEHVATIJTS OF MATRD{ A.
Ì /* IJS!{6 A SÌ¡úOARD SJBRÍTJTIG.
// * r r r *i a i i ** i*rr ** ** *i r * i ** * ** * t* ** Ë*r * ** * * rå* **ii r

f{TE6ER H,tA,t_O8,E,ER
Rr.hL N?2,72\,\X/¿2'
cÊflExYt?2)Ã72FzJ
lA=tz
E=22
H=22
u0B-0
D0 30 t=t ¡

Rt ¡{D(2, I oXA( l,.r),.r. t,t{)
r0 FmMAT(4EI 5.7)
30 cottThtf,

C /rtt I IGRF(A¡,IA,T.(þ,YI,E,YK,ER)
PRFI' ,'ER-',ER
D0 æ t=t,tt

PRË{T ,V(Dæ cIfffl{Æ
STæ
ttt

$TMTRY

t,
I lîrt Íttãæl DD DSÍi=Yiìl{.422},ffxA,DFp.Stf;
l*
i /TAti fiS
//STEPI E)cC VAIFtr,SE€=256K
//sYsFt D0 +

$,JoB vAtFi/ sTEil,rü€xT ¡{ov^R
//*** ** r * * ¡ i rå ** ¡ rr *** t** ****rt * * ** * r r* r i* * * ** *t ¡ * * t* ** * * * I * t
/ l* l-d)H_i-E N¡rùf : sTtficsts A¡i,{¡.ysp
//* THIS I.,OHJTE Cß,PUTT TI{ STEI{OSts DRTP AND FLII!/ å¡{IÚ.YSED



/ 1+ +sr'r_¡¡-r r'.pE: rl.ltjEl]|.ltjl"lÉERs

i /+ l¡¡Fl-lT t¡ATÁSET T'/PE : tTtr'lrl5l:ì SÊLIF Al,lt¡ Flult At'¡0 tTË t)tRtuAT|/E
/i.* LIUTPUT ÞATASET TYPE:I"IEAI,¡ VÁLUE AI¡I' PEAK VALUE AI'IÞ THREE II'IÞEH

//+ t¡ut'1BtR5.
/.J+ + + + + + + + + + + + + + + * + + * + + + + * + + + + it + + * + + + + iÉ + iÉ + + + + * * + iÉ + t + Ji + + r + + + * I

FUI.¡CTION ÞMAX(N.X)
Þ rMErisroN x( I trt )
trl'1 AH= t .r:l

ürl 1Ð0 t= I ,N
lF (XiD.rj'l'.tl'1Ali) Þl'1AH=HritJ

I 
'lù 

|IDNT[iuE
RTTURN

ENT'

t-

FIJI{CTION ÞME AN(N,8)
0ll.ltt{lr t0r,¡ t(( 1 tl1 }
Dl'1t AH=0.Ð

Þ0 100 l=l,H
ÞME Alt¡=ÞME At.l+X(D

1 IJO IOIITINUE
Þl'lEAH=Þl'1EAN /N
RETURI,I

ENÞ

L

Þ r{.,tENS roN DRop( l0t ),FLÐli ( r û1),9uÊ( I 0 t ).DFL0!! (l0t )
DrMErisroN ÞM(l Ð),Dp( t 0),Fr.1( I 0),Fp( 1 0),REp( 1 0),ÊEM(10)
Þ rÌ.l€NS toH ÞFt( 1 0),ÞFP( l0)
DTMENS roN Dtv( I 0),DtT(10),D t( 1ûi
INTEOER ¿Z

REAL PUAL.RAL,STENL,STTI{R,KV,KT,KI,PIE,AP,AO,Al,CV.Ùf .CI
fl= 1 01

PUAL=0.031
RAL=1.05

I] FOR SEGMEI.IT 9 :

STENL=l .0

STENR=o.13

P IE=3.1 41 593
SF=l .333E+5
Þ0 lll ZZ=1,10

READ(l,l û5)(DR0P(|),l=l,Fl)
Rt Ð(2,1 05XFL0\i(l),1= I .H)
READ(3,1 05XDf Lov( |),l= l,N)

1rl5 F0RMAT(4Er 5.7)
CtM(ZZ)=DME AN(H,DR0P)
DP(ZZÞ0I.,1 AX(H,DROP)

FH(?Z)=DME AN(H ,rL0v)
FP(z¿)=Þl'l Ax(H.rL0!r )
ÞFI'1(Z¿)=DHE AN(N,DFLOl{)
ÞFfi z¿)=Þ1.1 Al,t(N,ÞFLD\{)
RtP(¿Z)=?*R AL *FP(¿Z)/(PlE ìËTttlF: +PUAL)

REt'(¿¿)=?+RAL *FM(ZZ)/(Rrr *51¡¡p +pU¡¡¡
Þ0 ËASE Z¿

EASE I
¡] |]g STEI'IÛSIS
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Krj=1 I î.:
KT=ü.0

K I=0.0
tÅ5E 2

t 0g StEt't09¡s
ii.V= 1 t¡].ù
KT=l .û7
Kl=l .2

îASE 3
.JÚg 

iTENÚSIg
KV=l ?6.0
Kf=1.21
i.i l= 1 2

IASE 4

30% STENoSts

KV=142.0
KT=l .ã5

'il=1 
.?

CASE 5
4rlg sTE¡¡osts

K\¡= I i?.0
KT=l .49
Kl=1.2

UASE 6
5OS STTNOSIS

KV=177.0
KT=1.65

CASE I
É¡Jg STENÚsIS

KT=1.?Ë
Kl=1.2

CAÈE 8
70ñ sTtilßsts

K!=5.16.r1
KT=l ,9

Kl=1.2
CASE 9

805 STEHoStS
KV=566.0
KT=2.r14

I]ASE 1O

9OS SIENMIS
KV=1,15Ë.0

EI.IF EASE

ADJUST KV VALUES FDR ÞIFFTRENT sTI]MENT LIKE III PTUIERz
KY=(0. 1 I *KVlSIt¡lR)*9TENL
FRIII¡T,R?
II'IPEX ¡]LII.,IBTR OF THE STENOSIS

rl

l:

¡l

c

'.4:..:.-. .,
'..*:;:.:. .
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I
:.4

t¡ iV(Z¿l=l¡,V /REPI¿¿)

DrT(¿Z)=0.5*KT*(1 /(1 -(¿Z-1 )+.1 J)-1 t++2
D {ZZ)=Kt+STENL *t}Fp(¿Z) +PtE *{STEt¡R + *2),i iFpfZ¿) * +?ì

1 I 1 C¡:INTII'{UE

!i RITE(4.8?XD lv(zz),ÞrT(¿¿),Dl(¿e).¿¿= r .t û)
82 FORMAT(3E I5.?)

vRrÍE(4,8 r xÞM(¿¿),oe(zz¡ ,¿¿= 1 ,1 
'1¡ïRITE(4,81 )(FM(¿ZI,FP(ZZ).ZZ=I,t rl

liR rTE(4,È I )(rFM(¿¿),0Fp(¿¿),¿Z= I , t tr)
VR ITE(,1,81 XRtM(¿z),REP(z¡),¡Z= 1 ,t rl)8r FoRMAT{U E r 5.?)
STOP

