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SUMMARY

Although much work has been carried out on the movement of 

many substances into and out of the vitreous, very little is known 

about the transfer of water. In order to facilitate subsequent 

analysis, studies were performed using an inert tracer, xenon-133 
dissolved in saline, as well as tritiated water.

Chapter 1 forms an introduction to the thesis. It details 

relevant anatomy and summarises previous work in the field, drawing 

attention to gaps in present knowledge.

Chapter 2 describes experiments in which xenon-133 was 

injected into the vitreous of rabbits and subsequently collected 

in one of the vortex veins draining the choroid, on the sclera and in 

the anterior chamber. It was found that most of the xenon-133 was 
removed in the blood of the choroid.

The experiments outlined in Chapter 3 are analogous to those 

of the previous chapter, but in this case, tritiated water was the 

tracer under study. As with xenon-133, most of the tritiated water 

from the vitreous left the eye in the blood of the choroid. The 

rates of removal of the two isotopes were also comparable. It is 

evident that the ordinary water molecules in the vitreous are being 

changed rapidly with a mean transit time from mid-vitreous to choroid 

of approximately 30 minutes.
A mathematical model of diffusion is developed in Chapter 4, 

The model is based on three-dimensional diffusion from the vitreous 

through the eye with removal occurring in the choroid. Because of 

symmetry, only a two-dimensional solution is required.

The results of the mathematical model are given in Chapter 

5. It is shown that xenon-133 experimental results are consistent
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with a diffusional explanation. The model is then applied to 

tritiated water where there is also good agreement between experiment 

and the diffusional model.

The above chapters relate to fundamental properties of 

water in the vitreous. It has been suggested in the literature 

that because of hydrostatic pressure differences, a flow exists 

across the retina. This is examined in Chapter 6. The existing 

model for hydrostatic pressure-induced flow across the posterior 

layers of the eye is shown to be inadequate and a new model presented. 

No firm conclusion may be drawn concerning the magnitude and direction 

of this flow but it is thought that pressures are likely to equalise 

and prevent such a flow occurring.

Aqueous humour leaves the eye through pores in the lining 

endothelium of Schlemm's canal. In Chapter 7, calculations of 

the pore fluid resistance are presented, based on different pore 

geometries. The contribution of the pore to the total outflow 

resistance is determined at different intraocular pressures and with 

and without treatment using pilocarpine,

A final discussion and conclusions are presented in 

Chapter 8,
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CHAPTER I

INTRODUCTION

1.1 Anatomy

1.1.1 General Description

The structures and fluids of the eye are contained within a 

tough outer coating which is divided into the clear cornea in the 

anterior third of the eye and the opaque sclera over the rest of the 

eye. The eye fluids are separated into two compartments by the lens 

which is a variable focusing element (fig. l.l). The aqueous humour 

is found in front of the lens and the vitreous humour is located in 

the vitreous cavity behind it. The aqueous humour, which is formed 

in the ciliary processes, moves into the posterior chamber and passes 

through the pupil into the anterior chamber. Its drainage is chiefly 

into Schlemm's canal although other routes also exist. Behind the 

lens, the fluid is a gel which is in contact with the inner limiting 

membrane of the retina. The retina is the layer of tissue which 

converts the optical image which it receives into electrical signals 

which are partly processed within the retina itself and partly within 

the brain. Between the retina and the vascular layer of the choroid 

there lies a monocellular layer called the retinal pigment epithelium,

1.1.2 Aqueous Humour

Aqueous humour is a clear, colourless liquid; in man, the 

volume is some 0.35 ml while in rabbits the anterior chamber volume 
is about 0.25 ml and the posterior chamber volume is about 0.06 ml; 
its viscosity is 1,025 to 1,040 relative to water and its osmotic 

pressure is 3 to 5 milliosmols per litre hyperosmotic to plasma 

(Levene, 1958; Moses, 197o)«
Aqueous humour is produced in the ciliary processes partly 

as a secretion and partly as an ultrafiltration (Cole, 1974),
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Diagrammatic cross—section of the eye.



Secretion is independent of pressure whereas ultrafiltration is 

pressure-dependent. While some investigations show the importance of 

ultrafiltration (Green and Pederson, 1973) others indicate that it is 

of little (Cole, I966) or no (Bill, 1973) significance. Levene et al 

(1976) found a decrease in aqueous production as pressure was increased 
in glaucomatous eyes but not in normal eyes. From this they concluded 

that the relative importance of filtration and secretion depended on 

the pathological state of the eye. Mathematical considerations 

relating to the rate of aqueous production have been developed by 

Kinsey and Palm (l955) and Friedenwald and Becker (1956), They 

calculated a turnover rate for rabbit aqueous of 0,0125 to 0,0175 min ^, 
The conventional drainage of aqueous humour is through the 

trabecular meshwork into Schlemm’s canal which is located at the angle 

between the iris and the cornea (fig. 1.2), In rabbits, there is no 

single canal as in primates but, rather, a series of drainage vessels 

(Tripathi, 1971h). The aqueous is then led into the venous system, 

either in the aqueous veins or the episcleral veins (Ascher, 1942; 

Ashton, 1951 ; 1952; Ruskell, 196I; Jocson and Grant, I965). The 
conventional drainage system has been shown to contain a pressure- 

sensitive mechanism and is the major exit route (Cole, 1974),

Another drainage pathway is the uveo-scleral route whereby 

aqueous enters the iris root and passes between the muscle bundles in 

the ciliary body to the choroid and out through the episcleral tissues 

(Bill, 1966d), Its contribution to outflow is considered to be 

greater in primates than in rabbits (Bill, 1965; 1966a, 1966b; 1966c;

1966d; 1971 ; Bill and Hellsing, 1965; Bill and Wallinder, I966;
Bill and Barany, I966; Bill and Phillips, 197l). It has been 

suggested that the uveo-scleral pathway is in fact a uveo-vortex route 

with drainage into the vortex veins rather than through the ocular 

tissues (Sherman et al, 1978), Unlike the conventional route, this 

system is relatively pressure-insensitive (Bill, 1966a),
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Diagram showing the formation of aqueous hiunour in the ciliary body 

and its drainage into Schlemm's canal (after Grierson, 1976).



Aqueous may also empty into the iris vessels but this does not 

seem to he an important route for bulk drainage (Cole, 197^). Some 

aqueous may exit through the cornea (Mishima and Maunce, I96I;
Tonjum, 197?) while there is also a possible drainage route through 

the vitreous (Hayreh, I966),
1.1.3 The Vitreous Humour

The weight of the vitreous humour in man is 3*9 g and its 

volume about 3.9 ml (Redslob, 1932); the water content is between 

98^ (Redslob, 1932) and 99.7^ (Sullman, 195l)> its density is between 

1.0053 and 1,0089 (Visser-Heerema, 1936); the viscosity is very 

variable and has an intrinsic value of 4,2 cm^/g (Salazs, I966;
Berman and Michaelson, 1964) and the refractive index is between

1,3345 (Guggenheim and Franceschetti, 1928) and 1.3348 (Paufique et al,

1959).
Points of attachment to the neighbouring tissue occur behind 

the lens, at the peripheral retina and around the optic disc. A 

layer of dense collagen fibrils forms the outermost part of the

cortical vitreous (Fine and Tousimis, I96I; Fine, I968; Hogan, I963).
Some cells, known as hyalocytes, exist in the collagen network 

(Szirmai and Balazs, 1958; Balazs et al, I963). Running between 

the lens and optic disc is Cloquet's canal, which is a remnant of the 

primary vitreous which develops in embryo. A network of collagen 

and hyaluronic acid is responsible for the structure and viscosity of 

the vitreous, the hyaluronic acid preventing the collagen network of 

the gel from separating into solid and liquid phases,

1.1.4 The Posterior Layers

The posterior cortical layer of the vitreous is in intimate 

contact with the inner limiting membrane of the retina. The retina 

is attached to the choroid around the optic disc and at the ora serrata, 

which is just behind the ciliary body. It consists principally of

17



three layers which are, from the outside of the eye inwards, the 

visual cells (rods and cones), the bipolar cells and the ganglion 

cells (fig. 1,3). The visual cells transform light energy into nerve 

impulses; the bipolar cells are nerve cells which form connections 

between adjacent rods and cones and the ganglion cells are neurones 

which interconnect between the bipolar cells and the visual cortex in 

the brain.

The pigment epithelium is a single layer of pigmented cells 

joined together by tight junctions. On the outer side, it is firmly 

attached to the basal lamina of the choroid and, on its inner aspect, 

it interdigitates with the rods and cones of the retina. As observed 

by Foulds (l979)» the intimate contact between the pigment epithelium 

and retina not only improves cellular adhesion but also exposes a 

large surface area between each tissue. The close relation facilitates 

molecular transfer between the two layers. The gaps between the 

apical processes of the pigment epithelial cells and the outer retina 

are filled with a mucopolysaccharide ground substance (Sidman, 1958; 

Zimmerman and Eastham, 1959» Fine and Zimmerman, I963» Berman, I969» 
Berman and Voaden, 1970; Rohlich, 1970; Feeney, 1973). The cells 

of the pigment epithelium have been shown to have facilities for 

active transport and are able to phagocytose material (Bairati and 

Orzalesi, 1963; Young and Bok, 1969; Johnson, 1975; Bassinger et al, 

1976; Johnson and Foulds, 1977)-
Bruch's membrane separates the pigment epithelium from the 

choroid which is mainly comprised of blood vessels which become 

increasingly larger away from the retina. The innermost vessels, 

called the choriocapillaris, are capillaries with membrane-covered 
fenestrations. These have been shown to be much leakier than the retinal 

capillaries (Shiose, 1969; Chioralia et al, 1976; Bellhorn et al, 

1977). Vortex veins, usually four in number, remove most of the 

blood from the eye,
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Diagram showing the three main cell types in the retina. The inner 

limiting membrane is in contact with the vitreous; there Is inter

digitation of the pigment epithelium and outer segments of the visual 

cells.



The sclera is the "white”of the eye and consists of fibrous 

tissue which contribute to its viscoelasticity and to the viscoelastic 

properties of the whole eye.

1.2 Drainage of Aqueous Humour through Giant Vacuoles

There has been some controversy in relation to the route by 

which aqueous hiunour drains through the endothelium into Schlemm's 

canal. Sondemaim’s canals (Tripathi, 197^)» the intercellular 

clefts (Feeney and Wissig, I966; Shabo et al, 1973), micropinosomes 

(Fine, 1964; I966; Feeney and Wissig, I966; Rohen, 1969; Van der 

Zyphen, 1971) and intracellular channels (Tripathi, 1974; Grierson 

and Lee, 1975a; 1975b; 1975c) have all been proposed for the drainage 

of aqueous humour.

Evidence favouring intracellular channels has been given by 

Bill (1975), Tripathi (1977) and Grierson et al (1977; 1978). The 

endothelial cells on the trabecullar aspect of Schlemm's canal contain 

large swellings, called giant vacuoles (Garron and Feeney, 1959; 

Holmberg, 1959) which are usually blind invaginations but some also 

have an opening onto Schlemm's canal and thus form transcellular 

channels for the transfer of aqueous (Holmberg, 1965; Kayes, 1967; 

Tripathi, I968; 1971a; 1974; Inomata et al, 1972; Grierson and Lee, 

1975c; Grierson, 1976). The incidences of the vacuoles and trans

cellular channels are pressure-dependent (Johnstone and Grant, 1973; 

Lee and Grierson, 1974; Grierson and Lee, 1974; 1975a; 1975b; 1975c; 

Kayes, 1975; Grierson, 1976) and are affected by topical pilocarpine 

(Grierson et al, 1978; 1979).

Quantitative scanning electron microscopic studies on the 

endothelial lining of Schlemm's canal have been undertaken by a number 

of investigators (Bill, 1970; Lee, 1971; Hoffmann and Dumitrescu, 

1971 ; Bill and Svedbergh, 1972; Segawa, 1973; Lee and Grierson, 

1975; Grierson, 1976; Svedbergh, 1976; Grierson et al, 1979) and
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their findings are suinmarized in table 1.1

McEwen (l958) applied Poiseuille’s law to the flow of aqueous 

through the trabecular meshwork and concluded that the location of 

the normal barrier to outflow probably occurs in the very near vicinity 

of Schlemm's canal. Bill and Svedbergh (1972) investigated the 

resistance of the transcellular giant vacuoles lining Schlemm's canal. 

Their calculations showed that the paths through the giant vacuoles 

were sufficient to account for the flow of aqueous humour through 

Schlemm's canal. Svedbergh (l9?6) carried out a model study of the 

giant vacuole at a magnification of x 2,000 using aqueous humour 

simulated by glycerol with a viscosity 2,000 times that of water. 

Different shapes of the invagination were considered, but the pore 

openings were always modelled by a short tube. He concluded that 

the transcellular channels easily accounted for the bulk flow of 

aqueous humour.

Data on pore dimensions and incidences were obtained at 

different intraocular pressures in the rhesus monkey by Grierson 

(1976) and in human control and pilocarpine-treated tissue by 
Grierson et al (l979)« This thesis describes an analysis of this 

data using different mathematical models of the pore and giant vacuole. 

New pore models are developed and the effect of pore geometry on 

fluid conductance is investigated. Application of the models to 

the data of Grierson (l9?6) and Grierson et al (1979) shows the 

effect of pressure and pilocarpine on fluid flow through the pore- 

invagination.

1.3 The Movement of Substances into and out of the Vitreous

It has been suggested (Maurice, 1957; Reddy and Kinsey, I96O) 
that there is free diffusion across the surface of separation between 

the vitreous and the aqueous and within the vitreous. However, as 

mentioned by Gloor (l970), account must also be taken of exchange
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Table 1.1

Quantitative scanning electron microscopic studies on the lining endo

thelium of Schlemm’s canal at normal or near-normal lOP.

Species Number ofgporea 
per mm

Range of pore 
vddtha (pm)

Reference

Vervet and Rhesus monkey 

Rhesus monkey 

Rhesus monkey

Cynomolgus monkey 

Human

Human

Human

Human

1200

950

1640

1800

1000

350

0.5 - 2.0 
0.2 - 1.0 
0.1 —  4"0

0,25 - 5.0 
^  2.0

0.15 - 5.0

0.15 - 1.5 
0.2 - 5.0

Bill (1970)
Lee (1971)
Lee & Grierson

(1975)
Grierson(l976)
Svedber^ (l97&)
Hoffman and 
Dumitrescu (19?1)
Bill & Svedbergh

(1972)
Segawa (l973) 
Grierson et al

(1979)



between the vitreous and the lens and between the vitreous and the 

retina. Labelled substances administered systemically reach a 

steady state more slowly in the vitreous than in the aqueous and 

different equilibrium concentration ratios between plasma, aqueous 

and vitreous exist for different substances (Davson et al, 1949; 

Maurice, 1957; Bleeker et al, 1968a; 1968b). A barrier between 

the vitreous and adjacent tissues has been shown to exist in the endo

thelium of the retinal vessels, the retinal pigment epithelium, the 

inner layer of the ciliary epithelium and the pigment epithelium of 

the ciliary body (Cunha-Vaz and Maurice, 196?; Rodriguez-Peralta 

and Lorenzo, 1968), The experiments of Forbes and Becker (I960) 
suggest a pump at the retinal vessels or pigment epithelium to remove 

organic anions from the vitreous. Cunha-Vaz and Maurice (1967) 
showed that, although fluorescein does not normally pass from the 

bloodstream into the vitreous, it moves out quickly from the vitreous 

towards the retina. They also showed that its rate of removal from 

the vitreous was appreciably reduced by the administration of 

substances which also block anion transport in the kidney.

Studies of the movement of sodium in the vitreous using ^ ^ a  

suggest that it enters the vitreous from the ciliary body and posterior 

chamber rather than across the retina and that it leaves the vitreous

by way of the aqueous (von Sallmann et al, 1949; Kinsey and Reddy,

1959). The levels of potassium found by Bito and Davson (1964) 
in various parts of the eye indicate that it enters the vitreous 

from the posterior chamber and leaves across the retina. Studies of 

chloride exchange in the rabbit vitreous using ^^Cl, show that half 

takes place across the retina and half at the posterior chamber 

(Kinsey and Reddy, 1959).
Phosphate enters the anterior chamber from the ciliary body 

(Palm, 1949; von Sallmann and Dillon, 1950; von Sallmann and

Locke, 1952; Cristiansson and Palm, 1954) and labelled phosphate

- 21 -



injected directly into the vitreous has been recovered mainly in the 

retina and choroid and, to a lesser extent, in the iris (Tronche, I963). 
The relative concentrations of bicarbonate found by Davson and Luck 

(1956) suggest that it enters the vitreous from the posterior chamber,
A study of the distribution of proteins and amino acids led 

Balazs (I960) to postulate the existence of a blood-vitreous barrier 
and an aqueous-vitreous barrier. Protein mainly leaves the vitreous 

via the aqueous (Castren and Laamanen, I963; Maurice, 1959). Amino 

acids are thought to move into the retina, possibly by active transport 

(Reddy et al, I96I; Reddy and Kinsey, 1962; Bito et al, 1965). Urea 

has been shown to enter the vitreous more slowly than the aqueous 

(Bleeker et al, 1968a) and to leave by the posterior chamber (Kinsey 
et al, i960).

Some of the selective properties of the vitreous barrier were 

demonstrated by Bleeker et al (1968b) who studied the penetration of 
a number of substances from the blood into the aqueous and vitreous 

of the rabbit. lodopyracet (Forbes and Becker, I960) and fluorescein 
(Cunha-Vaz and Maurice, 196?; Cunha-Vaz et al, 1975) normally do not 

enter the vitreous from the blood but are rapidly removed from the 

vitreous across the retina and this movement may be obstructed by 

the use of probenecid which is known to block active transfer in the 

kidney. An active transport of iodite from the vitreous has also 

been proposed by Becker (1961).
From a study of the rabbit eye using a dye, Fowlks (I963) 

concluded that a posterior flow existed across the retina. However, 

Hayreh (1966) showed that colloidal iron moved from the rabbit 
vitreous towards the optic disc and did not cross the retina. He 

concluded that there was no flow across the retina but that, instead, 

there was a posterior flow in the direction of the optic disc.

Fatt (1975) showed that some of the findings of the above investigations 
could be explained on the basis of diffusion combined with a posterior
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flow.

With the existence of active transport mechanisms, extrapolation 

of the above tracer studies to the movement of water could be mis

leading. Moreover, conclusions based on passive modes of transfer 

could be erroneous because of differences in molecular size or 

solubility. Kinsey et al (l942) studied water movement in the vitreous 

using deuterium-labelled water by determining the vitreous content 

after systemic administration of the tracer. They found that half 

of the vitreous water was replaced every 10 to 15 minutes and that 

there was therefore a rapid turnover of water in the vitreous.

The results of previous investigations presented above are 

summarised in table 1.2.

This thesis describes the removal of two tracers from the 

vitreous to other parts of the eye. The tracers are xenon-133j an 

inert molecule, and tritiated water which should simulate the behaviour 

of the ordinary water in the vitreous. The only study of xenon-133 

in the vitreous is that of Fish et al (l97l) who tried to measure 

the choroidal blood flow by monitoring the rate of disappearance of 

intravitreal xenon. They concluded that other factors, besides 

choroidal blood flow, affected the disappearance of xenon-133 from 
the eye. A mathematical model based on the diffusion of these 

substances is developed and the predictions of the model are compared 

with the experimental results,

1.4 Posterior Resistance

Since the inside of the eye is at a raised pressure with 

respect to the outside, investigations have been carried out to 

measure the resistance to fluid movement across the retina, choroid 

and sclera and assess the hydrostatic flow across these layers. In 

experiments designed to show the feasibility of trans-scleral flow, 

Foulds (1976) reported that a radioactive tracer placed in the
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Table 1.2
Previous investigations into the movement of substances into and out 

of the vitreous.

Substance Transfer Reference

Sodium posterior chamber ► vitreous 
► aqueous

von Sallmann et al (1949) 
Kinsey & Reddy (l959)

Potassium posterior chamber ► vitreous 
► retina

Bito & Davson (1964)

Chloride vitreous ► retina (50̂ ) 
►aqueous (50^)

Kinsey & Reddy (l959)

Phosphate ciliary body ► anterior 
chamber . vitreous^retina and 
choroid (most) ► iris 
(little)

Palm (1949)
von Sallmann & Dillon (l950) 
von Sallmann & Locke (l952) 
Cristiansson & Palm (l954) 
Tronche (1963)

Bicarbonate posterior chamber ► vitreous Davson & Luck (1956)

Protein vitreous ► aqueous Castren & Laamanen (1963) 
Maurice (l959)

Amino acids vitreous ► retina Reddy et al (1961) 
Reddy & Kinsey (1962) 
Bito et al (1965)

Urea vitreous ► aqueous Kinsey et al (I960)

lodopyracet vitreous ► retina 
(active transport)

Forbes & Becker (1960)

Fluorescein vitreous ► retina 
(active transport)

Cunha-Vaz & Maurice (1967) 
Cunha-Vaz et al (l975)

Iodite vitreous ► retina 
(active transport)

Becker (1961)

India ink vitreous ► retina (flow) Fowlks (1963)
Colloidal iron vitreous ► optic disc (flow) Hayreh (1966)
Mathematical
analysis

diffusion + posterior flow Fatt (1975)

Water systemic ► vitreous Kinsey et al (l942)



vitreous of a living rabbit eye could be recovered in a suction 

chamber on the sclera. In vitro studies performed by Fatt and 

Hedbys (l970) and Fatt and Shantinath (l97l) showed that the sclera 

offered much more resistance to fluid flow than the retina. They 

calculated that there was a flow of about 1 pl.min"^ from the vitreous 

to the sclera. The values for resistance were supported by the in 

vivo experiments of Kleinstein and Fatt (l977) who used a suction 

cup on the sclera. However, their results are open to the criticism 

that the suction device altered the normal orientation of the under

lying tissue.

This thesis describes experiments to measure resistance to 

fluid movement across the outer layers of the eye and proposes a 

model of the pressure-flow relations which exist at these tissues.

1.5 Discussion

There appears to be an exchange of certain substances between 

the aqueous, the vitreous and across the retina. The nature of 

this movement is not clear and its direction appears to depend on 

the substance in question. There appear to be selective barriers 

to the transfer of substances from the vitreous.

Although 99^ of the vitreous is water, little is known 

concerning its movement. The thesis will examine the fate of both 

intravitreal xenon-133 and tritiated water and attempt to explain 
their movement. This may have relevance in the pathological 

condition of retinal detachment since a posterior flow has been 

implicated as a possible mechanism for retinal adhesion (Dobbie,

1963; Foulds, 1969» 1975; 1976; Fatt and Shantinath, 1971; Bill, 

1974) and may help to explain the appearance of subretinal fluid 
and its disappearance without the need for a drainage operation 

(Weidenthal, 1967; Rosengren, 1971» Chignell, 1974; Akhmeteli 

et al, 1975; Leaver et al, 1976).
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A better understanding of the properties of the sites of 

resistance both in the anterior and posterior regions of the eye 

may help in the understanding of some of the pathological processes 

which lead to glaucoma, when the intraocular pressure increases above 

normal,
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CHAPTER 2

THE REMOVAL OF XEMON-133 FROM THE VITREOUS

2.1 Introduction

The purpose of the experiments described in this chapter was 

to study the removal of an inert tracer from the vitreous body of the 

rabbit eye. An inert substance was used in order to facilitate the 

analysis. In the following chapter, experiments using tritiated water 

will be reported. A solution of xenon-133 dissolved in saline was

used as the tracer. Experiments were designed to discover how much

xenon-133 left the eye in the choroidal blood, how much passed through 
the sclera, and the extent to which it moved into the anterior chamber. 

The disappearance of xenon-133 from the vitreous was also monitored.

In the rabbit, most of the blood leaves the choroid through 

the vortex veins, of which there are usually four (Ruskell, 1964).

The method adopted to assess the amount of isotope in the choroidal 

blood involved the collection of blood from one of the vortex veins.

2.2 Choice of Tracer

A tracer was chosen which would fulfil several criteria: 

l) there should be no chemical interaction between the tracer and the 

material of the eye; 2) the tracer should be commercially available 

in liquid form; 3) in order to minimise the injected volume, it should 

be available in a high specific activity; 4) it should be removed 

rapidly from the blood pool so that the effect of recirculated tracer 

in the blood is minimal; 5) the diffusion coefficients and 

solubilities in the relevant eye tissues should be known.

