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SUMMARY,

Chapter 1 contains a brief descripiion of the anatomy
of the eye followed by a review of the methods uvsed previously
to measure ocular blood flow.

The theory of thé inert gas clearance method for
measuring blood flow in homogeneously perfused tissues i
digcussed in Chapter 2,

A series of experiments designed to measure control
valoues of choroidal blood flow in rabbits using krypton=85 is
described in Chapter 3.

The clearance of kmypton from rabbit ocular tissue is
complex, An explanation of the complex nature of the clearsnce
curve was obtbained by studying the diffusion of krypton in ocular
tissue., Initially a diffusion model whose structure was based on
the anatomy of the rabbit eye was developed (Chapter 4).
Predicted clearance curves, obtained from this model, indicated
that the half life of the initial exponential decline of the
clearance curve was a measure of choroidal blood flow and that
the subsequent decline in radiocactivity was dependent on the
diffusion of krypton in ccular tissue. A model based on the
anatomy of the baboon eye was also developed.

In Chapter 6 the results of measurements of the
linear absorption coefficient, solubilities and diffusion
coefiicients of krypton in the different ocular tissues are
presented., These are necegsary for the rumerical evaluation of
the model.

In Chapter 7 the method has been apolied to examine

the effect of increased arterial carbon dieoxide tension on the

b



choroidal blood flow in rebbits and baboons. The response of the
choronidal blood flow in rabbits wag variable. In the baboon there
was a 3n5% increase in choroidal hlood flow per mmHg rise in
P,CO0,

Chapter 8 is a general discussion of the work

pregented in this thesis and its value,



1.l

Chapter 1

Introduction and Review of Literature

1.1 Introduction

The eye is approximately spherical. It houses an
optical apparatug which produces an inverted reduced imaze of
the outside world on a layer of nerve cz2lls. (figure 1.1), The
optical appavatus consists of two refracting elements; (a) the
cornea, and (b) the lens. A variable aperature is provided by
a contractile membrancus partition called the iris. Posteriorly
the eyewall congists of three distinct tissue structures surround-
ing the gel-like vitreous (figure 1.2).

The outermost structure, the scleras, consists of
relatively avascular fibrous tissue forming the 'white of the
sye'. This fibrous structure protects the more delicste innew
structures and when distended by the intrezocular pressure gi&es
the eyeball its shape.

The imnermost structure, the retina, developed
embrylogically frem brain tissue, consists of layers of different
cellular types. The ouvtermost layer containg the photorecevtor
cells (the rods and cones). Vithin tiis layer lizht is converted
into a neurzl signal.

Sevarating the metabollically aculve retina from the
avascular fibrous sclera is the third structure, the choroid,

This consists almost entirely of blocd vessols of verious gizes
which give rise to a bed of large cepillavies, the chorioccapilluris,
which is sevarsted Tror the cells of the retingl pignent epitheliuvm

by Bruch!s membrane.
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yFPigure 1,1 Schematic diagram of a section through a human eyes
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The retina in the primate is sustained by two
digtinet circulations. The inner loyers of the retina are
sustained by the retinal circulaivion. The retinal vessels
vhich rediete from the ovtic disc conetrate at mozt the
immermost third of the retina. They are sunplied by the
central retinal artery which enters the eye through the
optic nerve (figure 1.1, 1.2). ‘The outermost leyers of
the retina are sustained by the choriccasillaris. Thus
two thirds of the primate retina are sustained by vessels
which do not penetrate the retins,

Since the introduction of the ovhthalmoscone
by Helmholtz in 1851, it hes been vossible to exeamine visuvally
the retinal vessels. The advent of fluorescein anglography
(Novotny, and Alvis, 1961) allowed the retinal circulation
to be closely studied in normal and diseased stctes such as
glaucoma and diabetic retinopathy. -

Ophthalmoscopy and fluorescein angiograniyy have
shown the imnoritance of the ocular circulation in the
maintenance of a functional eye. They have also allowed the
effects of alterinz various physiological narameters such as
intraccular pressure, carbon dioxide and oxygen levels in
zrterial blood, to be studied, However, these technigues give
no informaticn about the choroidal circulation since this is
normally screened {rom visual examination by the retinal pimgment
epithelivm. This thesis describes a practical and reliable

methed {or meesuring and studving the funclional characterigtics

of chorecidsi bliood flow.
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In the last fev decades several methods have been
developed for measuring blood flow in vorious orgsns and tissues.
Many of these methods have been applied to the measurement of
ocular bloed flow. This thesgis describes the application of

the inert ges clearance method to the measurement of choroidal

blood flow in exoerimental animals.

1.2 HMethods of Investigating Qeculzr Circulation

The technigues employed in investigziing ocular
circulation may be divided into two groups:
(a) Methodé svecific to the eye.
(b) Methods developed from techniques used in other regions

of the body.

Methods swecific to the eve

Most of the technigues for investigesting the ocﬁiar
circulation in this category derend on the fact that the retinal
vessels, unlike the vessels of other organs of the body, are
clearly visible to the investigator. This has allowed the
diameters of rebtinal vessels to be measured under a variety of
¢linical and experimental conditions, for examvle, the effects
of the follouwing have been investigated;

(a) arterial carbon dioxide and oxyzen tensiong. (Green, 19613
Frayser, and Hickam, 19643 1955; Trayser, Scltzmanun, anderson,
Hickam, end Sieker, 1967)

(b) ocular hynertengion. (Dobree, 1955: Dollavy, Henkind,

Yohner, ard Paterson, 1968).
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The intreduction of fluorescein dye to enhance the
appearance of the reltinal vessels has allowed the retinal
circulation to be studied in normal and diceased states
(Dollery, Hodge, and Engel, 1962: Deollery, Henkind, Paterson,
Ramalho aad Hill, 1966; Kohner, 1969; Ocsterhuis, and Gortzak-
Moorstein, 1970). Recently developments have been made in
fluorescein angiography which have allowed further quanti{ative
measurements of retinal blood flow and dye trensit times to he
made. These developments includes
(a) the use of cine-photography (Flocks, Miller and Chao, 1959;

Dollery, Henkind, Kohner, and Paterson, 1968).
(b) the use of densitometric technigues.

Various workers heve obteined relative values of
retinal blood flow from dye-dilution curves of fluorescing human
retinal vessels (Trokel, 1964b; Hickam, and Freyser, 1965
Qosterhuis, Bakker, and Van Berge, 1970; Winkelman, Zappia, and
Gay, 1971). Tsaconoulos and David (1973) have obtained dye-~
dilution curves from primate eyes and from these were ahle
to derive relative values for retinal blood flow. Ben-3ira and
Riva (197%) cbtained dye~dilution curves from individual retinal
vessels on the human fundus. Trckel (1964a; 1965a; 1965bh)
derived a value of 1650 m1/100 gm/min. for the choroidal blood
flow in albino rabbits from dye-dilution curves obtained by the
passage of Xvan's blue dye through the chorcidal vessels.

Other invegstigatorg have used infrared abscrption
anglosravhy with iandocyanine sreen dye to give better vicualigation
of the choroidal vessels (Kegure, David, Yamanouchi, and

Choromo':0os, 1970; #lower, 1972; Flower and dochheiner, 1973).
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One other technique belonging to this category is the
scloral window technisue of Wudka and Leopold (1956). In thia
technique the larger vessels of the choroid are vigualised by
observation throush transnarent dehydrated sclera. ‘These workers
used this technigue to invesgtigate the effect of various auwto-

nomic drugs on the calibre of the choroidal vessels.

1.3 Methods Derived from Goneral Blood Flow Techniques

The more general methods of measwring ocular blood
flow are based on:
(1) Direct Measurement
(2) #ractionation of the cardiac output
(3) Dovpler methods
(4) Thermal methods
(5) Ocular plethysmogravhy
(6) Inert gas clearance "

(1) PO, measurement

1.%3.1 Direct Measurement

In 1912 Hill and Flack investigated the effect of
increased intraocular pressure on bicod flow from an excised
vortex vein in experimental animals. Meesman (1950), Fischer
(1930), Sondermann (1932),and Linner (1952} by collecting the
blood from an opened vortex vein obtained values for ocular
blood flow in wabbits.

Bill (1962&) showed that above an intraoccular pressure

of 10~-15 mmig quantitative determinations of uveal blood flow in
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rabbits could be obtained by measuring the flow through a single
vortex vein and multiplying the result by the number of vortex
veins. Similarly he showed that for cats caﬁnulation of the
sunerior anterior ciliary vein could give an estimate of blood
flow through the uvea (Bill, 1962b).

Cohen end Cohan (196%z, 1963b) cannulated a ciliary
vein in dogs to estimate ocular blood flow. However, they reported
that the technioue railsed both the pressure in the ciliary vein
and the intraocular pressure. Elgin (1964) also with dogs
cannulated an anterior superior ciliary vein and after ligation
of the vortex veins obtained an estimzte for total uveal blood
flow.

Nakamura and Goulstine (1973) used a bubble flow-
meter to measure changes in veritex vein flow in rabbits ag the
intraocular pressure was increased. N

Table 1.1l summarises the oquantitative results obtained

by direct measurement of ocular venous blood flow.

1.%3.2 PFracticnation of the Cardiac Outout

In 1956 Sanirstein pointed out that any merker which
diffuses freely into tissuve would, following intravenous
administration, be distributed initially to the various organs
in proportion to their blood supply. IBssentially, each tissue
may be regarded as a filter. For a certain time the venous
arainesge of the msrker will be negligible. During this tinme
the fractional distribution of ihe murier among the organs will

corresnond to the fruzctional distribution of the cardiac ocutrut.



Table 1.1 Ocular blood flow values obtained by direct

measurement

AUTHOR ANIMAL BLOOD FIOW (ml/min.)

Whole Eye Anterior

Ciljary
Vein
Fischer (1930) Rabbit 1.3 -
Meesman (1930) Rabbit 1.9 -
Sondermann (1932) Rabbit 1.1 -
Linner (1952) Rabbit 1.8 -
Cohan and Cohan (1963a) Dog - 0.87
Cohan and Cohan (1963b) Dog - 0.84
Elgin (1964) Dog - 0.78
Nakamura and Goulstine (1973) Rabbit 1.8 -
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Sapirstein (1956, 1958) used radioactive potassium
to determine the blood flow %o various organs in rats (exclud-
ing the eye). His results for most organs were in good agree-
ment wiih those obtained by other workers. However, a notable
exception was the brain. He surmised that this was due to the
fact that the brain is highly perfused and hence the assumption
that early venous drainage of the marker could be ignored was
no longer valid.

Levene (1957) used radioactive potassium to deter-
mine total ocular blood flow in albino rabhits. However, he
observed a congiderable scatter in his results and concluded
" that this method was also subject to the difficulty encount-
ered by Savirstein in the cerebral circulation.

Flohr (1968) and Flohr and Keufmenn (1971) attempted
to overcome the problem of venous drainage by injecting iodine
(I-131) labelled macro-aggregated albumin which they assumed
vould be distributed according to the distribution of the cardiac
output and would become lodged in the capillaries long enough to
allow emucleation of the eye and hence allow accurate determination
of the fraction of radiocactivity initially trapped in the eye..

Recently several groups of workers have used carbon-
ised radiocactive microsnheres instead of wacro-sgrregated albumin
in a variety of studies (O‘Day, fish, Aronson, Pollycove, and
Coon, 1971: Alm, and Bill, 1972bs; 1973; Alm, Bill, and Young, 1973:;
Weiter, Schacrar, and Zrnest, 1973%a, 1973b; Schachar, Weiter, and
¥rnest, 1973%; LAronson, Howes, Fish, Pollycove, and CO'Day, 1974).

Table 1.2 suraarises the values of the oculir bleod
flow ehtained by the shove investisntors using the princinle of -

the fractionction of the curdizce outout,



Table 1.2 Ocular blood flow values obtained by fractionation

of the cardiac outrut

BLOOD FLOW ( ml/minJ

AUTHCR ANIMAL
Whole Eye Choroid Retina

Levene (1957) Rabbit 1.7 - -
Flohr and Kaufmann Cat 1.1 - -
(1971)
O0'Day ot al (1971) Rabbit - 0.84 0.025

Monkey - 1,36 0.049
Alm and Bill (1972) Cat - 0.734" 0.015*
Alm and Bill (1973) Honlkey - 0.607° 0.025*
Alm, Bill and Young Monkey - 0.677* 0.034°
(1973)
Weiter,Schacher and Cat - 2.04 -
Ernest (1973)
Aronson et al Rabbit 1.3




1.%3.3. Donpler Techniguos

The majority of methods using the Doppler principle
to measure blood flow utilize the transmission proverties of
ultrasound in tissue. The Doppler technicues are based upon
the fact that when a beam of ultrasound is reflected from moving
blood cells it will have its frequency changed; the change in
frequency being proportionzl to the velocity of the moving
blood celle,

Suzuki and Satomura (1959) first described an
ultrasonic Doppler flow detector for the measurement of ocular
blood flow. Various workers (Goldberg, and Sarin, 19673 Maroon,
Pieroni, and Camvbell, 1969; and Coleran, 1971) have studied
changes in ultrasonic frecuency using transducers placed on the
eyelid. Schle~el and Lawrence (1969) employed an ultrasonic
Doppler flowneter to measure changes in blood flow in an exposed
vortex vein in rabbits as the intraocular pressure was increagtd.
In a similar investigation Tokoro (1972) emvloyed a minature
Doppler transducer to measure hlood velocity in the ciliary body
of rabbite.

Riva, Ross and Benedek (1972) used a lacer beam and
from the Dovpler principle determined the velocity specirum in a
retinal arbtery of a rabbit.

The Doppler technioues, whilsgt allowing conitinuous
measurement, do not readily provide sbsclute measurements of bleood

velocity or blood flow.

1.%.4. Thermal Methods

o basic tecnnivues invelving thermocounles hove

hesn used for mossuving ocular bleod flow, In the method due

544

to Gibkg (1943%), twe junctions of o thermceounie sve nlaced 0w the
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sclera. One Jjunction isg heated electrically. Thisg results
in a temperature difference between the two junctions. The
temperature of the heated jumction is influenced by the rate
at which heat iz carrvied away from it. This rate devends
largely on the blood flow in the wnderlying tissue.

This method has been used to study uveal and ciliary
blood flow in rabbits (Bill, 1960; 1962c; 1962d; 196%; Niesel,
19623 and Roderhauser, 1963); uveal blood flow in cats (Seidel,
Rodenhauser, Hagihaora, and Hensel, 1960; Rodenhsuser, 1963) and
in man (Rodenbavser, 19603 1969).

A second thermocouple method was developed by Cole
and Rumble (}970a) for measuring velative changes in blood flow
through the rabbit iris. In this approach the cireulating blood
is congildered to be the heatl source. The temperature immediately
in front of the iris adjuste such that the heat gained from the
iris vessels is equal to the heat lost to the environment. "
Knowledge of this last factor allows changes in temperature
immedistely in front of the iris to be correlated with changes in
iris blood flow. Using this technique Cole and Rumble investig-
ated the effects of catecholamines on the iris circulation (Cole,
and Rumble, 1970a) and also determined the changes in iris blood
flov arising from stimulation of the cervical sympethetic nerve
(Cole, and Rumble, 1970b).

The techniques described above, involving thermo-
couples, enahble contimicus measurements of flow to be mede.

However, only relative measurements are obtained.
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1.3.5. Ocular Plethyano~raphy

Originally nlethysmo, rophy was used to give an index
of blood flow, usuelly in en extremitrs, by measuring the chunge
in volume occurring in the extremity following oceclusion of
the venous réturn. .

The techniques of ocular nlethysmogrovhy provide
relative valueg of ocular blood flow by measuring the changes in
a particulor paremeter arising from the arterial vulsation of
the oculzar circulation. Several different parameters have been
used. Bishop and Nyboexr (1962) in dogs a2nd man, and Taylor.and
Allison (1964) in man have related chanzes in the electrical
impedance during arterial mmleation to mean blood flow.
Lawrence and Schlegel (1966) in rabbits, snd Bynke (1968) in
rabbits and man have correlated the megnitude and frequency of
fluctuations in intraoccular vressure with the arterial nulse.
rate by vlecing a pressure transducer on the eyelid.

The most commonly emvloyed form of oculer
plethysmography is photoelectric nlethrsmozrszpry. This is an
extension of the technicue develoved by Broadfoot, Gloster,
and Greaves (1961) on fundus reflectometrr., In this technique
retinal blocd flow is d:-termined from the veriations in the
intensity of lisht from a constant external source reflected
from the fundus.

Matsun, Kogure, and Takshashi (1966); Kogure,
heatani, Torachi, and Yagineshi (1971), and Christensen,
Polalski, Won~, and lieismon (1971) nave usea this mathod in

a geries of coxperimentzl investig.tions in dngs, Glosten



(1969); Oosterhuis, Bakker, and Van Den Bemge (1970); and
Asatani (1970); have obtained photcelectric plethysmosgrams
from the human eye.

Plethysmosraphic techniques have the same principal
digadvantaves as the Dopvler technicues. They suffer from
probleng of sbsolute calibration, either in terms of hlood

volume or bhlocd flow.

1.3.6. Inert Gas Clearancs Tachnigue

Pilkerton, Bulle and O'Zourke (1964) employed the
nitrous oxide method of Kety and Schmidt (1945) to measure
ocular blood flow in dogs. Friedman, Kopald and Smith (1964)
measvred choroidal blood flow in rabbits and other aninmals uvsing
radiosctive krynton. These techniques are based on the Fick
orincivle which relates the rate of removal of an inert diff-
usible substance from an orgen to the blood supvly to that o}gan.
This thesis describes the measurenent of choroidal blood flow
in experimental animals using the rsdiocactive inert gas clear-
ance technique, The theory of this method will be discussed in

detail in Chapter two.

1.3.7. PO? Meagurement
Alm and Bill (1972a) correlsted chenges in oxysen
tension of the vitreous in close oroximity to the retina with
changes in retinal Blood flow. They ivvestigoted the effect of
4

chanres in intraoculsr pressure and erterizl oxyzen tension on

the relinzl blood flow in cats (Alm and Bill, 1972a). Alm (1972)
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also used the method to study the effect of various vasoactive
drugs on retinal hlood flow.
This technigue, like meny of those nreviously
described, suffers from the dilliculity of obtaining absolute
alues of blood flow. It has the added digadventege that it
cannot be used in any situation in wvhich oxyoen utilisation

in tissue ig likely to be altered.

l.4 Discusgsion

The methods employed to investigate the ocular
circulation, described in this chapnter, all have inbherent
advantages and disadvantazes.

In general, the methods specific to the eye,
fundus vhotegravhy and fluorescein angiogranhy give only
qualitative information about circulation, and then only the
retinal circulation. Historically theée techniques have
been important for stimulating interest in the ocular
circulation‘and clinicelly they remain an imvortant tool
for the ophthalmologist in diagnosing many ocular abnormalities.