TND

$EIiTRY

//6s.FTO1 F00l DD DSN=TAN.A?.STEDEP?,DtsF=:ìHR

//Gû.FT02F001 DD DSN=YAH.A?.STEFLV?,D|SP=SHR

i /I]O,FTO3F']OI DD DSN=YAN.AT.DSTEFLv?,0 IsP=sHR

//60.FT04F00 I DC' 0SN=?AN. À7.STENAf,lA?,DlSP=SHR

//YAN JOB 'l= l0,r=5','PlvA',1-4S6tEVtL=( I ¡t)¡CLASS=l
// tITC V ATFIV.SIZE=?SÉK

/ISYSIN DD *
$JOB \{ATFIV PtI/A,I'IOE,1T,N¡O\{ARI{
//************r+*t******+*************++******r+*********
IIX I.IODULE NAI"IE :FIVA

Ì Ì+ PURPOSE : T0 CALCULATE THt MEAN UALUES 0F lOP AND 0CULAR
I I* VASIULAR VOLUI'IE

I l+ INPUT DATASTT TYPE: OBP

I I* OUTPUT DATASET TYPE: PIXVAX (Pim, Vam)
//*+ i* *+ r ***** *+*+** ** * * * r ** *** ** *** f * ** + ** * * * t T * ** ** * * **

Fl-[ìÉT Ðfi CALCVAX(PAx)
C THIS FUNCÎION CAIËI.JLATES THE VALUE TF VAX 8Y SOLVIHG
C THE RELATEF¡ ITERATIVELY

C STT STARTIHG VALUES

REAT A,B,C,D,F,O,CALCAAÏ,VI,Vz,PAX
COHHOH A,B,C.F,G
Þ=.1.
C¡rl-CYAX = 

,l.0

y1 =-(PAX- A * EXP(8 * CALDVAT()+ C) **(-0.60)+ 0 *
C ALOIJ(TALCV AX) + F

iF (AE5(VI I .LT. 0.0t0r ) ß0 T0 1

4 CALCVAX = CALDVAX + D

v2 = -(PAX- A + EXP(B * rlALtlVAl{) + C) ** C0,€,0) + 6 *

':ALOÛ(CALCV 
AX) + F

rF (ABS(Vz) ,rT. 0.0001 ) 60 T0 r

lF (V2 + r,'1) .rjT.0) 
'j¡l 

T0 5
6 = -ù12



60T04
3 rF (ABs(v2) LT. ABÈ(VI)) 60 TÐ s

u:-u

I RETUR¡I

ENÞ

f¿

[r tMË¡tË toN PÁ1i(?,1 û)
RTAL FIX,?AX,A,E,C,F,6,KALPHA,ALPHA,PIO,VAO,E,5F
II'¡TEIJER I,J,I¡,STEN
[0Mt'10¡t A.B,c.F ,0

t:

C REAF TDTAL I{UMBER OF ALL 9E6MEI.IT5 IN THE OATASET
t

REAP,fl¡,FI'].VÁO
CÅLL DETPAX|:N,PAX)

I] SET UP I¡IITIAL VALUES
¡:

K ALFHA=O.AO3

ALPHA=8. /5.
E=0.0?2

c
A = {ptB+sF¿rE)rEXp((-1 .)*¡+9¡¡¡
B=E
u = 511L
F = (PA8( | ,l )-Pl0) + *( I .- ATPHA)-(l .- ALPHA)rK ALFHA rAL00(VA0)
I] = ( 1 .. ALPHAJ *KALPHA

t:
D0 I l= t,N
!/RrTE( r ,6)PtB.VA0
Dtl 5 J=2,10
tlAX = DALCUAX(P AX(t,.ri)
PÞ(=A*tXP(8rVAX)-C
$TEN=(,J-r)rl0
liRtTE(t ,å) P tX,VAX

3 CONTINIJE

I C0flTI UE

6 F0R¡4AT(zE t5.7)
STOP

Et\Þ
t:

FIJT.¡CTPN MEAÍ{(O8P)
Þ ü'IENS loN ûBP( 1 0 I l
REAL TEMP,I4TAN
INTEGER I

rEt'lP=0.
Þ0 l2 l= I ,100

1? TEl"lP=TEÌ'1P+0BP(l)

MElrfl=TEMP/l tlO.

RETURN

END

E

9UBR']UT I¡IE ÊETP AX(N,PAX)
ÞtMEtistoN PAX(?,1 0),08P( I 0l l
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Í{TE6€R r.l

Rt At t'1 ¡ù{ ¡ F{,t'1E At{
D0 te t=l Ä
D0 l7 J=l ,10
REi{D(2, I 9X0EF(K).K=1, r ot )

t9 F0Ri4AT(4E 15.?)
PAx(t,JFrf Af{0æ)

r7 PA{t,JHAKt,J)*t00.0
't8 cot{tf{t E

RETI.Rft
flD

$EHTRY

I ,t 5.,32.57
l+
/ /G0 f T0 l F00 I ÞD DSlt=YAt{. A t 6.PXVX,D tSp=SrR
l+
/ /c€.f T02f00 t Do Dsfl=y¡r*t.A t 6.0æ6 p ts=st{Rt,

{ÀAil Jæ't=Ð,T=3M'¿tgpþp0p.J.tsflEvEr=(t,t ),cLASS=A
i /STEP4 t)€C VATF lv,s EE=256K
//SYSF{ DD *
S,Æ VATF R/ DBPtfVJtrXT ¡Oy¡rRil
//i* * * ¡** ** t ** **t* ** i*** ti å * ** *t ** * it* **i t* ** *: i it t* t t * * **
/ l* fæOlt-E tlAt",tE : OÊpþFF (mdifi{ frnn l.trlBtbl)
I Ì x TH6 t-{D{tÊ cn+urEs þp vARtATfI\6, ASSû.UTE Vr{¡_¡,ES AñD
I l* æRttf Al- D FPL rCrì,rEHT (æV). AS A FL$trT 0il tr CAR0TÞ
I l* sTtt€s$.
Il* lfür DATAS€T TYPE:08PS AS AFt tCTû{ 0f STEI{OSIS Fæ EACH
I l*
I Ì * CUTPUT DATASET TIP€: Ep yARtATfi{S, F ¡t8Sfl.t TE,AIÞ 0pV.
// * i å*** *****r* ** ** i*** *t ** *i** * it ** **i* **r ** * * ** * *** i *r tr

FIT€Ttr{ DT4KT{,X)

st^RcH Fffi Tt{ Hüi{.}1 ft A otf-D}€t{sÍilAL ,rRRAy tr t{.}€rRs
H - D}tffiìþti tr TIf ARRAY
x - Tl{ tr{t-D}4$6ft{ ARRAY

REAr Kt0t)pun
Dù,t1t4.72t76
DO ræ tstrt
r (}(I)ITDHN) DùTTÞKD

tæ cl}fTt{r
RfTrf
ffs

c
fl¡ETFn rcrt(xr.t)
REAI X(t01)¡rAfi
H1=tl-l
Sull-0.0
D0 I tst,flt
s{r+$}1+x( DI coliT;tf

sTffGF LæATmr ($cmilTs I -?)

c
c
c
c
c
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=_
.T

l'18 AN= SUI-I 1FL¡l A T (tl I )
RETTIRI¡

ENÞ
t'

c¡ rMtt¡s toN PAi I Dl j.üP( 101 l
ÞlMEflstotrt oPD IsP( I 01 J
INTE6ER ¿¿

ll=ltll
M=5
K=1¡l
T=1 .ûE-2

ü
NU=ú.3
H= 15.0
EF= 15.F84
RS0=(0.?43E4) * +2

L
Lì REPTAT LL'ìI]P FOR ÅLL ? STENTJSIS LOCATIONS
c

D !È l7=7 ?