Xenon-133 fulfils these criteria. It is chemically inert;

95^ is removed on the first passage through the lungs (Chidsey et al, 

1959) and the relevant diffusion coefficients and solubilities are
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known (Strang, 1975a; 1975b; 1977). Xenon-133 bas a half-life of

5.3 days, an 81 keV gamma emission and 340 keV beta emission. The 

isotope was obtained from the Radiochemical Centre, Amersham, U.K. 

and was dissolved in isotonic saline with a specific activity of

10 mCi per ml*

2.3 Movement of Xenon-133 from the Vitreous to the Vortex Veins

2.3.1 Materials and Methods

Experiments were carried out on six Dutch rabbits weighing 

between 1.7 kg and 2.3 kg. In order to dilate the pupil, one drop 

of Vfo cyclopentolate and of 10^ phenylephrine were placed on the eye 
under study. The animals were anaesthetised with an intravenous 

injection of 5 ml per kg of 40^ ethyl carbonate in sterile distilled 

water (urethane) and anti coagulated with an intravenous injection of 

2,500 international units of heparin in 0.5 ml (Nakamura and Goulstine, 

1973). Injections were made into the marginal ear vein.

The volume of tracer injected into the vitreous was 25 pi.

The introduction of such a small volume had a minimal effect on the 

intraocular pressure as discussed in section 2.8, The volume was 

measured accurately with a precision microsyringe and injected into 

a central position in the vitreous through the sclera using a 25G 

needle. The activity of xenon-133 injected was 25 pCi and a small 

quantity of fluorescein was mixed with the isotope to detect any 

leakage at the injection site.

A diagram of the experimental arrangement is shown in fig. 2.1. 

A vortex vein was dissected out under the operating microscope. The 

conjunctiva was incised and the superior oblique muscle cut through 

at its insertion so that no bleeding occurred. A suture was placed 

through the scleral tissue near the limbus and the eye was turned 

down to expose a vortex vein which was dissected free. The vortex 

vein was cut and the blood collected from it on absorbent paper tissue
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Figure 2.1

A diagram of the experimental arrangement used to collect blood 

from a vortex vein after the injection of xenon-133 into the vitreous, 
s: suture, V; vortex vein, P; paper tissue, t; glass tube,

m: microsyringe.



which protruded from a small glass tube. In this way the blood 

was transferred rapidly from the open end of the vein into the glass 

tube without any loss of blood during the procedure.

At the end of each two minute period, the open end of the 

tube containing blood-soaked paper tissue was sealed with a piece 

of tape and this small tube was placed inside a larger glass tube 

which was heat-sealed to prevent the loss of xenon. A fresh tube 

with absorbent paper was placed against the open vortex vein. The 

collection of blood was continued for 42 mins, to 80 mins. and, at 

the end of the experiment, the eye was enucleated and the number 

of vortex veins counted.

When they had cooled, the sealed tubes were immersed for 

one minute in a bath of fluorescein. The tubes were then removed 

and inspected for the presence of fluorescein. The introduction 

of fluorescein within a tube would have indicated that the seal was 

incomplete. The tubes were then counted in a Packard Auto Gamma 

Counter.

Xenon-133 standards were made up after each experiment.
It was necessary to divide the total activity injected into smaller 

units to prevent saturation of the amplifier in the counter. One 

way of achieving a standard would be to dilute the isotope in a 

known volume of distilled water. However, this could lead to an 

error because of the loss of xenon by diffusion into the air. The 

use of a single sample which was a fraction of the total 25 pi 
could also be inaccurate. Standards were therefore prepared by 

filling the 25 pi syringe with the activity of xenon which was used 

during the experiment. The contents of the syringe were then 

dispensed in approximately equal volumes into ten small tubes which 

were the same as used on the eye. These tubes were placed inside 

larger tubes which were heat-sealed and counted along with the tubes
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from the eye. On summation of the counts from the standard samples, 

the total count for the injected activity was obtained.

For each sample, the weight of the small glass tube plus 

paper tissue plus tape was determined before the start of each 

experiment. At the end of the experiment, after the counting had 

been carried out, the large outer tubes were broken open and, for 

each sample, the weight of the small glass tube plus blood plus 

paper tissue plus tape was determined. The tape sealing the end of 

the tube prevented the loss of blood from the small tube both by 

evaporation and physical contact with the outer tube as well as 

preventing the entry of glass particles into the small tube when the 

outer tube was broken. The weight of blood was obtained by subtraction 

of the two weights and the volume calculated by dividing this by 

1.067, the density of blood (Strang, 1975a).

2.3.2 Results and Discussion

No fluorescein was seen around the needle on the sclera and 

this indicated that little, if any, leakage occurred.

When the sealed tubes which had been immersed in a bath of 

fluorescein were removed from the water bath and inspected, on no 

occasion was fluorescein observed inside the tube and this indicated 

that a tight seal had been formed.

The results obtained in the six different experiments are 

shown in table 2.1. On each occasion xenon-133 activity was 

recorded from the blood in the vortex vein after the isotope had 

been injected into the vitreous. The range in the summation of the 

counts from all the tubes in each experiment was 43069 to 312001,
The counts represented 7^ to 32^ of the injected activity, the mean 

being 20^ and the standard error 4^ (table 2,1, column 3).
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Table 2.1

Results of experiments in which xenon-133 was detected in a vortex vein 
after injection of the isotope into the vitreous.

Experiment
Number

Duration of 
experiment

(min)

Amount of 
xenon in 

vortex vein
(%)

Mean transit 
time
(min)

Average volume of 
blood collected 

in 2 mins
(ml)

1 42 23 24 0.09
2 48 7 26 0.08
3 60 22 28 0.17
4 60 13 32 0.22
5 80 32 20 0.15
6 74 19 35 0.38

Mean 6l 20 28 0.18
Standard
Deviation 15 9 5 0.11

Standard
Error 6 4 2 0.04



Figure 2,2 shows the results from a typical experiment with 

the counts recorded in each tube plotted against the time when the 

tube collected the xenon. This shows the appearance of xenon in a 

vortex vein draining the choroid after injection of the tracer into 

a central position in the vitreous.

In order to quantify the rate as well as the extent of removal 

of xenon from the vitreous by the vortex vein, it is necessary to 

know the time it took for the isotope to reach the collecting tube 

from its injection site in the centre of the eye. It should be 

noted that the time of the appearance of the peak in the concentration

time curve would not accurately give the average appearance time since 

the curve is skewed. Moreover, the peak was sometimes difficult to 

assess because of the variability in the counts for each tube, A 

more accurate approach is to measure the mean rate of arrival using 

the formula n
t = y Ci ti (2.1)

i=l________
n

where t = mean transit time

Cx = tracer counts in sample i

ti = time from start of experiment until the

mid-point of the collection of sample i 

n = number of samples

The mean arrival time calculated according to equation (2,l) 

varied from 24 mins to 35 mins with a mean of 28 mins and a standard 

error of 2 mins (table 2,1, column 4).
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Figure 2.2

Typical result showing the appearance of xenon-133 in the blood of 

a vortex vein after the injection of the isotope into the vitreous



Inspection of the enucleated eyes showed that there were 

four vortex veins on each occasion. The amount of blood collected 

in each experiment is given in table 2.1, column 5- On the 

assumption that each vortex vein drains one quarter of the choroid, 

as verified in an excised eye by Bill (1962), the mean choroidal blood 
flow during each experiment was 0.4 + 0.1 ml min ^. This is less 

than the values of 1,1 ml min  ̂ to 1.9 ml min  ̂ obtained by other 

investigators who also collected blood from a vortex vein (Fischer,

1930 ; Meesmann, 1930; Sondermann, 1932; Linner, 1952; Levene,

1957; Nakamura and Goulstine, 1973). O'Day et al (l97l) found a 

value of 0,84 ml min  ̂ for choroidal blood flow in the rabbit using a 

microspheres technique and, by the inert gas clearance method, Friedman 

et al (1964) obtained a value of 83I to l664 ml/min/lOO g and Strang 
(1975a) a value of 920 ml/min/lOOg. In the experiments reported here, 

neither temperature, blood pressure nor blood gases were monitored 

although these factors are known to alter blood flow substantially 

(strang et al, 1974). Moreover, the present study was conducted on 

rabbits weighing considerably less than those used by the other 

investigators.

A regression analysis was carried out to see if the choroidal 

blood flow correlated with either the amount of xenon removed by the 

choroid or the mean transit time. There was no correlation 

(p > 0.1) between the amount of xenon removed by the choroidal blood 
and the choroidal blood flow rate, A weak correlation (0.02 <  p <  

0.05) was found between the mean transit time and the choroidal blood 
flow rate but this weak correlation must be regarded as coincidental 

since it related the two parameters directly rather than inversely.

It is apparent that under normal conditions the movement of an inert 

tracer, such as xenon-133, from the vitreous to the choroid is not 
limited by the rate of choroidal blood flow. This lack of

- 31 -



correlation explains the results of Fish et al (l97l). In experiments 

designed to measure the choroidal blood flow, they monitored externally 

the amount of xenon-133 in the eye following an intra-vitreal injection. 
They applied the inert gas clearance method for measuring blood flow 

to the rate of disappearance of xenon-133 from the eye and were 
unable to obtain a sensible value for choroidal blood flow. The 

present experiments show the rate of disappearance of xenon-133 from 
the eye to be independent of the choroidal blood flow.

If it is assumed that each vortex vein drains one quarter of 

the choroid, 80 + l6^ of 25 pi of xenon-133 dissolved in saline and 
injected mid-vitreous is removed by the choroidal circulation with an 

average appearance time of 2 8 + 2  mins.

2.4 Movement of Xenon-133 from the Vitreous to the Sclera

2,4.1 Materials and Method

Experiments were carried out on six Dutch rabbits weighing 

between 1.6 kg and 1.8 kg and the rabbits were anaesthetised with 

5 ml per kg of 40^ urethane. To facilitate visualisation within 

the eye, the pupil of the experimental eye was dilated with ône drop 

of Vfo cyclopentolate and one drop of 10^ phenylephrine.
Twenty-five microlitres of xenon-133 dissolved in saline 

mixed with fluorescein were injected into the vitreous through the 

sclera using a 25G needle. The activity of xenon-133 was 250 pCi,

The experimental arrangement is shown diagrammatically in fig. 2.3.

To prepare a site for the collection of any xenon which 

passed through the sclera, a suitable area of conjunctiva in the 

superior temporal quadrant was incised and reflected to expose the 

sclera which was kept moist with drops of isotonic saline throughout 

the course of the experiment. An area of sclera on the nasal side 

of the superior rectus muscle was prepared for the collection site
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Figure 2.3

Diagram of experimental arrangement used to collect xenon-133 from 

the outer surface of the sclera after injection of the isotope into 

the vitreous.



and, on the temporal side of the superior rectus muscle, for the 

injection site, A threaded suture was inserted into the tendon 

of the insertion of the superior rectus muscle and was used to pull 

the eye gently downwards to facilitate access to the collection site.

It was relevant for the adoption of an appropriate collection 

technique to observe that the solubility of xenon in air is twenty 

times greater than its solubility in the sclera (Strang, 1975).

This means that under equilibrium conditions, air at normal temperature 

and pressure will contain twenty times more xenon per unit volume 

than will the sclera. Thus, while any xenon surrounded by sclera 

or other ocular tissue will remain in solution, any in contact with 

air will tend to come out of solution.

For the collection of xenon in the air outside the sclera

a small glass tube 2,4 cm long, 0.5 cm in diameter was filled with

activated charcoal, which adsorbs xenon on its surface (Parkes, I967), 
and this tube was held in contact with the exposed sclera. A thin 

layer of cotton wool across the open face of the tube prevented the 

loss of charcoal granules and provided a cushion between the charcoal 

and the eye without significantly impeding ttm passage of xenon.

The nearest edge of the collection tube was always at least 1.5 cm 

round the sclera from the point at which the needle penetrated the 

eye and at least 3 nm from the limbus.

Fifteen minutes after injection, the tube was removed from 

the eye and a new tube containing activated charcoal was placed 

on the eye at the same site as the previous one. This procedure 

of changing the tube every 15 minutes was continued for four hours, 
so that 16 tubes were collected from each experiment. After its 

removal from the eye, each small tube packed with activated charcoal 

was immediately placed inside a larger glass tube which was heat-sealed.
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The integrity of the seal was checked hy the technique described 

in section 2.3.

Standards were prepared as outlined in section 2.3 and the 

tubes were counted for twenty minutes each in a Packard Auto Gamma 

Counter. The total count for each experiment was obtained by 

summing the activity above background in the l6 tubes,

2.4,2 Results and Discussion

The fluorescein-xenon mixture which was injected into the 

eye was seen to leave the end of the needle in an irregular 

distribution and a small amount of fluorescein could be observed 

along the needle. After a few minutes, the fluorescein was seen 

to spread through the vitreous and was not apparently leaving along 

the needle track. On no occasion was any fluorescein observed 

around the needle on the sclera and this indicated that there was 

little or no leakage of fluid along the needle on to the sclera.

The sealed tubes which had been immersed in a bath of 

fluorescein were examined. The absence of dye within the tubes 

indicated that the seal was effective.

The results of the six separate experiments are show in 

table 2,2, The counts recorded ranged between 77^6 and 136347 

for the total of the l6 tubes in each experiment. Xenon activity 

was recorded from the sclera after it had been injected into the 

vitreous on each occasion.

The results expressed as a percentage of the injected 

activity are also given in table 2.2, with a spread in values of 

0.004^ to 0.031#.

One way to estimate the total amount of xenon passing 

through the whole sclera would be to multiply the percentage at 

the collection site by the ratio of the scleral area to the collecting
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Table 2.2

Results of experiments in which xenon-133 was detected on the sclera 

following injection of isotope into the vitreous.

Experiment
number

Total activity in 
collection tubes

Estimated activity 
through 

whole sclera

Mean
transit
time

(counts) (# of injected 
activity)

(# of injected 
activity) (min)

1 7766 0.010 3 70
2 7898 0.005 1 87
3 13325 0.004 1 77
4 77476 0.010 2 59
5 136547 0.031 4 84
6 71643 0.009 1 93

Mean 2 78
Standard
deviation 1.3 12

Standard
error 0.5 5



area. However this would he incorrect since the amount collected 

in each experiment would depend on the distance between the tip of 

the needle and the collection site.

This distance was measured using a geometric method described 

in section 2.7. There was a tendancy that the shorter the distance 

between the collection site and the tip of the needle the greater 

the amount of activity obtained at the collection site, although 

this relation did not achieve statistical significance. If it is 

assumed that the concentration of xenon spreads out in a spherical 

fashion, the amount of xenon that passes through the whole sclera 

may be obtained from the activity at one collecting site by using 

the equation

Is = (2.2)

where Ig = amount of indicator through the whole sclera

Ig = amount of indicator at the collecting site

A = area of collecting site

r = distance between tip of needle and collecting

site

This equation may be used provided the area of the collection 

site and its distance from the injection point in the vitreous are 

known. Using this method of calculation it may be s h o w  that the 

amount of xenon that passed through the whole sclera varied between 

1# and 4# with a mean of 2# and standard error of 0.5# (table 2,2),

Figure 2.4 shows the results from a typical experiment 

with the activity recorded in each tube plotted against the time 

when the tube collected the xenon. This graph is a concentration

time curve for the passage of xenon from the vitreous through the 

sclera.
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Typical result from experiment in which xenon~133 was detected on 

the sclera after injection of the isotope into the vitreous.



The mean transit time, calculated according to equation 2,1, 

varied from 59 mins to 93 mins with a mean of 78 mins and a standard 

error of 5 mins (table 2,2),

Bill (1966) has reported that following cyclodialysis in the 
living rabbit, substantial amounts of aqueous humour penetrated the 

sclera. Consequently it would be incorrect to regard the sclera 

as an impenetrable barrier. This is supported by the present 

findings where it is shown that 2 + 0,5^ from a 25 pi volume of an 

inert tracer, xenon-133 dissolved in saline, injected into the 
vitreous passed out through the sclera with a mean transit time of 

78 + 5 mins,

2,5 Movement of Xenon-133 from the Vitreous into the Anterior

Chamber

2.5.1 Materials and Method

Experiments were carried out on four Dutch rabbits, weighing 

between 1,7 kg and 2,4 kg which were anaesthetised with 5 ml per kg 

of 40^ urethane. In order to dilate the pupil and anaesthetise 

the cornea, each eye under study received one drop of 1^ cyclo- 

pentalate, 10^ phenylephrine and either benoxinate or amethocaine.

The anterior chamber was cannulated with a 25G heparinised 

needle attached to a syringe containing 1 ml heparinised saline 

(fig, 2,5). The heparin prevented fibrin formation around and 

within the needle in the anterior chamber.

Twenty-five microlitres containing a mixture of fluorescein 

and xenon-133 dissolved in saline were injected into a central, 
position in the vitreous through the sclera using a 25G needle.

After 15 mins, 0.2 ml of the fluid in the anterior chamber 
was withdrawn by the syringe containing the 1 ml of heparinised 

saline. This syringe was removed from the needle in the anterior
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xenon-133 in the anterior chamber after its injection into the vitreous



chamber which was re-formed using a fresh syringe containing 1 ml of 

heparinised saline. Any fluid around the connection between the new 

syringe and the needle was drawn into the old syringe which was then 

emptied into a glass tube 5 cm long and 0,8 cm in diameter. This 

tube was immediately heat-sealed to prevent the loss of xenon to the 

air and the tubes were checked for leakage as described in section 2,3,

The anterior chamber was emptied and re-formed every 15 minutes 

for 4 hours thus providing l6 collections per experiment. Fifty 

microcuries of xenon-133 were injected on each occasion. After each 

experiment, standards were made by dispensing 25 pi of xenon-133 
into ten tubes as described in section 2.3.1. The tubes each 

contained 1 ml of heparinised saline and were identical to those used 

in the experiment,

2.5,2 Results and Discussion

The fluorescein was distributed in the eye in a similar manner 

to that described in section 2,3.2 and was not visible around the 

needle on the sclera. Moreover, no fluorescein was taken up by the 

sealed tubes in a bath of fluorescein and this showed that the seal 

was effective.

The results for the four separate experiments are shown 

in table 2,3. The total counts obtained on each occasion ranged 

between 7581 and 406l2 (table 2,3, column 2), When compared to the 

prepared standards the results were equivalent to 1,7^ to 6,8% of 
the injected activity (table 2.3, column 3). The mean value was 

2,2^ and the standard error of the mean was l,2jé,

A typical curve which shows the appearance of xenon-133 ia 

the anterior chamber after its injection into the vitreous is shown 

in fig, 2,6, The results were analysed for the mean arrival time, 

using equation 2.1, The values are given in table 2,3, column 4 

and may be seen to vary from 59 mins to 119 mins with a mean of
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Table 2.3

Results of experiments in which xenon-133 was detected in the anterior 
chamber following injection of the isotope into the vitreous.

Experiment
Number

Total activity in samples Mean transit 
time

(counts) of injected 
activity)

(min. )

1 13619 1.8 106
2 40612 6.8 59
3 7581 2.3 119
4 8815 1.7 72

Mean 2.2 89
Standard
Deviation 2.4 28

Standard
Error 1.2 14
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Figure 2.6

Results of typical experiment in which xenon-133 was detected in 

the anterior chamber after injection of the isotope into the vitreous



89 mins and a standard error of 14 mins.

It was noted that the experiment which gave the highest 

percentage of xenon-133 in the anterior chamber, experiment 3» had 
a short mean arrival time. In this case, the peak appeared in the 

first sample. This may have been due to a greater than usual 

anterior movement of the tracer which would give both a high percentage 

of xenon in the anterior chamber and also a rapid rate of appearance 

or, since entry to the anterior chamber is via the posterior chamber 

in an annulus around the lens, it may have been due to an injection 

which was in closer proximity to the posterior chamber.

It was found that the rabbit anterior chamber contained 

approximately 0.24 ml of aqueous humour. However, if the anterior 

chamber were completely emptied, after draining and re-forming the 

anterior chamber a few times, the pupil would contract and the lens 

would be liable to come forward. However, if the anterior chamber 

were not completely emptied, then with very careful manipulation, it 

was possible to carry out the emptying and re-forming procedure many 

times on the same eye and still maintain an open pupil and normally 

placed lens. Removing a volume of 0.2 ml on each occasion allowed 

for a successful experiment,and still amounted to the removal of 

over 80^ of the anterior chamber volume. Moreover, the fluid left 

in the anterior chamber would mix with the fresh heparinised saline 

once the anterior chamber was re-formed so that the only fluid loss 

by this means would be that left in the eye after the collection of 

the last sample.

The average time between the formation and drainage of the 

aqueous humour by the normal outflow mechanism in the rabbit is 

100 minutes (Prince, 1964b), In 15 minutes, 15^ of the fluid in 

the anterior chamber would have left the eye by this route and this
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fluid might have contained some xenon. However, the amount of fluid 

which would reach the outflow channels from the posterior chamber is 

likely to be negligible. Some xenon may also have diffused into the 

blood vessels of the iris. According to O'Rourke (l976), in the human 

eye the mean xenon clearance time by this method was 5.22^ min ^.

This would give a decay pattern as shown in table 2.4. If the 

isotope is assumed to have entered the anterior chamber continuously 

at a constant rate during each collection period and to have left 

according to the decay pattern of table 2,4, the amount of isotope 

present after 15 minutes would be the average of the decay scheme over 

this period, i.e. 63^ of the isotope which had entered the anterior 
chamber. Assuming the rabbit behaviour is similar to the human, the 

loss of xenon to the iris would be 37^. In the present experiments,

the pupil was dilated and so the surface area for diffusion into the

iris was reduced to, at most, 10^ of normal. Thus the loss of xenon 

by diffusion into the iris was probably no more than about 4^,

Another source of error could be the diffusion of xenon through the 

cornea. Since O'Rourke (1976) found that this was significantly less 

than removal by the iris in the normal eye, it is thought reasonable 

to regard the two clearance routes as comparable in the dilated eye 

for the present estimation of errors. Hence the total loss of xenon 

by the aqueous outflow, blood flow in the iris and diffusion through 

the cornea was probably less than 10^.

Since the aqueous humour was collected in 1 ml of heparinised 

saline rather than into an empty syringe, the xenon from the eye mixed

with a volume of 1 ml instead of just the 0,2 ml removed from the eye.

This reduced the surface to volume ratio and lowered the concentration 

gradient at the liquid-air interface. The loss of xenon-133 hy 

diffusion into the air, both from the syringe after its removal from
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Table 2.4

Clearance of xenon from the anterior chamber, after O'Rourke (1976)

Time (min) Relative amount of xenon 
in anterior chamber

0 100
1 94.8
2 89.8
3 85.2
4 80.7
5 76.5
6 72.5
7 68.7
8 65.1
9 61.7
10 58.5
11 55.5
12 52.6
13 49.8
14 47.2
15 44.8



the eye and also from the tube into which the syringe was emptied 

before the tube was sealed, was thereby reduced. Moreover, it also 

decreased the amount of xenon left in the syringe after it was emptied 

into the tube since any small liquid droplet left contained proportionately 

less xenon.

The constant agitation of the anterior chamber is known to 

cause a breakdown of the blood-aqueous barrier. This results in 

the secretion of plasma into the posterior chamber. Since, under 

the conditions of the experiments, the anterior chamber is formed 

mainly of isotonic saline it is unlikely that changes in the 

concentration of certain substances from the normal aqueous production 

would appreciably affect the present results.

This study has shown that when 25 pi of xenon-133 dissolved 

in saline was placed in the mid-vitreous of a rabbit eye, 2.2 Hh 1.0^ 
entered the anterior chamber with a mean appearance time of 108 +• 11 

minutes,

2.6 Clearance of Xenon-133 from the Vitreous

2.6,1 Materials and Methods

In relation to the movement of xenon-133 from the vitreous 

to various ocular tissues, it is of interest to monitor the clearance 

of the isotope from the vitreous to see how this relates to its 

appearance elsewhere in the eye. Dutch rabbits weighing between

1.7 kg and 2.1 kg were anaesthetised with 5 ml/kg of 40^ urethane 
and the pupil was dilated with one drop of 1^ cyclopentalate and 10^ 
phenylephrine. Twenty-five microlitres of xenon-133 dissolved in 

saline and mixed with fluorescein was injected through the sclera, 

usinga25G needle, into the vitreous. The activity used was 25 pCi,

Three animals were left for two hours and then killed using an over

dose of anaesthetic and another three were left for four hours and then

- 40 -



killed by the same method.