The use of radioactive microssheres {or measuring
ocular blood flow prohably overcomes the esrlier difrficulties
encountered by Levene. However, no author has oublished data
on the concentration of microspheres in the ocular veins to
test whether or rot the assumrtion thot all microsnmneres
entering the eye were trapved in the cculer capilleries ig
true. This techknicue allows measurement of choroidal, retinal
and ciliary bleed flow, Its main disodvantsge is that for mosgwy

gpecies only one doterminntion of flow con be made without
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significantly altering the blood flow.

The techniques of plethysmography, ultrasonics,
temperatlure measurements, and the P02 measurement of Alm and
Bill have similar advantages and disadvantages. They all
give continuous measurements but are difficult to calibratle
in terms of absolute blood {low.

The radicactive inert gas clearance method hasg
proved to be the most important general method for obtaining
repeated measurements of absolute blood flow in organs and
tigsues. Alithongh the eoye does not exhibit the homogeneity
assumed to exist in the application of the inert gas clearance
method it will be shown in subsequent chapters that despite
this inhomogeneity the inert gas clearance method can be
employed to give repeated measurements of absolute blood

flow through the choroid.
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Chapter 2

Theory of the Inert Gas Clesrance Method for Measuring Blood [low

Inert gas cleesrance techniques for measuring blood flow
depend upon the Fick princiole which was first enunciated by Tick
in 1870. The principle is a special case of the more general principle

of the conservation of matter. It gltates thatse

"Por any substance carried by the blood to an organ

or region, thon within the btime interval At, the
quantity brousht in, Qa, must be equal to the quantity
digposed of, either by accumulation, MNoi, or by
coaversion within the region, m, or by transport oub
of the organ or region through all possible routes of
exit, He,"

Mathenatically the fbick principle states that

Go . B L Qu 4 Ge
RE. XA Nt KE (2-1)

vhere the symbols are defined as above.

If the following conditions are satisfied
(1) metabolism of the substance in the orgen or region is
zero, L.e. @m = 0,
(2) the blood flow ig the only significent path of suvply

and removel of the substance, and

(3) the arterizl end venous blood flows are equal and
constant (@, ml/sec.)

then, equation (2-1) rweduces at any instaznt to

doe o Flca =)

de (2~2)

vhere (i = total quantity of substance in the orgen, including
ils contnined blood (g),
Ca = arterial conceatration of the substance (g/ml),

al

ow =  venoug concentirieion of the subhstence (Jﬁwlj,
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Under certain conditions equation (2-2) may be used to
measure blood flow without determining 41 directly. After a
gulfficient time, u, a gtate of virtval ecualisation will have become
establighed between the mean concentration in the organ or region, Cr,
and that in the venous blood whiich drains it.

Then,

v a~3

where Vr = the volune of the orgsm or region {ml), and

A = +the tissue-blood partiiion coefficient for the
substance, that is the ratio of the solubility
of the substance in 1 gram of tissue to ite
solubility in 1 ml of blood. ”

Integrating equation (2-2) with respect to time gives

Y W

é_@_:‘ dc o= =. Cch - Cv) C‘lt
d<

o Jo

) S
Le @L (_}.L} . F ) CCQ - C—v’) (‘}t

Subgtituting for ¢i(u) from egquation (2-3) gives

1= CV },\) . ?h

e P e
Ve

“hie eguation dg valid for measuring bleod flow through
a homo -eneous orgon o region using o inert highly diffugible

substsnce. It was firvet derivad by ety and Schamidt (31945) for

messuring cerebral blood flow wsing: nitrouw cxide as the inertd
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diffugible substance. As Kebty pointed out (Kety, 1951) certain
conditions are required before equation (2-4) is applicable to
measuring blood f£low. It must be posgible to obbain representative
venous blood from the reglon under study with. minimal contanination
from other resions, and the time, w, required for equilibration
must not be impractically long. This teclmique was alzo applied
successinlly to measure coronary circulation (Bing, Jammond, Handelse
marn, Powers, Spencer, Uckenhoff; Goudale, Hafkenéohiels and. Kety, 1949)
and renal circulation (Conn, Wood and Schwidt, 1953).

Lassen and his co-workers (Lasuen and Munck, 195%5; Lasgen,
1959; Lassen and Ingvar, 1961) modified the basic Kety-sSchmidt technique
by replacing nitrous oxide ag the inert marker by the radiocactive
inert gases, krypton-85 and xenon-l33%. With thege radicactive gases
it is possible to measure their rate of clearance from tissue by
external counting, thus obviating the need to obtain arterial and
venoug samples. This development eimplified the method and allowed
it to be applied to many other organs including the eye.

In this technique the expression relating the blood flow
to the measured quantities is derived from equation (2-2). Dividing

bobh sides of equation (2-2) by Ve (the volume of the organ or region)

gives
AQ: _ ac. = -
- ) = e Za - (y y
Ve.dt dt Ve o ™ (2-5)

Jones (29%0) and Bvans, Busuttil, Gillespie and Unsworth {1974) have
shiovn that in most tissues the exchange of subsbences of snall woleculear

welgzht betweon capillewy snd dissue is not limited oy the process of

diffusion,



Thug over all time:
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Substituting into equation (2-5) yields
é&gk g “jfim (j\(;ﬁ“"C:?>
de AV
{.<. Ebgi = k?-(§x<:l““<i;) .
ac (2~7)
¢ —
whersa kL B (2-8)

Integrating equation (2-7) givess-

T 4 ¥
MS Eig$£f> (jt: o

o]

: ¥
dt )

c o

Thisg has the following solutions

(1) vhen Ca is constant

(2) when Ca = 0
. =T
) = G, & -

(3) when Ca is veriable but equal to
zero, i.e, Ca{0) = 0

(AL — Gl dt

EﬁfkiT:) (2.5)

(2-10)

zero at time

T
. ~b . ki
Gl = Akoa T {th%) e dt  (2-12)

I

Equation (2-20) has beconme

the basis for the mezswrenment

of capillary bloed flow by the clearaice of a radiouactive inert

gubstance introduced dircctly into the tigsue.



25

One metiwd of introducing the inert substance into the
tissue is to administer it as a bolus into the arterial supply to
the organ vnder study. COnce the inert substence reaches the
capillaries it diffuses sluost instanbaneously out of the blood into
the swrromnding tissve. After the injection has ceased,fresh blood,
containing no inert gas, will pass through the capillaries. The inert
substance in the tissue will eguilibrate with the blood and be carvied
by the blood flow out of the orgen. Approximately ninety-five pex
cent of the insrt gases kryprton and xenon are eliminated in each
passage through healthy lungs (Chidsey, Fritte, Herdewlig, Richards
end Cowenand, 1959). Thus, if the inert sgas is introduced into the
arterial supply to the organ negligibhle recirculation of the inert
gas to the orgen occurs.

By placing a suitable radiation detector over thes organ
or tissue wnder study it ig possible to monitor the amowat of inert
gas in the tissue. i

As the inert gas is removed by the blood flow the radio-
activity will decrease according to equation (2-10). Hquation (2-10)

stateg:~-
- T

CLCm) = G e
Taking the logarithin of both sides

leg f‘%’} = — kT (o)

Thus, provided the conditions outlined ahove apply, a graph
of the logaritha of the radicectivity measwrced by the detector agzinst

. . ~ f o v ‘
time on a linear scale (h,reaft;; referred to as & log/linear plot)

should be linegsr. Iy re-avvensing eguatiosn (2 8) the bloud Llovw cen be



determined from the slope, k, of the log/linear plot.

lguation (2-8) states:
b =
A Ve

Re~arranging and replacing Vr by wﬁm gives

AW

m/g.w.,
a3 N W

Ty - p

oy
L pee e

where P = blood flow (ml/100g/min. ),

>
3

. tissue/blood partition coefficient,
Vr = volume of tissue (ml),

5 . POV
k = exponential rate constant {mins ),

= 0.693/1%

2.6

(2-15)

7% = half life, i.e. the time (mins.) teken for the

radiocactivitly to f211 to half that of a given value,

P = density of tissue (g/ul), and

W = weight of tissue (g).

Thus from a knowledge of the tissue/blood partition

coefficient and the density of the tissue it is possible to determine

the blood flow.

expressed in units of wl/min/100; of tissue.

. . . 64% . N, ioc
i.8, Mlow (% oo

it

T;-. . f\

N
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Generally the welght is unkaown, and the flow is
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In practice equation (2-16) is the one most commonly
used for calculating flow in studies involving radiocactive krypton
and xenon,

flow as calculeted using methods involving venous
sampling {e.g. the nitrous oxide %echnique) includes blood which
passes directly from arterial to venous chamnels without participe-
ating in capillary exchange. The result of inert geas clearance
technigue excluded flow through arteriovenous shunts and measures
only capillary blood flow.

The equations derived to date apply to cases in which
clearance of the inert subhstance from tissue is monoexponential and
refer to homogeneous tissue. In the brain there are two distinct
tiggues, white and grey matter, with widely differing perfusion rates.
The clesrance curve of a Xwemitting ineri gag (xenonu153) from the
brain is biexponential. Dach exponential rate constant is agsumed
to be of the form of equation (2-8). ’

Generally, the radioactivity measured by the detector is
asgumed to consizslt of a summation of terms each albiributable to a
homogeneous tissue within the region under study. In the case of the

brain:

Com (D = S, + (¢

R .
--‘Rb\(._r . . — l.{”.(:)
= Cwl® e ~+ u(e) Q.
vhere the subscrivnts W and G refer to white and srey matter
respectively. 0 knowledge of kw and kg will allow the flows throush
the white and ;rey natter to be caleuleted by applying equation (2416)

to each conmuertuent in turn.
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The extension of eguation (2-10) from a homogeneous
tisgue to a heberogeneous tissue consisting of a series of homo-
geneous compertments is not without limitations. Gillespie (1968)
pointed out that multinexponenéial analysis of the clearance from
non-homogencous tissue must be interpreted with great care due to
the possibility of intercompaxrtmental diffusion of the inert ges
affecting the clearance from each compertmnent. This is particularly
important in organs which have both a high and low blood flow.
Diffusion will occur from regiong of low blood flow to regions of
high due to the lower partial pressures of the inert suvbstance in the
vicinity of the hish blood flow resulting from the fester removal of
the substance by the high blood Llow.

The eye is not s homogeneous tisgue butb comprisesg layers
of tissues gome of which are perfused by blood and some of which are
net. Diffugion of inert tracer bebtween verfused and non-perfused
layerg occurg and the clearance patltern is very comvlex. Ons aim
of thig thesis is {o analyse and interpret this complex pattern of
diffusion and clearance in oxder to determine whether blood flcow in
the perfused region can he delermined by the slope of a portion of

the clearance curve.
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Chanter %

Redioactive Inert Gas Clearance Curves from Qeular Wissue

5.1 Introduction

The studies of lassen and his coworkers allowed ‘the
inert gas cleavance method bto be applied to a greater range of
organs., This chapter describes the applicabtion of the technigue
to the measurement of choroidal blood flow in rabbits and discusses
the results obtained from a series of exveriments degigned to obtain
contbrol values of choroidal blood flowe.

4.2 Radioisotone

The application of the inert gas clearance technigue
to the measurenen’ of choroidal blood flow regquires three criteria

.

4o be mel in the choice of radioigotone. The criteris are:
£

(1) commercial availability,

(2) convenient physical half life, and

(5) sultable radiation emissions to allow meagurement of

the radicactivity witiin the eye with minisal interw
ference from extraocular tissue.

The physical properties of the commercially available
radioisotopes of the inert gases arve shown in table 3.3. Krypton-85
was chosen as the most suitable isbtope. It has & long vhysical
half life (10.6 yrs), thus eliminating transport and storage problems
encountered with short-lived radioisotopes. It ig vrincipally an
emitter of beta particles (99.3,)) with only 0.75 § emission. The
mexivum rénge in tissue of the beta particles is 2.8 mm. donitoring
ol the radloactivity within the eye is therefore pozsible without
interference from external tissue, Henon-13%% with its more nHone-

trating 81 hew Xemission ig nuch less suitable in this resnect,



Table 3.1 Physical data of the radicactive inert gases

ISOTOPE HALF LIFE EMISSION EMISSION
ENERGY (MEV) % ENERGY (MEW) %
Argon Ar-3? 34,5 4 - - 0.0026 100
Ar<il 100 m 1.20 9.1 1.29 99.1f
Krypton Kr-85a b4 n 0.82 81 0.305 13
0,15 78
Kr-85 10,6y 0,15 0.7 0.51 0.7
0.67 99.3
Xenon Xe-131m| 12 d - - 0.164 21
Xe=133m| 2.3 d - - 0.23 13.5
Xe-~133 5.3 d 0.34 99 0.081 36.5




3.2

J+% Radiation Detectors and Associated Tnstrumentstion

Two radiation detectors were used to monitor the
radioactivity within the eye. These weresw
(a) Silicon solid state planar detector (develoved
by Dr. Pl Allsworth, Atomic Pnergy Research

Fatablishment, Harewell).
5 .

(b) Geiger-itiller tube (20th Century Llectronics,
type MB4IT).

A schematic diasgram of these detectors is shown in
figure 3.1,

The count rate from each detector was processed by
an amplifier/pulse height analyser system (akco type MSOSOE) linked
to ratemeters (¥keco type M5183A) to give digital and analogue
recordings of the change in radioactivity (fig. 3.2a,b). o
significant differences in the shape of the inert gas clearance
curves obtained from ccular tissve were noticed between the two
detectors. -

Solid state detectors have been used in many different
gituations where theilr shape and smsll size have proved an advantege
over more conventional beta detectors (Grangsjd, Ulfendahl and wolgast,
1966; Wolgast, 1968; Abson, Allsworth and Salmon, 1968; Yamamoto,
Phillips, Hodze =nd Feindel, 1971; Lauber and Wolgast 19725 Wolgast
and, Lauber 1972). The shave and size of the golid state detector
was particularly advantegeous in the external monitoring of the
radicactivity within the eye, since less onerative interference wus
reguired in siting the detector next to the sclera. Unfortunately,
the solid state dcotector proved to have a shorter life time than
expected. Approxiunately 200 of the measurements of cheoroidal blood
fiow in tnig control study were cobtained using the solid state detector.

The weazining 20, and all peasuronents in subsequent studics vere
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A. GEIGER - MULLER TUBE

===

8mm —

diameter ] |__—'\ —
f—-10-5cm——

window thickness = 20mg/cm

2

B. SOLID STATE DETECTOR

L

T e
1icm
diameter

3mm

window thickness - 60mg/cm?

* Figure 3.1 Schematic diagram of radiation detectors
employed to measure ocular radiocactivitys.

A; Geiger~Muller tube

B) Solid state detectore.
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Figure 3.2 Diagram of counting equipement for
a) Geiger-Muller tube

b) Solid state detector.



obtained using a Gelger-Miller tube,

3.4  Ixperimerntal Animal

Thirty albino and four Dubch pigmented rvabbits were
used in an initial series of experiments desined to study the
feasibiliily of measuring choroidal blood blow using the inert
gas clearvance technigue. Rabbits were selected for study because
their retinaec are almost completely maintained by the choroidal
circulation., The retinal blood vessels ave restricted to a small
region extending from the optic nerve head. (David, 1929). Thus
by suitable positioning of the rediztion detector on the sclera
it is possible, using krypiton -85, only to view those parts of the
eye gserved by the choroidal cireculsation.

Mgare 3,3 shows the anatomy of the ocular ecterial
supply in the rabbit. kabbits differ froa primates in that the
6phthalmic artery is supplied uy the externel carotid artery and
not the internal carotid artery. The ophthalmnic artery gives rise
to the cilisry artery from which branch some of the short posterioxr
ciliary arteries which supply the choroidal circulation. The single
retinal ertery which gives rise To the retinal circuletion is a
branch of a short posterior ciliery artery. It penetrates the

optic nerve close to the entrance to the globe.

3.5 Araesthesis

After initial premedication with ohencyclidine (6-8mg)
angesthesla was induced and wzinizined with a nixture of halethzne,

nitrous oxide and oxyzen on oven circuit. Wracheostony wos performed

on all esninels. Yoe explred sir was vented to the outside atmosphere,
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JFigure 3.3 The arterial supply to the rabbit eye.
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In prelininary experiments on nine animels a halothane
concentration of 0.5 - 2.5, (from a Fluotec vevorises ¥k.II1) was
used for the duration of the experinent (minimum pericd of six hours).
However, in these nine animals, dezenerate changes were found in the
retinal fine structure (Johnson, Wilsorn and Strang, 1973). These
changes Qere nost merked in the visusl cells and retinal pigment
epithelium. In view of this, the results from these animals were
not included,

Aministration of 0.%% halothane for periods up to 6
hours produced no ultrastructural changes in the rabbit retina.
(Johnson, Strang and Wilson, 1673). This concentration of halothane

weg used in all subseguent experiments.,

3.6  IExnepimental Method

Radioactive krypton wag introduced into the arterial
supply to the eye via a polythene cammula (0.D. = 0.75 mm) i%serted
into the lingual artery; the distal end of the artery being tied
(see Figure 3.3). This site of catheterisation was chosen to
minimise disturbance to the cculaxr circulation, yet achieve a bolus
arrvival of the radioisotope at the choriocapillarig.

Systenic arterial blood pressure wag monitored centinuously
by connecting a polytiene cannula (0.D. = 1.%4 mm) inserted into a
femoral ertery to a low volume displacement pressure transducer (Bell
and Howell type 1221) and pen recorder (pavices ii2). This cannula also
provided & means of collecting arterial blood samples for the msasure-
ment of blood gases. Arierial blood p.d, P&CDZ’ and Pa02 were mezsured

on a micro-Astrup apparatug at sach delermination of cuoroidal blood

flov. ZHeetal temperatuwre vas monitored continvonsly.
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The intraoccular pressure of the eye under investigation
wag monltored continuously by conmnectbing the entericr chamber with
a fine steel cannula to a second low veolume pressure transducer and
recording systen.

Initally this camula was also comnected via a three-
way tap to a saline resexvoir. The height of the reservoir was
adjusted go that the intrsocular pressure was maintained at a pressure
of 15mmilg.

Although the eye eguilibrates within two minutes with
the saline regervoir, this arransement results in the pressure
transducer measuring only the pressure head of the saline reservoin,
Por thig weagon the veservoir was separated from the measuring system
in later experiments by introducing a second steel cannula into the
anterion chamber and connecting it to the saline reservoir. With
this arrangement it was easicr to test the vatency of the pressure
measurenent and control systems.

The conjunctiva was incised circumferentielly in the
upper nasal quadrant and reflected. The radiation detector (either
the solid state detector oxr the Geiger-Iilller tube) was then placed
on the sclera so that the centre of the gensitive face coinecided with
the mid-equatorial region of the eye.