E

D0 3 J=l ,K
c
I READ PO,'¿'AO FRLIM PIXVA}{ FILE.
C

RE AD(1 1 ,27)PO,VAü
27 FoRMAT(zE15.?)
c
C RTAÞ OBP FUHCTION FOR ËTENCISIS ÛN SEOI.,fNT zz
rl

READ(r,zxPA(r),r=t,f.l)
2 FORMAT(4EI5.7)

L=(J- 1 )*r 0
c
D SCATE II.IPUT DATA IT.I MHHT
c

SF=l .0E2

0û I l=l,N
I PA(l)=PA(D*Sf
c

6ALL 08Pr0P(0P,PA,P0,VA0)
VRITE(l 0,2X0P(l),1=l,H)
Þt4 Þl ,N
0p0Fp(rÞ((t -NU)*RsQ,r0p(D)/(4 *HrEF)

4 COT{T F{JE

0PMIN=DMltl(N,0P)
Þ t5Pt"l tN=DM tH(N ,rlPÞ t9P)
Þ0 I l=l,N
0Pil)=rlP( lF0PMlH
0PDISP(r)=0PDlsP(l)-DISPMIH
CONTIIIUE

c
c

lf R lTt(4,2)(ûP( l),1= 1,ll)



-- ITRrTE(9.?)(0FÞtSP(t), t= t,¡t)
6 FrlRMATi,tE 13.5)
T ÊN¡ITINUE

?9 ¡]ONTINUE

STOP

û'¡0,

c--- ------------- --:------ ------- --
ü fHIS SUBROUTINE IS fO CALCULATT OBP-)II]P INTEIJRAL.
C P --- ¡OP RESULT,

ü PAL --. ÛBP IHPUT.

î PO --- MEAN VALUE OF IOP.
rJ VAO.-- ME A¡¡ VALUE OF OCULÅR BLDI]Þ 'V'I]LUI4E.
c----------------

SUEROUT ¡NE I]SPIOP(F,PAL,Pc',vAI])
ÞrMEt'{stoN P( t 0t ),P AL(101)
REAL K A.KT,PO,VAO,MEAN,FME AN

INTEIJER A,I.-J
l,l= l0l

B=0.2
E=0.0?2
F=r1.208

'lR:0.0?4
KA=rl.BDS
STEF=0.1
KT=(E*Prl)+F

D STARTII{E VALUE FOR INTEORAL

V A=VA0
FpA0=r:VA+KT)/(KA *(((-pD) + * A)r +B)+rJA iKT)

C CÛMPUTE ¡NTEüRAL

DD 1 l=l .N
ls=lF lx(P Al(l)/sTEP)

ÈUl'4P=rl

C F II'IAL VALUE FDR INTEoRAL

VA=VA0
FP AL=(VA tKT)/(K Ar((PAL(D-Po)rr A)* *B+f/ ArKT)

T COMPUTE IT.ITERHEDIATE VALUES

Þ0 ? J=l ,lsl
VA=VA0
PA=J*SfEF
FP A=(VA*KT)/(KA*(((pA-po)+ *A)**8)+V ¡ *91¡

2 5UI'1P=SUMP+FPA
P(l)=(sTEP /2.0)t(FPAO+2.ü*sUMP+FP AL)

1 DONTINUE

PHEAIi=1"[AN(N,P)
Þn 90 l=l ,¡l
Fi¡J=P(l)-Pl'lEAl¡+P0

90 çoflT|NUE
RETURf'I

END

:}ENTRY

/ /Gü.FT0l Fû¡11 ÞD DSN=YAN.Al.DBP6,DlsP=$HR
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t

t
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.|

!

I

t
:

/ J6Ú.FTI]ÉFOIJl DÞ DSH=YAN.AI TRI]E.ï]PV ARÉ.û I5P=SHR
/{
//60.FTt9Fl:rrll DÞ ÞSN=Y Atl.A I TRUE.0p\{6,crt$p=SHR

/ /riD.FT l0F0Ð I ÞÞ Þs =y AN.A I TRUE.ttrpAFsó,Drtsp=9HR

/,iDO.FT I t Fûot DD DSN=yAN. A I .plqvxó,D|SP=SHR

/./YAN JOB 'l=50,T=40','SpEtTt"l,,MSriLEr/EL=( I , t ),qL ASS= A
i /STEPS EHED \r'ATF tV,g tZE=ZS6K
l ISYSII'¡ DD T

$JDB VATFIV SPEÐTH,HOTXT,HOV ARH
1/r*+*r****+r***+*rr**+*r+*****r****+r+*r+**+iå*i*+*å+*++*++*
/ !+ MüDULE |{AME :SpECTt"l (rnodified from [Ju 84bl)//+ THts MoDULE trlMpurEs THE DFT spEcTRUH 0F A siGHAL.
I / + lllPUT Þ AT ASET TYPE : !/ AVEFORM AS A FUi{CITON OF STENOSTs LEVELS1l+ 0UTPUT DATASET ÍYFE:MA¡iN|TUDE AND pHASE DTFFERENCE SPEÊTRA.
/ 1+ ** + ** * ** r * * + *** * + ** *+ * * * * + * * + t + * * * * + * + * + ** *+ i ** ** * ** * * * * * *

SUBROUTINE DFT
t:
C PURPÐSE

T THE PRO6RAM CAI{ BE USET TO EVALUATT THE ÞISCRETI FOURIERC TRANSFORM (SFT) OF AI.I N POIi{T SI|¡UEI.¡TT OF DI]MPLEX NUMB€RS.I IT CAI.I ALSO EVALUATT THE ìNVTRSE DFT.
c
D METHOD

T THE PRO6RA]Y IS BASED OIìI THT DEFII.IITION I]F THE DFT AND ITSË f.¡vERsE.
c
I] USA6E

c rIALLûFT(H,NCHûCE,X1¡2)
c
C I.I - THE I'¡UI.1BER |]F GIVEN ËOT4PIEX HIJI"IBERS
T NCHOCT - NCHOCE = -I TO I]O¡,IPUTE THE DFT, AND NCHOCE = tC TO COI.æUTI Tffi F¡VERSE DFT
ç Xl - THE T{AI-,Ë OF THE II.IPUT ARRAY ïHICH HOIDS THTC SEOUEHST TO BE TRANSFORMED
Ë ,<7 - fHE IIAI.,€ OF TH€ OUTPUT ARRAY VHICH HOLÞS THEC STOUTI.¡CE OF TI{E TRANSFÛRI"{
c
T SUBRAJTF{ES AI\Þ FIJI{CÎIOT.¡ SUBPRÛORAI,4S RETUIRIDc t*otfi
rl
C REMARKS

C DOUBTE PRECISION IS USED IN ALL THE CI]MPUTATIONS.C THE IIIPUT ÞATA ARE TI, NCHOCE, ANÞ i1I. THE OUTPUT IS }{?.
c

SUBRüJT tNE DFT(N,|{CH0CE.Xl ,X2)
C0MPLEX r I 6 X 1 (N),Xz(H),!i ,CD,CDEXP
l{=(0.0, r .0)*6.?831 Ê530?1 ?96/0FL0AT(H)
D0 2 K=l ,N
x?(l()=(0 .0 ,0 .0)
D0 1 l=l,N

l15 1



T
I
.'