The vitreous was removed using a freezing technique described 

by Forrester et al (1976). After the rabbit was killed the eye was 

quickly enucleated and the anterior chamber cannulated, its contents 

withdrawn into a syringe containing 1 ml of saline. The syringe 

containing saline and aqueous humour was emptied into a glass tube 

which was heat-sealed to prevent the loss of xenon. The eye was 

placed in a polythene bag and immersed in a bath containing a mixture 

of solid CO2 and acetone for 1.5 minutes. The eye was then removed 

from the bag and the lens cut out. The outer coats of the eye were 

peeled back with a blade leaving only frozen vitreous which was placed 

in a tube and heat-sealed. Activity in the vitreous and aqueous 

humour were measured in a well counter and compared with standards

made up as described in section 2,3,1*

2.6,2 Results and Discussion

No leakage of fluorescein was seen around the needle on the

sclera.

The results obtained are given in table 2,5, The rabbits 

killed after two hours had, on average, 17^ of the xenon-133 still 
in the vitreous. After four hours the average amount of xenon-133 

for the remaining rabbits was 9^, These results would not be 

consistent with a simple mono-exponential clearance.

In section 2.4 where xenon was measured on the sclera and 

in section 2.5.where it was collected in the aqueous humour, the 
experiments lasted four hours. After four hours there was 9^ of

the injectate remaining in the vitreous so that a correction to the

sclera and aqueous results would be less than 10^, In the case of 

the collection of xenon-133 from the vortex vein, described in 
section 2.3, the experiments lasted up to 80 minutes when there was
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Table 2.5

Results of experiments in which xenon-133 was left in an undisturbed 

eye.

Experiment
number

% of injected 
activity in vitreous

of injected 
activity in aqueous

at 2 hrs
1 22 0.3
2 17 0,4
3 12 0.3

at 4 hrs
4 9 0.2
5 9 0.4
6 8 0.3



at least 17^ of the injected xenon-133 still in the vitreous. Taking 

this into account, the total amount of xenon-133 leaving the eye in 
the choroidal vessels should he increased by 17^, giving a figure of

97#.
As shown in table 2.5, on average, 0.3# of the injected 

xenon was present in the aqueous at both of the times investigated, 

viz. two hours and four hours. This is less than the total amount 

of xenon-133 found to have entered the anterior chamber from the 
vitreous as described in section 2.5. The quantity of xenon-133 

present in the aqueous humour at any time is less than the total amount 

which has entered the anterior chamber up to that time because some 

of it will have left the anterior chamber by the various routes 

described in section 2,5. Since the present results were obtained 

without any previous physical interference with the front of the 

eye, the figure of 0.3# may be taken as a lower limit for the amount 
of xenon-133 entering the anterior chamber from the mid-vitreous under 
normal physiological conditions.

2.7 Geometric method to measure the distance between the tip of

a needle in the eye and a point on the surface of the eye

A geometric method is outlined which allows the distance 

between the tip of a needle inside the eye and the collection point 

on the surface of the eye to be calculated. In fig. 2.7, AC is 

the length of the needle, which penetrates the eye at the point B, 

and D is the point on the surface of the eye. A reference grid 

is set up at any convenient position beside the eye, A centre ”0" 

is marked on the grid and 3 mutually perpendicular axes X, Y and 

Z are centred at 0. Perpendiculars are dropped from the reference 

grid to the points A, B and D and these perpendiculars meet the 

reference grid at the points A^, B^ and respectively. The X and
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Y co-ordinates of A are identical with those of A^, which may be 

obtained from the reference grid, and the perpendicular distance A^A 

provides the Z co-ordinate of the point A, Thus the 3 co-ordinates 

of A (Xa, Ya, Za) are obtained. The co-ordinates of B (Xb, Yb, Zb) 

are obtained in a similar maimer.

Since the needle AC is a straight line in 3 dimensions, the 

X co-ordinate of the point C, Xc, is given by

Xc = Xb + (Xb - Xa) (2.3)

where AC = the total length of the needle

AB = the length of that part of the needle which 

is outside the eye.

Similarly, the Y co-ordinate, Yc, and the Z co-ordinate, Zc, are 

obtained.

It is then a simple matter to determine the length of DC,

since

DC = y / “ (Xc - Xd)^ + (Yc - Yd)^ + (Zc - Zd)^_/
(2.4)

DC is the distance between the tip of the needle, C, and the point, D, 

on the surface of the eye.

The co-ordinates and perpendicular distances may be obtained 

quite simply and rapidly by using graph paper fixed to a board and 

a slider of variable length on a right-angled base (fig. 2.8). The 

graph paper and board, which function as a reference frame, are 

positioned conveniently with respect to the eye. The slider is 

placed with its base on the frame such that it extends perpendicularly 

from the frame and its position and length are adjusted until its tip 

is just touching the desired point (e.g. A), The position of the 

slider is marked on the graph paper (e.g. A^), and its length measured
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(e.g. A'a ). The accuracy of the measurement is limited primarily by 

the graph paper and slider.

2,8 Effect on the intraocular pressure of injecting 2^ pi into

the vitreous

In order to measure the effect on the intraocular pressure 

(lOP) of injecting 25 pi into the vitreous, experiments were carried 

out in which the TOP was monitored during the injection procedure.

The anterior chamber of three living rabbit eyes was cannulated 

using a 25G needle attached via a short manometer line to a Bell and 

Howell pressure transducer and a Devices chart recorder. After

allowing a few minutes for the pressure to stabilise, 25 pi of isotonic
saline was injected from a microsyringe through the sclera using a 

25G needle into the vitreous while continuously monitoring the 

pressure. The results are given in table 2.6. In one experiment 

the pressure rose from 20 mm Eg to 35 mni Eg and returned to 20 mm Eg

in 7 minutes; in another it rose from 22 mm Eg to J2 mm Eg and
returned to 20 mm Eg in 2 minutes and in the final experiment it rose 

from 18 mm Eg to 40 mm Eg and returned to 20 ram Eg in l6 minutes.

On average, the starting pressure of 20 mm Eg rose to 36 ram Eg and
returned to 20 mm Eg in 8 minutes. The injection of 25 pi into the

vitreous, therefore, causes a brief rise in pressure which returns 

to normal in a time which is considerably shorter than the duration 

of the experiments reported in other sections of the present study.

Investigations into the pressure-volume relation in the 

eye have been reported in the literature, Perkins and Gloster (l95?)

' conducted experiments on rabbit eyes and found a mean pressure rise 

from 20 mm Eg to 47 ram Eg on five successive injections of 5 pi 

into the anterior chamber, Elsenlohr, Langham and Maumenee (I962) 
reported an average increase from 27 to 48 mm Eg when 25 pi was added
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Table 2,6

Effect on the TOP of introducing 25 pi into the vitreous

Experiment
number

Initial 
I OP

(mmHg)

Raised
lOP

(mmHg)

Final
lOP

(mmHg)

Time between initial 
and final lOP

(min)

1 20 • 35 20 7
2 22 32 20 2
3 18 40 20 6

Mean 
1 _ ....

20 36 20 5



to three human eyes. From the results of Hosni (1964) an increase 

from 20 to 45 mm Hg would he predicted for a volume increment of 

25 pi in the rabbit eye, Berggren (1967) found a pressure rise from 

19 mm Hg to 45 mm Hg when he injected 50 pi into the rabbit eye.
The results published by Viernstein and Cowan (1969) would lead to 
a rise in pressure from 20 to 51 mm Hg to be expected on adding 25 pi. 

Finally, Blumenthal, Best, Galin and Wald (l97l) reported a pressure 

rise from 20 to 40 mm Hg when 25 pi was injected into the cat eye,

Berggren (1967) found that the high pressure of 45 mm Hg 
was sustained for 45 minutes while Blumenthal et al (l97l) although 

not giving a time, reported a rapid decline from the increased 

pressure.

The present results are in fairly good agreement with the 

published studies when it is considered that much of the early work 

was carried out before strain gauge transducers were available. 

Moreover, only Blumenthal et al (l97l) and Elsenlohr et al (I962), 
whose results are very similar to those of the present study, gave 

a direct result for a single injection of 25 pi.

2,9 Movement of Xenon-133 from the Needle into the Vitreous

during the Experiment

When the plunger of the syringe, used to inject the 

xenon-133 into the eye, is fully depressed there still remains a 

dead space at the tip of the syringe and within the needle. It is 

necessary to investigate the likelihood of the isotope in this 

dead space diffusing out into the eye during the course of the 

experiment. The volume within the dead space depended on the firmness 

of the attachment of the needle to the syringe. It varied from 

7 pi when the needle was attached firmly to 22 pi when the attachment 

was loose. In the experiments described in the present and subsequent
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chapter care was taken to ensure that the needle was firmly attached 

to the syringe. To assess the error from diffusion of xenon out of 

the dead space, at the end of three experiments the volume of the 

dead space was measured and expressed as a percentage of the injected 

volume, and the dead space contents were washed into a vial, heat- 

sealed and counted in a well counter and the counts expressed as a 

percentage of the injected counts.

In an experiment in section 2,3 where xenon was detected in 

a vortex vein, the volume of the dead space amounted to 68^ of the 

injected volume and the activity washed out came to 72^ of the total 
injected activity. In an experiment in section 2,3, where xenon-133 

was detected in the anterior chamber, the dead space volume was 88^ 

of the injected volume while the washed out activity was 70^ of the 
injected activity. In an experiment in section 2,6 where the eye 

was left undisturbed, both the dead space volume and activity were 

30^ of the injected quantities. The mean dead space volume was 62^ 

of the injected quantity and the mean dead space count was 57^ of the 

injected activity. This indicated a mean leakage of 5^ into the 

vitreous. However, there was an inevitable loss of xenon-133 when it 

was being washed from the dead space into the vial since some would 

he left on the walls of the syringe and needle and some would diffuse 

into the air. These experiments, therefore, probably overestimate 

the error so that 3^ may be regarded as an upper limit for the average 

error from this source.
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CHAPTER 3

REMOVAL OF TRITIATED WATER FROM THE VITREOUS

3.1 Introduction

The purpose of the experiments described in this chapter was 

to study the removal of water from the vitreous since water accounts 

for a large proportion of the volume of the vitreous. To do this, 

a tracer was injected into the vitreous and its presence detected 

elsewhere in the eye.

In the experiments described in this chapter, a small 

amount of tritiated water was injected into the vitreous of rabbits' 

eyes and detected on the sclera, in the aqueous humour and in one 

of the vortex veins. These are the veins which drain the choroid and, 

in the rabbit, they are usually four in number. The amount of tritiated 

water remaining in the vitreous of the eye at various times was also 

determined.

If tritiated water in the eye behaves in the same way as 

the ordinary water molecules in the eye, the movement of the tracer 

will reflect that of the water which is normally present. Since 

water constitutes 99^ of the vitreous by volume (Sullmann, 195l), a 

knowledge of its movement is fundamental to an understanding of 

fluid dynamics in the vitreous. The experiments were designed to 

provide some basic information about the fate of water in the vitreous

3.2 Choice of Tracer

Possible tracers are heavy water or tritiated water. Heavy 

water is a non-radioactive form of water in which one or more of 

the hydrogen atoms is replaced by deuterium. Its detection is by 

gravimetric means, Tritiated water is radioactive and is formed 

when one or more of the hydrogen atoms is replaced by tritium.
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Tritium is a simple beta emitter; there are no ganima-rays given off.

The electrons emitted have a maximum energy of 0,018 MeV and an 

average energy of 0,005 MeV, They have a range of up to 0,00? mm 

in water. The isotope has a physical half-life of 12,26 years and 

tritiated water in the body has a biological half-life typically 

between 7.5 days and 11,5 days (Fallot, Aeberhardt and Masson, 1956 ; 

Pinson and Langham, 1957 ; Foy and Schnieden, I96O ; Richmond,

Langham and Trujillo, 1962),When injected in normal man it reaches 

approximate equilibrium with the body water within eight hours (Udekwu, 

Kozell and Meyer, I963). The isotope is detected by liquid 

scintillation spectrometry. It is inexpensive, commercially available 

in high specific activities, easily detected and is the tracer of 

choice for water studies in the body. The tritiated water used in 

this study was obtained from the Radiochemical Centre, Amersham, U,K,

with a specific activity of 5 Ci per ml and diluted to the concentrations

required in the different experiments.

According to Leibman, Gotch and Edelman (I960), the dilution 

spaces of heavy water and tritiated water are identical and it would 

be reasonable to assume, therefore, that the movement of tritiated 

water in the body is the same as ordinary water,
k

3.3 Movement of Tritiated Water from the Vitreous to the Vortex

Veins

3.3*1 Materials and Methods

Six Dutch rabbits weighing between 1,6 kg and 2,2 kg were

anaesthetised with 5 ml/kg of urethane. One drop each of 1^

cyclopentalate and 10^ phenylephrine were instilled into the eye under 

study.

The experimental arrangement is shown diagrammatically in 

fig. 3.1. The conjunctiva was incised and the superior rectus muscle

cut. A threaded suture placed in the episcleral tissue allowed the
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Figure 3»t

Diagramrtiatic representation of the experimental arrangement used to 

collect blood from a vortex vein after the injection of tritiated 

water into the vitreous. s: suture; v: vortex vein,

P: capillary pipette, m: microsyringe.



eye to be turned down to facilitate access to the vortex veins. The 

muscle was cut at the insertion to prevent bleeding, and coagulation 

was prevented by the intravenous administration of 2500 International 

Units of Heparin in 0,5 ml, in accordance with the 1500 International 

Units/kg recommended by Nakamura and Goulstine (l973)« The surgical 

procedure was carried out under an operating microscope, A dissection 

of the vortex vein nasal to the superior rectus muscle was performed. 

Twenty-five jiCi of tritiated water in 25 pi was measured 

accurately using a precision microsyringe and injected through the 

sclera using a 25G needle into a mid-vitreal position. The vortex 

vein was cut and the blood collected in a long form Pasteur capillary 

pipette. The narrow end of the pipette was placed against the open 

end of the vein and the pipette was inclined downwards, away from the 

eye, at a slight angle. As the blood left the vein it was taken 

into the pipette by the capillary force and it then travelled down 

the pipette by gravity-assisted capillary action. After two minutes 

the pipette was removed and a new one placed on the eye. The contents 

of the pipette taken from the eye were blown into a pre-weighed 

scintillation vial. After this, the pipette still contained some 

blood and so it was then washed through with one ml of water into 

another scintillation vial. On some occasions, the pipette was 

filled with blood before the two minute collection period was completed 

and, in these cases, the sample changes were carried out more frequently. 

The blood leaving the vortex vein during the changeover of the 

Pasteur pipettes formed a pool in the conjunctival sac and was 

easily taken into the new pipette. There was no blood loss during 

the procedure; all the blood leaving the vortex vein was collected 

in the pipettes.
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The scintillation vial containing the blood samples was 

weighed and the weight of the blood was the difference between the 

weights of the vial with and without blood. From the weight of blood 

and its kno^m density (Strang, 1975a) the volume of blood collected 

was obtained. The vials were kept capped throughout to prevent 

contamination and evaporative losses.

The amount of blood in each vial was approximately 0,2 ml. 

Without further sample preparation, the counting efficiency in liquid 

scintillator was low because of the quenching effect of the blood.

To overcome this, the wet oxidation procedure described by Mahin and 

Lofberg (1966) was employed. Up to 0,2 ml blood was placed at the 

bottom of a borosilicate glass counting vial, 0,2 ml of 60^ perchloric 
acid was added to the sample in the vial followed by 0,4 ml of 30% 

hydrogen peroxide, with the contents being swirled after each 

addition. The vials were tightly secured using caps with an inert 

polyethylene disc liner and the vials were then incubated in a 

temperature-regulated oven at 70-75^0 for up to three hours.
Occasional agitation of the vials accelerated the solubilisation 

process, A clear, colourless digest resulted which, on cooling to 

room temperature, completely dissolved in 10 ml of NE 260 liquid 

scintillator (Nuclear Enterprises (G,B.) Ltd,) which was added to 

the vial, NE 260 is a multi-purpose xylene-based liquid scintillator 

for counting aqueous, aqueous salt and non-aqueous samples and accepts 

at least 1 ml of water, plasma, urine, etc, per 10 ml scintillator, 
Mahin and Lofberg (1966) observed no significant change in counting 
rate or absolute counting efficiency when samples containing tritium 

were counted again four weeks after preparation. The contents of 

the vials were mixed using a Rotamixer,
Samples were counted in a Packard Scintillation Counter and 

a channels-ratio quench correction procedure was carried out (Belcher,
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197l). Quenching refers to the reduced counting efficiency which 

results from interference with the generation or emission of light 

pulses in the scintillator. In the channels-ratio method, counting 

is performed on three separate channels. One channel covers the 

complete energy spread of the pulses, another records counts from 

the lower energy pulses only and a third detects the higher energy 

pulses. Both the lower energy channel and the upper energy channel 

combine to cover the whole energy range of the first channel. The 

ratio of counts in the lower energy channel to counts in the channel 

covering the total energy spectrum is affected by the degree of 

quenching since, if quenching occurs, some of the larger pulses are 

converted into smaller pulses and the channels ratio is shifted.

The relation between the channels ratio and the counting efficiency 

was determined by counting samples containing equal, known quantities 

of isotope and graded amounts of a quenching agent.

In the present study, Bromoform was used as the quenching 

agent and the counting efficiency of each experimental sample 

determined. Samples were counted to a maximum of 100,000 counts 

up to 20 minutes and relative counting efficiences of around 90% 

compared with the standard samples were obtained from the blood 

samples using the wet oxidation procedure, A standard solution was 

made by diluting 25 pi containing 25 pCi in 500 ml and withdrawing 

1 ml into each sample.

After each experiment was completed, the eye was enucleated 

and the number of vortex veins counted,

3.5*2 Results and Discussion

All experiments lasted 80 minutes save one, which was of 

60 minutes duration.

The blood content of each vial was obtained as described and 

the average blood flow calculated for each experiment. This showed
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a wide variation from 0.05 ml min  ̂ to 0.21 ml min  ̂with a mean of 

0.13 ml min  ̂ and a standard error of O.O3 ml min  ̂ (table 3«l).

If this is one quarter of the total choroidal blood flow, the 

average choroidal blood flow in these experiments was 0.52 ml min ^,
This is less than the values normally quoted in the literature and 

may be due to hypotension following urethane anaesthesia as discussed 

in section 2,3.

The summation of the counts from the samples in each 

experiment was determined,with a spread in total counts from 

923920 to 5099471. When these counts were compared to the standards, 

the percentage of injected tritiated water collected in the blood 

samples of each experiment was obtained and this is shown in table 3.1. 

It varied between 10% and 38% with a mean of 25% and a standard error 
of 4%, The spread in values obtained in different experiments may 

have been due to different positions of the injection site within 

the vitreous or to a variation in the configuration of the capillary 

bed which is the ’hatchment area" of each vortex vein. The counting 

error due to the random nature of the radioactive disintegration 

process is described by the Poisson probability distribution 

according to which the standard deviation is equal to the square 

root of the counts recorded. In the case of the present experiments, 

this was less than 0,1%.

It is relevant to consider whether the amount collected 

bore any relation to the vortex vein blood flow. This is plotted 

in fig, 3.2 and there was no correlation (p >,l). Thus the amount 

of tritiated water collected in a single vortex vein was not dependent 

on the blood flow within the limits measured in the present experiments, 

The change in blood flow from one experiment to another may have either 

reflected the change in the total choroidal blood flow or simply the 

change in flow in the single vein under investigation and may have
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Table 3.1

Results of experiments in which tritiated water was detected in the 
blood of a vortex vein after the isotope had been injected into the 
vitreous,

Experiment
Number

Duration
of

Experiment

Amovmt of H2O 
in vortex 
vein

Mean
Transit
Time

Average volume of 
blood collected 

in 2 mins.

(min) (%) (min) (ml)

1 60 10 26 0.14
2 80 18 36 0.22
3 80 38 24 0.10
k 80 23 36 0.42
5 80 35 27 0.28
6 80 27 32 0.38

Mean 77 25 30 0.26
Standard
deviation 8 11 5 0.13
Standard
error 3 4 2 0.05
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been a manipulative artefact. In the former situation, one may 

conclude that, for a choroidal blood flow between 0,20 ml min  ̂ and 

0,84 ml min ^, the movement of tritiated water from the vitreous to 

the choroidal vessels was not dependent on the blood flow. In the

latter case, a local change of blood flow in a single vortex vein
-1 -1 between 0,05 ml min and 0,21 ml min did not affect the uptake of

tritiated water from the vitreous. If such a variation in regional

flow did not affect the tritiated water uptake, it is unlikely that

a similar change in the total choroidal blood flow would affect the

uptake.

The results from a typical experiment, showing the 

appearance of isotope in the vortex vein at different times after 

injection is given in fig. 3-3. For each experiment, the mean 

transit time for the movement of tritiated water from a central 

position in the viteous to the choroidal vasculature was calculated 

according to equation 2,1 and is given in table 3»1- The mean 

transit times varied between 26 minutes and 36 minutes with a mean 
of 30 minutes and a standard error of 2 minutes.

Since the mean transit time is the average time taken for 

the tracer to reach the vortex vein in each experiment, it is of 

interest to see if any relation exists between this and the percentage 

of tritiated water collected in the vortex vein. This is plotted 

in fig, and, with the exception of one point, the two variables

are clearly related. The reason for the aberrant point being 

different from the others is not apparent. This particular experiment 

lasted 60 minutes whereas the others were 80 minute experiments and 
this shorter time would slightly reduce the calculated mean transit 

time, A regression analysis carried out on the other five points 

showed that they correlated well (.001 <  p <  ,0l). The spread in

points along the regression line may have been due to inter-experimental
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Typical result showing the appearance of tritiated water in the blood 

of a vortex vein following its injection into the vitreous.
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differences in the rate of movement of the tracer towards the particular 

vortex vein studied or it may have resulted from inter-experimental 

differences in the initial injection point within the vitreous and 

a similar rate of movement of the isotope. The latter explanation 

seems the more likely and, if this is so, the spread in results about 

the mean is due to variations in the solid angle subtended by the 

region of the choriocapillaris which is drained by the vortex vein.

The average value of the mean transit time of the five points 

statistically analysed is 3I minutes. Since the spread in mean transit 

time values was probably due to variations in the position of the 

injection site, along with other factors, the spread in the mean transit 

times should indicate the constancy or otherwise of the distance 

between injection site and choriocapillaris. Of the five points, the 

maximum deviation from the mean was l6^. Since other factors will 

have contributed to the mean transit time differences, this value 

indicates the upper limit of the positioning error. Moreover, the 

•relation between percentage collected and mean transit time suggests 

that the tracer moved directly from the vitreous to the choroid and 

not by some other route, e.g. into the anterior chamber and from there 

into the iris vessels.

Great care must be taken in interpretation of a curve which 

has been extrapolated since no evidence has been produced to show that 

a similar relation exists outwith the experimentally-verified limits. 

% e n  the regression equation y = -1.55x + where y is the

percentage of isotope collected from the vortex vein and x is the 

mean transit time, is extrapolated to x = 0, a value of 76 is 
obtained for the percentage of water in the vortex vein. For a 

mean transit time of zero, one might expect the uptake to be around 

100^. On the other hand, for a point close to the choroid where 

half the tracer enters the choroid and the rest diffuses off into



the vitreous, one would expect a very low value of mean transit time 

and an uptake of the order of 50^. Clearly the y = -1.55x + 

equation does not apply at very low values of x. Nevertheless, extra

polation down to low values of x gives a percentage uptake which is a 

reasonably sensible value. Extrapolation to y = 0 gives x = 49.

Since the injections were made in the centre of the vitreous, the mean 

transit time, x, from the most distant point in the vitreous where the 

uptake, y , will be a minimum, will be of the order of twice the 

average value, i.e. 60 mins. In view of the uncertainties involved 

these two mean transit times are sufficiently close to indicate the 

reasonableness of the relation. The extrapolated values, therefore, 

add support to the argument that the variations found were due to 

different injection points and that the isotope moved directly between 

the vitreous and the choroid.

On each occasion four vortex veins were counted in the rabbit 

eye under investigation. If it is assumed that each vortex vein 

drains one quarter of the choroid, the total amount of tritiated 

water removed by the choroid was four times 25^, i.e. 100^ with a 

standard error of l6^.