Thirty minutes were allowed to elapse between the end
of the preliminary operative procedures and the commencement of
measurenents. DBoluses of approximately 0.2 mlof krypton-85 dissolved
in saline (activity approximately 10mCi/ml) were injected into tﬁe
carotid artery via the linguel artery canmmmla. The clearance of

krypton-85 rediocactivity from ocular tissue wvas monitcred with
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sequential recording periods of 0.4 second forx the first minute
and thereafter with a period of ten seconds until the radiocactivity
within the eye had decreased to backsround levels, Only then were

repeat determinations of choroidal blood flow made.

2.7 ¥rypton-85 Clearance Curve

Figure 3.4 shows the first 25 seconds of a tynical
analogue recording of the diminishing radioactivity in the eye. L4
is characterised by a sherv rise in radicactivity {following injection.
This is followed by momentary couilibrium and then by a period of
rapid decline. This decline will be referred to as the 'washout
curve!.

Tigure 3.5 shows a log/linear plot of the digital
information corresponding to the washout curve illuslrated in figure
3.4, The curve is characterised by a sharp fall in radioactivity
lasting enproximately five seconds which is followed by a period of
slower decline. The count rate does not reach background levels untbil
20-30 minutes after injection. This time is dependent upon the peak

radicactivity.

%.8 Analysis of Vaghout Curve

Friedman, Kopald, and Smith (1964) initially assumed that
the washout curve could be represented ag the sum of decreasing
exnonential components and that the fastest of these components
reflected choroidzl blood flow. These workers substituted the hoif

life of this comvonent into equation (2-16)
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'Figure 3.4 Analogue recording of the diminishing radioactivity
in the rabbit eye.



103

A
1
v .
g 102
@
o
~
b}
c
=1
Q .
4 "'
>
S 10
2
Q
©
2
T
©
[
(o} 30 60 90 120 150
Time - seconds
103
B
©
c
o
Q
@
2 Y
2 0L
c
3
o
Q
E
2
=
Q
©
2 10 '
o
]
-
! o 5 10 15

Time . minutes

Figure 3,5 Plot of diminishing radiocactivity within a rabbit
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and oblained a value for the choroidal blood flow. In a later
paper, Friedmen and his co-workers, without explanation, used the
half life of the initial decline in radioaclivity in eguation (2—16)
and not the half life ol the initial slope of the fastest exponential
component obtained by curve slripning (Friedman, and Smith, 1965).
It will be shown in Chapter 5 on theoretical grouvnds that the initial
glope of the c¢learance curve and not the glope of the fastest
component is the true indicator of choroidal blood flow.

In order to facilitate comparison between Fricdman's
data and the data obtained from this study, both 'curve strioping'
and Vinitial slope! values of choroidal blood flow were determined.
Figure %.6 illustrates the technigue of curve stripping used to
determine the exponential components of the washout curve. In this
technigue the data ig plotted on log/linear sraph peper. The slope
of the final linear section of the curve is teken as the exponential
rate constant corresponding to the slowest exponential component of
the clearance of krypton from the eye (figure 3.6a). This linear
section of the curve is extrapolated to time zero (time of peak
radioactivity) and subtracted from the original weshout curve. This
yields a neuv curve again hsving a finsl linear section, the slops of
which io taken as the exponenticl rate congtant of the second slowsst
component of the washout curve, Thig process of exiracsolation aud
subtrection is reseated until only a single exponentisl componensv iz

left. (figurs 3.6 c;d).
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(a)

Radioactivity counts / second

Time - minutes

Figure 3.6(a) Curve stripping technique. The late linear part
of the curve corresponds to the slowest exponential
component, This component is extrapolated and
subtracted from the original curve.



iFigure 3%.6(Db)
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Curve stripping teohnigue. The result of the
first subtracted yilelds a new curve again having
a late linear section which corresponds to the
decrease in radiocactivity of the next slowest
component. Thig component is extrapolated and
subtracted from the new curve.
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Figure 3.6(c) Curve stripping technique. Result of the second
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FPigure 5.6(&) Curve stripping technique., The third subtraction
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of this component is used to determine the "curve
stripping" value of the choroidal blood flow.
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The balf life of thils fastest component is then substituted into
equation (2-16) to obtain the 'curve stripping' value of choroidal
blood flow.

Tigure %.7 shows the first 10 secconds of a log/linear
plot of the washeout curve and illustrateg the method of determining
the half life of the initial slope. The process of curve stripping
yields a half 1life for the fastest component which ig smaller then
the half life of the initial glope, althoush there is a correlation
(r = 0.946) between the two values (figure 3.8). The 'cuvve stripping'
value is thus an overastimation of the choroidal blood flow, as will

be shown from theoretical consideralions iun Chapter 5.

5.9 Results
In this scries of experiments only values dexrived from
washout curves obtained from snimals maintzined within a narrow range
of P 00,, P 0, and mean femoral arterial blood pressure (¥aBP) were
regarded as valid in view of the known effTects of these on ocular
blood flow. (Bettmen snd Fellows, 1956 ; Bill, 1962¢s Trokel, 1965
Anderson, Saltzmann snd Frayser, 1967; Friedman, 1970; Alm and Bill,
1972bs Sriedman and Chandra, 1972; Tsacouvoulos and David, 1973%).

These ranges vereti~

P,C0, %2-48 'z {mean 40 418.D.)
PO, 85-157 moHz (mean 131 +135.D.)
MADP 56-76 mndg  (mean 65 +1li.0.)

withuin these limits a total of 89 measuvrenients on

A
.

rabbits weee obtalned, Aopplicaticn of the curve strinpins technioue

. R, S L PO} g . TP S y oy P P - . o~ g
resulted din tne washowl cunve baing ro; . &8 the oun of four
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components are shown in table %.2. Friedman and his co-workers
originally obtained three com-sonents in the washout curve from rabbits
using a Ceiger-l#ller tube (Friedman, Konald and Smith, 1964). Later
they reported that when a solid state detector was used four compone
ents could be identified (Priedman and Smith, 1965). They revorted
that the half life of the first component varied between 2.5 and 5 seconds
and that the half liveg of the Second end third comoonents varied bhetween
1.5 and 30 minutes, The mean value of the half life of the initial
slope from this sthudy was 4.5 - 1.6 seconds (mean + 1 8.0.).

The choroidal blood flow wes calculated from eyuation

(2-16):- ) L83 LA
= =
Ty, ~

vhere F = choroidal blood flow (ml/lOOg/min),

it

"% = half life (mins.). (Initial slose or lst component),

P = density of the choroid (g cm °), and

1 = partition coefficient (i.e. the ratio of the solubiliby
of Ixypton in lg of choroid to its solubilily in Iml of
blood).
In all calculations of the choroidal blood flow & value
of unity has been taken for the density of the choroid, in accordarce
with the meesurements of Friedman, Kopald and Smith (1964). The parte
ition coefficient was also taken to be uniity. Phis value was used
because the choroid consists of anproximately 950 blood and the solub-
ility of krypton in exsangunated choroid is approximately half that in
whole blood (see Chapter &).
Apnlying equation (2-16) to the deta from ithis ceries of
cxperinonts the followin. valucs of the choroidal blocd flow in xebbits

. / o
were obhbtained {(mecn + 1 £.D.0),



Table 3.2 Mean values of half-life (T3) and exponential
rate constant (k), (mean + 1.5.D.)

Ti(sec) k(sec™")
Component 1 2.5+ 0.8 0.28+ 0.09
Component 2 4o+ 1k 0.012+0.006
Component 3 180 + 105 0.004 + 0.003
Component & 780 + 510 0.0009 + 0.0005




'Tnitial slope' chowvoidal blood flow = 920 + 240 ml/]OOn/mln.

‘Curve stripoing' chorvoidal blood flow = 1860 + 480 m1/1000/m3ﬂ,

Friedman, Kopald end Smith {(1964) obtained 'curve
strippiné‘ values of choroldsl blood flow in rabbits between 300
and 1600 m]/LOO“ymln. Thege values are in good agreement with the
value obtained in thig study.

In all subsecuent studies revorted in this thesis the
value of the choroidal blood flow will be derived from the half-life

f the initial slope for theoretical reasons explained in Chapter 5.

Buch vaines will be referred to gimply ag 'the choroideal blood flow!.

3.0 Discussion

The use of nitrous oxide and oxyzen anaesthesia proved
to be ungatisfactory in rabbits. TFor this reason halothane was
introduced into the anassthetic mixture. Hzlothane was chosen

because interferes only minimally with autoregulation of the
cerebral blood flow in the baboon in response to changes in perfusion
pressure (Fitch, 1975). Owen (1971) has shown that urethane ancesthegia
greatly inhibits cardiovascular reactivity in cats. The resulbant
hypotension evident in this study was thousht not to be significant
owing to the fact that (a) no ultrastructural changes were avpavsent in
the retina sfter six hours ansestnesia (Johnsen, Strovg snd Wilson,

3

1973), and (b) the value of the choroidal blood flow obteined in vhis

.

study 1s in food ogreenent wilh those oblained by olher worksres in

normotcosive ceoeditions (see toble




Table 3.3 Comparison of normal values of
choroidal blood flow

METHOD ANIMAL | CHOROIDAL BLOOD FLOW AUTHUR
(ml/win)  (m1/1008%/min)

Reflective Albino
densitomatry rabbit 1680 Trokel {1965)
HMicrospheres Monkey 1.44 0'Day, Fish, Aronson

Rabbit 0.84 Pollycove and Coon

(1971)
Microspheres | Cat 7341 13822 | Alo and Bi11 (1972)
.
Microspheres Monkey 677 ! Alm, Bill and Young
(1973)
Hicrospheres Cat 1300 weiter, Schachar,
and Ernest (1973)

Inert Gas Cat 1200 Friedman et al (1964)
Clearance Rabbit 831-1664
Inert Gas Rabbit 920 Present study
Clearance
.
1 mg/min
.

2 mg/100 gm /min
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The veriation in choroidal bleod flow in one animal
throurhout the duration of a six hour experiment is showm in figure
3.9. "he washout curve corresvonding to the *wd point on the graph
with a choroidal blood flow of 320 ml/1C0g/min. is shown in figure
%.10. In this measurement of blcod flow the radloactivitvy declined
initially with a half life of 0.5 second, This is equivalenl to the
decline ohsenved with the passsge of a non-diffusgible indicator
(Pc -~9%m lokelled khumen serum albumin) (figure 3.11).

Thig ig indicative that an arberio-venous shunt was present.
A=V shunts were present in 6,5 of the neasurements of flow.

Since the rebbit hes only a gingle circulation within
the field of view of the detector, the analysis of the washout curve
into a series of cxponentiazl compenents hes no Justification, The
half lives of the components obtained in thin study sre in reasonable
agreement with tuose found by Friedmsn and his co-workers. At low
flow values, four exponential components are not necessarily observed.,
One pogsible reason for this iz that at low flow values the peak in
radioactivity ie generally lower and thus the washoul curve cannot be
monitored for long periods witn sufficient statisticul accuracy.

Glasg and de Carvela (1971) have pointed out that the
magnitude of the erxrrors of the vorious varamoters obtained by

exponential curve fitting ds dependent onze-

exponont ratios,

amplituie rotios,

data aceuracy,

sauapling Treguency,
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Figure 3,9 The variation in choroidal blood flow in one
animal throughout the duration of a six hour
experiment. The error bar on the 3rd point is an
estimate of the error in thechoroidal blood flow
at low flow values (see Chapter 5).
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Figure 3.10 Analogue recording of a washout curve illustrating
the extremely fast initial decline in radioactivity
corresponding to an arterio-venous shunt.




R0 =
i il ol
nR ; g i
a . i i o : i H H
T A I ! ORI
! E S B 1 i Eol Eﬂ v
5 i H : : P B RPN
I R
e | e L el (91
[ R R B S H - TR
i ! L A : i =
N N N N O O I O O 0 I O I O ;n!: S
T ; C i L
; C N A g i
‘i 7 i 1 L " i ’ S K :°:
| L1 | | Rebirculatioh | | | 5o E
! My %A BARY /‘ g0
g g o e
; \
J\_~ ; i J,J\-JL-’% =

15 «— Time- secondg 0

Figure 3.1l Analogue recording of the radiocactivity within a
rabbit eye following injection of a non=diffugible
indicator (Tc~99m labelled human serum albumin).




Prom their investigations they concluded that in a
biological investigation with less than 60 data points of better
than two per cent accuracy, aunalysis of the data into a number of
exponentials sreater than three was uwnlikely to yield useful
information.

Rabhits, whilgt being ideal in hoving only a choroidal
circulation present, arve not sulted for prolonged experiments under
anaesthesia. The maintenance of a steady blood ypregsure throughout
the duration of a six hour experiment is not without difficulty.

b

fowever, the vresence of the single circvlation grestly simulified

the initial develorment of a mathematical model to describe difiusion

of krypton in ocular tissue. The explanation of the complex nature
of the washout curve in terms of diffusion and the egteblishment of
a relation between the initial slope of the wasnoul curve and the

choroidal blood flow will be presented in Chepters 4 and 5.
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Chapber 4

Diffusion of Krwvuton in Ccular Miscue 1 HMathemntical Model

ko1 Introduction
In the previous chanter it was shown that the clearance
of radiocactive kryoton from rabhit occular tissue is cowmplex and
that previously some doubt has existed on the vhysical nature of the
washout curve. The radiocactivity nmeasured by the detector placed on
the sclera at a given instent is related to the conceuntration values
of krypton summated over the field of view of the detector. In the
rabbit krypton arrives at the choriocapillaris and diffuses into the
! surrounding tissue. As fresh blood passes through the choriocapillaris
L. a fraction of the krypton atoms will egui ibrate with the blocd and be
carried by the blood flow out of the eye, resulting in a decline in
radicactivity. However, a significant prorortion of the atoms will
diffuse out of the choroid into the sclera, retina and vitreous. The
diffusion of krypton away from the detector also results in a decline
in measured activity due to the increased absorption of the beta particles
in tissue.
In this and in the next chapter a mathemaltical nmodel of
diffusion of Lrypton in ocular tissue will be presented to explain
“the complex —attern of the washout curve and to ihvestigake the relatice

between the choroidal blood flow and the decline in activitye.

o

Diffusicn is the name given to the process whereby molecules,
or atoms, by virtue of their random wmotion will, on averape, move Iron
regions of high partiel cressure to regicns of low. TIn this chapter a
numerical method of solving tie pothematicsl esvations describing Lhe

diffusion of a gig within wedis Wwill e presonted for o meovel whosa

[}




L2

structure is based on the anatomy of the rabbit eye. In the next
cliapter results of the model will be presented, comparison being
made between predicted washout curves derived from the model end
experimental washout curves obtoined from the study described in
Chapter %. Subsequently, the model will be extended to predict the

effect of the presence of a retinal circulation on the washout curve.

he1.2  Homenclature
The following symbols are used throughout this chapter
% = the spatial coordinate, normal to a reference surface {(cm),

t = time (seconds),

1\:: the solubility of @ substince in a given medium,

c(x,t) = the concentraticn of the diffusing substonce in a medium

at a point x cm from some origin at time t (cmm3),
p(x,t) = the partial pressure of the diffusing substance in a medium,

Pl * :
= h. Ao (o) where k is a constant of propovtionality,
dependent on the units,
oo . -2 -l

J(x,t) = the flux of diffusing substance (cm™ sec™'),

= the quantity of substance passing pernendicularly through
a reference surface of unit area during unit time,

D = the diffusion coefficient of the diffusing substance in a
piven medium. It will be assumed throughout that D is
i

) PR . -3 =N
ndependent of wvosition and partial nressure. (eme sec 1/, end

Lx = the value of x at the boundary between two media.

¥

The subscripts 14243,scea0, added to the above symbols jndicate that
the symbol is avplicable to medivm 1, medium 2, cedium 3,ccco,

respectively.
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44,2.17 Derivation of the Differential Viffusion Louation

The analogy betwe-n the transfer of heat by conduction due
to random molecular motions and the diffusion of substances was Tirst
recognised by Fick (1855). He developed the mathematical treatment
of diffusion by adopting the equation of heat conduction developed by
Fourier in 1822. Fick's first law of diffusion is based on the hyrothesis
that the rate of transfer of a diffusing substsnce through a reference
surface of unit area of an isotrovic mediur is proportional to the
partial pressure gradient measured rormal to the section.

Along one dimension Fick's first law states:

- . D Bp
J Y (L)

The negative sign indicates that diffusion is in the ovposite
direction to the partial oressure gradient;bﬂ%xi,e. diffusion takes
place from regions of high to regions of low partial pressures

In addition the diffusing particle at the reference surfacec

must obey the laws of conservetion of matter

2 4+ . - o (4.2)
ot e

Cowbining this equation with equation (4-1) results in Fick's

ond Law:~

2
e, . Do~
at. S x* (4n33)

Solution of this evuntion allows the varisntion in wariial

rressure (ond hence coucentrotion) throushout the mediua to be obtained.
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h.2.2 DBoundary Conditions

Where diffusion is occurring in itwo adjacent media having
different diffusion coefficients then within each medium there will be

an equation siiilar to equation (4-3) expressing the diffusion within

that medium, vizg.i-

1) for x<L
n f.O-.(.LX

OP:. S WA
D ™ (hali)

(2) for x7 L, %f.\:‘:.ﬁl N. ‘\.‘1.

o seem o .-—.—n—m
e

Re) QX (b5)
wnere Lx is the value of x at the boundary between the two media. In

obtaining the partial pressure varictions from these equations two

physical conditions have to be obeyed at the boundary between the media.

(1) The partial pressure is continuous

el /0‘>Ly_ = p) (14-6)

or . i
/>\\ Ca) poond /}\,2 . <~9\> (h-7)
Ly oe

(2) The flux of yariticles across the boundary is constant, i.e.

the
net number of varticles leaving medivm ) and entering medium 2 at

a given instznt is egual to the net number of particles enterin

medivm 2 from medium M.

™, b T
1); . (:»EJ“: i — \E},’,} R & f”) \ (lT )
ST R TR 8
O K & X /
e i
-
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L,%3,1 The Humerical Solution of the Diffusion Fauntions

The exact solution of a system of differential equations
by integral transformation is limited to a narrow runge of problems.
Numerical methods allow approximate solutions to be obtained for a
wide range of oroblems. One of these methods - the finite difference
method - vas used to obtain valucs of the partial pressure in the
diffusion model described later in this chapter. In this method the
derivatives are replaced at discrete points (called nodal points) by

expressions which approzimate the derivatives at these vointse.