i
I X?(Kj=X?(K)+X I (l) TCDEXP(N'H0CE rt/ Ël t- 1 j r( K- I Jj

rF i¡¡rlH0rlE.rù.- I ) ;12(K)=X2(K)/DFLrt AT(NI
2 COI'¡TIITUE

RETURN

END

t:

co¡.1pLEXrf É, xl(l 0l),f2(t 0l ).xtN(t 0t j.,\out(t 01,1 0)
Dt]MPLEH SI¡¡GLE

ÞrÌ.1E¡{StoN R(l 0l,1 0),Jxy(zj,Xy(40.2),.,'{K{1 01,21.?0(l 0t ).'/1 (1 01 )
Þ ll'lEllsl0 n/K I {40),',,VK2(40),gDFT(t rlt , t rl)
II'ITEßER ¿¿

REAL F I

PIE=5.1 4l 593
ll= I 0l

lll =21
¡¡2=N-l
K=10

C REPEAT FOR EACH STENOSIS LOCATION (SEOI.,IEITT9 f -?)
Þtt 99 7?=7 ,7
DO 5 J:I ,K
READ(z,1 I l )(R(t,J),t=t ,H)

1I I FllRÌ1AT(4E I 5.?)
DÐ 2 l=1 ,ltl

2 ](l(l)=cMPtx(R{l.J),0.E0)
cALL DFT(t't2,-1 ,X1 ,X2)
Þ0 3 t=t,¡fl
x0UT(l,J)=x2(l)
90FT(l,J)=c0 ABs(X2(t))
s rNcLE=82(t)
R(1.,1)= ¡T ¡¡210 

'*AC(s 
tNotE),RE AL(str{GtE))

R(r,J)= r È0.0+R(t,J)iPtr
5 ÊONTINUE

'TiRlTE(l 7,1 I 1 XSDFT(l,J),t=1,Nt )
5 DOI{T INUE

Þ0 Ë J=z,K
Þ0 7 t=l ,Nt
P(l,J)=R(1,1 )-R(t,J)

7 DOÍ'ITINUE
\dRrTE(l ,r r rxR(t,J),t=l ,Nt)6 DÐNT IÍ'IUE

99 COT.IT IHUÊ

STOP

{t
$ENTRY

//rio.FT0I Fß0I DD DSN=YAN.A1 .0F,,{6.FHA0tF,0 tsp=sHR

¡'lß0.FTn?F00.l D0 DSN=YAN.Al .0PY6.D|SP=SHR

//60.FT 1 7F00 I DD ÞSfl =YAN.A I .0Pr,r'6.DFT,D |SP=9HR
Jx

/¿¡YAH JOB'l=50,T=2','SPEÞlF',MSÛLEVEL=(t,t ),¡lLA5,5=À
/19lEPÉ. tXEC VATFIV .51¿E=256K
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- lri3 -

Y
/isTSlN trt¡ +

$,JrrÉ "ri åTFIV sPEBlF,l,¡rlEHT,lÌl0tARN
¡¡r¡++++++*++*++***+**+;**+*+*ì+++*++***+++rt*++iå*++**+*++*+
Lì+ t"trlDULE HAME :Sptt)tF
I I + TH!9 I'IIìDULE IS TO cALTULATE I'IF ÍFEI:TRLII.'1.
! / + I¡IPUT DATASTT TYPE : ÞFf SPEçTRUI'I.
./,,+ I-II.IÌPUT T)ATASET TIPE: ÞIF SPECTRUM.
,1/**+*+***+***r**+*+****+ t *iÉ + ++ *+ + ++ +++++iÊ++ ++*t*++*i åË*+{.

::ìUeFr¡UTlllE 0lF(5FE)
REAL rPEi¿ l.l,Ëi¿ l.i

:. ._,,-i.cr':i_.,F,.¡ r_ I i'¡ /!-pFll_t \
j I Ltrll'lTll'I_rE

i\ft 'it't i=, )1

i¡Ft(!)=Fr(i)
¡ñ .f,r,tÎ¡r,¡l|F

:-rPE(t j=R(?j

RtTLrRl.l

Èl1u

rl

DIl,ltNSlrlN R(21 ,10)
INTEOER ZZ

ll: I rll
M=21
Itl2=li-1
H= l0

Ê0 99 ZZ=7,7
ÉE AÞ(r ,l l(R(t,1.Ì, t= I ,N1 )
rIALL DtF(R(I.t))
D0 5 J=2,K

READ( I .l )(R(1,.J),t= I .N I )I FORMAT(4E15.?)
CALL ÞIF(R(I ,J))
D0 l0 ll=l,Nl

R(il,J)=R(il,t !R(il,.t)
l 0 rl0NT f,luE

VRTTE(2,1 XR(t,.J),t=r I¡l )5 |]ONTINUE

99 {l0t¡TtNuE

STOP

ENÞ

$Et{lR'/

1/G0.FT0lF001 DD DSN=Y Érl{.,41 .0P1t'6.DFT,0 tSP=SHR

/ /IjI].FTO2FOO 1 DD DSN=YAN.A f .OP\t'6,DFTD IF,D IsP=SHP



----l{

{b} Plotting on llAC in tiôcrosoftBûsic

t40ûULE : FLûT !/AVEFORM
THIS I.,IßDI-ILE IS TO PLOT AHY \f AVEFITRM OUTPUI
FúRr-l THt t"10DtLS.

REÞl ---- I"IAII¡ -FLOT ÏÅ'I'EF¡]RÞI-'
I:IPTION BASE O

Þlt1 úBFi1t:Jrl,!)
Vl0E=426 '6 T CHES

HltiH=557 "ë ¡HCHES

l0oRX=B
e0úRT:609 'S TNCHES ,THts 

tS THt FRAME 0F THE CHART.
ttRïN=l I

¡¡l=t0rl:t¡2=9
F ltEfl A|'1E$=F ltES$( | ) 'L0AÞ¡NG THE DATA pgtNTS.
lF FILEHAI'IES="" THEII END

0PEN FILENAI4E$ FoR tNPUt AS rt
FoR l=û T0 Nz
FoR J=0 T0 Nl

triPUT s I ,08P(J,¡)
NEXT.I

NL¡t I I

cLttsE *t

Rtfl ------sËAtL[,10---
Þll4 TSET( I ):D lM YSET I (1 ,9) 'YSETI t{OtDS THE MAX p0ntT 0F THE TEN cURVEs.
LìLISUB l'1ll,lHAX 'YSET(l) H0IDS THE t'.1lti At\Þ MAX VALUE 0F THE ÞATA potHI5
SRID,H=INT(DRTN/5 * 100+.S)/ I C¡0

TsET(rr)= tNT(ysET(0))
6RIDY=lNT((YSEr( I )-ysET(0))/6)
YSET(l J=YSET{l )+riRlDY/5
X=Y5ET(I])+ORIDY*?-YSET( I )
XG=0RlÞY/E
lF X<XG THEH YSET(l )=GR IDY *?+YSET(0)
ËRDLEIi=Y5ET(I)-YSET(O)