Since it is believed that tritiated water and normal water 

behave in a similar fashion, the present study shows that, to an 

accuracy of l6^, the water in the vitreous is entirely removed by the 

choroid. Moreover, the mean transit time for the movement of water 

from the mid-vitreous is 30 ^  2 minutes.
From experiments in which heavy water was injected intra- 

peritoneally and subsequently detected in the vitreous of two rabbits, 

Kinsey et al (1942) calculated that one half of the vitreous volume 

is replaced every 10 to 15 minutes, i.e. 75^ to 87.5^ is replaced 

in 30 minutes. The findings of the present experiments are in 

agreement with those of Kinsey et al (1942).
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3.4 Movement of Tritiated Water from the Vitreous to the Sclera

3.4.1 Materials and Methods

Experiments were carried out on six Dutch rabbits weighing

between 1.3 kg and 1.8 kg. The rabbits were anaesthetised with

5 ml per kg of 40^ urethane. In order to dilate the pupil one drop

of Vfo cyclopentalate and one drop of 10^ phenylephrine were instilled
into the conjunctival sac of the eye under study.

A diagram of the experimental arrangement is given in fig. 3*5.

The conjunctiva was cut on the superior temporal aspect of the eye to

expose the sclera. An area of sclera was prepared on the nasal side

of the superior rectus muscle for the collection of any isotope which

appeared on the sclera and, on the other side of the superior rectus

muscle, the conjunctiva was opened for the injection site, A suture

was placed in the sclera at the insertion of the superior rectus muscle

and this was used to pull the eye gently downwards to facilitate

access to the collection site.

During the experiment, drops of isotonic saline were placed

on the eye periodically from a syringe to prevent dehydration of the

sclera. Co-ordinate points were obtained to measure the distance

between the tip of the needle in the eye and the collection site on

the sclera, as described in section 2,7. The experiment was

continued for four hours.

Twenty-five microlitres containing 1.25 mCi of tritiated

water were dra\m into a precision microsyringe and injected through

a 25G needle into the vitreous body. Any isotope which came through

the sclera at the collection site was absorbed on a small disc of

glass fibre filter paper of a suitable grade for radioassay of weak

beta-emitters by scintillation counting. The discs were circular
2and covered an area of 0,25 cm . Identical discs were made using 

a paper punch. The filter disc on the eye was placed in an envelope
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Fip;ure 3» 3

Diagram of expoi*imotital arraiigemenb to detect tritiated water on the 

sclera after the isotope had been injected into the vitreous,

M: micros}ringe, C: collection disc on sclera, L: disc to

collect any leakage around needle, S: suture, B: disc to monitor

background activity.



between the sclera and the conjunctiva and this prevented the loss 

of tritiated water from the filter disc by evaporation during the 

collection period. To prevent the tritiated water from diffusing 

through the filter disc and subsequently being left on the conjunctiva 

when the filter disc was removed from the eye, the filter disc was 

covered on the outside by an identical-size disc of cellophane.

When a filter disc containing 10 pi of water was situated on the 

weighing pan of a balance only 20^ of the water remained after 15 mins 
at room temperature. When the experiment was repeated with the 

cellophane disc on top of the wet filter disc, there was no detectable 

weight loss after 15 mins. This provided confirmation that the 

cellophane constituted an effective barrier to the penetration of 

water. Moreover, in the experimental situation, any tritiated 

water collected on the filter disc from the eye was absorbed on the 

inside of the disc and must pass through the disc before it reached 

the outer face.

A disc of filter paper with a notch cut out was placed 

around the needle on the sclera. This was used to check whether 

there was any leakage of isotope around the needle. Another disc 

of filter paper was placed beside the head of the rabbit. This was 

used to assess the degree of contamination from the tritiated water 

breathed out by the rabbit or from any other source. Since the 

disc was positioned flat with half its total surface area exposed, it 

may be expected to provide an upper limit for the amount of 

contamination which is present on the scleral samples.

The filter discs were all replaced every 15 mins for four 

hours. The discs were handled with forceps which were rinsed and 

dried after each removal or replacement of a disc to prevent 

contamination between samples. The filter disc samples were 

placed directly in vials containing 10 ml of NE 260 liquid
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scintillator and mixed with a Rotamixer. The filter paper became 

transparent in the scintillator fluid. It was found that when a 

small disc containing isotope was placed in four different positions 

at the bottom of the vial, counts were within 2^. It was further 

observed that the average count from three vials containing a filter 

disc to which isotope had been added was within 5^ of the average 

from three vials containing the identical quantity of isotope alone. 

These checks showed that the presence of the small glass fibre disc 

at the bottom of the vial did not lead to significant counting errors, 

Each sample was counted for up to twenty minutes to a 

maximum of 100,000 coiuits. A standard solution was made by diluting 

25 pi containing 1,25 mCi of tritiated water in 2 1 of distilled 

water and withdrawing 1 ml into each standard sample,

5.4.2 Results and Discussion

On each occasion, counts were obtained from the scleral 

samples after injection of tritiated water into the vitreous. These

showed that transfer of water had occurred from the vitreous to the 

outer surface of the sclera. The results are given in table 3»2.

The total counts obtained in each experiment from the summation of 

the sixteen samples varied from 1944831 to 7219464. Quench 

corrections were applied although the samples were all close to the 

100^ relative counting efficiency of the unquenched standards.

Using the standards, the results were expressed as 

percentages of the amount of tritiated water injected into the 

vitreous. This is given in table 3.2 and varied between 0.017^ 

and 0.052^. Using equation 2.2 and the co-ordinates taken during 

the experiment, the amount of tritiated water which passed through 

the whole sclera was calculated to be between 1.0^ and 3.1^ of the 

quantity injected into the eye (table 3.2). The mean value was 

1,5^ and the standard error was 0,4^.
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Table 3.2

Results of experiments in which tritiated water was detected on the 
outer surface of the sclera following injection of the isotope into the 
vitreous.

Experiment
Number

Total Activity 
at Collection Site

Estimated Activity 
over Whole Sclera

Mean Transit 
Time

(counts) {%) (^) (min)

1 1944831 0.017 1.0 118
2 3594403 0.024 1.3 103
3 7219464 0.052 1.6 81
4 2802549 0.018 0.6 86
5 4745100 0.038 3.1 74
6 4679680 0.035 1.3 79

Mean 1.5 90
Standard
deviation 0.9 17



A typical plot of the activity collected at different times 

after the start of the experiment is shown in fig. 3.6. The mean 

appearance time of tritiated water on the sclera was calculated hy 

equation 2.1 and varied from 74 minutes to 118 minutes with a mean of 

90 minutes and standard error of 7 minutes.

The average counts recorded from the background filter 

paper was less than Vfo of the scleral counts and, since this is an 

upper limit for the background activity on the scleral samples, it 

shows that the scleral counts were very little affected by atmospheric 

contamination. It also implies that there was little or no transfer 

of isotope between the filter discs, as would have occurred if the 

forceps were contaminated.

When a similar analysis was carried out on the filter samples 

around the needle, the estimated amount of tritiated water over the 

whole sclera was between 0.5^ and 2.4^ with a mean of 1.3^ and 

a standard error of 0.6^. Since the mean obtained from the samples 

around the needle was comparable to that obtained from the scleral 

samples, it may be deduced that there was no significant leakage 

around the needle. This means that there was little activity lost 

from the eye so that the percentages quoted are substantially correct 

and, also, that it is unlikely that the isotope collected on the 

scleral samples arrived by tracking along the needle and then running 

across the sclera. There was a greater scatter of results around 

the needle as shown by the higher standard deviation. This may have 

been due to the greater difficulty in positioning the filter disc 

around the needle at the same site as the previous sample.

It may be supposed that the tritiated water behaved in an 

analogous fashion to the ordinary water in the eye. If this is 

the case, and, if 1.3% of the whole vitreous water passes through the
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Typical result showing the appearance of tritiated water on the sclera 

after injection of the isotope into the vitreous.



sclera in 90 mins, then, assuming a vitreous volume of 1,47 ml 

(Prince, 1964a), this is equivalent to a movement of 0.25 0.07 pi

min ^. This average rate of movement of the whole vitreous may not 

be valid if there exist regional differences in the water movement 

within the vitreous, since the average of the six experiments may not 

then give a representative result. From the results of experiments 

in which nitro blue tétrazolium chloride and India ink were injected 

into rabbits’ vitreous, Fowlks (1963) concluded that there exists 
a stream of fluid in the pararetinal vitreous flowing posteriorly 

from the corona ciliaris across the retina. Studies with colloidal 

iron led Hayreh (1966) to suggest that fluid from the peripheral 
part of the vitreous travels towards the optic disc. Other tracer 

studies have been carried out and these have been reviewed by Hayreh 

(1977). However, there is, as yet, no direct evidence of regional 

variations of water movement within the vitreous. It is, therefore, 

reasonable to regard the six results in the present study as typical 

of the vitreous as a whole, Moreoever, the amount of tritiated 

water passing through the whole sclera would still remain valid 

provided the tracer could cross the sclera at any point.

The value of 0,25 pi min  ̂ is not the trans-scleral flow 

rate. It includes water movement by diffusion and does not take 

account of diffusion of water in the opposite direction, from the 

sclera to the vitreous. Therefore, the net transfer of water by 

pressure-dependent bulk flow from the vitreous across the sclera 

must be less than this value.

Other investigations of fluid movement across the sclera 

in the living rabbit eye have been undertaken (Bill, I966;
Kleinstein and Fatt, 197l). Using tracers. Bill (1966) found 
that there was a drainage of aqueous from the anterior chamber
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through the sclera of 0,1 pi min ^. Kleinstein and Fatt (l97l)
-1found a trans-scleral flow rate of 1.1 pi min using a suction cup 

technique on the sclera. Kleinstein and Fatt (l97l) did not 

demonstrate the source of the fluid which they collected. However, 

in view of the present findings, it is unlikely that the fluid which 

they collected was derived directly from the vitreous.

These experiments show that a small amount of water is 

transferred from the vitreous to the outer surface of the sclera in 

the rabbit eye. Since the outer surface of the filter disc was 

covered with cellophane, it is unlikely that the tritiated water 

collected was derived from the conjunctiva. Some of the isotope may 

have been removed in the choroidal blood and transferred back into 

the choroidal tissue in subsequent circulations round the body. In 

this case, the result would still be valid with respect to vitreo- 

scleral transfer, since this makes no assumptions on the mechanism 

involved. Exchange of tritiated water in and out of the choroidal 

blood would merely introduce a "dead'time" in the choroid, during 

which the isotope was in the circulation. Consideration of 

experiments carried out using xenon-133, however, shows that the 

amount of recirculated isotope collected on the sclera was probably 

insignificant. Ninety-five percent of xenon is removed on the 

first passage through the lungs (Chidsey et al, 1959). The 

amoimt of rpcirculajbed xenon in the choroidal blood, following an 

intravitreal injection is, therefore, insignificant. It follows 

that the xenon collected on the sclera was essentially unaffected 

by recirculation of the tracer. Since the percentages of xenon-133 

and tritiated water on the sclera are comparable, it is unlikely 

that the tritiated water result was significantly affected by 

recirculated isotope.
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3.5 Movement of Tritiated Water from the Vitreous into the Anterior

Chamber

3.5.1 Materials and Methods

Six Dutch rabbits weighing between 1.7 kg and 2.3 kg were 

anaesthetised with 5 ml/kg of 40^ urethane injected into the marginal 

ear vein. One drop each of Vfo cyclopentalate, 10^ phenylephrine and 
amethocaine were instilled into the eye under investigation to dilate 

the pupil and anaesthetise the cornea.

The method used was similar to that described in section 2.5.1 

and the experimental arrangement is shown diagrammatically in fig. 3.7. 

The anterior chamber was cannulated with a 250 needle connected to a 

syringe containing 1 ml of isotonic saline. Twenty-five microlitres 

containing 25 pCi of tritiated water was injected into the vitreous 
through a 250 needle using a precision microsyringe. The isotope 

was placed in an approximately central position in the vitreous under 

direct vision. Every 15 mins for four hours, the anterior chamber 

was emptied of 0.2 ml and re-formed with isotonic saline. With 

practice, this procedure did not distort the appearance of the 

anterior chamber and, at the end of the experiment, the pupil was 

still fully dilated and the lens in its normal position. Sixteen 

samples were obtained from each experiment and these were placed 

in vials containing NE 260 liquid scintillator. The samples 

were counted in a Packard Scintillation Counter along with a series 

of quenched standards.

3.5.2 Results and Discussion

The total counts collected from the sixteen samples in each 

experiment amounted to between 3111284 and 8882254 (table 3.3).

When compared to the standard samples, these were equivalent to

1.2^ to 5.2^ with a mean of 2.8^ and a standard error of 0.6^ (table 3.3)
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Figure 3-7

Diagrani to show injection of tracer into the vitreous using a micro- 

syringe and carmulation of the anterior chamber.



Table 3-3

Results of experiments in which tritiated water was recovered in the 

anterior chamber after it had been injected into the vitreous.

Experiment Total activity in samples Mean Transit 
Time

Number (counts) of injected (min)
activity)

1 3111284 1,2 90
2 ' 8882254 5.2 72
3 5417760 2,0 93
4 6848820 3.0 86
5 3114838 1,6 78
6 7581614 3.5 83

Mean 2,8 84
Standard 8deviation 1.5
Standard
error 0,6 3



A typical curve showing the appearance of tritiated water 

in the anterior chamber after injection into the vitreous is given 

in fig. 3.8, Similar curves were obtained for each experiment and, 

from these,'the mean appearance time was calculated according to 

equation 2,2, This is given in table 3»3 and varies from 72 mins 

to 93 mins with a mean of 84 mins and a standard error of 3 mins.

In an experiment reported by Kinsey, Grant and Cogan (l942), 

there was no detectable tracer in the aqueous after 11 mins when 

70 jil of 80^ heavy water was injected into the rabbit vitreous.

Kinsey et al (1942) claimed to be able to detect a concentration of 

0.05^ of heavy water in normal water. This means that in an average 

rabbit anterior chamber of 0.25 ml, they should have been able to 
detect 0.125 pi of heavy water. Since they injected 70 pi of 

80^ heavy water, i.e. 56 pi of heavy water, they would have been 

able to detect 0,22fo of the injected tracer. The values obtained 

in the first sample of the present study are the amoimts of tritiated 

water in the aqueous after 15 mins and are shown in table 3.4. There 

is a large scatter in these results, going from 0.04^ to 0,42^ with 

a mean and standard error of 0.20^ and 0,07^ respectively, Kinsey 

et al (1942) do not report on the number of experiments they performed 
but, if this was small, they may easily have been unable to find 

more than 0,22^ in the aqueous after 11 mins so that there is no 

disagreement between the findings of the present experiments and 

theirs.

Von Sallmann, Evans and Dillon (l949) injected ŜsTa into 

the vitreous of rabbit eyes. They tracked its movement by killing 

the rabbits at various times after the injection of the isotope and 

then opening the eye and obtaining autoradiographs. They found 

traces of in the aqueous humour one hour after the intra

vitreal injection. The findings of the present experiments are
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Figure 3.8

Results from a typical experiment showing the appearance of tritiated 

water in the anterior chamber following its injection into the vitreous



Table 3»4

Percentage of tritiated water in the first fifteen minute sample taken 

from the anterior chamber.

Experiment Activity in first
Number 15 min. sample 

( «

1 0.04
2 0.42
3 0.11
4 0.37
5 0.15
6 0.08

Mean 0.20
Standard 0.16deviation
Standard
error 0.07



consistent with this.

3.6 Clearance of tritiated water from the vitreous

3.6.1 Materials and Methods

Experiments were carried out on Dutch rabbits weighing 

between 1,6 kg and 2,2 kg. The rabbits were anaesthetised with 

5 ml per kg body weight of 40^ urethane and, to facilitate 

comparison with other experiments, the pupil of the eye under study 

was dilated by the instillation of one drop each of Vfo cyclopentalate 
and 10^ phenylephrine.

Twenty-five microcuries of tritiated water in 25 pi was

injected into the rabbit vitreous through a 25G needle using a

precision microsyringe. Two rabbits were left for two hours and 

then killed while another three were left for four hours then killed. 

Death was by an overdose of anaesthetic. The eyes were enucleated, 

the aqueous withdrawn and the vitreous was removed by a freezing 

technique described in section 2,6. The samples from the eyes 

were placed in a scintillation vial containing 10 ml of NE 260 liquid 

scintillation fluid and counted in a Packard Scintillation Counter.

A series of quenched standards was prepared as discussed in section 3.3 

and counted along with the ocular samples, In some cases lens and 

ocular coat, comprising retina, choroid and sclera, were also counted 

for comparison. Quench corrections were carried out,

3.6.2 Results and Discussion

The results obtained are shown in table 3.5. The amount 

of tritiated water in the vitreous after two hours was found to be 

2.6% and 1,8% with a mean of 2,2%, After four hours, this had 

fallen to 0.6%, 0.2% and 0.6% (mean = 0.5%). In the investigations 

described in section 3.4, where tritiated water was detected on 

the sclera and, in section 3.5, in the aqueous, the experiments
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Table 3-5

Results of experiments in which animals were killed two hours or four 

hours after injection of tritiated water into the vitreous.

Experiment
Number

Activity in 
vitreous

(f>)

Activity in 
aqueous
(i)

Activity in 
lens 
{%)

Activity in 
ocular coat 

{%)

at 2 hrs
1 2.6 0.2
2 1.8 0.2

at 4 hrs
3 0.6 0.2
4 0.2 0.03 0.1
5 0.6 0.1 0.4 0.1



were continued for four hours, hy which time the present results 

show that there was very little isotope left in the vitreous. In 

the series described in section 3-3 where tritiated water was 

collected in a vortex vein, the experiments lasted 80 mins. The 

present results show that at two hours there is only 2,2% of tracer 

left in the vitreous so that any correction to the vortex vein results 

would probably be very small.

In both two hour experiments 0,2% of the injectate was 

detected in the aqueous. At four hours there was 0,2%, 0,03% and 

0.1% in the aqueous in the three separate experiments with a mean 

of 0,1%. In two of the four hour experiments 0.1% and 0.4% (mean = 

0.3%) was recovered in the lens and 0,1% was found in one occasion 

in the ocular coats at four hours. Thus, the tritiated water in 

the eye after four hours was distributed as follows: outer coat 0.1%,

vitreous 0,6%, lens 0.3% and aqueous 0,1%. According to Prince 

(1964a) the volume of the vitreous, lens and aqueous are 1,47 ml,

0.5 ml and 0.24 ml respectively. The volume ratio for vitreous:lens: 

aqueous is approximately 6:2:1 and this is close to the tritiated 

water ratio of 6:3:1. This shows that at four hours there is an 

approximately uniform concentration of tritiated water in the 

vitreous,lens and aqueous and suggests that some of the isotope 

may have transferred from the vitreous to the aqueous via the lens.
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CHAPTER 4

MATHEMATICAL MODEL OF DIFFUSION IN THE EYE; DESCRIPTION

4.1 Introduction

In the preceding chapters, experimental results have been 

given for the movement of tracers from the vitreous to other parts 

of the eye. These experiments were designed to provide basic 

information on the removal of water from the vitreous. Having 

quantified the movement and determined its rate, there still remained 

the need to understand the reason for the tracer movement observed. 

Since most of the xenon-133 and tritiated water were removed by the 

choroidal blood flow, it was decided to investigate more thoroughly 

the nature of the movement between the vitreous and the chorio

capillaris.

The most fundamental movement of the tracer to consider is 

its movement by diffusion. Diffusion is the process by which matter 

is transported from one part of a system to another as a result of 

random molecular motions. In order to study this, a mathematical 

model is developed in which tracer in the eye may diffuse from the 

vitreous into the surrounding tissue with removal occurring in the 

choriocapillaris,

In the next chapter, the results of the model will be 

presented and these will be compared with the experimental results,

4.2 The Differential Diffusion Equation

The equation of heat conduction derived by Fourier (l822) 

was applied to the process of diffusion by Fick in 1833. The basis 

of the theory of diffusion in isotropic substances is that the 

rate of transfer of a diffusing substance through unit cross- 

sectional area is proportional to the partial pressure gradient
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(Carslaw and Jaeger, 1947; Crank, 1936). In one dimension. Pick's 

first law of diffusion states that

J = - D (4.1)
9 x

where J is the rate of transfer per unit cross-sectionalX ^

area in the x-direction (g sec  ̂ cm ^)

^ is the partial pressure (g ml )̂

X is the space co-ordinate normal to the section (cm)

D is the diffusion coefficient (cm^ sec ̂ )

 ̂= ksc

where k is a constant of proportionality 

s is the solubility 

c is the concentration (g ml ^) J

By application of the law of conservation of matter to an 

element of volume around a point

where Jy and Ĵ , are the rates of transfer per unit

cross-sectional area in the y and z directions
—1 —  2respectively (g sec cm )

X, y , z form the axes of a rectangular co-ordinate 

system.

_ _



Jy and Jg are given by equations similar to 4,1, and 4.2 becomes

I;- '«>
^  9If ----  and   are zero, this reduces to the one-
'èj

dimensional diffusion equation

^  ” f ?
Equation (4.3) is Pick's second law of diffusion and, by its 

application, the diffusion of a substance in an isotropic medium may 

be predicted in a rectangular co-ordinate system.

In a cylindrical co-ordinate system (fig. 4,l)

X = r cose

y = r sine

z = z

and ds^ = dr^ + r^ d© ^ + dz^ (4.5)

where ds is the volume of a small element of sides

dr, rd9 and dz.

Equation 4.3 becomes

This permits the calculation of the rate of diffusion of a 

substance in an isotropic medium in a cylindrical co-ordinate system 

which will be used in the eye model.
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2 " : / X

! /

Figure 4.1

Cylindrical co-ordinate system: r is the distance from the origin to

the projection of the point on the X-axis; 0 is the angle between the 

X-axis and the line joining the origin to the projection of the point 

on the X-Y plane and Z is the distance along the Z-axis.



4.3 Boundary Conditions

Consider two adjacent media of different diffusion coefficients. 

The suffix 1 will denote properties relating to medium 1 and, 

similarly, the suffix 2 for medium 2. The flux of particles leaving 

medium 1 is

where n is the normal to the surface of separation. 

The flux of particles entering medium 2 is

Jn2 = »2 (4.8)o n

The flux is continuous over the surface of separation. Thus 

at the boundary

d n  O n

Moreover, at the surface of separation, the partial pressures 

in the two media are the same, i.e.

" ^2 (4.10)

4.4 Methods of solution of the diffusion equation

Analytical solutions for the diffusion equation exist for a 

variety of initial and edge conditions (Carslaw and Jaeger, 1947;

Crank, 1956). They usually use a series of error functions or related 

integrals or a trigonometrical series and are restricted to a narrow 

range of problems. However, numerical solutions of the diffusion 

equations are applicable in many different situations (Crank, 1956; 

Forsythe and Wasow, I96O; von Rosenberg, I969). Using these
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methods, approximate solutions are obtained at discrete points by- 

replacing the differential equations by finite-difference approximations'^.

4.5 Finite-Difference Formulae

Consider a function, y, of a variable, x. If the range of 

X is divided into discrete points each separated by a distance, S x> 
and, if values of y are known for each discrete value of x (fig. 4.2), 

an approximate value of the first-order derivative at an arbitrary 

point xp is

3x
y(%l + Sx) - y(xi)

An equally valid approximation is

y(xp) - - Sx)
XI X

A better approximation is one which weights equally both 

points around xĵ , viz..

(4.12)

% y
X %1

y(%l + Sx) - y(x^ - Sx) 
2 S  X

(4.13)

Because of the advantages of 4.13 over 4,11 or 4.12, it is the 

preferred equation for first-order differentiation.

The second-order differential equation may be similarly

obtained

y(xp + Sx) - 2 y(xp) + y(xp - 8x)

( Sx)2
(4.14)
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x,-bx X, x,+ &x
" > X

Figure 4,2

A general function y(x) where values of y are known for discrete 

values of x at intervals of S x; dashed lines indicate approximations 

for the gradient at y(x|).



These equations may he alternatively derived using Taylor's 

expansion theorem

y(%l + Sx) = j(xi) + S'x dx
i (  ^
2 3x2

1 (6x)3 3 ^  
^ 3 x 3 (4.15)

l(Sx)^ ^  
2 3x2

-  1
 ̂ 3 x 3

(4,16)

Neglecting higher than second-order terms in S x

3 x 2
y(x^ + Sx) - 2y(xi) + y(xi - Sx) (4.17)

which is the same as 4,14, and

9 y(%2 + Sx) - y(xi ~ S x) 
2 Sx

(4.18)

which is the same as 4.13. Equation 4,11 and 4.12 may be 

obtained from 4.15 and 4,l6 respectively but these would have a leading 

error term of —  ( 8^x)^ 9  y
3 x 2

and thus 4.18 is more accurate

XI
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4,6 The Finite-Different Approximations of the Diffusion Equation 

In the one-dimensional diffusion equation, values of partial 

pressure are obtained at discrete values of x separated by a distance 

h and at successive time intervals of 1 secs. This may be represented 

by intersections, called nodal points, between x = ih and t = kl 

where i and k are integers (fig. 4.3).