L,%,2 The Finite Diffcrence ¥ormulae

For a function of one variable, e.g. y = f(x), an
approximation to the first derivative, dy/dx can be obtained by
replacing the gradient of the tangent to the curve y = £{x) at x = x;
by the gradient of the chord joining two adjacent points on the curve

at x = Xy and x = x, + 1 (see figure L.1), vizi-

i

_(J_}L — Ve  — M
dx h (4-9)

where N = X ™ xe (_7‘ X, ‘""-":i,—l) (4-10)

In a sinmilar manner an approximation can be obtained for

the second derivative, vizie

T = 3. = (412

~

be3,% The Finite Difference Form .t of

~

the Differential Diffusion Tnuntion

The finite difference method applied to the one dimensiecnal
differenticl diffusicn equation reculbs in solutions beiny; obinined for
the partial vressure al nodnl soints on o rectanpgolar netvwori (see fi-mres

ri PN S e L N S U PNINT PV 15 T RIS P S A3 s - - =1 Ry
4.2). Gho sbocisca of Lhis noteerh vepcoscats the spatinl dimension, e




y
4 fw £(x)

(Cj% = tahext
= tanf3;
= YimT Yi

h
-
0 Xe Xiat X

Tigure 4l Determination of the finite difference relationship.
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Figure 4.2 The finite difference network, The nodal points
are the points of intersection of gtraight lines
parallel to the coordinate axes.
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It is divided into equal steps of h units. The ordinate represents
time and it is divided into intervals of { units. The nodal points
are the points of intersection of the straight lines parallel to the
coordinnte axes from x = 0y x = hy x = 2hy eeee and £ = 0, t =1,
t=2L ...00
Let (ﬁak be the actual value of the partial pressure

at the voint x = ih at the time t = kB {(in,k8). The partial derivatives

af’/afi and ?ivnﬁaxq'at the voint (ih,fk) in terms of the finite

difference approximations (eguations k=9, and 4-11) are:-
o 9

BP, tH - Plprr = Pon

sk M — o

at ¢ -

(4-12)

ok //‘) O -3~,P<‘., SN

and - o
Ax™ h*>

A E, (ba13)

where &£, and é@z are the residual. terms tending to wero &s i

and h approach zero,

Substituting these relations into eguation (4-3) gives:i-

falﬁh'*" -—-/Oblh_ '_‘_ El - ‘b /C)L'f'”!/h- -.-ZP(_‘)Q_ + /D‘-"‘l!@' 4~ Ciz-
L h>

Rearranging

. 2D )
P\,,b_-w — (' - "“E::'" ‘/DL,LL + %%? [%:i“l,k ""ﬁrl‘k + 5R (a1l

Cmitting the regidunl term, ﬁﬁ ; ¥ielde the finite

difference format of the differential diffusion cauniion, ice.
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(4-15)

where f”?k is now the apnroximate value of the partial pressure at
the point (in,fk).

This last equation allows the calculation of the values
of the partial pressure at the nodal points on the horizontsl row
(k+1) from a knowledge of the values of partial pressure on the
previous row (k). Thus if the initial values (i.e. the values of
p olong the w-axis) are known,successive application of equation (4-15)
yields the values of the partial pressure at subsequent times,

The value of g at the two end nodal points on a horizontal
row cannot be determined from equation (4-15). In the model described

.

later in this chapter the values of the partial pressure at the end
nodal points were obtained by linear extravolation of the two neigh-~

bouring values,

43,4 The Finite Difference Format of the Boundary Conditions

The boundary conditions between two media areiw

O Po= P () D) = DO ‘

33 Lo O M
Inclusion of the first boundary condition is cbviously
straightforward. The linite difierence format of the second boundory
cordition at a point (nh,8:) (where ni = I -  the value of x at

the hewndory) is obtained by substituting the finite dilference relotion

for the worticl cerivatives, vizi-

e M ™y i " ‘ N . ! )
L)‘ (I ol It R - i\". ( f* adt, ko= ‘-"\J',\,!l
M~ n o e
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This countion is the finite difference format of the second boundary
condition.

Equations (4-15) and (4~16) allow the determinution of
the partial pressure values for a system comprising of two or more

media.

4.3.5. Choice of distance increment, h, and time interval 1

e o= G'\D/Eh'}" (4-17)

)

It has been shown (Luikov 1968) that

NS
Mo

(1) the finite difference method remains sable only if p

(2) the lorpest time step cceurs when p = 2, and

(3) the lurger the velue of p, the closer the approximated value
approaches the exact solution.

The choice of the distonce step, h, and the time interval,l,
for any particular situation must satisfy the condition that p7y2 for
the Tinite difference method to remain stable. In the model presented
later a value of 0.003 cm was used {or the distance increment and 0.2
second for the time interval. This pave 'p' values of 2.3, 4.7, 4.5 and

3.0 for the sclera, choroid, retins. and vitreocus respectively.

t o Comvrison of Fintle Diflerece ard oot Vlaes

rite diflerence methad

An estimzte of the accurary of the i1
was z¢rieved by cormeoving the Jinite difference resulis, wnder the snone
conditicns of distance iicrement -nd tire irtervel s used in the wedel,

with those obiained for an initisl condition Ffor wiich ca exact sobilion

Cthe Alfverentiadl diffusion conrtion is eown,  Thhe dnitial condition
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used was

pGeo) = NB(x-9) (4-18)

where N = a constant

dGe-a) =

G oat X 4Qq

Yor this initial condition the differential diffusion
equation has the solution

e el (=)
P <'1_,-t,> P P PSS (4-19)

The values ofP(x,t) obtained from equation (4-19) for
t = 10 seconds were used as initial values for the finite difference
network (figure 4.3). The vilue of the diffusicn cecefficient of kryvion
. o iy 5 2 1 .
in the choroid (0.76 x 107 om” sec~1) was used in this comparison.
Sumrated values of the paurtial pressure over the nodal noints were
obtained for both the finite differcnce and the exact values. Tigure
heli shows the variation in the percentage difference over 15 minutes.

The percentsge difference was taken as

(ixact value - finite difference value) x 100

Fxact value

The percentage difference varied between 0.0001. ut time
zero to 0.7 wlter 15 minutes.

Although these error volues only pertain to the varticular
initial condition, they are -t least two orvders of masnitude smuller than

the stotistical uncertainty of the data points of o typical wrchout curve

{ s e L . .
VHgure %) ape percenbage erver of the wouwnt robe abt o piven bime on
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Figure 4.3 Initial partial pressure distribution used in the
comparison between exact and finite difference
values.
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the washout curve was calculated fronm

(Standard devintion of count rote) x 100

count rate

4,5 Rabbit Model

The radiation intensity measured by the detector placed on
the sclera is ovroportional to the concentrations of krypton summated
over the field of view of the detector. Since kryoton is meinly en
emitter of beta perticles the concentration at a given dis*tance from
the detector has to be corrected for absorption of the beta varticles
in tissue. Thus solution of the diffusion enuvation in terms of
concentration of krypton within a volume of ocular tissue at successive
times allows the decline in radioactivity with tiwme to be predicted.

The rabbit eye, with its circulation limited to a layer of
vessels within the choroid running round the whole eye, allows a very
simple model to be used for the study of diffusion within ocular tissue.
The model is illustrated in figure 4.5. The spherical geometry of the
globe has been revlaced by a planar geometry. This as a reasonable
approximotion since the diametsr of the eye (12 mm) is very wmuch urecoter

tlan the masdimum range of ryptoen -55 beta particles (2.8 mm). The

values used for the ticsue tlickness are also shown in figur: k.5. (bavis,

1929; Frince, 1964). The thicknesses used are those of the esuntorial

region ol the eye. “he vitlreous was assumed to be semi~inTinite.

Within ench of the ocalar tissies the difTusion of Lryoton

3 R 1 R I~ S S st e
is ex.roosod by the differeptial diffusion eguation

Y - Y.
38 bIUR T R 1 ?}.:.i.‘:..
a'v Qe ™

cach tisz-ue boving iis arprovrinte ditMueieon coelficionte  he valuazg of




Detector Sclera Choroid Retina Vitreous

Nodal pt.

iTs 7 9 B B W ow A
Thickness 0-024 0- 012 0-015 bt
(cm)
Diffusion
Coefficient 1-6 0-7 0-80 1-2
( x107%cmist)
Solubility Q- 027 0-07% 0 062 0-059

Figure 4.5 Diffusion model based on the anatomy of the
rabbit eye.
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The details of the experimental determination of these valuces are
presented in Chapter G.

Solutions of the partial pressure of irypton were
obtained vy computation of the finite~differeuce relations of the
differential diffusion eaquation and boundary conditions (equations
415 and 4-16). 'The computation was performed by an IBM 370/158
computer. The comruter yrogram (see appendix 1) alloweds

(1) calculation of concentration and partial pressure

profiles of krypton throusuout the various tisgues
st various times,

(2) correction of the concentration values for the

absorption of the beta particles in tissue at each

nodal point,

(3) introduction of a term simulating the removal of
keypton from the choroid by blood flow, and

(4) summation of the calculated concentration values

(corrected for absorption of the beta particles)
over the various tissues at each time interval.

The correction for absorption of the beta particles in
tissue was determined experimentally (see Chapter 6) for the Geiger-
Miiller tube used, by observing the change in count rate with increas . ng
sbgorber thickness. The count rate declined exnonentially with incressing
{thickness. 'The exponential rate constant was 19.9 ca~1,

The simulation of removal of krypton by the choroidal blood
flow was ochieved by subtracting & known fraction of the concentration
values from the concentration, at a fixed number of nodal points ('fiow
points') in the choreid.

This fraction, k, is eauivalent to the exponential rate

conatant in eguation 2-14 and will be referreod to as the blood flaw ters.
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Chapter 5

Diffusion of I'mypton in Ocular Tissue IT Results

In this chanter the predictions of the model described
in the previous chapter will be presented. Initially, the predicted
variations in nartial pressure and in concentration of krypton in
ocular tissue will be described for vacious values of the bdleod flow
term, This will be followed by a comparison belween predicted and
sxperimental washoul curves. Subsequently, the elfects of variation
in the blood flow term, and of »rolonged avrival of lmypton at the
eye will be dligcussed.

Finally, a model based on the anatomy of the baboon eye
will be developed and the effect of & retinal circuletion on the

wvashoul curve investigated.

5.2 Partial Pressure and Concentration Profileg

Profiles of partial vressure and of concentration of
krypton within the oculer tissues were deltermined al verious times
after time zero. The choroid was assumed to contain three flow points
(nodal points 10,11, and 12); all other nodal noints being non-flow
points. A4 uniform partial pressure throughout the ﬁhree flow nointa
et time zero was chosen ag corressonding to the situstion existing at
the radiocactivity peai of the washout curves. BSection 5.3 describes
in detail the reasona for the cnoice of these conditionse.

rrofiles were obtained for various values of the bleood flow
term. Wigure b.la shows tne pariial vressure profiles at 5,20, 107 wad
500 gucontds reguliing from didfusicn alore, i.e. no blood Tl w in the

chersid to wonove ‘omton From the avslom.  As the oevion abone GiF e
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Figure 5.1 Predicted distribution of (A) partial pressure and
(B) concentration levels of krypton throughout the
ocular tissues resulting from pure diffusion,

i.e. k=0, at (a) zero seconds (initial distribution),
Eb) 5 seconds, (c¢) 20 seconds, (d) 100 seconds, and
e) 500 seconds.




from the region o»f high partial -ressvre in the choroid into the
sclera, retlina and vitreous, there is a decrezse in the partial
pressure levels within the choroild and a corwvespoading inecreasec
in the levels in the other tissues. “hus there is 2 tendency o
equalisation of partial vressure throughout the eye, as would be
expected. Figure 5.1b shows the corresponding profilss of the
concentration levels of irypton within the various tissues. The
concentration vrofiles have the same basic shape as the partial
pressure profiles. The concentration profiles arve discontinuous
since it is the partial pressure that is continuous across the
boundary between tissues with different solubility coefficients and
not the concentration. The ratic of the concentration velues et the
discontiruity at a tissue Junction ig ejual to the inverse ratio of
the solubilities.

¥igure 5.2a shows the partial vyressure profiles at 5, 20,
50 end 100 seconds for the blood flow term, k, egqual to 0.28 se\.c":L
(corresponding to a choroidal blood flow of 1650 ml/lOOg/min)‘ Again
the profiles indicate the diffusion of krypton from the high partial
pressure arzd in the choroid into the other ftigsues. However, the
removal of krypton by the choroidal blood flow at the three 'flow
points? (nodal points 10,11 and 12) greatly affects the shape of the
profiles. At times less than 5 geconds, the partial pressuce has &
maximum value witinin the choroid. However, by 20 seconds as a result cf
(a) diffusion of krypion from the choroid and (b) the removal of Lrrypion
at the flow points, the partial oressure witnin the choroid ig loven
than that in the surrounding tissue. Thus, precedin; ©
diffusicon of hxypten from the choreid into lhe scelexs, revina and

vitreous. Dy 20 seconds, concurrent will, the conitinued difiusion

A

tue contre of %the vitreous; lhere will oo baca GLilusiown foon Vag
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Figure 5.2 Predicted distribution of (L) partial pressure and
(B) concentration levels of krypton throughout the
ocular tissues for k=0,28 sec“l at (a) zero seconds

(initial distribution), (b) 5 seconds, (c) 20 seconds,

(&) 50 seconds and (e) 100 seconds.
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and retina into the choroid. IMigure 5.2a shows the cerresvonding
concentration profiles.

Tigares S.3%0,b and 5.4e,b illustrete partial pressure
and concentration profiles for & low blood flow bera (k=0.08% Eccul,
choroidal blood flow = 500mi/1004/min) and for a high blood flow term
(x = 095‘secul, choroidal blood flow = 3000 ml/lOOgﬁnin) respectively.
The profiles in these {figvres illustraete the same basic aprearance ag
those in figure 5.2. In the case of the low blood Llow term (figure 5.3
the reduced rate of removal of Imypton at the flow points is reflected
in the shallowaness of the troush in the nartial pressure »rofile within
the choroid. The increased removal of kryplton occurring with the high
" blood flow term (figure 5.4) iz reflected in the wuch deeper trough
in the paxiial pressure. In this case the wate of removal of krypton
at the flow voluts is go lerge that back dififvsion into the choroid from

the sclera and retina ccours in less than 5 seccrds.

5¢% Predicted Vashout Curves

The radicactivity measured by the detector placed on the
sclera iz related to the sumated concentration values; corrected for
absorption of the krypton beta particles, within the field of view of
the detector. Predicted weshoutb curves were obtuined by reveated summ-
ation of the corrected concentration values over all nodal points at
time intervaels of €.25 second.

In order to detcrmine the effect of the number of [low
pointg in the chorold, predicted curves were onbained for one flow
point (nodal woint 12), twe flow peints (nedal noints 11 =nd 12),
three £low points (nodail points 10,11 and 12), fonx flow points (node
poirts 9,10,1) and 12), and five flov zoints (nodal voinus o, 9, 10,
1L and 12) for & = 0.20 seoml, For a1l the oredictad cozven, Lie




1000 ¢ R
[ a
2 100
=)
w0
0
o
a.
I
]
o
10
1 - -
1 5 10 15 20 25 30
Nodal Point
SCLERA gCHOROID RETINA VITREOUS
1000
a
/,v———\N
100
[~
2
3
t
@
Q
o
3
10
1 .

15 20 25 30
¢ Nodal Point
SCLERA {CHOROID: RETINA | VITREQUS

Pigure 5.3 Predicted distribution of (A) partial pressure and
(B) concentration levels of krypton throughout the
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initial partial pressure levels {at time zero) were taken as constant
over the flow points and zero at all other nodel points.

The predicted curves were compered with a corresponding
experinental washout curve oblained from the study described in
Chapter 3 (figure 5.5a,b). The five predicted curves, corresponding
to the different number of [lov points, are all charscterised by an
initial exponential decline. The duration of this initial component
of the curve varies between 0.75 second (1 flow point) and 4 seconds
(5 flov points). ‘he subsequent decline of the predicted curves varies
in magnitude. liowever, the five curves have a gimilar shape to that of
the experimental washout curve.

The choice of the nmumber of nodal points within the choroid
ig arbitrary, dependent solely on the couditions described in section
4.%.5 veing met. Mive nedal noilnts within the choroid were chosen as a.
compromige between spatial resolution and a practical time interval for
iterstion., The nredicted curves obtained with either one or two flow
points, whilst agreeing with the gpatial errvanzgement of the chorcidal
capillaries, underestimate the duration of the initizl exponential
component, by comparison with the experimental wushout curve. The
duration of the initial component of the predicted curves obtained vith
either three, four or five flcw points all azree with the experimental
vashout curve within statistical accuracy. The prediclted curves obtsined
with either four or five flow poinits undercstimate the count wate at latex
times (figure 5.5b). 'The predicted curve with three flow points ic in
reagonable a yeement with the experimental washoul curve at all iime and
{for this reason three flow points within the choroid vere used in all
gubsequent studies,

T™he compearison between the predicted curve with threse [low
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5.5
points end the experimental washout curve is shown more cleerly in
fisure 5.6 a,b. From this comporison the exnlanation of the complex
nature of the waghout curve can he obtained. Within the first five
geoonds the partial jressure is a maximum within the choroid (figure
5.2a) and the removel of lkrypbon by the choroidal blood flow predominetes
over the diffusion of krypton away from the detector. This is borne
out by the feaot that the half life of the initiasl exponential decline
of the prediclted curve ig 2.9 seconds, corresponding to en exponentizl
rate constant of 0.28 sec”l. This d1s ecual to the blood flow texm
introduced into the model, indicating that the half 1ife of the initisl
slope ig a measure of choroidal blcood flow. The magnitude of the blood

flow ig obtained by substitoting the half life of the initial slope into

equation {2-16).

h— ml/100z/min.

At times greater than five geconds the maximum of the partial
pressure is outwith the choroid. Thus the gubseguent decline in radio-
activity is due partially to the removal of krypton by the bhlood fiow

hut also to the diffusion of krypton within the various oculer tissues.

5.4 Variation in Blood IPlow Wewm

In order to determine the range over which the inert gas
clearance method acouwrately meassures chorcidal blood flow, predicted
curves were obtained for values of the blcood flow term,; k, within the
range 04 k& N3, These curves wexe obtained by assuming
three flow noints in the cnorold and assuming that the inditial arsicl

pressures of the flow voints were the sanc,
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Figure 5.6 Comparison between a predicted washout curve (solid
line) with three flow points (k=0.28 sec~l) and an
experimental washout curve (dots).

(4) first 150 seconds (B) first 15 minutes.




The exponential rate constant of the initial decline of
the predicted curve was equal to the blood flow term over & range of
values of k between 0.003 and 0.83 sec”l. This corresponds to a
range of choroidal blood flow bebween 500 and 5000 ml/lOOg/hin‘ (figure
507)0 Vithin this range there is good agreement between the predicted
curves nd the experimental washout curves (flruroa 5.8,5.9 and 5. LO)
The range of choroidal blood flow obtained in the control study (Chapter
)) corresponds to values of k between 0.1l and 0.24 sec 1»

For k < 0.083 sec™? , the exponential rate constants
of the initial decline of the predicied curves are significently greater
than the corresponding k values., Thus it would appear that below a
choroidal blood f£low value of 500 ml/lOnghin i.e. k< 0.08% secdl
the initisl slope of the washout curve is not solely devendent on the
blood {flow but is partially due to diffusicn of kryoton away from the

detector. Tigure 5.1l a,b ghows the poor correlation belween the

exverimental washout curve with an expomnential rate coanstant of 0.05
-1 1 , - . . - ~1
sec (1% = 14 sccs) and a predicted washont with k = 0.05 sec ™.
In the situation where only diffusion is occurving (i.e.