REr'.1 ----- 0RAPH-----
D lM 

'iX(S) 
:DlM YY(?):0tM PATTERN$(I) ,GRID 

L tNE.
\f INDÙ\' ËLOSE I
vrNDo!/ 3,"CRAPH ",(0,0F(46O,?00),3
VIHDOV OUTPUT õ

CALt SHO\ÍPEN

CALL FEI{ÞIOLIE(9) :ü ALt TEXTMODE(I)€ALL PENSI?E(1 .I)
PICTURE LIN

GRID:

X1 =È00RX+45 :X2=C00RX+VtDE :XLEH=X?-Xt
Y 1 =C00RY-20 :Y2=f,00RY-Ht6H :yLEN=y I -y2
P ATTERNS(O)=&HFFOT]:P ATTERNfr( I )=O
F AÏTERI.¡E(2)=&HFFCIO :P ATTTRN%(3)=O



I:ALL PENP AT(I/ ARPTR(PATTERI.¡ËiL'U]J
F|]R l=l Ttl 1

xH{l)= INT(H I +(l/5)*XLEN+.5)
rIALL l10tiET0 (l'iX(l),Yl ):¡IALL Lll{tT0 {Hll(D,T¡'j

¡IEXT I

p ATTERT¡S(¡l)=&HE*Ê9 :F ATTERil*( I )=&H889Ê
P ATIËÊH5(2)=&Heese :pATTERNIEf 3J=&HBeEB
C ALL PEHPAT(I/ARPTR(P ATTERNg(O)))

FBR l=1 r0 É

YT( I)= INT(YI -(I+rJR IDY/GRDLENJ TYLEN+.5)

crilL MoVETo iXl ,Y?(l)):CALL L|NET0 (xZ,yy(l))
TIE:{T I

ËALL PENNÛRÞIAL

IALL PEl,ll'loDt(9]:rl ALL TEXTMoDt(l l:rlALL pE¡tStZE(l ,l l
HX(0)= INT(}( I + .5) 'HH(s)= INT(XZ+ .5) 'Drêving the fr¡me oflhe v¡veform
LtNE (XX(0),Yt l-(H}((o),Y2)
L rNE ii{X(sj,Y I )-ixx(5),YZ)
YY(?)=Y? :YY(rl)=Yl
LrNE (Ht,Yl)-(x2,Y1)
LuE (l{ 1 .Y2)-(l{2,Y2)

LABEL :

LIBRARY "TofitLIB"
Fl]R l=0 T0 5 'HrlR|¿ONTAL AXIS.
A=Yl + 15:AH=EH(lF l0:B=riRtDX*t
Ü ALL I..IOVETO(AX,A)
,PRIHT USINO"å.!";E;
LB$=LtFT$(sTR$(B),3)
ÞRAli TTHT LB$

NEXT I

FOR l=0 T0 6 TERTICAL AXIS.
A=Xl -44 :AY=YY(l):B=GR IDY* t+YSET(0)
¡:ALL l'IDVET0(A,Ay)
LB$=LEFT$(STR$(B),s)
DRAl/TEI(T LÊ$

NTXT I

cALL LI0VET0(A,Y2)
IF X{XÊ THEH LB$=LEFT$(STR$(YSET(1 )),3) :DRAVTEXT LBS
A=CooRY+ I 5 :A¡i=lHT(XX(3Ftfi(2))i2+XX(Z)-4S.s)

CALL TE}{TFACE(I )
CALL MOVETO(AX,A)
DRAVTEXT "TIME lsecl"
A=YY(6)+30 4x=l1l -3? :CALL t'lOVETÐ(AH,A)
DRAV/'TE¡{T "OBP"

A=A+ I5 .AX- AH-20 :CAtL I.ITVETD( AX,A)
DRAi{TtHT "lmmHq!"
IALL TEXTFACE(O)

REM --- PLOT -.-
Dll.l LtriEND(1 ,9),3Y$(9) 'FoR LEGET{D
i;Y$(Ri= "rl$" :9Y$(1)= " 1 05 " :5y$(2)=,,2Uñ.. :Sy$(g)=',30ñ,' :$yg(4)= "4ûS"
SY$(s)= "50s " :SY$(61= "60s " :SY$(?)= "70s " :Sr$(s)= "B0s " :sy$(9)= ,'90s -
LEGEI1D(0,0)=x¡i(2)+ 1 2 :LEGEND(l .0)=yy(7)+ l E
LEÛElt¡t¡(rl, t )=LELìEND(û,rlÞ I 5 :tEËEND( I , t l=Lt6EHt ( I ,t:')+ I 5



=....r

LtritfiD(n,?):tEriEt¡D(0,0)+50 :LEEEt'¡0r11,?)=LErifl,lD{1 .01+t0
LEcEND(0,3)=LETjEND(0,0)+4s :LEGEND(l ¿3)=LEG$lD(t ;0)+4s
LtGtli0(0,4)=LEGt¡lD(0,t)+60 :LEGtND(1,qJ=LErìEHD(1,0)+É.0
LEGE¡¡Þ(t1,5)=LEtlEHÞ(ú,rlJ+75 :LtüEllDil,5)=LEüENÞ(1,0)+?s
LEGE¡lû(0,6)=LE0Ef{D(0,0)+90 :LE6END(1,6)=LE6ENÞ(t,g)+90
LE¡iff,rÞ(rl,?)=LE0END(û,0)+ I rl5 :LErlEf,lD( 1 ,7)=LET]END{ I ,rl)+ I ¡15
LECErìrO(o,8)=LE6EN0{0,0)+1 20 :LEoEND(1.,S)=LE6END(r .0)+t 2û
LEriE¡rC'(0,9)=tErjt¡rD(o,0¡* 1 35 .¡¡g,t* 

I ,9)=LEttNÞ(f .0)+ 135
KMAX=6RIDXi5 :YMAX=6RDIEN :FRSTX=XI
FCIR I=U TÜ III2 'PLÜT LEIJENÉ

fiYSETt =ySETt (0.t)
Hl(TX= II¡T(Xl +(ÞRTN/Nt )+¡¡ygE1 1 ¡¡¡"1AXiÊRLEN+.9)
¡lXlY= INT(Yl -(0BP(NySET I , l)-ySET(0))/yMAX*yLEN+.5)

'ÀLL 
I"IOVETO{NXTX,NIlTT)

CAtL L II'IETO(LEDEND(o, |),LE6EI¡D(1 ,I))
LX=LEGEHD(0, t)+2 :Ly=LEr:;Et¡D( 1 , t)
CALL MOVITO(IX,LY)
'pctHT 9Y$(t);
T'RA\{TEXT SY$(I)

NEXT I

F0R l=0 T0 H2 'PLoT THE Ì/AVEF0RM
FRSTY=lNT(Yl -(rlBP(0.0-YSET(ù)/yMA)1*yLEN+.S)
cALL t,r0vET0(FRSTX,FRSf Y)
F¡lR J=l T0 Nl

NXTX=INT(XI +(DRTN/R1 )+J/XI.1 A}(TXLEN+.5)
NXTY= IHT(Yl -(oBP(J 

, D-YSET(0) /yMAX*yLEH+.S)
CALL LIT.IETO(NXTX,NXÍY)

NEXT J
NTXT I

PCTURE t]FF

cL0sE rl
ûFEN "[L lF :F ICTURE" FOR OUTPUT AS * I
PRIIIT* I ,PICTURE$
ItlA0t$=PICTURE$
\ÍrNÞoÌ/ cL0sE 5
!/lND0v,l,"riRAFH",(0,0)-(608,?22),5
CLS