The finite-difference approximation of the one-dimensional 

diffusion equation is obtained by substituting 4.11 and 4,13 into 4.4.

^i,k+l_______ ^ik _ ^ fi+l,k ^ ^ik ^i-l,k
h

= D (4.19)

where ^ i s  the partial pressure at the nodal point 

(i,k) (and similar notation for ,k4-l,

ei+i,k

from which the recursion equation

?i,k+l - 2 ) ^ik + ( ?i+l,k Pi-1,k)

(4.20)

is obtained.

By the application of 4.20, solutions for the partial 

pressure are obtained at t = (k + l) 1 and x = ih from the 

values at x = (i-l)h, x = ih and x = (i + l)h at the previous 

time step t = k 1 (fig. 4.3).

The finite-difference method may be applied to diffusion in 

more than one dimension. The finite-difference form of the 

cylindrical co-ordinate diffusion equation will be obtained with

9
3e = 0 and this will be used in the eye model. Used in this
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Figure 4.3

A two-dimeiisional matrix of nodal points with inter-point separation 

of h along the x-axis and 1 along the t-axis. Solution at distance 

ih and time (k+l)l is obtained from known solutions at time kl and 

distances (i-l)h, ih and (i+l)h.



way, the cylindrical co-ordinate system maintains a constant inter- 

nodal point spacing irrespective of distance from the origin, which 

would not he the case with a spherical polar co-ordinate system. 

Solutions are obtained at points r ~ ih and z = pq 

where h and q are the distances between discrete points along 

the r-axis and z-axis respectively and i and p are integers. 

Successive solutions are obtained at times kl (fig. 4.4)

■3P Pip,k+1 - Pipk
'dt 1

where the partial pressure ar r = ih, z = pq
and t = kl (and similar notation for all other ^'s)

?i+l,pk Pi-1,pk
2 r 2 h

Pi+l,pk ^ P ipk ^ P i-1,pk
h2

and Pi,p+l,k ■ ® Plpk * Pl,p-l,k
9 z 2 q2

The solution is simplified by choosing the same distance
increment in the r and z directions. Thus q = h and

Pi,p+l,k ” ^Pipk Pi,p-l;k
h"

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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Figure 4«4

Three-dimensional matrix where solutions for points at successive 

time intervals are derived from known solutions for points at the 

previous time interval with the same space co-ordinates, and its 

four neighbouring points.



Equations 4.22, 4.23 and 4.23 are now used to solve the two- 

dimensional diffusion equation in cylindrical co-ordinates when

9

flp,k+l flpk _ , fi+I,pk ^^ipk ^i-l,pk Pl+l,pk fl-l,pk
1 '  ̂ h2 2 i h2

Setting ^  and re-arranging the terms gives
h^

?ip,k-hl ^  (l - 4j\) -i-A / “(l -i- - ^ )  " " 2 d ^  ^i-l,pk

P  i,p+l,k P i,p-l,k J  (̂ -̂28)

For a system which is syamîetrical about the z-axis, as is the 

case in the eye model,

. Pi-1 = Pi+l (4-29)

and, by definition, i=l on the z-axis in the model. On the z-axis, 

equation (4.28)reduces to

P  lp,k-t-l (1 - 4;\) P2pk f l,p-hl,k Pl,p-l,k-7
(4.30)
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Equations 4.28 and 4.30 are recursion equations which permit 

the value of the partial pressure at the point (i,p) to be obtained 

at t = (k + l) 1 from the values of the partial pressure at 

t = kl at the points (i,p), (i+l,p), (i-l,p), (i,p+l) and

(i,p-l) (fig. 4.4).

For a solution of the equations, it is necessary to specify 

initial conditions and edge conditions.

4.7 Finite-Difference Format of the Boundary Conditions

In the situation which is applicable to the eye model, the 

boundary points between two media are on spherical surfaces around 

a point on the z-axis, (l, C) say. Equation 4,9 stated that the 

flux was continuous along the outward normal. It is necessary, 

therefore, to interpolate the values of the concentration at points in 

the two media on the outward normal passing through the boundary 

point. In the eye model, there are three different representations 

of the boundary condition, equation 4.9, depending on the angle 

between the outward normal and the axes of the matrix. These three 

cases give the appropriate method of interpolation according to the 

position of the boundary point.

Case 1; Boundary point (l, P) ; [ I - l | <  | C - P l  and P <  C 

Consider the boundary point (l, P) between medium 1 and 

medium 2 as sho;m in fig. 4.5. In order to apply the boundary 

condition 4.9, it is necessary to know the change of partial pressure 

along the outward normal. The values of the partial pressure at 

points A and B of fig. 4,5 are calculated.
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Figure 4.^

Boundary point (l,P) between medium 1 and medium 2, The outward 

normal from the centre (l,C) passes through the points A and B. The 

case shown is that where |l-l| <  1 C~P| and P <  C,



Distance between (l, P+l) and A = distance between (l, P-l) and B = I’

Distance between (l-l, P+l) and A = distance between (l+l,P-l) and B = I"

Distance between (l,P-l) and (l,P)= distance between (l,P) and (l,P+l) = h

('1.31)

By similar triangles,

I-l _ r
C-P “ h (4.32)

h (|l|) (4.33)

I” = h - I

= h(l - (4.34)

P -  i l  P *  i l  P'a  ~ h  ̂ I-l.P+l + h ^ I.P+l

= cîp + (1 - (4.35)

P  B = h“ ^I+l.P-1 ^ 5“ ^I,P-1

= ■5:5 ^I +1,P-1 (1 - 0:5) (4.36)

Since the distance along the normal between B and (l,P) = distance 

between (l,P) and A, the boundary equation (4.9) may be approximated

( ^IP “  ̂ ” ^ip) (4.37)

(«1 + Dg) Pjp = Dg ^A (4.38)

P ip = ”2 (4.39)
+ ’’2
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eIP ^2 C  C-P ^I+1,P-1 * C-p) ^I,P-1 J  ■*'

\  C  cZp Ç i-i,p+i + cZp) ?i,p+i J  y^(Di + D2)

(4.40)

Case 2; Boundary point (l,P)t II - Il >  jC - Pi and P <  C

Consider the boundary point (l,P) between medium 1 and medium 

2 as shown in fig. 4.6. As in case 1, the values of the partial 

pressure at points A and B are found.

Distance between (l-l,p) and A = distance between (l+l,p) and B = Z ’

Distance between (I-l,P+l) and A = distance between (l+l,P-l) and B = Z"

Distance between (l-l,p) and (l,P) = distance between (l+l,P) and (l,P) = h

(4.41)

h
C-P
1-1

z. = (§E f) h

(4.42)

(4.43)

Z" h - Z*

(4.44)

e Z’

5|?1-1,P+1 + ( 1 - | ™ ) ? I - 1 , PC-P
1 (4.45)

^i+i,P-i + P  ? i+i,:

C-P|Pi+i,p-i + (1 - (4,46)
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z"

0,0

Figure 4,6

The boundary point (l,P) between medium 1 and medium 2. The outward 

nonrial from the centre (l, C) passes through A and B. The case 

shown is that where 1I-11>|C-PI and P <  C.



According to 4.39

eIP '̂ 2
Di + Dg

Hence

IP 2̂ Z~ fif + d-jif) Pi+i,p j +
Di TIT f I-l.p+l + (1 -izf) -Z//' (Dl + Dg)

(4.47)

C-P,

Case 3: Boundary Point (l,P): |I - I[ >|C--P| » P > C

Consider the boundary point (l,P) between medium 1 and medium 

2 as shoim in fig. 4.7.

The distance relationships (4,4l) are still true but now

h
P-C
I-I (4.48)

P-C\ h
' = (flï) (4,49)

Z" = h - Z»

= h /-I - (|^) 7 (4.50)

fA = I r  ^  I-l'P-l + I r

P-C 
I (4.51)

C b
Z'̂ Pl+l,p+l + p, Px+I,p

P-C2Y (?I+1,P+1 + ( i - | ^ ) Ç i + i , p (4.52)
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0,0

z>

pi,

Figure 4.7

The boundary point (l, P) between medium 1 and medium 2, The outward 

normal from the centre (l, C) passes through the points A and B, The 

case shown is that where II-ll >  |C-P| and P >■ C.



Cases 1, 2 and 3 cover all the necessary conditions in the eye

model,

4.8 The Eye Model

In the model of the eye, the x-y plane is situated at the back

of the eye with the z-axis pointing forwards towards the lens

(fig. 4.8). For convenience, a section is taken through the centre

of the eye along the x- and z-axes so that r = x, the perpendicular

distance between a point and the z-axis. Moreover 0 = 0 ,  and the

z co-ordinate is the distance along the z-axis. Since there is symmetry

about the z-axis, for initial distributions centred along the z-axis,

only half of this section need be considered. The dimensions of the

eye model are from Prince (1964a), Hughes (1972) and Strang (l975a).

The outer eye is regarded as a sphere of diameter l6 mm and the

posterior lens is modelled as a sphere of diameter 11 mm with its

nearest edge 6,7 mm from the retina. The vitreous is limited by the

lenticular fibres which provide an anterior cut-off line as shown in

fig. 4,9. The thickness of the sclera, choroid and retina are

0,024 cm, 0.012 cm and 0,015 cm respectively with respective diffusion

coefficients for xenon of 1.3 x 10  ̂ cm^ sec ^, 0.6l x lO"^ cm^ sec”^

and 0.64 x 10 ^ cm^ sec ^. Further, the diffusion coefficient of

xenon in the vitreous is 0,96 x 10 ̂  cm^ sec ^. Since the diffusion

coefficients of choroid and retina are within 5^> they were replaced
—5 2 —1by a single structure with diffusion coefficient of 0.63 x 10 cm sec 

The xenon is removed by blood flow in the choroid over a thickness of

0.009 cm and this value provides the upper limit for the distance

interval, h. In the model, h = 0.009 cm.
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Figure 4.8
Cylindrical co-ordinate system with origin at back of eye and Z-axis 

pointing forwards.
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Figure 4.9 

Limits of vitreous used in eye model.



In terms of the nodal points, the centre is the point (1,89) 
with the eye points such that

+ (P-89)^ <  7744 (4.53)
Furthermore P ^  113 (4,54)

and (l-l)^ + (P-143)^ >  3844 (4.55)

Equation (4.54) defines the anterior limit of the vitreous at 

the edge of the lens and equation (4,55) is the anterior limit of the 

vitreous behind the lens.

Edge points fall into the following categories;

(l-l)^ + (P-89)^ < 7744
and either I^ + (P-89)^ >  7744

or (1-2)2 ^ (P-89)2 >  7744
or (l-l)2 + (P-90)2 >  7744
or (l-l)2 + (P-92)2 >  7744 (4.56)

which are the edge points on the sclera;

P = 113 (4.57)
are the anterior points at the edge of the lens;

3844 < (1-1)2 ^ (p_i43)2 <  3969 (4,58)

which are the edge points behind the lens; and

1 = 1  (4.59)
which are the points on the z axis.
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The order of calculation of partial pressures is as follows:

(1) points on the z-axis in the sclera, neither edge nor boundary

(2) points on the z-axis in the retina + choroid, neither edge nor

boundary

(3) points on the z-axis in the vitreous, neither edge nor

boundary

(4) other points in the sclera, neither edge nor boundary

(5) other points in the retina + choroid, neither edge nor boundary

(6) other points in the vitreous, neither edge nor boundary

(7) boundary points between the sclera and the retina + choroid

(S) boundary points between the retina + choroid and the vitreous

(9) edge points round the sclera

(10) edge points at the anterior face of the vitreous

(11) edge points behind the lens

(12) removal takes place at blood flow points.

Scleral points are those with P ^  112 which do not satisfy

(4,56) but for which

7310.25 <  (l-l)2 + (P-89)^ <  7744 (4.60)
Choroidal + retinal points are those for which p <  112

and

6806.25 <  (l-l)^ + (P-89)^ <  7140.25 (4.6l)
Points in the vitreous have P 112 and

(1-1)2 ^ (P-89)^ <  6642.25

and (l-l)2 + (P-143)^ >  3969 (4.62)
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Boundary points between the sclera and choroid 4- retina are 

those with P <  112 and

7140.25 <  (l-l)^ + (P-89)^< 7310.25 (4.63)

Boundary points between the choroid + retina and the vitreous 

have P ^ 112 and

6642.25 <  (l-l)^ + (P-89)^< 6806.25 (4.64)

The nodal points in the eye model are show in fig, 4.10.

Blood flow removal points satisfy the inequality

6972.25 <  (l-l)^ + (P-89)^< 7140.25 (4.65)

Blood flow is assumed to remove a constant fraction of the

partial pressure from such points.

Edge points are obtained by a linear extrapolation from the 
two nearest points.

For points which satisfy (4,56), if I-l <  89-P

?ip,k+l 2 Ci,p+l,k+l Pi,p+2,k+l (4.66)

and if I-l >  89-P

Çip,k+1 “ 2 Çi_i,pjk+1 Pi-2,p,k+l (4.67)

For points such that P = II3

Çi,113,k+1 ^ 2 Pi,ii2,k+1 ~ ?i,lll,k+l (4.68)

For points satisfying equation (4.58), if I-l<  P-143 equation (4.66) 

applies and if I-l >  P-143 equation (4.67) is used.
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4.9 Stability

From the recursion equations (4,3l)» for points on the z-axis,

and (4.28), for all other points, values of the partial pressure at

t = 1, 21 ,,, may be successively calculated starting with the initial

values P . = f(r,z).\ ipo ' '
If <  %, the right members of equations (4,3l) and (4,28)

are a weighted average of Ç^ipk* f^ follows that Ç fpk satisfii 
at all grid points the inequalities

es

m <  p  . 1 <  MX ipk —

provided m < f ( r , z )  <  M, According to Forsythe and Wasow (I960) 
this constitutes stable behaviour.

Thus

X < i (4.69)

,2
must be satisfied and so 1 ^  ----  . Since h cannot be more than4D
0.009 and D in the sclera is 1.3 x 10 1 <  1.56 sec. 1 was set

at 1,5 sec in the programme. The equations were solved using an 

IBM 370/168 computer which provided partial pressure profiles and 
blood uptake curves. A listing of the programme appears in 

Appendix I.
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CHAPTER 5

MATHEMATICAL MODEL OF DIFFUSION IN THE EYE; RESULTS

5.1 Introduction

A mathematical model was described in the previous chapter 

for the diffusion of a tracer through the vitreous to the other 

tissues in the eye and its subsequent removal in the choroid. The 

results of the model are given in the present chapter. The 

distribution of partial pressure throughout the eye at different times 

and the appearance cupve for the tracer in the choroidal circulation 

are obtained. The model is initially applied to the diffusion of 

xenon in order to reduce the effect of complex interactions between 

the tracer and the surrounding matter. The effects of changing the 

position of the initial distribution of tracer in the vitreous and 

of different rates of blood flow in the choroid, are observed. The 

results of the model are compared with those obtained experimentally. 

Having established the validity of the model for the diffusion of 

xenon, it is then applied to water,

5.2 Analytical Solution

Analytical solutions of partial differential equations are 

more accurate than those obtained by numerical methods. In order 

to assess the accuracy of the model, solutions were obtained using 

the finite difference format of the model in a situation where an 

analytical solution exists. Carslaw and Jaeger (194?) obtained an 

analytical solution for the flow of heat in a sphere under specific 

conditions. They calculated the temperature distribution at various 

times after zero initial temperature and a surface temperature which 

is constant with time. This calculation has a direct application
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to the theory of time-lag in thermometers and, since diffusion and 

heat conduction are analogous phenomena, it may be used to test the 

finite difference approximation in the model. The solution is

V = V + 2aV
n r

n=l

^  (-l)^ sin nrr r ^-Kn^7T^t/a^

where v = temperature at r (^C)

r = distance from origin (cm) 

a = radius of sphere (cm)

V = constant surface temperature (^C)

K = thermal conductivity (cm^ sec ^) 

t = time (sec)

The finite difference equations developed in the previous 

chapter are applied to the diffusion of xenon from a constant surface 

partial pressure of 100 units through the vitreous, which was regarded 

as a sphere. This is analogous to the problem solved by equation (5»l) 

where v is now the partial pressure of xenon in the vitreous, V is 100, 

a is the radius of the vitreous and K is the diffusion coefficient of 

xenon in the vitreous.

Figure 5.1 shows the temperature distribution both by the 

analytical solution of Carslaw and Jaeger (l947) and the finite 

difference approximations of the previous chapter after a time of 

327 s. The finite difference solutions plotted were obtained from 

the values on the nodal points along a radial line from the origin 

of the sphere at a 45^ angle to the Z-axis so that the r- and z-axes 

of the model were equally weighted. The two partial pressure profiles 

are practically identical and this indicates good agreement between 

the two solutions.
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Figure 5.1

Temperature distribLition by the analytical solution of Carslaw and 

Jaeger (194?) (continuous line) and by the numerical method of the 

present model (dots).



This agreement was further investigated by sumiuing the 

values of v/V as obtained by each solution at values of r/a at 

discrete intervals of 0.02 up to and including 0,98, The finite

difference values were obtained for the different values of r/a by 

interpolation between the two closest nodal points. Only values of 

v/V greater than 0,01 were included in this comparison since accurate 

analytical solutions were unobtainable for less than this. The two 

suiranated values were found to be within 0,2^ which may be regarded as 

the order of magnitude of the errors involved in the finite difference 

approximations used in the model. This error is much less than the 

experimental errors, e.g. the standard deviation in the amount of 

xenon collected in the vortex vein was 45^ of the mean (Chapter 2),

5.3 Diffusion Coefficients

The diffusion coefficient of xenon in ocular tissue was 

measured by Strang (l975a; 197?) using a technique described by

Gillespie and Unsworth (1968), They showed that if one face of a slab 

of a medium containing a dissolved gas at uniform initial partial 

pressure is suddenly exposed to, and maintained at, zero partial 

pressure, for large values of time the partial pressure at all points 

decreases at the same exponential rate described by

Ti = 0^282jf (5.2)

where T^ = half-life of exponential partial pressure

decrease (sec)

L = thickness of material (cm)

D = diffusion coefficient (cm^ sec )̂

The results obtained by Strang (1973&; 1977) for the diffusion
—3 2 —1coefficient of xenon in various tissues were: sclera 1,3 x 10 cm sec
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+ 0,3 (S,D,), choroid 0,6l x 10 ^ + 0,14, retina 0,64 x 10 ^ + 0,03,

vitreous 0,96 x 10  ̂ + 0,12, Since the diffusion coefficients of

xenon in choroid and retina were within 5^» which was less than the 

standard deviation of each, the choroid and retina were combined in 

the present model and the diffusion coefficient of xenon taken to be 

0,63 X 10 ^ cm^ sec ^, The values obtained by Strang (l975a; 1977)

for the diffusion coefficients in the other ocular tissues were 

adopted.

The diffusion coefficients for tritiated water in the various

ocular tissues were taken to be the values for xenon times the ratio

of the self-diffusion coefficient of water to that of xenon in water.

Taking the self-diffusion coefficient of water as measured by Wang

(1965) and the diffusion coefficient of xenon in water as measured
by Unsworth and Gillespie (l970) this ratio has the value of 1.8

between 20°C and 37^C, Water is a suitable medium for comparison

because of the high water content of eye tissue (Gloor, 1970) as

shown by the value for the diffusion coefficient of xenon in water 
-5 2 —1of 1.6 X 10 cm sec which is similar to those obtained by

Strang (l975a) in eye tissue. The diffusion coefficients of tritiated
—3 2 —1water in the various tissues were thus taken to be 2,34 x 10 cm sec 

in sclera, 1,13 x 10 ^ cm^ sec  ̂ in combined choroid and retina and 

1,73 X 10 ^ cm^ sec  ̂ in vitreous.

5.4 Effect of Changing the Position of the Initial Distribution

The purpose of the present section is to determine the effect, 

by use of the diffusional model, of changing the initial distribution 

of tracer on its removal in the choroid. The model is applied to 

initial distributions situated at different positions along the Z-axis. 

Distributions centred off the Z-axis are beyond the scope of the model 

in its present form since they would introduce asymmetry. This is not
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considered a serious limitation since results may still be presented, 

showing the effect of positional changes of initial distribution on 

the rate of appearance in the choroid based on a diffusional mechanism 

and these may be compared in a later section with the experimental 

results obtained.

Figure 4,10 showed the distribution of nodal points used 

in the model. Since the xenon was introduced as a volume of 25 pi 

in the mid-vitreous, it is assumed to have an initial distribution of 

radius 1,8 mm centred on the Z-axis, The programme was written in 

such a way as to allow the distance of the initial distribution along 

the Z-axis to be varied by choosing a different value for the mid

point of the distribution. This was achieved by adjusting the p-value 

of the mid-nodal point (section 4,6), A p-value of 37 was considered 

to be realistic for the mid-point of the initial distribution and two 

other p-values, 27 and 47, chosen to illustrate the effect of changing 

the position of the distribution. The blood flow removal rate which 

corresponded to that used by Strang (l973&) for the normal rabbit 

was 0,225 per incremental time step of 1,5 seconds.
The diffusion coefficients of xenon were used in the model and 

the partial pressures at the nodal points of the eye model (fig, 4,10) 

were calculated. As an example, they are given after 20 minutes 

for an initial mid-point p-value of 37 in Appendix 2,

The programme gave the amount of isotope removed by the 

choroidal hlood flow every two minutes. The appearance curves for 

xenon in the vortex vein for mid-point p-values of 27, 37 and 47 are shown 

in figs, 5.2, 5.3 and 5*4 respectively.
Inspection of the blood appearance curves, fig, 5.2, fig. 5.3 

and fig, 5.4 reveals the considerable change in shape which occurs as 

a result of initial injections at different points along the Z-axis,
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Figure 5*2

Relative concentration of xenon in the choroidal blood according to 

the model for an initial mid-point p-value of 27 and normal blood flow.
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Figure 5.3

Relative concentration of xenon in the choroidal hlood according to 

the model for an initial mid-point p-value of 37 and normal blood flow.
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Figure ^.4

Relative concentration of xenon in the choroidal blood according to 

the model for an initial mid-point p-value of 4? and normal blood flow,



For mid-point p-values of 27, 37 and 47, the time to the peak is 

4 mins, 12 mins and 30 mins respectively and the interval on the 

downslope between the peak and half peak value is 8 mins, 3^ mins 

and greater than 50 mins respectively. These changes are due to 

injections which are centred Hh 0.9 mm about a point 3*33 mm from the 

posterior scleral surface along the Z-axis of the eye.

The mean transit times computed from these curves at 40 mins, 

60 mins and 80 mins are given in table 5.1. This shows the effect 

of an initial distribution at different points along the Z-axis on 

the mean transit time. For an initial mid-point p-value of 27, 

the mean transit time at 80 minutes was 20 minutes, for a p-value 

of 37 it was 33 minutes and, for the mid-point p equal to 47, the 

mean transit time was 42 minutes. Thus, a change of jf 0,9 nm in the 

initial position along the Z-axis produced 4- 27^ variation about a 

mean transit time of 33 minutes.

5.5 Effect of changing the blood flow

The effect of altering the blood flow removal term was 

investigated using an initial distribution with a mid-point p-value 

of 37 and three different blood flow removal terms, viz. half normal: 

0,113 per time step, normal: 0,225 per time step and twice normal:
0.45 per time step. The diffusion coefficients of xenon were used.

The partial pressures at the nodal points shown in fig, 4.10 

for the three different blood flow removal terms were calculated 

and the amount of isotope removed by the blood obtained.

The appearance of the isotope in the blood at half normal, 

normal and twice normal blood flow is shown in figs. 5.5, 5.6 and

5.7 respectively. The peak occurs at 12 mins for half normal and 

normal blood flow and at 10 mins for twice normal blood flow while 

the time on the downslope between the peak and half peak value is
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Table 5.1

Effect of mid-point p-value on the mean transit time

Central p co-ordinate 
of initial distribution

Time 
(min. )

Mean transit 
time (min.)