= 0), the exponential rate constant of toe initial decline of

e 3 fin "'1 . o D a4 3 1
predicted curve is equal to 0.052 sec (flgure 5.12), fi'he decline

IR

observed in this situvetion is due polely to the incrsase in absorpiion
of the krypbton heta particles resuvlting from the diffusion of larypion

out of the choroid into the retina and vitreocus which are furither from

the detector. Howsver, exnerimental washout curves have been obtained

with exnonentiasl rate constants less than the theorebical lower limit
7 - |

obtained {rom the vrodicted curve with & equal to zero. One possibic

I

explanation of this discrepancy is thet in this enelysisg the crrivael cof

N

krypteon at the choricesrnillaris was assumed o bg instentarncous. In the
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next seccion the effect of prolonged arrival of krypton on the

predicted curve will be discussed,

5.5 FProlonzed Arrival of Kryoton

In order to study tue effect of prolonged arvival of
krypten at the choriocapillaris the input charecteristics of the
paxrtial pressure were modified. The prolonged arrival of kryphton was
simulated in the model by maintaining the uniform distribution of partial
pressure over the three flow points in the choroid for a fixed time, 1.
The effect of prolonged arrival of kzynton on the washoul curve weas
studied at values of k = =mero, 0.046, 0.083, 0,17, 0.28, 0,42 and 0.83

gec ~, For ecach value of k, predicted curves were obbtained for wvalues

of t between zero (as in previovs sthudies) and five seconds.

In the situation where only diffusion is occurring (k egual
to zero), the effect of increasing t is to decrease the value of the
exponential rate constant ( and hence increase the half 1life) of the
initial decline of the predicted curve. At v equal 4o zero, corresponding
1o sn instantaneous erwrival of krypton, the velue of the exponential rate
constant was 0.047 soc™t (% = 24.7 seconds). Tor t = 5 seconds the
value of the exponential rate congtant hes heen reduced tc 0.027 sec
(T} = 25.4 seconds). The first 30 seconds of a loz/linear plot, with k
equal to zero, cre shown in fizure 5.1% for values of t = zero; 1 second,
% seconds «and 5 seconds. It can be seen from this figure that the
nrolonged arrivel of urypton also has the effect of delaying the pexi
off the predicted curve.

] : -1 , . . o s
flor k = 0,046 see — end t = 0 the situation exists (scotion

. wl
5.4) whore the exponential rate conetont (egual to 0.05 sec )

initial deeline iz gi;mificantly different from k. &8 t increises
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5.8
(figure 5.14) the value of +the exponential rate constant decreaseg
and for t = 4 seconds the value of the exponential wate constant
(0.048 seonl) ig only slizhtly greater tean k. At t = Y seconds
the value of the exponential rate constent (0.044 secwl) ig alightly
Jess than k.

In the previous study ( t equal to zewo) the exponential
rate constent of the initisal decline ¢f the predicted curve was equal
to k for k 2 0.083 sea”l . Ag t increases the durstion of the
initial decline decrezges. Tor k = 0.08% and 0.167 secml (figures 5.15
and 5.16 respectively) tha exponential rate constant is ecval to k
for t £ 0.5 second. For t 7 0.5 second there is a steady decrease in
the values of the exponential rate congtants., At t = 5 seconds the values
of the rate ceunstanta were 0,055 and 0.084 seoml respectively.

For k = 0.28 sec = the erponential rate constont is equal
to k for t= 0.25 scocond. At higher values of t there is again a steady
decrease in the value of the exponential rate constant (figure 5.17).

A% very high choroidal blood flows (k = 0.417 and k = 0.83%

secﬂl) the exponential rate constant is only equal to k for + equal to

zero (figures 5.16 and 5.19 resvectively).

it dis obvious from this study that the prolonsed arriveal of
kryoton at the choriocanillaris can affect the relation between the
initial slope and the blood flow. 4in estinate of the duration cof the

arrival of krypton at the choriocepillaris in the experimental situation

i

wvas obitained by measuring the time interval, 1., between the onset of

A,

radioactivity and the peag in radiosctivity. “his interval was duter-

Py

mined in exyerimentol curves with exponenticl rate corstents ecual to the

=
i
o

blood Llow &

used in this eiad; . %he velues of VW, ave shown in U
5.1. Also shown in thiw table, fox eaclh value of k, dg the unaximun tine,

To, of the peok of the pradicted curves {or whiceh the exponential wate
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Figure 5.14 The effect of prolonged arrival of krypton at the
eye on the predicted washout curve. k = 0.046 secml.
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Figure 5.15 The effect of prolonged arrival of krypton at the
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Figure 5.16 The effect of prolonged arrival of krypton at the
eye on the predicted washout curve. k = 0.167 sec
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Figure 5,17 The effect of prolonged arrival of krypton at the
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Table 5.1 Values of T (mean L1s.D.) and T, for
various values of the exponential rate constant

XPONENTIAL n

RATE CONSTANT E To

(sec.—1) (secs.) (secs.)
+

0.0464 3.2 2.4 -
+

0.083 2.4° 1.3 0.75
+

0.17 1.7_ 1.0 0.75

0.28 1.2 t0.5 0.5
. .

0.42 1.0. 0.4 0.25
%

0.83 0.87 0.4 0.25
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constant ecuals k.

At all values of the exponential rate constant W g
greater than Tp., This suspests that the relation between the initial
slope and the choroidal blood flow may be influenced by the prolonged
arrival of knypton at the eye. However, two further factors have to
be considered., Firstly, the time congtant (0.4 second) of the
recording system may give »ise 1o an overegtinzation of TEQ Secondly,
the fact that a step function, and not a normal distribution, was used
in the wodel for the input characteristic of the arrival of krypton at
the choriocapillaris would lead to en underesitimation of Up. These two
factors tend to equalise T and Tp.

Thug, due to these conegiderations, within a choreidal blood
flow range of 500 - 5000 ml/100g/min (0.083 € k £ 0.83), the error
in the measured value of tae chorcidal blood flow will be significantly
less than 20;5% At choroidel blood flows less than 500 ml/100g/min it is
difficult to correlate the exponential rate constant of the initial
decline in measured activity with the choroidal blood flow.

The resvlts of this study have expleined the exisbtence of

experinental washout curves having exponential rate constants smallen

than 0.052 (sec section 5.4).

5.6, Retinal Circulation

5.6.1. Introduction

The primate retina is sustained by both the choroidal and
retinal circulatiocns. In order to detevuine the effsct of the presence
of & rotinal circulaticn on the washoud curve the diffusion medel was
modified to accommodate & retinal civculation. Whe removal of liry . ton

by the retisal circulaticn was cepresented in the mowel by o texm; I,




5.10
gimilar to that used for the choroid, namely the subtraction of a
fraction of +the concentration values at a nuaber of flow points within
the retina.

Since later in this section comperison will be made

between the predicted washout curves and experimental washout curves
obtained from baboon eyeg, the values of the thicikness of baboon
sclera (0.3 mm), choroid (0.12 mn) and retina (0.12 mm) were used in
the model. These values were obtalned experimentally from fresh btissue
using a Mercer dial thickness guage. The diffusion coelficients end
solubilities of krypton in the different rabbit tissues were uged.
Three flow points were used in both the choroid and retina (figure 5.20)
since the retinal circulation is limited to the inmermost layers of the
retina (nodal points 15,16, 17). O'Day et al (1971) using microsphores
obtained a value of 0.0%6 for the ratio of retinal to choroidal blood
£flow in monkeys. Alm and Bill (1973 g0 uging microspheras obtained
a value of 0.,041. Although these values pertain to total blood flow
and not capillary vlood flow, these results indiczte that the retinal
blood flow iz much smeller than the choroidal blood flow. The effect
of variations in both the retinal and choroidal blood flow texins on the

washout curve will be described in section 5.6.4.

5.6.2 Partial Pressvre Profiles

Migure 5.21 illustrates partial pressure profiles of krypion
at 5,20, 100 ond 500 seconds resulting from diffusion alone, i.,e. no
blood flow present. The orofiles were obtained for an lasianitanecus
{(t+ = 0) zrrival of lryolon at both seis of flow points. ‘ine initial
pertizl precsure at the retinal {low points was taken ss egual to thatd
at the choroidal flov points. Thesze proliles rre siwdlor to those

described previously (fiovre S.1a), illusbrating the tendency of

)
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Figure 5,20 Initial uniform distribution of partial pressure
of krypton over 3 flow points in the choroid
(nodal points 10,11,12) and in the retina
(nodal points 15,16,17).




Partial Pressure

103

102

10

a al
)
- \\}\
e P e ™,
s -
d e -“s‘w‘h\
e S B S R
A . N
/ AN B
/ \ ..
1 \
I/ \\ I
/
/ \\
s N\
S/
/ b
1 10 20 30
Nodal Point
s 3 i
SCLERA ZCHOROIDXE RETINA , VITREQUS

Pigure 5,21 Predicted distribution of partial pressure of

krypton throughout the occular tissues resulting

from pure diffusion,i.es ko-O,kr=O, at

(a) zero seconds (initial distribution),
(b) 5 seconds, (c) 20 seconds, (d) 100 seconds
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diffusion to equalige the partial pressure throughout the eye.

The effect of-removal of xypton by the choroidal and
retinal circulations on the partial pressure curves is shown in
figure 5.22. These profiles were obtained with a choroidal blood
flow Lewm (kc) of 0,2 sec"l and a retinal blood flow term (Rr) of
0.02 sec"l$ corresponding to flows of 1200 and 120 ml/100g/min.
respectively. These curves illustrabte the diffusion of krypbton from
the high pactial pressure arezs in the choroid and retlina into the
other tissues. Ag was the case with the choroidal cireculation present
alone, the removal of krypton by the choroidal blood flow results in a
trough in the partial pressure. Thus again there will be diffusion
at later times frem the sclera and retina towards the chorcid. The
removal of krypton by the retinal blood flow does not result in a
second trough in partial pressure and would ssen from these results
to be overshadowed by (a) diffusion of krypton and (b) the removal of
krypton by the choroidal blood flow.

Figure 5.23% shows partial pressure profiles farké = 0,077
seo"l and kr = 0,0077 seonl (choroidal blood flow = 460 ml/100g/min,
retinal blood flow = 46 ml/lOOg/min). The nartial nressure profiles
have a similar avpearance to those in the previous example with the
exception that the trouzh in the paritial vressuvure curve is much shallowe

[SNAY

5.6.%, Predicted Vashout Curves

Predicted washout curves wore cobtained in a similar ranney
Lo that described previously. The curves presented in this section
were obtained with an initial wniform distribution of partial oroessure

over both scts of flow points. The affzet of different values of

initial poartial pressure in tue choreid end wevina and the offect of

a5




103

a a
Pl
. A \\\
-
,-"/ - ,______-_\\\
, D
5 c e ’ e
2 oo 1 e
g _7“ ------ ——— e " N T R
2 y - P . —
& Ty . ..../4L/ P \;\---"--»----n-:\.\_‘_
s B |- N\
i ,/ \‘\ _ l// \
S / - IR e
10 7 I
/b ,J-”—
[T — el
\\‘w,
1 . ke e
1 10 20 30
Nodal Point

SCLERA §CHORO|D§ RETINA | VITREQUS

Figure 5,22 Predicted distribution of partial pressure of
krypton throughout the ocular tissues for
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prolonged arrival of krypton at the eye will be discussed in
subsequent sections.

Figure 5.24 a;b illustrates a comparison between a
predicted curve (kc = 0,077 seo“l, k., = 0.0077 secml) and an
experimental washout curve obtained from a baboon's eye (see
Chapter 7). ‘“he exponentisl rate constant of the initial decline
of the predicted curve is equal to ko indicating that, as in the
previous study, the initial exponential decline of the washoudb
curve is a measure of choroidal blood flow. The snalysis of the
subsequent decline of the predicted curve into & second exponential
component to correspond to the removal of krypton by the retinal
circulation ig difficult and results in lsrge ervors for any value
of the second exponential rabe congstant., No correlstion was
obtained between this expenential rato constant and krﬂ

The results of this model imvly (at these values of kc
and. kr) that the initial decline of the washout curve for primate eyes
is a measure of choroidal blood flow, whereas the subsequent decline

ig diffusion devendent.

5.604. Variation in Blood ilow Terms

In order to determine the effects of variations in chor-
oidal and retinal blood flows on the weshout curve, predicted curves
verce obtained (~ith similar initial conditions as before) for kc =
zevo, 0.0168, 0.0%332, 0.0416, 0,05, C.0584, C.0663%, 0,085, 0.1, 0.115;
0.13%, 0.168 and 0.2 sec™. 4% each of these velues of k& series of

predicted curves were obtained for valuveg of krii kCQ
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The veriation of the exponential rate constant of the
initial decline of the predicted curve with the retinal blood flow
tern, k'r is shown in figure 5.25 a,b for various values of kc“ For

n

k., & 0,066 sec™ the exponential rate constant overestimates k_ and
incresses as k  increases. Kor 0,066 & }ﬁjié 0.133 (corresponding
to cho:oidal blood flows Letween 400 and 800 ml/lOOg/hin) the exponen-
tial rate constant is equal to kc and within limits is independent of
&r' At values of ko greater than 0,133 the exponential xate constant
is again, within limits, independent of kr° However, it now wider
estinates kc“

The increage in the exponential rate congstant at relatively
high values of kr can obviously be explained by the increased importance
of the retinal cireulation, For 0,066 & ko & 0,133 the ratio kc/kr
at the point at which the expsnential rete congtant no lonrer equals kc
varies between 0.09 and 0.4. These values are much greater than the value
of 0.04 obtained by O'Day et al (1971) and by Alm and Bill (1973) for
the ratio of retinal to choroidal blood flow. Thus for choroidal Llood
flow values between 400 and 800 ml/100g/min the nodel sug:ests that
within physioclogical limite of retinal blocd flow the initial glope of
the washout curve is dependent solely on the choroidal blood flow.

The relation between the cxponential rote constant snd k
is shown more cleerly in fisuves 5.26 and 5.27. In figure 5.25 ko is
compared with the exronential rate constant. The horizontal bars
indicate the renje of values of the exponential rate constent at a Liven
value of kc obtained by varyin; kr within the renge 0 % kr = kco

Moure 5,27 is a gimilar graph of kc ecainst exponential rele constant.

The pointes on thisg gra.n were obtainced with kr = 0.1 x k.
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There are two diffcrences between this gravh and the
corresponding one for the rabbit model (fisure 5.7). At low levels
of kC the exponential rate constant no lonzer egusals kco In the
previous case in which only choroidal cireulation wos included this
lower limit ovcourred at k = 0.083 sec = (choroidal blood flow = 500
ml/iOngmin}. In the gituation with the dual circuwlation, this lower
limit ocourred at k= 0,068 sec™ (choroidal blood flow = 400 ml/100g/
min).

The fact that the exponential rate constant is greater than
ko at lov levels of ko ig attributable to the incressed contribution
from the diffusion of krypton from the choreid inte the retina. Vhere
circulation is assumed in both the choroid and the retlina the initial
partial pressure gradient between the two is reduced and diffusion
effects are small 1nitially;

The other major difference between the two models occurs
at high values of kc. Whereas in the purely choroidal circulaition
model there was no upper limit, in the case of the dual circulation
model when kc is greater than 0.13%3 sec"l tne exponential rate constant
wderaestimates kc. This wag thought to be due to diffusion of kryplon
from the retina into the choroid. Initially the partizl pressures at
the choroidal and retinal flow points are egual. After the first removal
of krypton by the circulations the partial pressure will be lowen in
the choroid than in the retina. Thus at high choroidal blood flows
there will be a significant partial pressure differsence between ihe
choroid end retine resultin- in the diffusion of krypton from the retira
into the choroid. This effect will tend to increcse the count rote

ne of the washout curve.

and hence reduce the sl
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5.6.5. Partial Pressure Variation

In ordexr to detormine whether or not the differences
between the two models was dve to the existence of a region cof
high partial sressure in the retina gredicted curves were obtained
“1)

. -1 . . ) -1
for kC = 0,033 sec 7, (kr = 0,003% sec s ko = 0.) sec 7, (kr =

0.0l,secml), and k_ = 0.2 sec-'ly (kr = (0,02 secul) at partial pressure
ratios (retina/choroid) of 1, 0,75, 0.5, 0.25, 0.1 and 0.05,
Por 211 three values of ko reduction of the partial pressuvre ratio
resulted in an increase in the exponential rate constant (figure 52 )

confirming the previous explenation for the difference between the two

models.

5.6.6. Prolonzed hrrival of Xrvoton

The effect of prolonged avrvival of krypton at the eye was

studied for three sets of Dhlood flow terms in a similar manner to that

degscribed in section H.5,

The prolonged arrival of krynton (i.e. increasing %) had
a similar effect in the dusl circulation model ag that in the purely
8 . . . . ~1 o wl
choreoidal circvlation model. For ko = 0,033 sec kr = 0.003% sec )
there was a steady decrense in the valve of the exoonentiesl rate constant
. " ~1 , -1 ) . L
from 0.0485 sec at t = 0 to 0.02¢8 gec at t = 5 seconds {iTisure
5.29).

; ~1 wl .
Por k= 0.1 sec (kr = 0,01 gec ) the exponentizl rate

constant equalled kc for t € 0.25 second. Ahove this value there was

a oteady decrenge in the exponential rate congbant.
rd e - B, -1 oy -1
At hish values of L (k‘ = 0.2 sec —, kr = 0.02 sec )

thaere was also @ steadyr decrease in the value of the exponential rete
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consbant ag U increases.,
The vesults of this study, as before, indicate that the
prolonged arrivel of kryoton at the eye could affect the relation

between the initial decline in radicsctivily and the choroideal blood
flow. However, oz vas the cage in the rabbit modely the assumption
of a step function for the arrival of krypton at the eye is un-

realistic., Thus, in practice, the error in lthe choroidal blood flow

mesgurement is diffilcult to estimate but will be of the same order as

in the rabbit model, i.ec. < 204,

5.7 Riscusgion

The four major limitations of the diffusion medel are:

(1) diffusion was only considered in one dimension,

(2) the boundary bhetucen ithe gclera and the detector was assumed
to be impervious,

(3) the values of the solubility and diffusion coefficients were
obtained by in vitro methods,

(4) the enproximation muthod of obtaining

2 solutions of the partial
differential diffusion eguations.

The errors resulting from the use of the finite-dilference
moethed hims been shown to be mech smaller than the stvatistical accurscy
of the data points of the washout curve (section 4.4) and cen therefore
be dgnored.

The first twe limitations are inherent in the simplificaticn
of the snatomy of the ere inio a pracﬁioal nodel for the sclution of
the difforential diffusiun ecuation. The eve with its snecialisad
anatony is moxe amenable to this trectueant than eny other orjmn.  Yhe

2 g s S omam e O e e e PR e 4 ae I B
sesunption of =n lungewnvious houndvz s botueen the sclore and the

Getector rrose fron the dl7leulty dn decidin the phyelcal aouws of
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the junction. Since the concentration of krypton at this junction
is relatively small (fisuve 5.2b) any error arising from the
agsumption will be small,

The details of the experimental determinations of the
solubility and diffusion coefficients are described in'Chaptex 6.