PICTURE t]¡¡

PtcruRE (?6,38Þ(550,?20),tMA6E$
PICTURE OFF

IMABE$=PICTURE$

vb¡D0v ct-osE 4

\fl ND0\{ 2¡*0RAPH"(?,20)-(249,340),3
PÐTU*E (43,29F(21 7,290),MAüE$
123 : 6tT0 l?5

¡4t¡s4AX:
ysET(D)= 

1 00o0.ysET( t )=- l 0000 .ysET(0)--MlN,ysEr( 
t )--MAx

FoR l=0 l0 N?
YSET I ( l,l)=- I 0000 YstT I (l,D--MAX, YSETl (0,0--x- AxtS VALUE
FoR Ll=o T0 Nl
lF oBP(J,D)Y$ET(l ) THEN YSET(1)=oBP(J,t)
IF OBP(J,D<YSET(O) THEN YSET(O)=O8P(J,D
lF 0BP(J,DlYsETl(1 ,¡) THtN ySET t (t ,t)=0Bp(J, t):ysET t (0, t)=J

I'{EXT J

1¡iÉ



T

I'IE:{T I

RETURN

'' l'.ïlDULE: 0BPÐP.. 
THIS ¡.1ODULE IS TO PL|T THE |]EF-IÙP RELATItlI.¡ÈHIF

E$'1 ----MA|N 0BPtûPt 0--
DPTIOI{ BASE IJ

Þtþl rJBP(1ù0,9)
Þ .1 toP(100,9)
\t'rDE=4?6 ' 6 INCHES

HliSH=557 'B INÊHES

[00RX=D
I]ODF:Y=ó08 '8 INËHES 'THIS IS THE FR AI.1€ ÐF THE CHART.
DÉTtl=80!
Nl = 100:l{2=9
FILENA¡,18$=FILES$(I) 'L0AÞ|NG THE 0Bp DATA pr]lHTS.
lF FILEN ¡l"lt$="" THEN EitD
OPEN FITENAME$ FOR IÍ'¡FUT AS *I
FoR i=u iÐ Nz
FoR J=0 T0 Nl

INPUT ¡I.OBP(J,D
rl8P(J,tj=üBP(J,ì) + I 

'lL]flEHT.J
HE}{T I

jlLrJSE t I

F lL:l ¡Ar'lE$=i rLlli$i I \ ' I ..1¡¡lri Tt.tt Jr:!p I Ar * pû tr,trs:: i:r,l¡i.nF,l=d Tt.¡ç¡J qUrl

iJPEI{ F ILE¡IAI',IE$ FL]R IIIPUT A9 T1

FLIP l=11 TrJ l{?
FuR i=ù iú ä ¡

IITPUT *I ,IÛP(J,l)
NEHT J

¡IEXT I

cl0st t1

REM ------5C ALLIHG---
IJOSUB PINVAX 'FOR THE PIX VALUE ADJUSTT4EI.¿T OF IOP.
DH*l YSET(l):Þll,l YSETT(t,9) 'TSETt HOi-ÞS rHE MAx pÊtNT DF THE rEN rlt_ftVEs.
IJISUB MIIf4AN 'YSET(I ) HOIDS THE MIN Å¡10 MAK VALUE IHDEX OF THE DATA POINTS
GRIDH= F{T(DRTN¡5+.5)
YsET(0)= lNf(YStT(0))
ßRrDy=rNT((ysET( I )-ysET(0))/6+.5)
YSET(l j=riRlDY*6+YSET(0),F0R TEMPAR0RY USE.
TJROLEN=YSE'T(1 )-YSET(O)

REt'1 ----- 6RAPH-----
Dlþ1 XX{S):DlM YY(?):DtÞt pATTERNS(3) .riRrD 

LtNE.
'Tr lNÞOVi CLOSE 1

\f lND0li 3, "rjRApH",(0,r1)-(460,?rl0),3
Ï.INÞO!i OUTPLIT 3

jÍ.,
{ë'a.

167



T

ÈALt åH0\rPE¡l
TALL PEI.INUDT(',]) :L]ALL IEXTMOÞE(I ) :ÙÅtL PEI.ISIZE(1,1 )
PICTURE I:¡N

GRID:

H I =tL'ìl:rRX+45 :iq2=È00RH+!1lDE :l{LEll=H2-X I
./1=D0rlRT-?0:rz=l:00R./-Hlr¡H:YLEll=i,1-T2

PAITERNñ(0)=&HFF0û :P ATTERN9(1 )=rl
PATTEÊl¡S{rl=&.HFFtl0 :PATTERHS(3)=0
È ALL PTIiP AT(V ARPTR(F ATTERNF(T))}

FDR l= I Trl 4
:iX{ l)=lNT(ll t +{ l/5)+llLEH+.s)
ËALL M0VET0 (XX(l),Y1 ) :c ALL Lll'IETD (XX( |),YZ)

NEXT I

F ATTERNS(¡l)=&H8ÊBS :P AfTERtlg{1 j=¿\H8BËB

P ATTEENñ(2)=&H8888 :P ATTERT¡ñ(õ)=&H8ÊSg
Ë ALL PEIt¡PAT(V ÁRPTR(P ATTERNS(I])))

F,lR l=l T0 Ë

i'Y(l)= INT(Yl -(lxGRlDY /riRDLEl¡) +ltEI,l+.5)
r:ALL MDVET0 (Xl ,YY(l)):cALL LlNtT0 (X2,YY(D)

NE:(T I

CAtL PIHNORMAL
I]AIL PEI{I'4ODE(9) :CALL TENTMODE{1) :LìALL PTIISI¿E(1,I )
HX{B)=INT(Hl +.5) faH(5)= INT(I{?+.5) 'Þruwing the i'r¡me of the wavefdrm
L lNt (xx(0),Y 1)-(XÍ(rl),T2)
L rNE (xx(s),Y I l-(HX(s),Y2)
YY(?)=Y? :YY(0)=Yl
LrHE (Xr,Yt)-(r1?,Ytl
L rNE (Xr ,Y2)-(X2,Y2)

LABEL:
L IBRARY "TOOLT IE''
FOR l=0 T0 5 'HORIZ0NTAL AXIS.
A=Yr + l5.AH=XH(t)- t 0:B=0RtDH*t
CALL I.,IßVETO(AX,A)

LB$=LEFT.{sTR${B),5)
DRA\{TEXT LB$

NEXT I

FOR I=¡] T¡] É ,VERTICAL 
AXIS.