47 40 25
60 34
80 42

37 40 20
60 27
80 33

27 40 13
60 18
80 20
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Figure 5.5

Relative concentration of xenon in the choroidal blood according to

the model for an initial mid-point p-value of 37 and half normal

blood flow.
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Figure 5.6

Relative concentration of xenon in the choroidal blood according to

the model for an initial mid-point p-value of 37 and normal blood flow.
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Figure 9.7

Relative concentration of xenon in the choroidal blood according to

the model for an initial mid-point p-value of 37 and twice normal

blood flow.



36 mins, 3k mins and 30 mins for the three respective situations. 
Despite a fourfold difference in blood flow, the appearance of isotope 

in the choroidal blood is very similar.

The mean transit times at 40 minutes, 60 minutes and 

80 minutes are given in table 5.2 for the different blood flow terras. 

At 80 minutes, the mean transit time was 3̂  ̂minutes for half normal 

blood flow, 33 minutes for normal blood flow and 32 minutes for twice 
normal blood flow. It may be seen, therefore, that the alterations 

in blood flow used in the model had very little effect on the rate of 

appearance of tracer in the choroidal blood,

5.6 Comparison between model and experimental results

5,6.1 Xenon

The experimental curve which was shown in fig, 2.2 for 

the appearance of xenon in a vortex vein is reproduced in fig. 5.8. 

This may be seen to be similar to the xenon model curve given above 

for an initial distribution centred at p = 37 and normal blood 

flow (fig, 5.3), The similarity between experiment and model is 

substantiated by a comparison of the mean transit times (table 5.3). 

The model mean was calculated for a time equal to the average 

experimental duration. The experimental mean transit time of 

28 2 minutes corresponded closely to the model result of 27 minutes.

The effect of a change in the position of the initial 

distribution predicted by the model is consistent with the range 

in experimental values. Further, the observation made during the 

experiments, that a change in blood flow had no apparent effect on 

the rate of appearance of isotope in the vortex vein was also a 
feature of the model.

90



Table 5.2

Effect of blood flow removal term on the mean transit time.

Blood flow removal 
term

Time 
(min.)

Mean transit 
time (min. )

0.113 40 20
60 28
80 34

0.225 40 20
60 27
80 33

0.45 40 19
60 26
80 32
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Figure 5.8

Experimental curve for the appearance of xenon-133 in the choroidal 

blood following its injection into the vitreous.



Table 5.3

Comparison of experimental mean transit time (mins.) + S.E, and the 
model value for xenon-133.

Experiment Model

28 + 2 27



There is, therefore, good agreement between the model and 

the experimental results for xenon. The model may be used with 

some confidence to study the diffusion of a tracer from the mid- 

vitreous of the eye with removal occurring in the choroid.

5.6,2 Tritiated Water

The model was used to calculate the partial pressures at 

the nodal points shown in fig. 4,10 using the diffusion coefficients 

of water. For an initial distribution with a mid-point p-value of 

37 and normal blood flow, the partial pressure distribution was 

computed and rate of appearance of the isotope in the blood obtained.

The removal of tritiated water by the choroidal blood, according to 

the model, is shown in fig. 5.9. The mean transit times at 40 minutes, 

60 minutes and 80 minutes are given in table 5.4. The effect of 

the higher diffusion coefficient of water compared to xenon is to 

spread the tracer more quickly throughout the vitreous and into the 

choroid.

The experimental curve for the appearance of tritiated 

water in the vortex vein (fig, 3.3) is reproduced in fig. 5.10 for 

comparison. The model and experimental curves are in reasonable 

agreement. The mean transit time was calculated from the rate of 

appearance of tritiated water in the choroidal blood according to the 

model for an initial distribution with a mid-point p-value of 37, 

normal blood flow and for a time which was equal to the average 

duration of the experiments (table 5.5). The model result of 

28 minutes is in good agreement with the experimental value of 

30 _+ 2 minutes.

The effects of altering the position of the initial 

distribution and varying the blood flow which were demonstrated using 

the diffusion coefficients of xenon in the model are also applicable
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Figure 5.9

Relative concentration of tritiated water in the choroidal blood 

according to the model for an initial mid-point p-value of 37 and 

normal blood flow.



Table 5.4

Mean transit times according to the model for diffusion of tritiated 
water at 40, 60 and 80 minutes for a mid-point p-value of 37 and normal 
blood flow.

Time (min.) Mean Transit 
Time (min.)

40 17
60 22
80 28
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Figure 5.10

Experimental curve for the appearance of tritiated water in the choroidal 

blood following its injection into the vitreous.



Table 5*5

Comparison of experimental mean transit time (mins.) S.E, and the 
model value for tritiated water.

Experiment Model

30 + 2 28



to the diffusion of tritiated water. These provide further agreement 

between experiment and model.

It is considered, therefore, that the model has provided a 

satisfactory explanation for the experimental results obtained with 

tritiated water. The results are consistent with the movement of 

water from the vitreous by diffusion with removal occurring principally 

in the blood which flows in the choroid.
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CHAPTER 6

RESISTANCE TO FLUID FLOW INDUCED BY HYDROSTATIC PRESSURE :
I. POSTERIOR SITES

6.1 Introdueti on

In the earlier chapters, the removal of fluid from the vitreous 

was investigated. The experimental results were consistent with a 

mathematical model of diffusion from the vitreous into the choroid 

where removal was effected by the blood flow. Since the contents of 

the eye are normally some 15 mm.Hg above atmospheric pressure, a 

pressure difference exists which will tend to drive fluid out of the 

eye. In this and the subsequent chapter, two possible routes for 

this hydrostatic pressure-induced flow will be considered, viz, fluid 

movement across the posterior layers of the eye and the flow of fluid 

into Schlemm's canal in the anterior region of the eye.

In the present chapter, fluid movement from the vitreous 

across the retina, choroid and sclera is studied. Previous 

investigators have discussed the possible importance of a posterior 

flow, particularly in relation to retinal adhesion (see Chapter l), 

and a model of this flow has been published (Patt and Hedbys, 1970). 

Since this model will be shown to be inadequate, a superior model 

will be presented in the present chapter. Measurements of the 

conductivity of fluid flow across the posterior layers of the eye 

have also been published (Patt and Hedbys, 1970; Fatt and Shantinath, 

1971). These measurements are repeated and will be described before 

a discussion of the models.

6.2 Measurement of Conductivity

6.2.1 Materials and Methods

Resistance per unit area to fluid flow through tissue is the 

pressure drop across the tissue divided by the rate of flow through 

the tissue. Since Fatt and Hedbys (l970) and Fattand Shantinath
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(l97l) quote their results in fluid conductivity rather than resistance 

the results of the present study are also presented in units of fluid 

conductivity for comparison. By definition,

0 = 14: (6.1)

where C = tsssue fluid conductivity (crâ  dyn  ̂ sec ^)

Q = rate of flow of fluid (cm^ sec ^)

1 = tissue thickness (cm)

f = differential force across tissue (dyn)

A = tissue cross-sectional area (cm )

Figure 6,1 shows a diagram of the experimental arrangement. 

Perfusion fluid was passed through tissue from a reservoir which 

maintained a constant pressure during each experiment. The tissue 

sample was held in a chamber and the rate of fluid flow measured using 

a microlitre scale against a mirror. The perfusion chamber is shown 

in more detail in fig, 6.2. This is a modified version of that used

by Oakley (l977) to measure electrical properties of the frog retinal

epithelium. Tissue was placed on X-ray film, with an aperture of 

known central diameter, which had been previously lightly covered 

on the tissue-facing surface with a cyanoacrylate tissue adhesive.

The other surface of the film was lightly greased and the film and 

tissue were securely fixed between the two faces of the Incite chamber. 

Temperature in the chamber was maintained at 37^0 by immersion of the 

chamber in a water bath.

Retinal samples were perfused using the solution of Barany 

(1964) in order to maintain them in as near a physiological condition 
as possible. Scleral samples were perfused with 0.9^ saline since 

cell viability was of little importance with this tissue. The difference
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Figure 6,1

Diagram of equipment used in fluid conductivity experiments
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Figure 6.2

Perfusion, chamber used in fluid conductivity experiments. Tissue 

samples were placed between the X-ray film and upper Incite plate.



in the values of resistance between the two tissues was so large as 

to make the effect of the different viscosity of the two fluids 

negligible in the future discussion.

Tissue was obtained from Dutch rabbits which were killed by 

an overdose of Urethane anaesthetic. The eye was removed within 

several seconds and placed in a bath of perfusion fluid. The eye 

was quickly transferred to a dissecting microscope where discs of 

tissue were obtained using a corneal trephine. Measurements were 

made on retina, pigment epithelium and choroid together or on sclera 

alone.

The rate of flow through the tissue was measured by timing 

the movement of the fluid along a microlitre scale using a stopwatch,

A mirror was used when reading the scale to avoid any errors due to 

parallax. The thickness of the scleral samples used was measured 

with a micrometer and this instrument was used to measure thickness 

of several samples of retina, pigment epithelium and choroid. The 

retinal samples used in thickness measurements were not used in the 

measurement of fluid conductivity since unfixed retina is fragile 

and easily damaged. The differential force was calculated from a 

measurement of the height of the reservoir above the outflow tube 

from the perfusion chamber, and the known central diameter of the X-ray 

film within the chamber. A pressure difference of 39 to 57 mm.Hg 

was used in the determination of scleral fluid conductivity but, to 

avoid damage to tissue, measurements were made on retinal samples 

using only 1 to 6 mm.Hg,

6,2,2 Results

The tissue fluid conductivity results for sclera are given 

in table 6,1, In six samples, the mean conductivity of the sclera 

was 110 X 10 cm^ dyn  ̂ sec  ̂with a standard deviation of 45 x 10
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Table 6.1 

Results for rabbit sclera

Conductivity
/ 4 —1 —1 \\cm dyn sec )

80 ;K 
6l 
136 
71 
160 
155

Mean 110
Standard deviation 45
Standard error 18



-13 4 -1 _iThis is similar to the value of 19 x 10 cm dyn sec obtained

by Fatt and Hedbys (l9?0) on four scleral samples, Fatt and Hedbys 

(1970) used a flow conductivity-hydration relation and the different 
results may be due to the different methods employed. Both methods 

indicate a value of around 10 cm^ dyn  ̂ sec  ̂ for the scleral 

conductivity.

The tissue fluid conductivity measurements for retina, 

pigment epithelium and choroid are given in table 6,2, The mean 

value of six measurements on three samples was 0.93 x 10 ^ cm^ dyn ^

sec  ̂ (standard deviation 0.40 x 10 ^), Fatt and Shantinath (l97l)
-9 4 -1 -1obtained a value of 9»^ x 10 cm dyn sec from two fresh retinae

and three frozen retinae. Since the tissue of the present series 

includes pigment epithelium and choroid whilst Fatt and Shantinath 

used retina alone, a difference between the two sets of results would 

be expected. Retina, pigment epithelium and choroid samples were 

used in the present study for two reasons, (l) to avoid manipulative 

artefact and (2) for inclusion in the model. The retina in its 

unfixed state tears very easily, in contrast to the sclera which 

forms the tough outer coat of the eye. The chance of tearing the 

retina would be increased if it were to be separated from the under

lying pigment epithelium. In the model to be described in the 

following section, two resistance values are required, viz. that of 

the retina, pigment epithelium and choroid together and the scleral 

resistance,

6.3 Model of Hydrostatic Pressure-Flow Situation across the 

Posterior layers of the Eye

6.3.1 Introduction

The hydrostatic pressure sources which exist across the outer 

layers of the eye are shown in fig, 6,3. The vitreous is at the 

intraocular pressure, A pressure source exists in the choroid
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Table 6.2

Results for rabbit retina + pigment epithelium + choroid

Conductivity
/ 4 , —1 —1\(cm dyn sec )

0.62 lo

0.57
0.59
1.49
1.04
1.31

Mean 0.93
Standard deviation 0.40
Standard error 0.17
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Figure 6.3

Hydrostatic pressure sources in the posterior layers of the eye. 

HPy = pressure in the vitreous; HPc = pressure in the choroid and 

HPq = pressure outside the eye.



because of the blood vessels, e.g. the choriocapillaris has been 

shown to leak peroxidase (Peyman, Spitznas and Straatsraa, 1971;

Johnson, McNaught and Foulds, 1977)» a molecule with an effective 

diffusion radius of 3 mn (Bellhorn, Bellhorn and Poll, 1977). The 

pressure outside the eye is atmospheric or a little above it. As 

indicated by the arrows, hydrostatic pressure acts equally in all 

directions. Although the results described above refer to fluid 

conductivity, it is resistance per unit area which is used in the models 

to be described. This eliminates the error in the measurement of 

tissue thickness as the parameter is not needed.

A pressure-flow model has been proposed by Fatt and Hedbys 

(1970) and Fatt and Shantinath (1971) and is illustrated in fig. 6.4.
In this model the pressure difference between intraocular pressure 

and the pressure outside the eye acts across the retina and sclera 

in series. The flow from the eye is described by

HP - HP
F =  2. (6.2)

R + Rr s

where F = flow rate

HP^ = pressure in the vitreous

HP^ = pressure outside the eye

R = retinal resistance per unit arear ^.
R = scleral resistancer per unit areas

Since the resistance of the sclera is several orders of 

magnitude greater than the retinal resistance, its value determines 

the flow from the vitreous. Fatt and Hedbys (l970) obtained a flow 

rate of 0,74 p i  min  ̂ from their model when the intraocular pressure 

is 18 mm.Hg. The flow rate by this model using the resistance 

measurements of the present study would be 3.5 p i min ^. The model
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Figure 6.4

Fatt's model of hydrostatic pressures and resistances across the 

posterior layers of the eye. HPy = pressure in the vitreous;

resistance.

o - pressure outside the eye; = retinal + scleral



implies that there is a flow of 1 to 3 /il min  ̂ of fluid across the 

retina and sclera. However, the model must be faulted due to its 

failure to take account of the choroid as a pressure source and fluid 

reservoir. A superior model which incorporates these features is 

presented in the following section.

6.3.2 Description of Model

The model is illustrated in fig. 6.5. Here the resistance 

between the vitreous and the choroid is that due to the combined retina, 

pigment epithelium and choroid. The vitreal and choroidal pressures 

are represented as reservoirs a given height above the outside 

pressure. The flow across the retina depends on the pressure 

difference between the vitreous and the choroid and the resistance 

between the two regions,

HP - HPp =  £ (6.4)
«r

where F = flow across the retinar
HP = pressure in the choroidc ^

= resistance of retina + pigment epithelium + 

choroid

The flow from the choroid through the sclera depends on the pressure 

difference between the choroid and the external pressure and on the 

scleral resistance,

HP - HP
. -s = - V ^

where F^ = flow across the sclera.
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Figure 6,5

Model representing the hydrostatic pressures and resistances across 

the posterior layers of the eye, HP^ = pressure in vitreous;

HPc = pressure in choroid; HPq = pressure outside eye= = retinal 

resistance; Eg = scleral resistance.



An important aspect of this model is that since the choroid 

acts as a reservoir with an independent supply and exit route, the 

flow through the retina is not the same as the flow through the sclera. 

The difference between the retinal flow and the scleral flow is the 

net flow into or out of the choroid.

Fx = Fr - F3 (6.6)

where F = net flow into or out of the choroid,X
HP - HP HP - HP

i-- F, = (6.7)

r h p + r h p - ( r + r ) h p
F = — ^ Ï 5 ^----!---- S. (6.8)

If F is positive there is a net flow into the choroid whichX ^
functions as a sink; if F^ is negative the net flow is out of the 

choroid which acts as a source of fluid.

6,3.3 Application and Discussion of Model
2Assuming the surface area of the rabbit eye to be 7 cm , the 

value of Rg obtained from the results of the present experiments would 

give a scleral flow of 0,2 pi min  ̂mm.Hg ^, If the pressure 

difference across the sclera were 18 mm.Hg the scleral flow would be

3.6 pi min ^.

The value of R obtained from the present experiments wouldr
give a retinal flow of 43 pi min  ̂mm.Hg Van Alphen (1961)
measured the choroidal pressure to be between 1 and 3 mm.Hg below the 

intraocular pressure. His measurements were obtained by inserting 

a cannula through the sclera into the choroid and sealing it in place. 

Due to the technical difficulties involved, this cannot be considered 

a reliable measurement and it is doubtful if such could be achieved 

with present techniques. Maurice, Salmon and Zauberman (l9?l) were
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unable to detect any pressure difference between the intraocular 

pressure.and the' pressure in the sub-retinal space in an experiment 

similar to .Van Alphen’s (1961).
It is unlikely that a significant pressure difference exists 

across the retina since the pressure will be transmitted across the 

retina and tend to equalise the tissue pressure on either side. It 

is likely that HP.̂  and HP^ are approximately equal. Any small 

disparity between HP^ and HP^ may produce significant retinal flow 

because of the low retinal resistance, and affect the sign of F^,

The model underlines the need for an accurate simultaneous pressure 

measurement in the vitreous and in the choroid, before one can predict 

with confidence the magnitude and direction of the retinal flow 

induced by hydrostatic pressure.
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CHAPTER 7

RESISTANCE TO FLUID FLOW INDUCED BY HYDROSTATIC PRESSURE ;
II. ANTERIOR SITES

7.1 Introduction

Under normal conditions, there exists a continuous flow of 

aqueous humour from the ciliary processes in the posterior chamber 

into Schlemm’s canal or equivalent at the angle of the anterior 

chamber. This is the major route by which fluid leaves the anterior 

chamber (Cole, 1974). The anatomy of this region was described in 

Chapter 1. There is considerable evidence that, in primates at 

least, fluid enters Schlemm's canal through pores in invaginations 

or giant vacuoles which line the canal endothelium (fig. 7,l). 

(inomata, Bill and Smelser, 1972; Segawa, 1973; Grierson, 1976).

The size and incidence of these pores have been shown to vary 

with pressure (Grierson & Lee, 1975a; 1975b; Grierson, 1976), so

that the conductance of the pore and vacuole system is not a fixed 

quantity but is pressure-dependent. Pilocarpine is a drug which 

is used to reduce intraocular pressure in the treatment of glaucoma. 

It has been shown (Grierson, Lee and Abraham, 1978; 1979; Grierson, 

Lee, Moseley and Abraham, 1979) that pilocarpine alters the size 

and incidence and hence the conductance of the pore-invagination 

system.

It is of interest, therefore, to calculate the fluid 

conductance of the pore-invagination in normal tissue and to see the 

effect of pressure and pilocarpine on this value. A model of the 

pore has been published (Bill and Svedbergh, 1972) and this over

estimates the pore resistance. This model will be considered along 

with two others developed in the present chapter - an aperture model 

and a Venturi tube model. Based on electron micrographs of pore
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Schlem m ’s canal Pore

InvaginaHon Endothel ial
cells

Endothel ia l  meshwork

Figure 7.1

Diagram of endothelial cells lining Schlemm's canal showing an 

invagination with a pore opening and underlying endothelial meshwork,



openings (fig. 7.2) the Venturi tube seems a particularly appropriate 

model. The invagination is considered as a tube in series with the 

pore and its conductance is derived from Poiseuille's law.

The models are applied to data from the scanning electron 

microscope studies of rhesus monkey eye tissue at 8 mm Hg and 15 mm Hg 

and of human eye tissue, pilocarpine-treated and untreated (Grierson, 

1976; Grierson et al, 1979).

7.2 Quantification of Pore Incidence

7 .2.1. Human: pilocarpine-treated and untreated

Data on the size and frequency of the luminal openings were

obtained from a study performed by Grierson, Lee, Moseley and

Abraham (l979) iu which the endothelium lining the trabecular aspect

of Schlemm's canal was examined with the scanning electron microscope

(S.E.M.). The tissue for this investigation came from ten patients

with an ostensibly normal anterior segment, and each eye was enucleated

in treatment of a choroidal melanoma. With five patients, the eye

to be enucleated was subjected to a topical application of 2 to 4^

pilocarpine on four separate occasions at six-hourly intervals before

surgery. The remaining five patients in an age-matched group were

untreated, and the tissue served as a control. The tissue was

processed for electron microscopy using standard techniques. The

pore widths were measured from sets of prints which corresponded to a
2surface area of 100,000 pm from each eye with the use of a X7 magnifier 

which incorporated a graticule. In each eye, the numbers of pores 

in a 0.5 pm diameter range up to the maximum pore size were obtained.
The results are given in figs 7-3 and 7.4. Frequency versus 

pore width is plotted for the five pilocarpine-treated eyes in figs.

7.3 a to e and for the untreated eyes in figs, 7.4 a to e. In the 

pilocarpine-treated tissue there are more pores and there is also a
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*

Figure 7.2

Electron micrograph of a pore opening (arrow) in the lining endothelium 

of Schlemm's canal in a Rhesus monkey at lOP of 15 mm Hg (photograph 

courtesy of Dr I Grierson),
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Figure 7.3

Number of pores of different diameters from electron micrographs of 
2100,000 pm of lining endothelium of Schlemm's canal. Tissue from 

pilocarpine-treated human eyes, a: P/l, b; P/2, c: P/5, d: P/4,

e: P/5.
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Numbers of pores of different diameters from electron micrographs of 
0100,000 pm of lining endothelium of Schlemm's canal. Tissue from 

untreated human eyes, a: U/l, b: U/2, c: U/3» d: U/4, e: U/5.



shift in the pore distribution towards larger pores.

7.2,2 Rhesus monkey; 8 mm Hg and 13 mm Hg

In the experiments conducted by Grierson (l9?6) on rhesus

monkeys, intraocular pressure was controlled by an intracameral

25 gauge needle attached to a manometer system which contained an
aqueous replacement solution (Barany, 1964), In three animals,

one eye was maintained at 8 mm Hg and the other at 15 mm Hg which

was 2 mm Hg higher than the mean value for spontaneous pressure

obtained from nine eyes (l5 5 nm Hg). Tissue was prepared for

S.E.M. studies by freeze-drying (Lee and Grierson, 1975). Electron
2micrographs covering an area of 100,000 pm of the lining endothelium 

of Schlemm's canal were obtained from each eye and pore diameters 

measured as described above.

The results are given in figs. 7.5 and 7.6, In fig, 7.5 a 

to c the number of pores versus pore width for the three eyes at 

8 mm Hg is plotted and in fig. 7.6 a to c the same is given for the 

eyes maintained at 15 mm Hg.

7,3 Aperture Model

Since, on initial inspection of the electron micrographs, the 

pore may be regarded as simply a hole in the invagination, an 

aperture model will be developed in this section (fig. 7.7). The 

pressure drop experienced by a fluid flowing through an aperture 

(Happel and Brenner, I965), is

P = (7.1)

where P = pressure drop across aperture (dyn cm ^)

Q = flow (ml sec ^) 

u = viscosity (Poise)

R = aperture radius (cm)
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Numbers of pores of different diameters from electron micgraphs of 
2100,000 pm of lining endothelium of Schlemm's canal. Tissue from 

Rhesus monkeys at lOP of 8 mm Hg, a: 8/I, b: 8/2, c: 8/5.
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À

R

Figure 7.7

Aperture model, P = pressure drop; Q = flow; u = viscosity and

R = radius.



By definition,

C = I  (7.2)

where C = conductance (cm^ dyn  ̂ sec

and c = ^  (7.3)
where c - conductance (p.1 min ̂ mm Hg

q = flow (pi min

p = pressure (mm Hg)

The conversion between (7.2) and (7.3) is

c = C X 8.005 X 10^ (7.4)
From (7.1) and (7.2)

C = - ^  (7.5)
3 u

Replacing the radius, R (cm), by the diameter, d (pm), and assuming 

a viscosity of 0.007 Poise, which is the viscosity of water at 37*̂ 0 

(McEwe.n, 1958), substitution of equation (7.5) into (7.4) leads to

c = (7.6)
2099

Equation (7.6) permits the conductance of the pore openings

to be calculated, provided the diameter of the pores is known,

7.4 Bill and Svedbergh (1972) Model

A model of the pore-invaginatlon was published by Bill and 

Svedbergh (l972). Their model was developed to provide an upper 

limit for the pore resistance. They treated the pore as an aperture

in series with a short tube so that the pore resistance is the sum of

the aperture resistance and the tube resistance. Although the Bill 

and Svedbergh (1972) model overestimates the pore resistance it is 

useful to include it for a comparison with the two models of the 

present study.
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Poiseuille’s law for flow through a tube is

Q = ^  (7.7)8 L u

where L = tube length (cm).