In the present study only bulk diffusion of krynton in tissue has

been considered. MNo attempt has been made 1o account for intra and
extracelluler diffusion. There have been widely conflietin: renoris
concerning the magnitude of the diffusion coeflicient of subhstances
within cells. Several studies have yielded values of the order of

10 =5 cmz sec -1 (Ling, Ochensenfeld snd Karreman, 1967; Bunch and
Kallsen, 1969; Kushmerick and Podolskys 1969) whereas other studies
heve yielded values of 10 “T 16 1070 on? cec™ (bick, 1959, Penichel
and Horowitz, 1963%; Hills, 1967). IfHills' results are true then intra-
cellular diffusion rates would be several orders of magnitude legs than
extracellular rates. Xvans, Susuttil, Cillespie and Unsworth (1974)
have reviewed these studies and from thelir own investigstions have
concluded that the diffusion coefficient of zenon in cytonlasm must be
greater than 2.2 x 10”8 cm2 sec , several orders of megnitude sreztor
than that obtained by Hills.

Despite thesze limitations this study of diffusion of liryplon
in ocular tigsue has provided en exolanation for the complex nature of
the washout curve. UThe détailed results of the model have chown that
for choroidal bloocd {low values above 500 ml/lOOJfﬁin in the rabhit the
initial slooe of the washout curve is a measure of cheroidal blood [low.
In the caise of tne baboon it has been shown that, wiithin e physiolozical
ran_e of wctinal blood flow, the initial slove of the wasnout curve Ls
reloted to Whe cuoroidal blood flev for bloed Tlow values witadw the

4 vy

rave 400 to 600 lO i/min. Lo cowelation wes evidead viueon ony
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later slope cnd vetinal blood flow.

In both the rabbit and babow.n the lower limit to the
relation between the initial slope and the choroidal bloocd flow
arises from the dncreassed contribution to the clearance from
diffusion of krypton away from the detector, In the mabbit no
upper 1iﬁit is indicated by the model. In practice the upver limit

arises when the initial exponential slope is of the same order as

that observed during the vassage of a non-diffusible indicsator.
This gets en upper limit of about 6000 mlfli)@g/minc In the habhoon
the model indicated that the presence of a retinal circuletion rives
rise to en upper limit abt 800 ml/lOO&Amhh

The resulits of the studies on the effect of prolonged
arrival of Lrypton at the eye indicste that this factor does have an
effect on the relation bLetween initial slooe and chwroidal blood flow.
In the exverimental sitvation it is difficult to measure the duration
of the arrival of xryoton at the eye. Thus the error sriging fronm
this effect is difJicult to egbimole but will be siznificantly less

than 205,
The thickness of the verious ticsues in the human eyewall

are different from those of the baboon. is a nreliminery investigelion

into the effect of tissue thickness on tiie washout curve, predicted

wasiout curves wvere obtained {for kc = 0,0%%, 0,1 end 0,2 secnl for
different btalcxnesves of the oculor tissues. Phree scts of values orf
thicimess of 1the sclera, cnoroid and retino were uced correspouling to
enterion, ennatoricl wnd postevior regions of the 'mmen eye. ‘Phewe

values were talen from .o_on, alvarado a

3 Ttadd

oy N .
ad Weddell (1971) and zre shoun

in table 5.2, Whe values of the exponentlial rufe constvimts oblbuined




- Table 5.2 Variation in thickness of the sclera, choroid
and retina of the human eye
Region Thickness (cm)
Sclera Choroid Retina
Anterior 0,06 0,015 0,010
Bquatorial 0.05 0.010 0.018
Posterior 0.10 0,022 0.056




from these predicted curves are shown in table 5.3,
T -1l . . .
For k, = 0.1 gec the exponential rate constant for
the initial slope of the predicted curve equels kc for evch of the

. . . -1 -
three regions.  Yor kc = 0,033 gec the exponential rate constants

~L all

differ siizhtly and all overestinete kce For kC = 0,2 sec
three valueg again differ, sach underestimating kc « "hese results
indicate thet the inert gas clearsnce method will zive an esimate
of choroidal dloed flow throuh the human eye. Iowever, the range
of blood flow over which the method gives a true measure of blood
flow will depend on the region of the eye uwnier study., Similar
studies zs those described in this chapter will be undertsken o
investigete this in detail, the results of which are outwéth the

scope of thig thesis,




Table 5.3 The effect of changes in eyewall thickness on the
exponential rate constant of the initial decline of
predicted curve for three values of the choroidal
blood flow term, kc

Region Exponential Rate Constant (sec” 1)

kcz 0.033 kc: 0.1 kC: 0.2
Anterior 0.050 - 0.1 O.1u4k
Equatorial 0,049 0.1 0.133
Posterior . 0,062 0.1 0.151




6ol

Chapter §

P~

Measurement of Linear Absorotion Coofficient,
polubility and Diffusion Joelficients

6.1 Introduciion

This chapter presents the experimental procedures and
results of measurements of the constants used in the model described
earlier. 'These are:-

(1) the correction term for the absorpition of the

keypton beta particles in tissue (the linecax

absorption coefficient),

(2) the solubility of krypton in ccular tissuve and
in blood, and

(3) the diffusion coefficient of koypton in ocular
tissue.

6.2 Measurement of Linear Abscrvniion Coefficient

6.2.1 Introduction -

‘ The count razte measured hy a detector from a source of
beta particles declines exponentially as the ﬁhiékness of absorbing
material between the detector and source is increased, provided the
thiclkness of the absorber is less than the rmaximum range of the beta
particles (Mine and Brownell, 1958). Tor a given thickness of absorbex,

the count rabte, I, is given by:

I=I,¢ ek (61)

;oon I=1I.e T P Py (6-2) :

where Io = the count rate with absorber absent,

v

x = the thickncss of ebsocber in om.,

[

. . . 2
o the thickness of abgorboer in mg/cm P

. . . . ot -1 .
i = the linesv cuscrption coeflicient (om ), and

<

S T TS Ny Mt S R AF ST S SRR o
Moo= the wmass avsorntion coefficient (C.'ﬁ. T!lf_.l“"l!
- ’
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The linear absorption coefficient is related to the mess

abgorption coefficient by the expression:

R=p.p (6-3)

where p = the density of the material (mg cm3).

Tor a given bheta energy the mass absorption coefficient is to a
good. approximation independent of the absorber material. Thus the
lineaxr abgorpbtion coefficient of tissue coan be caleculated from the
mags absorption coefficient in other materials e.g. aluminivm

4 A
(p = 2620 wmg/om’) and melinex (p = 1510 mg/om”).

Since,
pm(tissue) e pm(aluminium) = nm(melinex)
n(tissue) = pltissue) . pm(aluminium)

(6-4)

4

p(tissue) . pm(melinex)

k4
The density of tissue was assumed to be 2000 mg/em”.

6.2.2 Method

The mass abgorption coefficient of aluminium and
melinex were obtained by placing known thicknesses of the material
between the Geiger - Muller tube and a krypion source (figure 6.1)
end. noting the change in count rate. The thickuess of material
(in pn) was determined using a Mercer dial thickness guaege. This

3
vag converted to mg/cm” by the relation




L ead Geiger-Muller Tube

Shielding 1§ <] Absorber

Krypton ~ 85

Figure 6.1 Apparatus for measurement of absorption coefficient.
(I) Indium seal (s) Clamping screw
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6.2.3 Results

The decline in detected radioactivily with increaging
thickness of aluminium ond of melinex is shown in figures 6.2 and
6.3 respectively. The graph of covnt rate on a logarithmic scale
ageinst ebsorber thickness on a linesr scale (figure 6.4) was linear
for both aluminium and velinex (r = 0.999 and © = 0,998 respectively).

The mass absorpiion coeificients obtained from the gravhs werve

T
H

A (alwminium) = 0.0206 cmzﬁng

4
i

and ;%l(melinex) = 0,0191 cmzﬁngo

Application of eguation (6m4) to these values results in
values of 20.6 and 14.1 c:m"l Lor the linenxr absorpbion coefficient in
tigsue.

Substitution of the mean value (19.9 cmul) for the
linesr absorption coefficient into equation (6-1), with IO = 1, gives

the correction factor for absorption of the heta particles in tissue

t0 be applied to the concentration values atb the nodal points.

-19.9 x (6-5)

i.e. correction factor = e

where x = distance (cm) from the detector.

6.3 lleasurement of sclubility of keipton

-

Ge3.1  Introducticn

The golubility of = gas in a liguid cen be expressed in
several weys (Xety, 1951).
(1) “he Juenen solubilityr coefficient, delinszd as

the amount of sas (en”) at 00D, tclken up by
- ] 1
Lgm of liguid.
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(2) The Bunsen golublility coefficient, defined as
the amount of gas (cm?) at SIPD taken up by
1 ml of the liquid at the temperature observed.
(3) The Ostwald solubility coefficient, defined as the
emount of gas (em?) at ambient conditions taken up
by 1 ml of the liguid at the temperature observed.

The solubility coefficients are related by the equation

A = ﬁ (1 #ot 88, =y (1 +oCat)

where A = Ostwald solubility coefficient,
A = ZXuenen golubility coefficient,
B Bungen solublility coefficient,

o = expension coefficient for gas = 1/273, and

St = density of solution at £%¢,

6.3.2 Method (liquid samoleg)

The Ogtwald solubility coefficient was debtermined for
water, rabbit vitreous, whole blood, plasma and erythrocytes.
Approximately 1 ml) of the liguid sample was placed in a glass vial
(volume %.6ml) and equilibrated at 5700 with approximetely Aali
of krypton - 85. Measurements were made at various equilibration
periods between 0.5 and 24 hours.

Heparinsed arterial blood samples were obbtained from
rabbits prior to death. This blood was used for the measuremenis
on whole bleood; erythrocylbes and plasma. The plasma was separated
by spinming the blood in a centrifuge at 3000 rpm for 20 minutes.

The total radiocactivity, Al’ in the vial was determined
by counting the 0.51 lev Xmemission (see Table 3.1) in a well
geintillation counter (HE 5502/8622). At the end of the eguilibration
period a fraction of the sample {approximately 0.4ml) was pipetied

into & pecond vial and the radiocactivity, Az, deternined ay befors,
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The transfer of only a fraction of the sample avoided the
transfer of radicactive gas. The time taken for the transfer of
the sample between the vials varied between 10 and %0 seconds.
The volumes of liguid equilibrated and transferred were obtained
by weighing; the volumes being obtained from previously
determined graphs of weight of sample versus volame of sample
(figure 6.5).

The Ostwald solubility coefficientgg , is equivalent
to

j\ - radioactivity/ml of liquid
- - - S
radicactivity/ml of air

In terms of the measursd gquantities:

4 - K\z /\é
(A~ GQZJvE/&éj)/<3JQ~M\J%)

*"‘)\ " Az(\/\/ “*\/e)
A| A - Aln\./(-_’_
where ?\ = solubility coefficient,

A, = radioactivity in firet vial (gas + sample),

A, = redioactivity in second vial (sample),
V, = volume of first vial (md),

V, = volume of liguid equilibrated (m1), and
V, = volume of liquid transferred (ml1).

This method is similaxr in many respects to that
employed by Ladefoped and Anderson (1967)« One difference is
that Ladefoged and Anderson used rubber-capped vialg and
transferred the liguid sample by connecting the two vials with

a needle. In this study the glass viale were sealed by heat.
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Figure 6,5 Volume of sample versus weight of sample.
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6.6
Thig method overcomes any difficulties arising from absorption of

krypton by the rubber caps of the vials.

603,35 Hethod (tissue samples)

Tissue samples were obtained {rom freshly enucleated
rabbits' eyesg which were dissected under saline to give samples of
sclera, choroid and retina welighing belween 0.015g and 0,05z, The
solubility coefficient was determined by a method similaxr to that
employed. in the liquid samples., The transfer of the tissue between
the two vials at {the end of the equilibration period was achieved hy
introducing approximately 1 ml of saline dnto the first vial diesplacing
the gas above the tissue. The tissue and s fraction of the saline were
then pipetied into the second vial. This avoided transfer of the
redioactive gas.

Por the tissue samples the solubility coefficiant,) , Was

taken agy-

f\ radioactivity/e of tissue (6-9)

radioactivity/ml of air

In terms of the measurved quantities:

(Al - AZ)/(VV—'\/T)

i\ = ;&2 CXAL ”‘\ﬂr) (b'“i)

m (Au ~ A:}J
where '1 =  golubility coefficilent,
A, = radioactivity in first vial {gas + sample),
Az = radicactivilty in second vial (sample),
m = mass of the tissue semple (g)

V= volune of the vial (ml), and

V. = volume of the tissue sample (ml)o
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Figure 6.6 Solubility of krypton in water versus equilibration
time.




0-12 Sclera
0-08 ¢t
=
%
=
Q
P o]
004
I ST N
0-00 7
0 1 ? 3 4 5 24

Figure 6.7 Solubility of
time.

Equilibration  Time
(hours)

krypton in sclera versus eguilibration




Choroid

0-12
l
008
=
=
A
004 J { } {
OOO — — L —/ }

Equilibration Time
(hours)

Figure 6.8 Solubility of krypton in choroid versus
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Figure 6.9 Solubility of krypton in retina versus
equilibration time.
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Figure 6.10 Solubility of krypton in vitreous versus
equilibration time.
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Figure 6.11 Solubility of krypton in whole blood versus
equilibration time.
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Table 6.1 Ostwald solubility coefficient for
krypton at 37°C (mean + 1 S.D.)

SAMPLE NUMBER SOLUBILITY
OF COEFFICIENT
MEASUREMENTS

Yater 32 0.067 * 0,005

Whole 32 0.076 * 0,007

Blood -

(Hct. 38)

Plasma 32 0.059 * 0.005
+

Erythrocytes 32 0.107 ~ 0,009

Sclera 16 0.028% 0,006

Choroid - il 0.0%0 % 0.008

Retina 35 0,062 % 0.011
+

Vitreous 28 0,059 ~ 0.008
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6.3.4 Results
At least fouwr determinations of solubilify for each sample
were made for equilibration periods of 4§ r., 1 hr., 2 hrs., 3 hrs.,
4 hrs.y 5 hrs., and 24 hrs. The results for esch sample are shown
in figures 6.6 to 6,13 as & grash of solubility agrinst e wilibration
time. The mean result for each gample over cll e uilibretion times is

shown in table 6.1,

6.3.5 Digcugsion

The extrapolation of the in vitro solubility measuremeunts
to living tissue depends on the validity of several assumptions. Fivstly,
essentially complete equilibrium of krypton with the sample must have
been achieved by the end of the equilibration peried. The fact‘that
the solubility coefficients were not significantly different after
periods of equilibration varyin. between 0.9 and 24 hours, would sugrest
that eguilibration had occurwed in all cases.

Secondly it has to be agsumed that tissue wnmaintained
for the duration of the experiment has a krypton uvptake similer to
that of living tissue. In a similar investization Conn (1961) found
similar xenon upta:e by whole blood, skeletal muscle and by liver in
vivo and in vitro.

The magnitude of the erpor resulting from the louss of
krypton from the sample during the transfer between the two vialg wes
estimated by considering the raete of diffusion of krypton out of the
sample. Vhen one faco of an extended sample containing krypton at
uniform partial pressure is suddently maintained at wero partial
pressure, the nean partial pressure of kpypton within the sample will
decline exponentially. The half life, 2, %o & first approximation is

given by (Gillesvie and Unsvorth, 1966):




T O 292w W2
&

608

where L = thickness of the sample (cm), and
D = diffusion coefficient (cm2 sec“l)q
(see section 6.4.2).

Turing the period between openin. the vial and the
start of pipetting (approximately % seconds) the mean partial
presgure will decline with a half life of the order of 20 seconds.
This corresponds 1o a 105 loss of krypton. This estimate asswnes
zero partisl pressure of krypton in the viel above the sample, which
igs not the case. Thus, the true loss will be less than 107 Turing
the period the sample is within the pipette ( ﬁé 15 seconds) the
half life for the liguid samnles will be of fthe order of 104 geconds
(L% 1 em). Thus there will be negligible losg of krypton during
thig phase of the transfer. For the tissue samplesg any loss of
krypton will bhe into the surrounding saline. Most of this saline
igs pipetted into the second vial, Any further loss of krypton from
either the liquid or tissue samples will be coanteined within the
gecond vial. Thug the loss of kryoton from the sample during transfer
will be less than 107,

The solubility values obtained in this study erve in agrec-
ment with those found by other workers (table 6.2). Friedman, ¥opald
and Smith (1964) obtained a value of "sli_htly greater then one" for
the ratio of the solubility of krypton in the cat retina to the solub-
ility in whole blood (i.e. the partition coefficient). The value
obtained in this study wes 0.062 + 0.2, Since the golubility of lkrypton
in exythrocytes ls sijnificantly different from that in »lasma (table
6.2), the mognitude of this ratio is devendent on the haematocrit.

Lty

Tigure 6,14 shows the variation in the partition coefficient of the

retina with haematocerit for the limifed defa available frowm thie it




Table 6.2 Ostwald solubility coefficient for krypton
- at 379C in various solvents - literature values

SOLVENT OSTWALD REFERENCE
COEFFICIENT
*
Water 0.052 | Von Antropoff (1919)
0.052 Valentiner (1930)
0.0499 Hardewig, Rochester and Brocoe
. (1960)
0.048 Yeh and Peterson (1964)
0.067 . Present study
Plasma 0,051 Hardewig et al (1960)
0.053 Muehlbaecher, DeBon and
Featherstone (1966)
0,059 Present study
Trythrocytes| 0.120 Muehlbaecher et al (1966)
0,107 Present study
“hole bloed 0.045 . Yeh and Peterson (1965)
0.085 Muehlbaecher et al (1966)
0,076 Present study
Lipids:
olive oil 0.h49 i Lawrence, Looris, Tobias and
Tunpin (1946)
0,458 Yeh and Peterson (1963)
human fat 0.462 Yeh and Peterson (1963)
Tissues: .
Brain Yeh and Peterson (1965)
homogenate 0.0454
muscle 0.04329
sclera 0.028 | Present study
Choroid 0.030
retina 0.062
Jvitreous 0.059 i

L]

Values are calculated from Bunsen coefficient
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Figure 6,14 Partition coefficient (retina) versus haematocrit.
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These workers also obtained a value of "sli-htly less than one' for
the partition coefficient of the choroid. In vivo, the choroid
comprises epproximately 95ﬁvblood by volume. Unlike Friedman,
Kopald and Smith (1964) the value of the solubility of krypton in the
choroid (0.030) obtained in tnis study was for exsanguated choroid,
This value is smallsr by a factor of two than the solubility of krypton
in whole blood end is significantly lower than that obtained by
Lawcence, Loomis, Tobias and Turpin (1946) and by Yeh and Peterson
(1963) for the solubility of krypton in lipids (table 6.2).