A=Xl -44 :A?=YY(l) B=riRlDY*l+YSET(O)
CÅLL I'IOVETO(A,AY)
LB$=LEtrgsTR$(B),3)
DRA\{TEXT tB$

NEXT I

CALL MOVETO(A,Y2)
å=ÐÐ0Ry+ I s.Ax=t¡{r((xx(3)-xx(2))/2+xx(z)-45.s)
CALL TEXTFAf,T( I)
úALL r-10VETÐ{ AX, A)
DRAI/TEXT "tìBP fmnrtlq ]"
A=YY(6J+ãD AX=Xl -32:DALL MllVET0( AX,A)
ÞRA\fTEXT "IOP "
A= A+ l5:AX=AX-20 :CALL MOVETO( AX . A)
DR AV'TtXT "lmmHgl"

cALt TtäTFACE(0)
REI'I --- PLDT ---

- r6E -



..-.....F

ilr1 LECTND(I ,?),Sy$(9) ToR LEEEruD

sY$(rl)="09" s'/S( l J= " 1ots":S,i $(2)=,,205,,:Syg(B)=,'3os',:syg(4)= "40s"
sT$(5)= "50ß":SY$(6)= "6ttts":Ë\'$(?)= "70%":sy$(a)=.'B0fE " :Sy$(e.r= -30e8.
LESEND(D ,ù)=xX(2)+ f 2 :LEGEND( | ,0)=yy(7)+ I s
tErjEf'ro(o.I )=LEoEftD(o,0)+15 :LE6EtìlD(l ,l ÞLEoEt{t(r ,01+ 15
LEGEND(0,2)=LEGENX0,0)+30 :LEG$¡D(r,2)=tEûEND(l ;ü)+3t
LEcEHD(0,3)+E0END(o,01+4s f EOEHD(1,3)=r_¡6¡¡91.t .0"*t
LEGTHD(0,4)=LEGEND(0,0)+60:TEGEND(1,4)=LECtND(1 

;0)+60
!!1!11!i9,rl=L!0END(0¡0)+7i rEoENÞ(r,s)=LE0END(1 :0)+?s
LEGEND(0,å)=LE6ENÞ(0,ü)+eg ;¡¡6¡¡¡91t,s)+eoeno(r,oj*go
LEGEI{ÞÍ0,7)=LE0¡ru0(0,0)+t¡5.¡¡6tnD(1,7)=LE6END(i .0)+105
LEGEr,tÞ(Ð,s)=LEËENÞ(ü,Ð)+ l2r :LEGEND( r ,e)+¡oe¡¡o(r ,oj+ r zo

|_EgltTD!qfì=L!0END(0,0)+ 155 :LEGEND( I ,e)=LEGEflD(r ;0)+ r 55
XMA*=t3RlÞ11*5 :YÞtAll=TtRDLEN :FRStX=Xl
FOR I=O TO IlZ .PLoT 

IEDEND
NYSET I =YSETl (Ð,t)
l'lxTX=INT(Xl +0BP(NYSET l,t)/XMAX*KEN+.ã)
NxTY=lNT(Yl -(loP(NYSET l,D-yStt(0))/yMAx*yLEN+.s)
CALL I'lOVETO(NIfiX,NXTY)

':ALt 
L IIIETO(LEGTND(O,I),LEGEND(1, D)

II¡YSETl =YSET I (l ,t)
NXTX=INT(XI +OBP(NYS€TI .l)/RMAX+XLEN+.5)
NXIY=l¡rT(Yt -(t0P(NySETt,t)-ySET(o))/yMAXãyLE¡I+.5)
c ALL t-10VET0(NXTX,NXTY)

CALL LII.¡ETO(tEGEND(O,D,LEOEND(I,I))
LX=LEGEIID(O,I)+2 :LY=LECEI¡Þ( f ,I)
cALL 140VET0(LX,tY)
'PRtNT St$(t);
DRAlfTTXT SY$(D

NE}IT I

FoR l=D T0 M 'pLoT THE t/ AVEF0m,I
FRST){=F¡T(Xl +{0BP(0,t))/XMAX*XtEN+.S)
FRsTY=ü{T(Y I -(t0P(8,D-ySET(0)/yptAX iyLEH+.S)
cALt I,10VET0(FRSTX,FRSTY)
FOR J=I TO NI

NXTX=hlT(xt +08{J 
, t) /xH AX *XIEN+ .5)

HXTY=INT(Yt -( loF(,J, l)-ysET(O)) /yM AX iyLEH+ .i)
C¡{tL LFIErdl\D{TX,NXTY)

NEXT J
NTXT I

FICTTRE BFF

ÐL0sE *l
OPEÍ{ "CIIFfICTURE" FOR qJTPUT ASI1
PR¡NTiI ,PICTIJRE$
F4A0E$=P€TURE$
!/tf¡Dov closE 3
lf |ND0Y 4,'DRApH"(0,0)-(608,722),5

PICTLIRE ON

PrËTURE (?Ë,3s)-(s50,?20),tÌ.tAcEs
PICTURE OFF

IPfAGE$=PITITURE$

Ì1rNDo\l cLosE 4

"dlNDtlr' 2, "çRAPt{",(2,20)-(249,9.t0),8
PrcruRE (45,29)-(21 7,290l,tMAGE$



T

123:r¡0T0 lZ3

MINM AX :

YsET(ùl=l0P(0,ül :TSET(l )= IDF(¡:r,ul'T5ET(rrl--t"1ß.T5ET(t )--t"jÂr
FLIR l=rl T0 N2

i'Sl'14¡a= l0P(0,1)
ïSHH{=l0P(0, l)'Y$ET I ( l, tF-r.ltN tNtìEi1, YSET I iD,t)--t.lAX tf,¡ÞE¡{.
Fr_rR J=0 Trl I'11

lF ltlP{J,i))YSET{ 1) THEH ygET(t )=tDp(J,t)
lF lrlF,(.r,t) (yStTiD) THEN ySET{ü)= trlp(,r.D
lF lrlP(J,t)ìySMAX tHEt{ YSET I {0, |)=J:,rÈV*x= rOp(¿, ¡)
tF trlF{J, t)i''lst"ilN THtH ysETl (t ,t)=J:ï5t-ilt¡= fop(J, !j

¡ttxT .i
HE:{T I

RTTURN

PIXVAX: 'THIS USE tHe *t.ptXV*Xe p*r¡.
DIM PIX(9)
PIX(0)=15
Plx( I )= 1a.986
P rx{zts r 4.948
PrX(3)=14.8a3
PIX(4)=t a.62?
PIH(S)=14.?21
Plx(6)= I 5.496
PIX(7)= 12.238
P lX(8)= 10.025
PIX(9)=6.1 01

FÐR I=I] TO N2
l0Pl'4=01

FtlR r.l= I TÐ Nl
l0Pl'l= l0Pl'4+ {0P(J , t)

TIEXT J
loPM=l0PM/100!
F0R ,J=0 T0 Nl

IOP(J,l)=IOP(J,D- IIFM+P IX(D
NEXT J

HTXT I

RETURT{

,, 
MBDULE:PLOT DIF" THIS I'10üJIE IS TO PTOT TTE ÞIf SPECTRAUH

REt'l ----MAp{ dif--
OPTIOT{ BASE O

D rM rlBp( I 00,9)
DlÞl BUF(1r10,9)
lvlDt=4?Ë ' É ll{CHEÐ

HIGH=SS? '8 INCHES

CD0RX=0

C¡luRl'=Ëû8 '8 THCHES 'TH|S tS THE FRAt"tE ÐF THE CHART
ÞRT¡¡=201

I'll =20:N2=8

t7û



_......?.-

F ILEH A¡1Eî=F ILES${ 1) 'LI:ìAFING IHE ÞATA POINTS.
lF FllEllAl'lE$="" THE¡tl tl'lÞ
OPEH FILE¡{AME$ FDR II.IPUT AS *I
FÐR l=D Ítl N2