From (7.2) and (7*7),

On changing units,

8 L u
(7.8)

f\ R 7
X 8.005 X 10  ̂ (7.9)c = 8 L u

and, again taking u equal to 0.007 Poise as in the aperture model

c = ------------------------------------------- (7.10)
1 X 3563

where 1 = length (pm).

In this model, the pore resistance is the resistance of the

equivalent aperture plus the resistance of the equivalent tube. The 

conductance by this model is therefore obtained from equations (7.6) 

and (7.10) and is

c = ( ^  + ^ > 45^  ) - l  ( 7 . 1 1 )
d^ d

Another aspect of this model is that a diameter of 2 pm is ascribed 

to all pores which are larger than this, i.e.

d = dm 0 dm 2
d = 2 d m 3 2  (7-12)

where dm = measured diameter (pm).
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Equation (7.Il) gives the conductance, provided the pore 
diameter and length are known in pm and the condition of equation 

(7.12) is adhered to.

7•5 Venturi Tube Model

7.5.1 Theory
The analysis of flow in a Venturi tube is described in detail 

elsewhere (Happel and Brenner, I965). A Venturi tube is a 

confocal hyperboloid of revolution (fig. 7.8). The pressure drop 

experienced by fluid flowing through a Venturi tube is

p = --------------------------- 2 (7.13)
R (1 + 2  cos a ) (1 - cos a)

where a = angle of convergence.

From equation (7.2) and (7.13)

- (1 + 2 cos a) (1 - cos a)C — Jt + d. cos a) - cos a;
3 u

From equation (7.4) and(7.14)

_ R^ (1 + 2 cos a) (1 - cos a)^ x 8.005 x 10^
 ̂ "  (7.15)

Substituting the numerical value of 0.007 for u and replacing 

R with d leads to

c _ d^ (1 + 2  cos a) (1 - cos a)^
2099

Equation (7.I6) permits the conductance in pi min  ̂mm Hg  ̂ of the 

pores to be calculated provided their diameters in pm are known and 

their angle of convergence.

(7.16)
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VENTURI TUBE MODEL

P  =

a /

3 Q u

R® (1 + 2 cos a) (1 -  cos a)^

Figure 7.8

Venturi tube model, P = pressure drop; Q = flow; u = viscosity;

R = radius and a = angle of convergence.



7.5.2 Angle of Convergence

It may be seen by inspection of equation (7.16) that the pore 

conductance is a function of the angle of convergence. The relation 

between conductance and angle of convergence is shown in fig. 7.9, 

where it is seen to possess a sigmoid shape. The conductance is 

within 10^ of the maximum conductance for angles of convergence between 

90^ and 79°. As the angle of convergence decreases, there is an 

increasingly rapid fall in the conductance. It has dropped by 20^ 

at 73°, 30^ at 68®, kOfo at 64® and 50^ at 6O®, The similarity of 

equations (7.6) and (7.I6) is apparent and is a result of the fact 
that equation (7.6) is derived as a special case of equation (7 .I6) 

when cos a = 0, i.e. a — 90°, at which point the Venturi tube becomes 

an aperture.

The angle of convergence was measured from transmission 

electron micrographs of twelve different pores (table 7.l) from 

which the mean of 70° and a standard deviation of 9° were obtained.

This sample may contain more small pores than large ones because of 

the technical difficulty in obtaining serial sections of large pores. 

Moreover, since the structures are biological, they do not all fit 

the Venturi tube model equally well. The mean value was used as 

the angle of convergence in the model. This means that the conductance 

of a pore by the aperture model and Venturi tube model bear a constant 

ratio to each other.

7.6 Application of the Models

7.6.1 Total Pore Conductance

The results of the electron micrograph investigations described 

in section 7.2 gave the number of pores in 0,5 pm bands. The value 

of the mid-diameter of each band was used in the conductance 

calculations. The conductance of all the pores in a particular 

diameter range is the number of pores in that range times the
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Figure 7«9

Effect of angle of convergence on the conductance according to the 

Venturi tube model.



Table 7.1

The angle of convergence of the Venturi tube - equivalent of 12 

different pores measured from electron micrographs.

Angle of Convergence (degrees)

75 
61 
72 
78 
85
76 
70
65
72
56
57 
72

Mean 70
Standard deviation 9
Standard error 3



conductance at the mid range diameter. The total conductance of all 

the pores observed in the eye is then the sum of the conductance values 

for each diameter band. The total pore conductance of the entire 

lining endothelium in the eye is the conductance of the observed 

pores multiplied by the ratio of the area of the endothelium to the 

area of tissue covered by the micrographs.

Resistance at all times is the inverse of conductance,

7.6.2 Fore-Invagination Conductance

The conductance of the pore-invagination unit is obtained by 

considering the pores and invaginations in series. The conductance 

of the invagination is calculated by treating it as a tube of radius 

1 pm and length 3 pm (Bill and Svedbergh, 1972) and applying 

Poiseuille's law (equation 7.10) so that

cj = n/668 (7.17)

where cp = conductance of invagination (pi min  ̂mm Hg )̂ 

n = number of invaginations with pores

Although equation (7.17) does not take account of any possible 

variation in shape or size of the invagination with pore width it is 

used to provide an order of magnitude figure for the invagination 

conductance. The number of invaginations which contribute to the 

conductance is equal to the number of pores counted in the tissue 

since, although there are more invaginations than pores (Grierson, 

1976), only those with pore openings have a flow of fluid and, 
hence, a non-zero conductance. The pore-invagination conductance 

is given by

 ̂  ̂ + -t- (7.18)
“"pi “p ‘'l

where c^j = pore-invagination conductance

c = pore conductancep
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7.7 Results of Models

7.7.1 Effect of Pore Diameter on Pore Conductance

Results were obtained using an IBM 370/l68 computer. Since 

none of the models predicts a linear relation between conductance and 

diameter, it is of interest to observe the effect of diameter on 

the conductance calculated by each model. This is plotted in fig. 

7.10 where it is seen that the large pores contribute greatly to the 

conductance by the aperture and Venturi tube models but, because of 

the 2 pm cut-off, in the Bill and Svedbergh (l972) model their effect 

is greatly diminished,

7.7.2 Rhesus Monkey; 8 mm Hg

The number of pores at different pore widths found by Grierson

(1976) in rhesus monkeys maintained at 8 mm Hg was shown in fig. 7*5.
The pore conductance for each eye by the three models is given in

fig. 7.11. The eyes of figs. 7.11 a, b and c are the same as those

of fig. 7.5 a, b and c respectively. Table 7.2 gives the total pore

conductance and resistance, and the values of the pore-invagination

conductance and resistance for each eye by the three different models
2for the measured area of 100,000 p . The values in this table have 

also been extrapolated to the whole of the lining endothelium 

(table 7.3).

7.7.3 Rhesus Monkey; 13 mm Hg

The experimental data for this section was shown in fig, 7.6. 

The pore conductances for the eyes of fig. 7.6 a, b and c are plotted 

in fig. 7.12 a, b and c respectively according to the three models.
The total pore conductance and resistance for the area investigated 

in each eye, together with the resultant pore-invagination conductance 

and resistance are given in table 7.4. These figures have also been 

extrapolated to whole lining endothelium (table 7.5).
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Figure 7.10

Effect of pore diameter on conductance. ( - - - ) Aperture; 

( -----  ) Venturi tube; ( / / / ) Bill & Svedbergh (l972).
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Pore conductance by each model from pores within the specified diameter 

range from 100,000 of Rhesus monkey eyes at 8 mm Hg. ( - - - ) 

aperture; ( ----  ) Venturi tube; ( / / /  ) Bill and Svedbergh (l972).

a: 8/1, b: 8/2, c: 8/3.



Table 7.2

Results of application of the models to data from electron micrographs
2which corresponded to 100,000 pm of tissue from rhesus monlceys at an 

lOP of 8 null Hg. Ap. = Aperture; V.T. = Venturi tube ; B &. S =

Bill & Svedbergh (l972).

Experiment
Niuiiber Mo del

Conductance 
(p-1 min"l rain Hg”l)

Resistance 
(mm Hg min jnl"l)

Pore Pore-invagination Pore Pore-invagination

Ap, 0,008 0.007 120 148
8/1 V.T. 0.006 0.005 166 193

B & S 0.005 0.004 209 236

Ap, 0.004 0.003 260 304
8/2 V.T. 0.003 0.003 358 402

B & S 0.003 0.002 376 421

Ap. 0.003 0.003 333 368
8/3 V.T, 0.002 0,002 456 494

B & S 0.002 0.002 416 451



Table 7.3

Extrapolated values from table 7.2 for the whole lining endothelium 

of Schlemm’s canal in rhesus monkeys at an lOP of 8 mm Hg, Ap = 

Aperture; V.T. = Venturi tube; B & 8 = Bill and Svedbergh (1972).

Experiment
Number Model

Conductance 
(pi min  ̂mm Hg  ̂)

Resistance 
(ram Hg min pi ^)

Pore Pore-invagination Pore Pore-invagination

Ap. 0.91 0.74 1.09 1.35
8/1 V.T. 0.66 0.57 1.51 1.76

B & S 0.53 0.47 1.89 2.15

Ap. 0.42 0.36 2.36 2.77
8/2 V.T. 0.31 0.27 3.25 3.66

B & S 0.29 0.26 3.41 3.82

Ap, 0.33 0.30 3.03 3.35
8/3 V.T, 0.24 0.22 4.17 4.49

B & S 0.27 0.24 3.77 4.10

Ap, 0.56 0,47 2.16 2.49
Me an V.T, 0.40 0.36 2.98 3.30

B & S 0.30 0.32 3.02 3.36



fo re  conducloncc
I pi min '

li

a

0 - 0 3 - 1 0 -  15 - 2*0 - 2*5 - 2 0 - 3*3 . 4.g - 4 3
Poft Jiümgicf (pm)

Pore conducloncc 
I pi min'mmHg'l

0 - 0-5 - % 0 - *‘5 ■ 2 0 • 2 5 - 3 0 - 3 3 - 4-0 - 4 5 
Pûié Jiomi. 1er (pm|

Pore condtjctonce 
Iplmin-̂ mmHg-')

0 - 0 5 - I 0 - I 3 - 3 0 - 2-J - 3 0 - 3 3 - 3 0 • 4 . 
Pore diofn-.uerfprn;

Figure 7.12

Pore conductance by each model from pores within the specified 

diameter range from 100,000 of Rhesus monkey eyes at 15 mm Hg.

( ) Aperture; ( ----  ) Venturi tube; ( / / / ) Bill & Svedbergh
(1972). a: 15/1, b: 15/2, c; 15/3.



Table 7.4

Results of application of the models to data from electron micgraphs
2which corresponded to 100,000 pm of tissue from rhesus monkeys at an 

TOP of 15 mm Hg. Ap = Aperture; V.T. = Venturi tube; B & S = Bill 

and Svedbergh (l972).

Experiment
Number Model

Conductance 
(pi min"l mni Hg“^) (mm

Resistance 
Hg min pl” )̂

Pore Pore-invagination Pore Pore-invagination

Ap 0.044 0.027 23 37
15/1 V.T. 0.052 0.022 31 46

B & S 0.018 0.014 56 70

Ap 0.072 0.046 14 22
15/2 V.T. 0.052 0.037 19 27

B & S 0.035 0.028 29 36

Ap 0.168 0.105 6 10
15/3 V.T. 0.122 0.085 8 12

B & S 0.065 0.053 15 19



Table 7*5

Extrapolated values from table 7.4 for the whole lining endothelium 

of Schlenun’s canal in rhesus monkeys at an lOP of 15 mm Hg, Ap = 

Aperture; V.T. = Venturi tube; B & S = Bill & Svedbergh (1972).

Experiment
Number Model

Conductance 
(pi min“  ̂mm Hg“ )̂ (mm

Resistance 
Hg min pl"^)

Pore Pore-invagination Pore Pore-invagination

Ap 4.8 3.0 0.21 0.34
15/1 V.T. 3.5 2.4 0.29 0.42

B & S 2.0 1.6 0.51 0.63

Ap 7.9 5.1 0.13 0.20
15/2 V.T. 5.7 4.1 0.17 0.24

B & S 3.9 3.0 0.26 0.33

Ap 18.5 11.6 0.05 0,09
15/5 V.T. 13.4 9.4 0.07 0.11

B & S 7.2 5.8 0.14 0.17

Mean Ap 10.4 6,6 0.13 0.21
V.T. 7.6 5.3 0.18 0.26
B & S 4.3 3.5 0.30 0.38



7.7.4 Human; Pilocarpine-treated

The results of pore frequency and incidence in human eyes 

treated with pilocarpine obtained by Grierson et al (l979) were shown 

in fig. 7.3. The values of the pore conductances of the five eyes 

of fig. 7.3 a to e are plotted in fig. 7.13 a to e respectively 
according to the three pore models. The total pore conductance for 

the area of tissue investigated, together with the pore-invagination 

conductance are given in table 7.6. The extrapolated values for 

the whole of the lining endothelium have also been calculated 

(table 7.7).

7.7.5 Human: Untreated

The experimental results for the age- and sex-matched human

control group have been given earlier (fig, 7,4). The pore

conductances for these eyes are plotted in fig. 7.14 where the eyes

of fig. 7.14 a to e correspond to those in fig. 7.4 a to e respectively.
The total pore conductance and resultant pore-invagination conductances

2for the 100,000 pm investigated are given in table 7.8 while the 
values have been extrapolated to the whole lining endothelium in 

table 7 .9.

7.8 Discussion

Bill and Svedbergh (1972) developed their model in order to 

find an upper limit for the pore resistance. Their value is an over

estimate since the resistance is effectively calculated twice: once

with the pore as an aperture and again as a tube. The tube 

resistance is calculated from Poiseuille's law which is only 

applicable when the length is considerably greater than the width.

Since this situation does not exist in the pore, the use of Poiseuillé's 

law is inappropriate. The Bill and Svedbergh (1972) model further
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Figure 7.15

Pore conductance by each model from pores within the specified diameter 

range from 100,000 p. of pilocarpine-treated hiunan eyes. ( _ _ _ )

Aperture; ( ----- ) Venturi tube; ( / / / )  Bill &  Svedbergh (l9?3).

a: p/l, b: p/2, c! P/3, d: p/4, e: p/9.



Table 7*6

Results of application of the models to data from electron micrographs
2which correspond to 100,000 jam of tissue from pilocarpine-treated 

human eyes. Ap, = Aperture; V.T, = Venturi tube; B & S = Bill and 
Svedbergh (1972),

Experiment
Number Model

Conductance 
(jnl min  ̂mm Hg ^)

Resistance 
(mm Hg min jnl  ̂)

Pore Pore-invagination Pore Pore-invagination

Ap. 0.247 0.123 4 8
p/l V.T. 0.180 0.104 6 10

B & S 0.075 0.057 13 18

Ap, 0.271 0.122 4 8
P/2 V.T. 0.197 0.105 5 10

B & S 0.078 0.058 13 17

Ap. 0.475 0,121 2 8
P/3 V.T. 0.345 0.111 3 9

B & S 0.077 0,052 13 19

Ap, 0.083 0.048 12 21
P/4 V.T. 0.060 0.040 17 25

B & S 0.032 0.025 32 40

Ap. 0.124 0.049 8 20
P/5 V.T. 0.090 0.043 11 24

B & S 0.031 0,022 32 45



Table 7.7.

Extrapolated values from table 7.6 for the whole lining endothelium of

Schl emm' s canal in pilocarpine- treated human eyes. Venturi tube

figures in parenthesis exclude pores greater than 3 pm.

Ap. = Aperture; V.T. = Venturi tube ; B & 8 := Bill & Svedbergh (1972)

Conductance Resistance
Experiment Model

(pi min 1 rj -l\mm Hg ) (mm Hg min jnl ^)
Number Pore Pore-invag

ination
Pore Pore-invag

ination

Ap. 27.2 13.5 0.037 0.074
P/l V.T. 19.8 (12.4) 11.4 (8.4) 0.051(0.081) 0.088 (0.120)

B & S 8.2 6.3 0.121 0.159

Ap. 29.8 13.5 0.034 0.074
p/2 V.T. 21.7 (13.8) 11.5 (8.7) 0.046(0.073) 0.087 (0.116)

B & S 8.6 6.4 0.117 0.157

Ap, 52.3 13.4 0.019 0.075
p/3 V.T. 38.0 (12.1) 12.2 (6.8) 0.026(0.083) 0.082 (0.148)

B & S 8.5 5.8 0.118 0.174

Ap. 9.1 5.3 0.110 0.189
P/4 V.T. 6.6 (5.3) 4.4 (3.7) 0.151(0.189) 0.230 (0.268)

B & S 3.5 2.7 0.288 0.367

Ap. 13.6 5.4 0.073 0.186
p/3 V.T. 9.9 (5.4) 4.7 (3.2) 0.101(0.184) 0.213 (O.3O8)

B & S 3.4 2.5 0.293 0.406

Ap. 26.4+16.9 10.2+4.5 0.055+0.037 0 .120+0.062
Mean 
4- S.D.

V.T. 19.2+12.3 
(9.8+4.1)

8.8+4.0 
(6.2+2.6)

0.075+0.051
(0.122+0.059)

0.140+0.075
(0.192+0.090)

B & S 6.4+2.7 4.7+2.0 0.187+0,094 0.253+0.123
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Figure 7.14

Pore conductance by each model from pores within the specified
diameter range from 100,000 p2 of untreated human eyes. ( _______  )
Aperture; ( - ' ) Venturi tube; ( / / /) Bill & Svedbergh (1972)

a: U/l, b: 0/2, c: U/3, d: U/h, e: U/5.



Table 7.8

Results of application of the models to data from electron micrographs
2which corresponded to 100,000 fm. of tissue from untreated human eyes. 

Ap = Aperture; V.T. = Venturi tube ; B & S = Bill and Svedbergh 

(1972).

Experiment
Number Model (ui

Conductance 
min  ̂mm Hg

Resistance 
(mm Hg min pi

Pore Pore-invagination Pore Pore-invagination
Ap. 0.027 0.016 37 63

U/l V.T. 0.020 0.013 50 77
B & S 0.006 0.005 156 183

Ap. 0.017 0.012 58 87
U/2 V.T. 0.013 0.009 79 108

B & S 0.007 0.006 146 175

Ap. 0.022 0.016 46 63
u/3 V.T. 0.016 0.013 63 80

B & S 0.014 0.011 74 91

Ap, 0.018 0.014 57 72
U/4 V.T. 0.013 0.011 78 94

B & S 0.009 0.008 109 125

Ap. 0.050 0.033 20 30
u/5 V.T. 0.036 0.027 28 38

B & S 0.021 0.017 49 59



Table 7.9

Extrapolated values from table 7.8 for the whole lining endothelium 

of Schlemm^s canal in untreated human eyes. Venturi tube figures in 

parenthesis exclude pores greater than 3 pni. Ap, = Aperture;

V.T. = Venturi tube; B & S = Bill & Svedbergh (l972)

Experiment Model

Conductance 
(pi min  ̂mm Hg

Resistance 
(mm Hg min pi ^)

Number Pore Pore-invag
ination

Pore Pore-Invag-
ination

Ap, 3.01 1.74 0.33 0.58
U/l V.T. 2.19 (0.6l) 1.43 (0.52) 0.46 (1,64) 0.70 (1.92)

B & S 0.70 0.60 1.42 1.66

Ap, 1.91 1.27 0.52 0.79
U/2 V.T. 1.39 1.02 0.72 0.98

B & S 0.76 0.63 1.33 1.59

Ap. 2.40 1.76 0.42 0.57
U/3 V.T. 1.74 1.38 0.58 0.73

B & S 1.49 1.21 0.67 0.83

Ap. 1.95 1.52 0.51 0.66
U/4 V.T. 1.42 1.17 0.71 0.85

B & S 1.01 0.88 0.99 1.13

Ap, 5.45 3.65 0.18 0.27
U/5 V.T. 3.96 2.92 0.25 0.34

B & S 2.27 1.88 0.44 0.53

Ap, 2.94+1.47* 1.99+0.95** 0.39+0.14 0.57+0.19
Mean

S.D.
V.T. 2.14+1.07*

(1.82+1.26)
1.58+0.77**
(1.40+0.91)

0.54+0.20
(0 .78+0 .52)

0,72+0.24
(0 .96+0 .59)

B & S 1.25+0.65** 1.04+0.53** 0.91+0.49 1.15+0.48

Levels of significance by Student t test, pilocarpine-treated v untreated:

* 0.01 < P <  0.03; ** 0.00KP<0.005.



overestimates resistance by ascribing a diameter of 2 pm to all pores 

larger than this. This was done in order to reduce any error which 

would occur from including "pores" which are due to artefactual tearing 

of the tissue which may occur during processing. The inclusion of 

large tears could significantly alter the total calculated value of 

conductance because of the high value of the conductance through 

openings with a large diameter.

An alternative approach to that of Bill and Svedbergh’s (1972) 

is to develop a model which will produce the correct value for the 

conductance. Two models have been presented in the previous sections. 

The aperture model was developed since, at first sight, the pore 

resembles an aperture. However, it allows no consideration to be 

taken of the pore thickness and thus underestimates its resistance.

Of the models presented, the Venturi tube is considered the most 

appropriate since it most closely resembles the appearance of the 

pores in the lining endothelium of Schlemm’s canal. In the Venturi 

tube model a constant value is used for angle of convergence. If 

a relation exists between angle of convergence and pore size, the use 

of a constant value will fail to take account of this. Nevertheless, 

the values of conductance determined by the Venturi tube model are 

probably closest to the actual pore conductances.

In tables 7.7 and 7.9, the total pore conductance was given 

when all the pores counted were included and, also, when pores above 

a diameter of 3 pm were omitted. It is believed that it is better 

to show the effect of large pores, which may be artefactual, in this 

way than to include it as part of the model, as with the Bill and 

Svedbergh (l972) model. Thus, in human tissue, while pores of 

diameter greater than 3 pm represent only yfo of the total number in 
the pilocarpine-treated group, they contribute 15^ to the fluid 
conductance. No pores greater than 3 pm in diameter were observed 

in the Rhesus monkeys.
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According to Grant (l958), the total resistance of the 

normal, human outflow system is 3 mm Eg pi  ̂min. This implies 

that the pore and pore-invagination contribute 12^ and 24^ respectively 

in the normal human eye according to the Venturi tube model. These 

observations are in agreement with those of Bill and Svedbergh (l97S) 

who considered that the bulk of the trabecular resistance is outside 

the canal endothelium and is probably in the underlying endothelial 

meshwork of the drainage wall.

Table 7.10 gives the ratios of pore resistance and of pore- 

invagination resistance at 15 mm Hg to their respective values at 

8 mm Hg in the rhesus monkey. The pore resistance at 8 mm Hg is 

some 17 times greater than that at 15 mm Hg. The ratio of the 

pore-invagination resistances at the two pressures is 13. It is 

evident, therefore, that the resistances of the pore-invagination 

and, more especially, of the pore itself are decreased substantially 

with pressure. Corresponding ratios are also sho\m for the human 

untreated and treated tissue where, it may be seen, the effect of 

pilocarpine is to decrease the resistance of the pore and pore- 

invagination by a factor of 7 and 5 respectively. As shown, the 

ratios are only slightly affected if pores greater than 3 pm are 

excluded. Since artefactual tears resulting from tissue processing 

are equally likely to occur in all four types of tissue, it is unlikely 

that the ratios in table 7.10 would be appreciably altered from this 

cause.
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Table 7.10

Ratio of resistance at 8 mm Hg to that at 15 mm Eg and of untreated 

to pilocarpine-treated resistance, according to the three different 

models. Venturi tube figures in parenthesis exclude pores greater 

than 3 fim.

Resistance, 8 imn Hg Resistance, untreated
Model Resistance,15 mm Eg Resistance,pilocarpine- 

treated
Pore Fore-invagination Pore Pore-invagination

Aperture 17 12 7 5
Venturi tube 17 13 7(6) 5(5)
Bill & Svedbergh
(1972)

10 9 5 5



CHAPTER 8

CONCLUSIONS

Some experiments have been conducted (Chapter l) and 

considerable speculation has surrounded the subject of fluid movement 

across the retina. It has been suggested that such a flow may assist 

in the normal apposition of the retina against the underlying tissues. 

Moreover, the existence or otherwise of fluid movement across the 

retina has obvious implications in the drainage of sub-retinal fluid. 