The true value of the solubility of Lrypton in the choroid
(including its contained blood) is

0.95 hws +  0.05 A

B3 il -
where 'ﬁweg = the solubility of krypton in whole blood, and
ﬁ\ = the solublility of krypton in exsanguated choroid.
e Gt -

The percentage error involved in using in the model the

solubility of krypton in whole blood as the solubility of krypton in

{the choroid (including its contained blood) is thuss:

((‘)-‘15 Yz S+ O'O‘s_ﬂii\*gﬂ, ~ 1.2 ')«u;,z v 100
Oﬂgﬁwa“koﬂﬂﬁaxw

This is of the order of 3%7.

6.4 Meazurement of the Diffusion Coefficient of krypton

6.4.1 Introduction

The measurenment of the diffusion coefficients of krypton
in rabbit sclera, choroid, retina and vitreous were obtained using the
radioigotore tochnisue developed Ly Unsworth and Gillespile (1971).

These worikers hove showy tiat the ratio of the diffusion

coerficients in water of xenon and xrypton ilgs egual to the inverse
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ratio of théir molecular weights., This relation is the same as that
given by Graham'sg Lawn‘ In this method it is necessavy to detect the
X~radiation from the dissolved gas (see section 6°4ﬁ2). Unfortunately
only 0.7 of the totel smissions from lrypion -85 are B ~ToySs A8
conpared to 357 K‘emission from xenon ~13%. In order to obtain
sufficient statistical accuracy the diffusion coefficient of lkrypton
in the samples were obtained by first determining the diffusion
coefiicients of xenon end apnlying the relation ohserved by Unsworth

and Gillespie.

6.4.2 Theory

Tt has been shown (Carslaw and Jezerer, 1959 Gillespie
and Unsworth, 1968) that when one face of an extended slice of
homogeneous material initially containing a dissolved gss at vniform
partial pressure ig suddenly maintsined at zero partial pressure the
mean partial pressure of the gas within the material will initially
decrease rapidly owing to the very steep nartial pressure gradients
at the surface. At times greater than O.le/D, where L{cm) is the
thickness of the material and D(cmz/ﬂec.) is the diffusion ccefficient
of the _as in the material, the mean partisl nressure decreases at a
less rapid monoexponentiai rate, The diffusion coefficient is related

to the halving time, T (secs), of the exponential by the formula

> (6-11)
If the dissolved gas is radiocsctive and emits%{rodiation,

then g narcovly cellimated scintilletion detector will lave a unifomm

detection efficiency for vlane sourcrz al various deptig in the aaturisl,
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vroviding avsorntion is negligible., The count rate will therefore

be proportional to the mean parvtial pressure of the gas within the

material. At later times the radiocactivity will thus decline at a

monoexporential rate with e hclving time given by equation (6-11).
This technique has the advanteges, (8) that high

sensiltivity can be achieved thereby allowing thin layers of tissue

to be studied, and (b) thal tissue uptake is measured directly rather

than indirectly as in other m:thods by deducing it from the loss of

gay from the surrounding media (Lvans, Busuttil, Cillespie and

Unsworth, 1974).

6.4.3 iethod

The apparatus used is shown in figure 6-15. Approximately
0.5 ml of gas contalning approximately 109ﬁACi of xenon ~13% was
introduced into the sample vessel. Eeasurements were male on freshly
talken gamples of rabbit sclera, choroid and retina which were placed
on & glass microscopy slide within the sample vessel. HMeasurements
were also obtained from vitreous samples with thicknesses between
0.6 mm and 1.3 mm, care being taken to level the vessel before each
measurement to ensure constancy of thickness within the vessel. The
denth of the vitreous samﬁles wags determined from the wolume of
vitreous intreduced into tie vessel and the crosge secticnal area of the
vessel. Thicknesses of the lissue samples were determined from the

sample area and the weight of the samvle. A specific graviity of 1.04

all lissuve samples in this calevlation,
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The samples were &lloucd to eguilibrate with the xenon
at atwos: heric wressure for ot leasst four times the expected halving
time. At the end of the oguilibration period the snace above the
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Figure 6.15 Apparatus for measuring diffusion coefficient.
1) Indium seal (s) Clamping screw
T; Tissue sample (6S) Glags slide
V) Mercury valve
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80 kev xenon mlﬁﬁxdmmuation from the sample was counted wsing a
collimated sodium iodide scintillation detector, coupled via a
pulse height analyser to a digital ratemeter and printer.
The system was tested for xenon retention by observing
the clearance of xenon from the vessel with no sauple present. An
eguilibration period of 30 minutes was used in this test.

6404 Results

Mo sets of apparatus were used. Figure 6-16 shows
the clearance of xenon from the empty sample vessel of the f{irst
apparatus used for the tissue studies., The initial count rate was
approximately 200000 counts per second. The clearance halving time
wvas of the order of 1.0 second. However, the residual count rate,
although varying very slovly, wes significantly above room back-
ground levels. Thie was thought to be due to abscrpition of xenon
into the araldite Jjoins hetween the glass 'Y'-tubes of tine mpercury
valves and the metal (brass) sample vessel.

It was possible to allow for this in the measurements
on the tissue samples. TFigure 6~17 shows the clearance of xenon
from a relinal sample of thickness 0.025 em. The radiocactivity
declines at a monoexponential rate for approximately two halving
times before declining at a much slower rate. Approximuately three
minubes after the start of the clearance the sample was removed from
the vesgel and ihe radiocactivity monitored for a further ten minuices.
Tne resideal redicactivity wvariatlion was extrapoleted and subtracted
from the sanple clearaice cuxrve. “he result of this subtraction is

shovn in fizure 6-13. The halving time was oblained from this srooh.
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Figure 6.16 Clearance of xenon from empty sample vessel.
(1st apparatus).
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In the vitreous measurements it was not posasible to

renove the sample duriig the clearance beczuse of the liquid nature
of the sample. A new a~paratus was constructed. The glass ''-tubes
of the murcury valves vere replaced by metal tubes, scldered to the
sample vessel, Thig avoided the use of araldite. The clearance of
xenon from the emyty sample vessel of the second apporatus is shown

in figure 5-19.
order of one second.

marel

ation of xenon in the varicus part

ally greater than the room background,

As pefore, the clemrunce nalving time wag of the

However, the residusl count rate was only
showing that incorpor-

g of the sample vessel and in valves

was negligible.

Two wmeasurenents of the diffusion coefficient in vitreous

were made alt thicknesses of 0.075, 0,086, 0.063 ard 0.1-5 cm. The

clearance of xenon from a vitreo:is sample of thickness 0.083 ca is shown

in figure 6~20. The halving times covresponding to the verious thicke

nesses are shown in table 6.3. Tigure 6.21 is a gravh of the sguere

"o
of the sample thicimess (L°) against the halving time (T%). The

diffusion coefficient of xenon in rabbit vitreous wasg calculated, using

equation (6~11), from the slope of this _raph. The diffusion

coefficicnts of xenon in rabbit sclers, chorold and retina were

- . N . B . i s 3\
czleulated by substituting the nalving times into eguation (6-11).

The meen diffusion coefficientis

50 determined are shown in table 6.4.

The calculated values
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Table 6.3

Final exponential clearance half-lives
for various thicknesses of vitreous

Thickness 0.063 0.075 0.088 0.125
L (cm)

Half life 1 80 150 190 k15

T (sec) 2 105 140 175 k4o
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Figure 6.21 (vi’breous thickness,L)2 versus clearance
halving time,Tl /2.




Table 6.4 Diffusion Coefficients (mean ﬁS.D.)
Diffusion Calculated
Number Coefficient Diffusion
Tissue of XENON Coefficient
M - - K
easurements (x 10 5cm2 sec 1) RYPT?? ) P
(x 107 cm " sec” ')
Sclera 6 1.3 + 0.3 1.6 + 0.3
Choroid 5 0.61 + 0.1h 0.76 + 0.1k
Retina 5 0.64 + 0.05 0.80 i 0.05
Vitreous 8 0.96 + 0.12 1.2 + 0.12
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(choroid) and 440 seconds (vitreous). These values are &t least
one order ol magitude greater than those obtained with the vessel
emnpty.

In thig study the diffusion cocfficient was calculated
from an expression (couation 6~11) relating the diffusion coefficient
to the clearance halving time. This relation involves the assumption
that the clearance of xenon is from a tissue gample of infinite arvea,
The error regulting from diffusion out of the edges of a tissue sample
of finite area was investigated. At later times the clearance halving

time from a cuboid tissue sample is given by

= [ L SR W “%"”ifm
A .-
SRV =Y (6-12)

(Unsvorth, 1974 - private communication)

vhere Ll = thickness of sample (om),
L, = length of sample (cm),
L5 = breadth of sample {(cm), and

D = diffusion coefficient (cm2 sec-l).

The percentage error resulting from neglecting edge
diffusion from & cuboid tissue sample was taken as

( (:r"’:o)-v o (r’-‘—\f;) W 120

i)

i

!
S0 exrror

where (T%)T = true clearance halving time oblained from
eyuation (6-12), and

(Tﬁ}m = clearance halvin: time assuming an infinite
4" - .
’ tissue sample (eguation (6-11)).
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Thus, substituting from equations (6-11) and (6-12)

~

ES oo X e |
Percentage error = Lwi wrwa»'* Lz ¥ e
—_3 Lo . ( 6-— ]5>

Substituting typical values of L., L, cnd L3 (table 6.5)

2

. . . N N 7 o el
into equatior (6w15) glves error values of 0.20, 0.1% and 0.%. for

)

the choroid, retina and sclera respectively. These errors ane

negligible. Yo edge diffusion could occur with the vitreous samples.




Table 6.5 Typical dimensions of the tissue samplea employed
in the determination of the diffusion coefficient.

Sample Thickness Length Breadth
Ll(cm) L2(cm) LB(cm)
Sclera 0.048 1,8 1.0
Choroid 0,020 1.94- 1.0
Retina 0,822 1.7 1.5
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Chapter 7

Carbon Dioxide Response

Tel Introduction

To the previous chapters bthe viability of the inert
gag clearance method for measuring choroidal blood flow in rebbits
and primates wag demonsirated. In this chapter the results of a
study to determine the response cf +he choroidal blocd flow in
rabblbts and baboons to changes in arterial cafbon dioxide tengion
will be presented.

It i well known that the cerebral circulation increases
with incressing arterial carbon dioxide tension; and vice verst.
(Kety and Schmidt, 19483 Reivich, 1964).

Much less is konown about the conlar circulation.
Spatler, Ten Wick and Nahas (1964) observed retinal vesszel dilztation
in dogs by one-third when the Fa 002 was increased to 70 mmHg.
Tsacopoulos and David (1973), using a dye dilution technigue in
monkeys, demonstrated an increase in retinal blood flow with
increasing PaCOZ. Bettman end Fellows (1956) using labelled
erythrocytes found a marked and consistent increase in choroidal
blood volume in cats on administration of 8-10/ carben dioxide
into the inhslation mixiure. Trokel (1955) reported that the
adminigtration of carbon dioxide in albino rabbits increased both
the choroidal blocd volume and blood flow. Iriedman and Chandra
’1915), using cats, also noted an increase in chorcidal blood flow
with adminigtration of carbor dioxide. The purpose of this rresent
study was to investigete the relation bebtwesn cheoroidal blood fiow

r

and arterial cavbon dloxide tension in the rabbit and orincie.




Te2 Rabbit Fxneriments

Te2.1 IExperimental Method

Twelve albine rabbits weighing between 2-4 kg were
used. The experimental arrangement was similar to that described
in Chapter %. The only difference was that the btracheostomy iube
was connected to a Harvard small animal respirator. This allowed
grester control of the avterial blood gas tensions. Muucle relax-
ation was maintained throughout gach experiment with half-hourly
injections of pancuroniun bromide (0.03 - 0.04 mg/kg). Respiration
vag edjusted so that initial blood flow determinations were made
alt low levels of Paﬁog. The concentration of carbon dioxide in the
inspired air was increased in a gtevwige manner and choroidal blood

flow, P%CO s PaOZ and pd were measured 15 minutes after each step

2

increase.

T:2.2 ZResults

In 6 out of the 12 animals an increase in the arterial
carbon dioxide tension was‘followed by an increaze of up to 1S5mmig
in the systemic arterial blood pressure. The direct effect of changes
in Pacog on the choroidal blood flow was separated from the effect of
increaged erterial blood pressure by dividing the choroidal blood flow
by the perfusion pressure. Perfusion pressure wos taken as the mean
systemic arterial blood pressure minus the intraoculzar pressure. This
correction is valid if a linear relation exists bebtween choroidal
blood flow and perfusion pressure. Friedman (1970) in anaesthetiszd
cate, and Alm and Bill (1972b; 1973) in cats and moniceys, have shown

that such a relation ewists.
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Ihe response of the choroidal blood flow Lo increased
arterial corbon dioxide tension secemed to fall into three groups.
Figure 7.l shows the results for two animalg from each group. The
ervor bars gt the low flow values in sroup 1 represent an estimate
of the uncertainty of the measurement at such low flow values.

All the five onimals of the first group had very low
Jdevels of flow at low Pa002° A rapid increase in flov occurred
with increasing PaCDQ. Thie was followed by a rapld decreagse in
flow at high,PaCO2. The Pa002 level at which flovw decreased varied
with each animal but occurred at a vartial pressure of about 60 mmilg.

The two animals of the second group had higher flow
values at low Pacoz than the first group. 4n increase in flow

occurred with increasing PqCO up to levels over 100 mmig. Ho
<L

2
decreage in flow was observed in these two animals at these very
high levels of PaCOQ.

The third group of five animals had very high flbw

valueg at low levels of PaCO Increasing PaCOQ resulted in a

o
decrease in flow in three animals and no change in flow in the
othex two.

Wilcoxin rank sum tegts were applied to the values of

systemic arterial blood pressure and PSO for each pair of sroups

2
in turm. No significant differences were found between any of the

three groups (o7 0.1).

T3 Baboon ixperinents

Te3.1l Ixperimental Hethod

Experiments were performed on & vaboons (ocepao
AN

hamadeias ), each welghing approximately 12 kg In this study both

cerevral and choroidal blood Tlow were measured. "fhe cercbhral
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To4

blood flow was measured hy monitoring the clearance of xenon-13%3
from the brain. %hig was echieved by plicing a collimated sodium
iodide scintillation detector over the pariectal region. The height
over arca method of analysis of the clearance curve was employed.
(Hpedt-Rusmussen, Sveingdottir, and Lassen, 1966). The choroidal
blood flow was detormined using krypton -85.

The animals were sedated with phencyclidgine (12 mg, i.m.)
and anaesthetised with sodium thicpentone (75mg/kee io.v.). Following
endotracheal intubation ansesthesia was mainteined with 75 nitrous
oxide and 255 oxygen on open oircuit. Supplementary doses of
phencyclidine (2-4 mg) and suxamethonium (50 mg) were wiven every
half houx. All animals were artificielly respirated. Catietbers vere
inserted into a fenoral srtery and vein for the measwrement ol mean
arterial blood pressure, the withdrawal of arterial blood samples
for the measurement of blood geses, end the infusion of salinme. A
further catheter was inserted into the lingwal facial trunk. The
remaining branches of the external carotid artery were ligated. Bolus
injectioﬁs of xenon-~133 and lxyston -85, diszolved in saline, were
made via this catheter into the internal carotid artery. The
ipsilateral ﬁemporalis muscle and scalp were reflected to ovoid
extracraniel sources of radiation.

Respiration was adjusted so that inditial flow values
vere oblained at a PaCO2 of sround 40malz.  Step increases in
arterial cerben dioxide tension were produced by introducing carbon
dioxide iunto the insnired ;as airxture. Choroidal and cerebral blood

flow were measurcd sequentislly at each level of PqCOg.
<h
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Te3.2 Resulte

In this study a total of 6 measurements of choroidal
bloed flow were obbtained within limits of PaCOZ (59 4 1.3 mmtly,
mean + 1 g.d. ), PaO2 (92 + 7 amide ), ond mean systemic artericl
blood vressure (94 + 12 moilg).  The mean control value of the
choroidél blocd flow in the baboon from this linited daba was
463 + 44m1i/100g /min. (mean + 1 g.8.), The corresponding value
for the cerebral blood flow was 46 4 5 ml/lOOg/mino

A total of 36 measurements of cerebral blood flow and
25 meagurements of choroidal blood flow were made at various levels
of P CO

a

. Within the range of PqCO investigated both circulations

2

increased linearly with increasing srterial carbon dloxide tension

4

(figure 7.22,b). The percentase incresses in blood Llow per mndg

rise in P _C0, were 3.63 (nailg) 1 and 3,52 (mmng)“l for the cerebral

2

and choroidal circulations respectively. The blood flow zt a PaCO

~

2

of 40 mmHg was taken as the control value.

T.4 Discussion

The explenabtion of the variable resvonse of the rablit
choroidel circulation to increasing erterial carbon dioxide tension
is not clear. The very high flow values ocecurrine at low levels of

PHCO in the third _jroup lie outwith tihe previously determined control

2
vilues (Chsoter 3). These high flow valuss and the variable resnonse
of the choroidal circulation may be the result of a numver of diffcrent
factors such as individuoel voriations in tue response to surgloul
trauma or anasstheodtic agents. However, 1t is of interest that the
maximum flow velues of the first twoe .roups do not exceed the initial
hi

gn values dn fee third - roup. This sussests that thess values may

[N

represent o state ol moaxismal diletauicon of the choreidel vegnels. IF

Lhis 18 Frie ne Poeeetdoo o e e
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The decrease in flow at Ligh levels of PaC in sroup

2
1l did not cceur in group 2. In group 1 the PaCOQ vag raised slowly

to very hizh levels. In group 2 only one determination of flow was
made at each level of PaCO2 es compared with two defecinations in
groups one end three, This resulbed in a relatively uwore rapid

rise in PaCO2 levels in group 2. The decrease in flow occcurring in
groups 1 and 3 may thervefore be due to the effect of »nrolonged, severs
hypercopnia.

The response of the choroidel blood flow to increasing
arterial carbon dioxide tension was uwniform in the 5 baboons studied.
The very similar responses of the choreidal end cerebral circulations
ig further evidence that the two cirvculations behave in a similar
narner {Porsaa, 1941).

The physiological mechanism by which changes in arterisl
carbon dioxide tension affect the verious civewnlations is not fully

wunderstood. It has been suggested that the response is the results

of the conversion of carbon dioxide by the ensyme carbonic anhydrase
into hydrogen ions which acts divectly on the arteriolar smooth

muscle, producing a change in vascular volume (¥Wahl, DNeetjen, Thurau,

Ingvar and Lassen, 1970).