FoR ,-l=0 T0 1

INPUT E I ,I]BP(J,I)
NEXT .J

t¡Ext r

cL05E *1

Rt|.1 ------90 ÀLL ['trj---
ÞII"I TSET(I):DI¡1 YSETI(1 .1) 'Y3ETI HNLDS fHE MAX PDIf{T OF THE fEN CURVES.
IJOSUB MIHMAX 'YSET(I) HOLDS THE M II.¡ AND MA}{ VALUE ¡]F THI ÞATA PÚII.¡Ts
6Rl0X=ll¡Tl0RTN/5 r I o0+.s)/ I 00
'YSET(¡I)=|NT{?SET(0) + 1ü) i t0 'This f¿r:tor lrJ is ohengabte. This for MAËdDtF
'riR¡DY=INT((YSET( I )-yser(O))/a *l o+.S)/ r o
YÊET(o)= ll¡T(YStT(Ð)) 'This is for phadif.
0R rDy= tr'lr{(./sET( 1 )-T5Er(0)) /6+.3)
?9ET(1 )=TSET( I )+¡ìRlD'//5
X=YSET{O)+IJR¡ÞY T?-YTET( I )
liri=6RlD't'/5
lF li(x6 THEti 79ET( I )=rjRtDY*?+ysET(0)
tIRDLEN=?sET( | )-'i 9ET(0)

RtM ----- 0PAPH-----
Þl¡1 XX(s):C,ll.l YY(?):DlM FATTERNS(3) 'oRtD Ltt{t.
!/ll¡Dov/ DLTISE 1

\{fl00r/ 3, "rìR Aptl ".(0.0}i460.?001,s

",T illÞtlïr úLTTFUT 3

,-: ÅLr- .l;rÊ'i¡'iEil
CALL PE¡ll"loÊEt9] rCALL ItX tr.lull+t J:L:ALL Ft¡¡rjt¿Ëll , 

j J

Fi¡lïUÊE tr!¡

li1 =t00RX+49:l(2=rlDDRl{+lf tC,E :HLE =Xt-X1
Y1=C00RY-20 :Y?=[oORY-Hl0H:YtEH=Yt-y2
P ATlERl,{s(o)=&HFF00 :P ATTER[ß( I )=0
P ATTERNS(zts&HFFæ :P ATTERltS6(5)=0
I]AIL PEI{F ÅT(v ARPTR(P ATTERNg(O)))

FoR l=l T0 4
XK lÞINT(Xl +(l 1s)*XLEH+.5)
cArL MoVETo ()o(l),Yt):cALt LtîlET0 (xx(t),y?)

NEXT I

P ATIERl{9õ(0F&'¡8888 :P ATTERTIS( I )=&HB8AB
P ATTERI{ts(2Þ&l+}8€€ :P ATTERNß(5)=&H888Ë
CALL PEl{PAT(VARPTR(PATTERNg6(O)))

FC¡R ¡=l T0 6
YY(l)=lNT(Yl -(l iÊRÞY/GR0LEf't)iYLE¡l+.5)
rIALL þf0vETD lXl ,y,i(t)):cALL LhlETo ()12,y.i(t))

NEXT I

TALt PEN¡¡¡]RMAL

CAtL PENMoDE(g):CAtL TEXTMoDE(t ):CALL PENSTZE(l ,t)
XX(0)= lNT(l(l +.5):XX(5)= INT(XZ+.5) 'Drar¡ìng the fr¡nre ofthe v¿veform
L rNE (xx(o),Y I )-(x{0),Y21
r ll,{E {r{r1(s),'i 1)-(8x(s),Y2)
YY(7)=Y? :YY(lt)=Y 1
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LrNE (Hl,Y1)-(H2,Yl)
LINE (xl ,Y2)-(X2,Y2)

LAEEL:

L IERARY "TOOI.L IB"
FoR l=u T0 5 'H0R|¿0HTAL AX|S.
A=Yl +t 5.AX=XX(t)- l0:B=GR tDX * I

I]ALL FJNVETO(AX,A}
tB$=LEFT$(sTR$(B),a)
DRAVTEXT LB$

IIEXT I

FDR l=0 Tt Ë VERTICAL AX|S.
A=X I -44 :AY=YY(t)' B= INT((riRlÞY * |+YSET(0))* t ù+.S)11û .This tictor t0 is,:hrngable
B=|NT((6RtDY* t+ysET(0))+.5) 'This is for phadif.
TALL ¡IOVTTO(A,AY)
LB$=ttFr$(sTRg(B),s)

DRA'dTTHT LB$
NTXT I

TALL MO\¡ET¡ÍA,Y2)
tF N<XD THEN LB$=LEFrg(STRg(vsET( I )),s):ÞRAvTEXT LB$
A=C00RY+1 5.AX=ilrtT((XX(g)-XX(?))1t+Xì{(r)-4S.5)

CALL TEXTFACE(I )
DALL MOVETÛ{AX,A)
DRAVTEXT "Frequencg [He]"
A=TT(6)+50 .AX=X1 -32 :CALL ¡.IOVITO( AK, A)
DRA\{TEXT "Mag"

A=A+I 5 AX=AX-20 :CAIL MOVETO(AX.A)
CALL TEXTFACE(O)

RtM --- PL0T ---
rdjx=S 'fnr leller position .ldjusling
XMAX=GRIDX*5 :Yl'4AX=GRDLEN :FRSTX=Xf -¡djx
zER0=lNT(Yl -(0!-YSET(0))1YMAX*yLEN+,s)
LrNE (X1.¿ER0)-(x2,zERo)

CALL TEXTSI¿T(9)

FOR l=0 T0 N2 'P[0T TtE spectrum
FRSTY= Þ¡T(Y r-(0BP(0, t!'ysET(0)) iyM AX +yLEN+.s)-¿djx
CALL MOVET(FRSTX,FRSTY)
IsTEN= I+ I :STEI{$=LEFT${$TRf, ISTEH),2)
DRAVTEXT STEN$
FoR ,J= I T0 Hl

¡¡XTX= rl{T(Xl +(DRTH/Ht )*J /XM AX *XLEtT+.S)-.¡d jx
HxTY= F{r(y't -(09p(.J, ttsySET(0)) /yMAH *yLEN+.à)
CALL I,EVETdNXTX.HTTY)
DRAIiTE$T STEH$

¡ltxT .l
HtliT I

PICTURE OFF

cL05E rt
0PEN "CL lP :P ICTURE" FOR ÐUTPUT AS* I
PRINT*.I ,PICTURE$
lMAtiE$=PICTURE$
rri ll{00\f ÊLrlSE 3
\Í fi00t1 4 , "GR APH " ,(0 ,t)-(608 ,?22) ,3
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PIÊTURE I]N

P TcTURE (76.58)-(530,?20),tMA6E$
PIL:TIJRE I:IFF

ll^4AGE$=PlcTrRE$
lf lllDrlu DL¡:3E 4
vlNÞoÌ/ 2, "GR AFH ",(2,20)-(?49,540),5
P trlTURE (43,29)-(2r ?.290), TMAGE$

I ?3 : li0T0 I ?3

HINMAX:
YsET(0)=l'lurlt YStTll )=- 100¡lú 'YSET{DF-f.,1tN,vgtT( t )--MAX
FBR l=0 T0 N2
VSETl(1 ,l)=-l r.¡000 'YSETr(l ,D--t'tAX, r.srTt (0,t)--x-AXtS VALUT
FoR J=0 T0 Hl
IF OBP{J,|)}Y9ET(I J THEN YsET(I )=r]BPiJ,¡)
IF OBP(J,D{YSET(D) THEN YSET(O)=OEP(J,I)
rF 0sP(J,t))ysETt(t,D THEH YSETI(l,D=dæ(¡,r) :ysrrr (u,D=.1

NEXT J
NEXT I

RETURN

I t5 -

"'re