Some investigators advocate an operational procedure to drain this 

fluid while others do not, observing that fluid often disappears without 

any intervention (Veidenthal, 1967; Rosengren, 1971; Chignell, 197̂ i; 

Chisholm et al, 1975; Witmer, 1975; Leaver et al, 1976; Chawla,

1977), These, and other, observers have been more inclined to 

speculate than experiment.

Studies have been carried out by several investigators who 

have looked at the movement of a variety of substances into and out 

of the vitreous and these were reviewed in Chapter 1, Sodium, 

potassium, chloride and phosphate have been studied, as well as 

proteins, urea and other substances. However there has been very 

little done to determine the movement of water from the vitreous into 

the surrounding tissue. Since water accounts for approximately 

99/̂  of the vitreous, a knowledge of its movement is basic to an 

understanding of fluid dynamics in the vitreous.

Experiments described in this thesis were designed to answer 

fundamental questions regarding the behaviour of water in the vitreous. 

As well as water, an inert tracer, xenon-135» was studied to facilitate 

the subsequent analysis. Three possible exit routes from the 

vitreous were studied: 1, the blood in the choroid, 2. the sclera.
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3. the anterior chamber. The aims of the experiments were:

1, to determine if there is any movement of dissolved 

xenon or initiated water from the vitreous into the three 

tissues listed above,

2, to quantify this movement if it exists,

3, to calculate the rate of transfer, and

4, to investigate the nature of this movement and 

provide an explanation for the results obtained.

Following injection into the vitreous, both isotopes were 
detected in the choroidal blood, on the sclera and in the anterior 

chamber. Movement of an inert tracer and of water from the vitreous 

into the surrounding tissues has therefore been demonstrated.

Quantification of this movement was carried out and the 

results for xenon are given in fig, 8,1, The figures shown are 

those obtained from the means of the different experimental situations 

described in Chapter 2, corrected so that the total percentage equals 

one hundred. Ninety-five per cent was removed by the choroidal 

vasculature; 2.4^ passed through the sclera and 2.6^ moved into the 
anterior chamber. This shows that most of the xenon left the eye in 

the choroidal blood. This is in agreement with Strang (l975a) who 

injected an inert tracer, krypton-83, into the afferent choroidal 
circulation and showed that its removal from the tissue surrounding 

the choroid, into which it diffused, was principally in the efferent 

choroidal blood.

The distribution of tritiated water from the vitreous into 

the surrounding tissue was investigated in Chapter 3. These results 

are corrected to give a total percentage of one hunred and displayed 

in fig, 8,2, Ninety-six per cent of the isotope was removed by the 

blood flowing through the choroid; 1,4^ passed through the sclera
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Figure 8.1

Relative distribution of xenon-133 following injection of 25 jil into 
the vitreous.
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Relative distribution of tritiated water following injection of 25 p.1 

into the vitreous.



and 2,6^ into the anterior chamber. As discussed in Chapter 3» it 

is expected that the tritiated water behaves in a similar fashion 

as the ordinary water molecules of the vitreous. Therefore, almost 

all of the ordinary water from the mid-vitreous leaves the eye by the 

choroidal blood.

The mean transit times for the passage of the two tracers 

to the three collection sites are given in table 8,1, The mean 

transit time of 28 + 2 mins for movement of xenon-133 into the 
choroidal blood was obtained from experiments which lasted, on average, 

6l min while that of JO ̂  2 min, for tritiated water refers to 
experiments of 77 min average duration. The average mean transit

times for the passage of both isotopes to the outside surface of the 

sclera, and into the anterior chamber ranged between 78 and 90 mins.
The value of 30 minutes for the mean transit time for water 

movement from the mid-vitreous to the choroidal blood, which is the 

main exit route, is in good agreement with Kinsey, Grant and Cogan 

(1942) who studied water movement in the opposite direction, i.e, from 
the blood into the vitreous. From an intraperitoneal injection of 

heavy water, they found that half of the vitreous was replaced in 

less than 26 minutes in one rabbit and less than I6 minutes in another. 
There is evidently a rapidly changing population of water molecules 

in the vitreous,

A mathematical model was developed to determine the cause 

of this transfer of water from the vitreous into the choroidal vessels. 

In the model, a 25 pi.volume, representing the tracer, was allowed 

to move by diffusion from the vitreous into the surrounding tissue 

with removal occurring in the choroidal blood. Good agreement was 

demonstrated between the model and experiment for the inert tracer, 

xenon. Small differences in injection position accounted for the
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Table 8.1

Experimental Mean Transit Times

Tracer Collection Site Mean Transit Time (+ S.E.)

choroid 28 + 2
sclera 78 + 5
anterior chamber 89 + 14

\ o choroid 30 + 2
sclera 90 + 7
anterior chamber 84 + 3



range in mean transit times observed and the lack of dependency of 

mean transit time with blood flow was a feature of both experiment 

and model. The experimental mean transit time for xenon was 28 h- 2 

minutes and according to the model it is 27 minutes (table 8.2),
Since the difference is small compared to the uncertainties of experiment 

and model, the mathematical analogue appears to be valid for the 

diffusion of xenon. The model was then applied to the diffusion of 

water. The mean transit time for tritiated water by experiment was 

3 0 + 2  minutes and according to the model it is 28 minutes. These 

results also show good agreement between the model and experiment.

From this it is concluded that the experimental results are consistent 

with the movement of water by diffusion.

The model may be extended to other situations where the 

experimental work is beyond the scope of the present thesis. For 

example, it may be applied to the rate of removal of the whole of the 

vitreous water by the choroid. This has been done by taking a uniform 

concentration throughout the vitreous and finding the time at which the 

average concentration in the vitreous is half of the initial value.

The Ti obtained by this method is approximately 20 minutes by the 

model.

The consistency of the results with a diffusional model does 

not prove that there were no other processes involved in the transfer 

of water. Some evidence has been presented for the existence of 

active transport of certain substances, such as organic anions, from 

the vitreous in vivo (Forbes and Becker, I960), Moreover, in vitro 

experiments on the retinal pigment epithelium of frogs and toads have 

sho\m the likelihood of an active transport system within this layer 

(Lasansky and de Fisch, I966; Steinberg and Miller, 1973? Miller 

and Steinberg, 1977). If the water molecules were actively transported
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Table 8.2

Mean Transit Time (+ S.E.)

Tracer Experiment Model

28 + 2 27

30 + 2 28



at any stage, this was not the limiting factor under the conditions 

of the experiment.

The results have shown the extent of a diffusional-limited 

movement from the vitreous into the choroid. It is not yet known if 

the outward diffusion across the retina is matched hy an equal inward 

diffusion along the same route. It may he, for example, that the 

pigment epithelium exhibits diode-like properties in which an easy 

passage in one direction is not matched in the opposite direction. The 

basis for this suggestion is as follows. Sodium ions are normally 

actively pumped from cells to maintain their correct osmotic concentration, 

Chloride ions follow the sodium ions and water follows, by diffusion, 

to maintain the ionic concentrations. However, retinal pigment epi

thelium cells from frogs have been shown in vitro to pump more sodium 

ions away from the retina than towards it (Miller and Steinberg, 1977). 

There is, therefore, a net transport of sodium ions, and perhaps also, 

by passive diffusion, of water molecules out in the direction from the 

retina towards the choroid. The associated movement of water is 

assisted by the basal infoldings of the pigment epithelium which may 

allow high salt concentrations to develop. The existence of tight 

junctions prevents inter-cellular passage of water, while the high 

lipid content of cell walls slows the normal unassisted diffusion of 

water. This proposed mechanism is consistent with the present 

experiments provided the limiting factor was elsewhere. This was 

probably diffusion through the vitreous. Such a hypothesis could 

be tested by introducing the isotope into the blood and measuring 

its rate of entry into the vitreous in an experiment which distinguishes 

entrance from the choroid from that which arrives anteriorly. The 

experiments of Kinsey et al (1942) failed to make this distinction.

If such a net uni-directional movement exists, knowledge of its
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mechanism could have important consequences in the understanding and 

treatment of retinal detachment and glaucoma.

Fluid flow across the retina has been proposed as a result 

of a hydrostatic pressure gradient (Fatt and Hedbys, 1970; Patt and 

Shantinath, 197l). The proposed model has been sho\m in the present 

thesis to be inadequate. A better model has been developed which 

shows that the flow across the retina is different from that across the 

sclera. The magnitude and direction of the retinal flow is dependent 

on the pressure difference between the vitreous and the choroid.

A pressure difference of less than 0.1 mm.Hg. could lead to a 

significant flow. The application of the model awaits the development 

of a sufficiently accurate measuring technique. It is, however, 

unlikely that a pressure difference exists across the retina. It is 

more probable that pressure is transmitted across the retina so that 

the pressure equalises on either side.

Another hydrostatic pressure-induced flow in the eye is the 

passage of aqueous humour from the anterior chamber into Schlemmis 

canal. Aqueous humour has been shown to enter the canal of 

Schlemm through pore openings in invaginations in the lining endo

thelium. The size and frequency of these pores were shown to vary 

with pressure (Grierson and Lee, 1975a) and also to increase after 

the administration of pilocarpine (Grierson et al, 1978).

A model had been proposed to calculate the conductance of 

the pore and pore-invagination (Bill and Svedbergh, 1972). This 

model, however, overestimated the pore resistance. New models have, 

therefore, been developed in the present thesis. A simple aperture 

model was considered, as well as a more complex model based on the 

geometry of a Venturi tube. The Venturi tube was considered to be 

the model of choice, since it most closely resembled the appearance
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of pores in transmission electron micrographs. This showed that 

the pore contributed 12^ and the pore-invagination 24^ to the normal 

human outflow resistance. This implies that the main site of resistance 

in the normal human eye lies elsewhere. Studies are now being conducted 

to investigate the muco-polysaccharide content in the endothelial 

meshwork since the presence of such intercullalar material may offer 

appreciable resistance to fluid movement. The model also showed that 

the resistance of the pore was 17 times greater at 8 mm.Hg, in the 

Rhesus monkey than at 15 mm.Hg. The pressure dependancy of the 

pore resistance must therefore contribute to the stability of the intra

ocular pressure. Another result of the model is that pilocarpine 

has been shown to decrease the resistance through the pore by a 

factor of 7. The effect on pore resistance must therefore be at 

least a factor in the effectiveness of pilocarpine in the treatment 

of glaucoma. The use of the Venturi tube model should assist in 

the analysis of further experiments to determine the cause(s) of 

glaucoma and thus predict the effectiveness of different forms of 

treatment.
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APPENDIX I

FORTRAN TEXT

C ^ * x^*EYE m o d e l in c y l i n d r i c a l c o-o r d i n a t e s, d i f f u s i o n FROM VITREOUS 
C*****iNTO SURROUNDING MEDIA, REMOVAL BY CHOROIDAL BLOOD PLOW 
C*****INP IS INITIAL CENTRAL P CO-ORDINATE 
CiHHHHep IS BLOOD FLOW REMOVAL TERM
C*****t STEP is t i m e INCREMENT, DSTEP IS DISTANCE INCREMENT
C*****DO IS DIFFUSION COEFFICIENT OF SCLERA

IS DIFFUSION COEFFICIENT OF CHOROID + RETINA
C*****D2 IS DIFFUSION COEFFICIENT OF VITREOUS
C*****OUTPUT CONDITIONS: RMAX - PRINT BLOOD, MAX - FILE C0N2,
C*****NAX - PRINT C0N2

INTEGER P,BN,BS,BE,BW,EXTRAP,Y,B,XX,EXL
REAL M0S1,LI,LP,LL,LLL
DIMENSION C0N1(89,113),C0N2(89,113)
READ (5,71) RMAX,MAX,NAX
READ (5,80) INP,F
READ (5,4) TSTEP,DSTEP,DO,D1,D2

71 F0RMAT(F5.1,I2,I2)
80 FORMAT(12,F5.3)
4 FORMAT (F4.2,F5.3,3E8.2)
C^-)«f*SETS INITIAL DISTRIBUTION 

DO 261 1=1,89 
ISQ = (l-l)**2 
RI = I'
RISQ = (RI-1.0)**2 
DO 26 P=l,113 
LENS = ISQ+(P-143)**2 
LIMIT = ISQ+(P-89)**2
IF((LIMIT.GT.7744).0R.(LENS.LT.3844))G0 TO 26 
RP = P
RLIM = RISQ+(RP-89.0)**2 
IF(RLIM.LT.6642.25) GO TO 23 
CONl(l,P) = 0.0 
GO TO 26 

23 C0N1(I,P) = 100.0
26 CONTINUE 
261 CONTINUE

WRITE(6,72)RMAX,MAX,NAX
WRITE (6,81) INP,F
WRITE (6,8) TSTEP,DSTEP,DO,D1,D2

72 FORMAT(//8H RMAX = ,F5.1,2X,7H MAX = ,I2,2X,7H NAX = ,12)
81 FORMAT(7H INP = ,I2,5H F = ,F5.3)
8 FORMAT (9H TSTEP = ,F4.2, 5H(SEC) ,/,9H DSTEP = ,F5.3,4H(CM) ,/,6H DO

1 = ,E8.2,11H(CM**2/SEC),/,6H D1 = ,E8.2,11H(CM*^2/SEC) ,/,6H D2 = , 
2E8.2,1IH ( CM^2/SEC ) )

C*****PRINTS INITIAL DISTRIBUTION 
DO 24 1=1,89 
RI = I
RISQ = (RI-1.0)**2 
X = SQRT(7744.0-RISQ)
XX = INT(X)
Y = 89-XX
IF (I.GE.56) GO TO 6 
A = SQRT(3844.0-RISQ)
AA = 143.0-A 
B = INT(AA)
GO TO 7
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Kj x£ iu  yB = 113 GO TO 7 9 B = 89+XX7 WRITE (6,57)1,Y57 FORMAT (/,5H I = ,I2,13H P STARTS AT ,12)WRITE (6,31) (CONl(l,P),P=Y,B)31 FORMAT (20F6.1)24 CONTINUERO = (TSTEP̂ D0)/DSTEP**2 RI = (TSTEP*D1)/DSTEP**2 R2 = (TSTEP*D2)/DSTEP**2 FF = 1.0-F BLOOD =0.0 MOSl = 0.0 M0S2 = 0 N = 040 MOSl = MOSl+TSTEP C*****CALCULATION OF POINTS ON Z-AXIS DO 3 P=2,3C0N2(l,P) = (l.O-4.0*RO)*CONl(l,P)+RO*(2.0*CONl(2,P)+CONl(l,P+l)+C 10Nl(l,P-l))3 CONTINUE
DO 5 P=5,6C0N2(1,P) = (l.0-4.0*Rl)*C0Nl(l,P)+Rl*(2.0*C0Nl(2,P)+C0Nl(l,P+l)+C 10Nl(l,P-l))5 CONTINUEDO 12 P=8,80C0N2(1,P) = (1.0-4.0*R2)*C0N1(1,P)+R2*(2.Ô EONl(2,P)+C0N1(1,P+1)+C 10Nl(l,P-l)12 CONTINUEC-)«f***CALCULATION OF OTHER POINTS DO 131 1=2,89 ISQ = (l-l)̂ 2 RI = IRISQ = (RI-1.0)**2 ISQN = 1*̂ 2 ISQS = (l-2)**2 DO 13 P=l,112 LIMIT = ISQ+(P-89)**2 RP = PRLIM = RISQ+(RP-89.0)**2IF((LIMIT.GT.7744).OR.(RLIM.LT.7310.25))G0 TO 15 BN = ISQN+(P-89)**2 BS = ISQS+(P-89)**2 BE = ISQ+(P-88)**2 BW = ISQ+(P-90)**2IF(BN.GT.7744.OR.BS.GT.7744.OR.BE.GT.7744.0R.BW.GT.7744)G0 TO I3coN2(i,p) = (i.o-4.o*ro)*coni(i,p)+ro*((i.o+o.5/ri)*coni(i+i,p)+(i1.0-0.5/RI)*C0N1(I-l,P)+C0N1(I,P+1)+C0N1(I, P-1 ) )GO TO 13

15 IE ((RLIM.GE.7140.25).0R,(RLIM.LT,6806.25))G0 TO I6C0N2(I,P) = (l.O-4.0*Rl)*CONl(l,P)+Rl*((l.O+0.5/Rl)*CONl(l+l,P)+(i1.0-0,5/RI)*C0N1(I-l,P)+C0N1(I,P+1)+C0N1(I,P-1))GO TO 1316 LENS = ISQ+(P-143)**2IF((RLIM.GE.6642.25).OR.(LENS.lt.3969)) GO TO I3C0N2 ( I, P) = (1.0-4.0*R2)*C0N1 ( I, p) +R2*( ( 1.0+0.5/RI )*C0N1 ( I+l, P)+( 11.0-0.5/RI) +C0N1 (I-l,P) +C0N1 (I,P+1) +C0N1 (I,P-1 ))
13 CONTINUE 
131 CONTINUE
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C*****CALCULATIO]Sr OF BOUNDARY POINTS DO 171 1=1,89 ISQ = (l-l)**2 RI = IRISQ = (RI-1.0)**2 LI = RI-l.O DO 17 P=l,112 RP = PRLIM = RISQ+(RP-89.0)**2IF((RLIM,GE,7310.25).0R.(RLIM.LT.7140.25))G0 TO 33 IF (I.GT.I)GO TO 28C0N2(I,P) = (di*coni(i,p+i)+do*coni(i,p-i))/(do+di)GO TO 17
28 IF (P.EQ.89) GO TO 21 LP = ABS(RP-89.0)LL = li/lp LLL = (1.0-LL)EXTRAP = ISQ-(P-89)**2 IF(EXTRAP)29,29,19
29 C0N2(I,P) = (Dl*(LL*C0N1(I-l,P-1)+LLL*CONl(I,P-1))+D0*(LL̂ CONl(I+11,P-1)+LLL*C0N1(I,P+1)))/(DO+Dl)GO TO 17
19 IF (P.GT.89)G0 to 2720 C0N2(I,P) = (Dl*(CONl(I-l,P+1)/LL-LLL*C0N1(I-l,P)/LL)+DG& (CONl(I+l1,P-1)/LL-LLL*C0N1(I+l,P)/LL))/(DO+Dl)GO TO 1721 C0N2(l,P) = (D1*C0N1(I-1,P)+D0*C0N1(I+1,P))/D0+D1)GO TO 17
27 C0N2(I,P) = (Dl*(CONl(I-l,P-1)/LL-LLL*C0N1(I-l,P)/LL)+D0*(CONl(l+ll,P+l)/LL-LLL*CONl(I+l,p)/LL))/(D0+D1)GO TO 1733 IF((rLIM.GE.6806,25).0R.(RLIM.LT.6642.25))G0 TO 17 if(i.gt.i)go to 34C0N2(I,P) = (D2*C0N1(I,P+1)+D1*C0N1(I,P-1))/(D1+D2)GO TO 17
34 IF (p.EQ.89)G0 to 38 LP = ABS(RP-89.0)LL = li/lp LLL = (1.0-LL)EXTRAP = lSQ-(P-89)**2 IF(EXTEAP)35,35,3635 C0N2(I,P) = (D2*(LL*C0N1(I-1,P-1)+LLL*C0N1(I,P-1))+D1*(LL*C0N1(I+11,P-1)+LLL*C0N1(I,p+1)))/(D1+D2)GO TO 17
36 IF (P.GT.89) GO TO 3937 C0N2(I,P) = (D2*(CONl(I-l,P+1)/LL-LLL*C0N1(I-l,P)/LL)+D1*(CONl(I+l1,P-1)/LL-LLL*C0N1(I+l,P)/LL))/(D1+D2)GO TO 1738 C0N2(l,P) = (D2*C0N1(I-1,P)+D1*C0N1(I+1,p))/(D1+D2)GO TO 1739 C0N2(I,P) = (D2*(CONl(I-l,P-1)/LL-LLL*C0N1(I-l,P)/LL)+D1*(CONl(I+l1,P+1)/LL-LLL*C0N1(l+l,P)/LL))/(D1+D2)
17 CONTINUE 
171 CONTINUEC**-5Hf*cALCULATI0N OF SCLERAL EDGE POINTS DO 411 1=1,89 ISQ = (l-l)**2 ISQN = 1**2 ISQS = (l-2)**2 DO 41 P=l,112 LIMIT = ISQ+(P-89)**2 IF(LIMIT.GT.7744)G0 TO 41
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BN = ISQN+(P-89)**2 BS = ISQS+(P-89)**2 BE = ISQ+(P-88}**2 BW = ISQ+(P-90)**2IF(BN.LE.7744.AND.BS.LE.7744.AN1).BE.LE.7744.ANI).BW.LE,7744)G0 TO 4 
11EXTRAP = ISQ-(P~89)**2 IP(extrap)42,42,4342 C0N2(I,P) = 2.0*C0N2(I,P+1)-C0N2(I,P+2)GO TO 3343 C0N2(I,P) = 2.0*C0N2(I-1,P)-C0N2(I-2,P)53 IF(C0N2(I,P))52,41,4152 C0N2(l,P) = 0.041 CONTINUE 411 CONTINUEC*****CALCULATION OF ANTERIOR EDGE POINTS DO 44 1=56,85C0N2(I,113) = 2.0*CON2(l,112)-CON2(l,lll)IF(C0N2(I,113))51,44,44 51 C0N2(I,113) = O.O

44 CONTINUEC*****CALCULATION OF LENTICULAR EDGE POINTS DO 451 1=1,55 ISQ = (l-l)**2 DO 45 P=l,112 LENS + ISQ+(P-143)**2 IF(LENS.GE.3969.0R.LENS.LT.3844)G0 to 45 EXL = ISQ-(P-143)**2 IF(EXL)46,46,4746 C0N2(l,P) = 2.0*C0N2(l,P-l)-C0N2(l,P-2)GO TO 4847 C0N2(l,P) = 2.0*CON2(l+l,P)-CON2(l+2,P)48 IP(C0N2(I,P))49,45,4549 C0N2(l,P) = 0.045 CONTINUE 
451 CONTINUE C*****BL00D FLOW REMOVALDO 551 1=1,89 RI = IRISQ = (RI-1.0)**2 

DO 55 P=1,113 
RP = PRLIM = RISQ+(RP-89,0)**2IF((RLIM.GE.7140.25).OR. (RLIM.lt.6972.25))G0 TO 55 BLOOD = BL00D+F*C0N2(l,P)C0N2(l,P) = FF*C0N2(I,P)55 CONTINUE 

551 CONTINUEIF(MOSl.LT.RMAX)GO TO 69 M0S2 = 1+M0S2 RM0S2 = M0S2 RM0S3 = RM0S2+M0S1/60.0 WRITE (6,32) RM0S3,BLOOD 
32 FORMAT (//8H TIME = ,F5.1, 5H(MIN) ,5X,9H BLOOD = ,E9.3)C*****OUTPUT CONDITIONS N = N+1

if(n.lt.nax)go to 54N = 0do 54 1=1,89 RI = I
RISQ = (RI-1.0)**2
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X = SQRT(7744.0-RISQ)
XX = INT(X)
Y = 89-XX
i f (i .g e .56)g o to 10
A = SQRT(3844.0-RISQ)
AA = 143.0-A 
B = INT(AA)
GO TO 11

10 IP(I.GE.86)G0 to 14 
B = 113
GO TO 11 

14 B = 89+XX
11 WRITE(6,58)I,Y
58 FORMAT (/,5H I = ,12,13% P STARTS AT ,12)

WRITE (6,56) (C0N2(I,P),P=Y,B)
56 FORMAT (20F6.1)

IF(M0S2.l t .m a x )GO TO 54 
DO 70 P=Y,B
WRITE(8,73)l,P,C0N2(l,P)

73 F0RMAT(I2,I3,E12.6)
70 CONTINUE 
54 CONTINUE 

MOSl =0. 0 
BLOOD = 0. 0 

69 DO 50 1=1,89 
DO 50 P=l,113 

50 C0N1(I,P) = C0N2(I,P)
IF(M0S2.l t .m a x )GO TO 40 
WRITE (6,22) R0,R1,R2 

22 FORMAT (//,6H RO = ,E12.5,/,6H RI = ,E12.5,/,6H R2 = ,E12.5) 
STOP 
END
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APPENDIX 2

Partial pressure distribution at nodal points in eye for diffusion of 

xenon from the vitreous with removal in choroidal blood flow.

Partial pressure = 100 within initial distribution and 0 elsewhere. 

Initial mid-point p-value = 37. Normal blood flow.

Time = 20 min.

Results are presented with points having the same I-value grouped 

together (I = 1 is along z-axis) starting with the scleral points and 

moving towards the front of the eye (see fig.4,10).
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