Chapter 8

Genclusions

TN AT AT

The purpose of this project was to investigate the feasibility
of applying the radiocactive inert gas clearance method to the
measurenent of choroidal blood flow in experimental animals, In a
homogeneously perfused organ the cleuraznce of a radioactive inert
gas is monoexponential and the blood flow is related te the expon-
ential rate constant: However, the eye is not a homogeneously perfused
orgen. It is therefore unrealistic to exvect the simple theory and
method of analysis described in Chapter 2 Yo be applicable. ZIzperiments
desgcribed in Chanter 3 showed that the clearance of radiocactive lkrypton
from rabbit ocular tissue is not monoexponential.

The main aim of this thesis was thus to find an explanation for
the complex nature of the washout curve and to determine which component
of the curve, if any, was a measure of choroidal blood flow.

Theoretical washout curves were predicted by studying the diffusion
of krypton in ocular tissue for comparison with the experimental dataz.
Initially a model of diffusion based on the anatomy of the rabbit eye
wvas developed (Chapter 4). The results from this model showed good
agreerent with experimental data and showed that the experimental washe
out curves can be exnlained in terms of simvle gy ffusion. In particuiar
it was siown that for choroidal blood flows greater than 500ml/1CCg/min.
tine exponentisl rate constant of the ipitial decline of the washout curve
is an accurate measurement of choroidal blood flow. 'The subseguent
decline in radioactivity was shown to be dependent on diftusion within

F - " - 2 P SNy N N a1
the ocular tiscue. At low flow values (L.c. < 500mY/100g /min) the
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initial slope of the washout curve is partially dependent on diffusion.

The results of a model whose strucutre was based on the anatomy
of the baboon eye which has both retinal and choroidal circulations,
indicuted thet the initial slope of the cleurance of krypton accurately
measures choroidal blood flow within the range 400 to 800 ml1/100g/min.
No relation was evident between the retinal bloed flow and any component
of the washout curve.

It has also been shown (section 5.6.7) that the initial slope of
predicted curves derived from a model based on the anatomy of the
human eye is & measure 0f choroidal blood flow. However, this is only
valid for a bolus arrival of irypton at the eye (sections 5.5 and 5.6.6).
This requires arterial injection of the radiciscotone close to the eye,
eo.gs the corotid artery. This would not normally be feasible in the
clinical situation for ethical reasons. Thus, the use of the inert gas
clearance method will be restricted to exverimental animals.

The mean control values of choroidal blood flow obtained in the
studies described in this thesis were 920 and 460 ml/100g/min. for the
rabbit and baboon respectively. Two points of interest are apparent
from these valuzs. Yirstly, they represent just about the highest blood
flow found in any organ in either animals. Secondly, the choroidal blood
flow in the rabbit (which has only a choroidal circulation) is
approximitely twice that in the baboon.

If the assumvtion is made that the difference in blood flows is
not duec to specialised retinal Tunction, it is interesting to speculate
or the reason for the high blood flow,

Light folling on the retina is converted inte a neural sigral in
the photoreceptors. These are in close vromixity to the choreidal

circulztion. If the hipgh choroidal blood flow exisles te dispel hent
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generaled or reomove waste products arising from the light conversion,
this does not explain the difference in choroidal blood flow in the
rabbit and babocn. Iurtner information could be oblained by investig-
ating what happens, if anything, to the choroidal blood flow on
charging from iight to dark adaptation. It would also be interesting
to compare the choroidal blood flow in eyes which have a pecten with
those which do not, since it is thoupht that the vecten regulates the
temperzture in the eye (Bacsich, Chisholm and Gellert, 1966).

On the other hand if the kigh blood flow is necessary to supply
the relatively avascular retina with nutrients, this would explain the
difference between the rabbit and baboon. The choreidal circulation
in the rabbit has to supply the whole retina, whereus in the baboon it
has to supply only the outer frds of the retina. In both animals the
chorgidal circulation nourishes the highly metabelic photoreceptors. 1t
would be interesting to know whether or not the choroidal blood flow
responds to changes in intensity of light falling on the retina.

Obviously, the assumption regarding the choroidal blood flow in
the rabbit and boboon can be only tentative.

However, the radioactive inert pas clearance method, despite being
limited in application to experimental animals, shovld be a useful tool
in answering some of these cuestions. Although there is difficulty in
extraysolating from animols to man, this method should also be useful
in studying the effects of changes in physioclogical parameters, e.g. ithe
effect of increased intraoccular pressure, on the choroidal bloodi flow and
in evaluating the resvonse of the choroidal circulation to various druzs.
For example, the affect of acctrsoluamide (Viarox) on choroidal blood flow

is currently beinp investigated.
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FORTRAN TV PAGE 001

vBeNoNoRoNoNeoNoReoNoNoReNoRe N> Ne

PR RS E SIS RS L TR RS E LS PR ST FECESREEEETIEITETIETET I EEETIEL RS
*6900% PROGRAM SOLVES DIFFUSTON BOUATTONS FOR OCULAR MODEL stk
KHHE YITI BLOOD FLOW TERM #%% SFMI INFINITE VITREQUS % %%#¥Xsi
WEENK Nl M IS SIZE OF ARRAY ALONG X AXTS HH3HRAHHARK Kk ¥HAH K
FAKKK TSTEP = TIME INTERVAL, DSTEP = DISTANCE INTERVAL #¥¥k%xx
%% DO = DIFFUSTION COLFRTCIENT OF MEDTIUM O %% %3 0HHHHHH KKK K
FAEXE D] = DIFFUSION COUFFICTENT OF MEDIUM 1 363 XF 6RFRKH KKK XHK
FHHHFE DD 2 DTRFFUSION CORFRTCTENT OF MEDIUM 2 %3 %% KKId kWK% KX
*¥¥H% D3 = DIFFUSION CORFPICIENT OF MEDIUM B %00RHHRIAKHA IR KKK
ekt MM IS BOUNDARY BETWEEN MEDIUM O AND MEDIUM 1 36X %k kXxeik
*¥%x¥% 17 15 BOUNDARY BETWERN MEDTUM 1 AND MEDIUM 2 ¥MaXaexsx
*¥x%% TTT TS BOUNDARY BETWEEN MEDTIUM 2 AND MEDTUM 3 #¥X%%%33k %
FXX% RIS THE BLOOD FLOW PERM FOR THE CHOROLD HH%HH X HHdH 9% X
*¥%%36 P2 IS THE BLOCD FLOW TERM POR THE REDTNA 09%HFAHKHHF A H KX
*xEX® ABS IS THR LINFEAR ABSORPTION COBFPICTENT H365%HH5%%,H 0504 KK
FooXe W Ko R Fo XK KA N K He I e B I KW I I Fe B Fe K Koo Fo Ho K 30 96 N oI M3 3 I He e e He Ko U He S 6 B H

DIMENSION CON1(999),C0N2(999)

READ (5,3) N,M

i

i

. READ (5,4) TSTEP,DSTEP,DO,D1,D2,D3

¢

29

27
28

30
C

0~

4%  PORMAT (228
F

READ (5,5) MM,II,III
BAD (5,14) ABS
READ (5,42) SOLO,S0L1,S0L2,S0L3
READ (5,6) Fl1,K2
FORMAT (11,13)
FORMAT (2F6.4)
FORMAT (215.3%,4E9.3)
PORMAT (312)
FORMAT (F6.3)
FORMAT (476.4)
e WA K INITIAL VALUES OF ARTIAL PRESSURE ES DS EEEET DT O T LRSI E O
DO 29 Ted,11
CONL(T) = 0,0
DC 27 1=12,14
CONI(I) = 1000.0
DO 28 I=15,999
CoN1(1) = 0.0
DO 30 1=16,18
CcoN1(1) = 1000,0
Ko Ko FE I R HFe 36 W W e B I P W INFFe W WK e FoF S 36 K K Pk W W FETE K Ko WD R e e N H I SE A RN W W K
FFl = F1/TSTEP
FF2 = F2/T8TEP
WRITE (6,7) N,M
WRITE (6,8) TSTEP,DSTRP,DO,D1,D2,D3
WRITE (6,4%) 80LC,S0L1,S0L2,30L3
WRITE (6,9) WM,TL,IIT
WRITE (6,12) FF1,FF2
WRITE (6,19) ABS
FORMAT (5K N = ,I1,5X,5H M = ,13)
PORMAT (95 TSTEP = ,16.3,5H(SEC),/,9H DSTEP = ,F6.3,4H(CN),
1/,6H DO = ,19.3,11H(0M2/SEC), /460 D1 = 19,3, L1H(CM**a/SHC
2),/,6H D2 = ,E9,3,11H(CM**2/85¢C), /,6H D3 = ,E9.%,11H(CM**2/S

35C))

1

SCLUBILITY MEDIA O = ,¥6.%,/,18K,401 = ,F6.5,/,1
031 .

0
18X, 4H2 = ,F6.3,/,18X,4H% = ,1'6,%)

e g i e o b+ e




FORTRAN IV PAGE 002

9 FORMAT (6H MM = ,12,3X,6H JT = ,12,3X,7H III = ,12)
12 FORMAT (6H Fl = ,F6.4,6H F2 = ,['6,4)
19 FORMAT (7H ABS = ,F693,6H(CMM15)

PO = DSTEP**2/('TSTHRP*DO)
PL = DSTEP**2/(TSTEP¥DL.)

P2 = STEP**?/ETSTEP*D2)
P% = DSTEP**2/(TSTEP*D3)
RO = TSTEPXDO/DSTEP**2
R). = TSTEP*D1/DSTEP**2
R2 = TSTEP¥D2/DSTIPF**2
R3 = PSTEP*D3/DSTEP**2

J =M1

JI = IT - 1
JIJ = ITI - 1
JIJJ = MM - 1
L=N+1

(IR R R S R L o R L B L T P e PSR TS S S e I R B & 8 P S S S IR R e S D ST S
C ¥xkk XDIST = DISTANCE (CM) OF PP, IN NETWORK FROM DETECTOR %%
¢ Xx*#% ¥DISO = DIST. OF BOUNDARY BETWEEN MEDIA O & MEDIA 1 s%#dx
C *¥¥%% XDIS]1 = DIST, OF BOUNDARY BEIWEEN MEDIA 1 & MEDIA 2 #¥%%¥%
C ®X¥x¥ XDISZ = DIST, OF BOUNDARY BWTWEEN MEDIA 2 & MEDIA 3 witwx
C ¥¥%¥% XDISE = DIST. OF END POINT OF NETWORK ¥ ¥HKHEKREXIKEXAKEK
¢ *%x¥% CORR = CORRECTION FOR DETECTOR EFFICIENCY 3% 3K¥3I6% KK % ¥ 4%
C ¥%X¥*F CORO == CORR FOR BOUNDARY Q & 1 3363655330 R K26 K ) 2 Ko B AR MR 30 K
C #®¥#XEH CORL = CORR FOR BOUNDARY 1 & 2 ¥ %33t dde oo 5o edb s 93 3 01
C *¥%%% COR2 = CORR FOR BOUNDARY 2 & 3 #33tHaddst o Mot 3 s 3330 R 5 203
G %% % CORE = CORR POR END POINT 6363363538 9030303305 X 3K 39 5 3396 S 303030 Ko
C ¥tk OCN = CORREZSTED CONCENTRATTION %% 3X3 3% 95 XK He e X H K H X%
C *#¥xd TCON = SUMMATION OF CONC. OVER ALL PIS, OF NETWORK %%
C ¥¥%%¥ PCCN = TCON WITH DETECTOR EFFICIENCY TERM #K&HXIHHFAK KKAF
C KB Ko Fe e He I IR 36 e P K K e FoH SIS He I F KK PR Fo R W 3 T b e e e K Fo 6 B30 6K e Ho e 3 6

XDISO = DSTEP*(MM-1)

XDISY1 = DSTEP*(II-1)

XDIS2 = DSTEP*(III-1)

XDISE = DSTEP*(M-1)

CORO = EXP(-(ABS*¥XDISO))

COR1l = BXP(-(ABS*XDIS1))

COR2 = EXP§m(ABS*XDISQ))

GORE = BXP(-(ABS*XDISE))

TP = 0,0

K¥ = 0

NN = 0

NNN = Q
40 TCON = 0,0

TCON = 0,0

NN = HN + 1

NNN = NNN + 1
C Kt MED Th O CAI JCUL AT ION S Fo e R He K Ko F RN I KN e 9K KR89 26 KoK ¢
DO 77 I=L,JJJJ
coN2(1) = ((1.0~(2.,0%R0O))*CON1(1)+RO*(CON1 (T+21)+CONL(T-1))
1)
con2(1) « SOLO*CON2(T)
TCON & TCON + CON2(1)
XDIiST = DSTEP*(T.1)
CORR & EXP(~(ABS*¥XDIST))




FURTRAN IV PAGE Q0%

CCN w CORR*CONZ(T)
TCCH = TCCN + CCN
CON2(T) = CON2(T)/S0LO

17 CONTINUE

C JEHHHH MEDI A ] C ALCULAT '['O]\TS KN A A BB JEH T K KB T I KA %
LLLL = MM + 1
DO 17 I=LLLL,JJ
CON2(I) = (1.0-(2,0%R1))*CONL(T)+R1*(CONT(I+1)+CONL(I-1))
CON2(1) = SOLL*CON2(T)

TCON = TCON + CON2(1)
XDIST = DSTEP*(I~1)

CORR = EXP(~{ABS*XDIST))
CCN = CORR*CON2(I)

PCCN = TCCN + CCN
CONZ2(I) = CON2(I)/SOLl

17 CONPINUE

Q ¥R MADIA 2 CALCULATIONS 3093 K MbatHat Hoi 463 Ko B it 7 4 H 3R A6 035363 3090334 Kt
LL = IT 41 '

DO 20 I=LL,JJJ

CONZ2(T) = (1.0-(2.0%R2))*CONL(T)+R2*(CONI (141 )+CON1 (I-1))
cON2(I) = SOL2*CON2(I)

TCON = TCON + CON2(I)

XDIST = DSTUP*(I-1)

CORR = EXP(~(ABS*XDIST))

CCN = CORR*CON2(1)

PCCN = TCCN + CCN

CON2(I) = conNz(I)/s0L2

20 CONTINUE

C N MEDTA 3 CALCULAT}‘ONS B L R A A (1R TR L B B S SRS LR S I ST
LLL = III + 2
DO 60 I=LLL,J
CON2(T) = (1.0-(2,0%R3))*CONL(L)+R3*(CONL(T+1)+CONL(I~1))
CON2(I) = SOL%*CON2(I)

TCON = TCON + CON2(T)
XDIST = DSTEP*(I.1)
CORR = EXP(-(ABS*XDIST))
CCN = CORR*CON2(TI)

TCCN = TCCN + CCN
CoN2(1) = conz(I)/SOL3

60 CONTINUE

C **®¥¥ CALC. OF BOUNDARY VALUE BETWEEN MEDIA 1 & MEDIA Q *¥#¥éxx
CON2(MM) = (DI*CON2(MM+1)+DO*CONZ(MM~1)/(DO+D1)

CON2(IMM) = SOLO*CON2(MM)

C *xx% CALC, OF BOUNDARY VALUE BRTWEEN MEDIA 1 & MEDIA 2 *%ixxx
CON2(11) = (D2*COoN2(IT+1)+D1*CON2(T11-1)/(D1+D2)

CON2(I1) = SOLI*CON2(11)

C *%%x% CALC, OF BOUNDARY VALUE BETWEEN MEDIA 2 & MEDIA 3 *x¥#ux
CONZ(III) = (D3*CON2(ITI+1)+D2*CON2(111~1)/(D2+D3)
CON2(IT11) = SOL2*CCH2(III)

¢ *xxx% CATLC, (EXTRAPOLATION) OF FIRST POINT OF HEDWORK #3%¥Xx3%%n
con2(1) = (CON2(2)*S0L0)+({(CON2(2)*35010)-C0N2(3)¥3501.0) /2.0

C XXXE CONDITION ~ 1ST POINT CANNOT BE NEGATIVE HH#IRMNNALKHHIF it
17 {cow2(1)-0.0) 3%8,48,48

]

38 conz2(1) = 0.0

C FExxx CALC, (HXTRAPOLATION) CF END POINT OF NEPWORK #¥%##% ks

48 con2(999) = {CON2(998)*30L3)+{ (CON2(998)*50L3)~00N2(9727 ) ¥
180L3)/2,0

0 FEEAE CONDITION « END POINT CANHOT Bl NAGATIVID %55 605X %ikde £ 36 K
IF (CON2(999)-0.0) 58,57,57
54 GOR2(999) = 0,0




PUCTIAN LY PAGE 004

57 TCON = TCON+CON2(X)+CON2([1)+CON2(ITT)+Ccon2 (MM)+CON2(999)
CCNO = COROMCON2(MM)
CCNT = CORL*CON2(TI)
CCN2 = COR2*CON2(TII)
CCNE = CORE*CON2(999)

TCCH = TCCN + CON2(1) + CCNO + CCNI + CCN2 + CCNE
con2(1) = couz(1)/soLo

CoNZ(MM) = CONZ(MM)/SOLO

CONeglx) = GON2(I1)/SOLL

CON2(III) = CON2(III)/SOL2

CON2(999) = CON2(999)/S0L3

KK = XK + 1

T = TT 4+ TSTEP

O RN PARTTIAL PRRES SURE OUTPUT CONDIT TONS S He e R H T AR I KN N
P (NN-500) 61,59,61

59 WRITE (6,1%) (CoN2(I),T=l,J)

15 FPORMAT (143(3X,7814.6,/))

61, CONTINUE
IF (T7-5,0) 89,89,85

85 IF (KK-4) 88,84,84

84 IF (17-100,0) 89,89,83

83 7F (NNN-200) 88,89,89

89 WRITE (6,1%) TT,TCON

13 FORMAT (8H TIME =,F8.3%,6H(SECS),/,8H TCON = ,K14.6)
WRITE (6,24) TCCN

24 FORMAT (8H TCCN = ,EBl4.6,/)
KK = O
NNN = O

88 CONDINUE

C *¥%¥¥ REMOVAL OF KRYPTON BY CHOROIDAL BLOOD FLOW M¥Hiiititsstsssx
DO 70 I=12,14

70 conz2(1) = CON2(I) - F1*CON2(I)

C *%*¥ REMOVAL OF KRYPTON BY RETINAL BLOOD FLOW #¥3X¥3Kk5KA¥¥F# % %
DO 71 I=16,18

71 coN2(1) = cona(r)  wexcon2(1)
DO 50 I=1,M
50 CON1(I) = CON2(I)

G ¥%AxH INJERCTION FUNCTION HH R s R HAIRAHHAAAH S H IR IR SH R R RN X
Ir (T7-0,0) 91,91,90

91 DO 92 I=10,12

92 CON1(I) = 1000.0

90 IF (1T7~900.0) 40,33,33

33 WRITE (6,21) PO,P1,P2,P3

21 FORMAT (1R ,/,6H PO = ,E12.5,/,6H P1 = ,F12.5,/,0h P2 = ,El
1205, /:6H P3 = ,1812,5)
STOP

END
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