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NTRODUCTION,

A study of the vascular pattern of non-living tissues may be
undertaken in two fundamentally different ways.

First, a composite picture of the distribution of the blood
vessels may be bullt up by examining histologically a series of
sectians cut at regular intervals throughout the tissue. The
examination may be facilitated by a preliminary injection of the
vessels with some dye substance such as indian ink. It is only
necessary to cut fairly thick sections, but even so this method is
extremely leborious and time-consuming and it is difficult in a
densely vascular tissue to reconstruct the vascular pattern with
accuracy.

Secondly, the vessels may be observed within the tissue after
preliminary injection with some dye substence, Iiamy such substances
have been tried; lead acetate and potassium bichromate which form an
intravascular precipitate of lead chromete -~ it is interesting to
note that this was the method adopted by Bowman (1842) in his classical
study of the renal circulation; gelatin dyes; starch pastes incorpor-
ating some colouring material like red lead; celioidin; metal alloys;
indian ink; melted tallow with vermillion; hesvy oil »naint; shellac
coloured with prussian blue; woly-allyl-ester resin with styrene as
a monomeric diluent with benzoyl peroxide as a polynerization catalyst
and with suden red as a colouring agent; vinolyte; etc.

A1l these substances, however, due to defects in their composition,
impose certain resirictions on the final exposure of the vessels in the
region to be studied. ©Some substances, like gelatin, are too fragile
s0 that during dissection of the tissues, or even during a simple
prising apart of the tissues, the continuity of the injected vessels is
readily lost. Other substances, like vinolyte, form a rigidly hard
precipitate within the vessels which, although not susceptible to the
action of digestive ferments so that a complete cast of the injected
vessels may be obtained free from supporting tissues, is unsuitable for
dissection.

It is, of course, not always necessary during a study of the
circulation to be able to dissect the injected vessels. In some thin
tissues the vessels may be viewed directly, and in thicker tissues it
is possible to produce a transparent effect by suitable methods of
dehydration and clearing, but in densely vascular tissues it is necessary
to dissect the preparation if the finer details of individual vessels
are to be revealed clearly.

In an attempt to overcome the disadvantages of previous injection
substances Batson (1939) used a synthetic rubber preparation, and his
work was followed by that of Lieb (1940) who used lieoprene latex, a
similar synthetic meterial, in a study of the renal circulation.
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Many other worlkers have elaborated on the use of Neoprene in studies

of the renal circulation, for exsmmle, Trueta and others (1947), Duff
and More (1944) and Shonyo and kemm (1944) ; and Ashton (1951 and 1952)
adapted the technique so as to be suitable for studies of the ocular
circulation. This is an admirable method for the study of densely
vascular tissues. because it permits detailed dissection of the injected
vessels owing to the cohesive and elastic properties of NNeoprene.

A large part of the work to be described in this thesis is
concerned with the use of Neoprene, and to a great extent it is based
on the techniques of Ashton under whose direction this work was carried
out at the Institute of COphthalmology.




ATl AND SCOPE OF PRESENT STUDY.

This study of the ocular circulation is limited to two
particular regions; the choroidal vessels and the vessels in and
around the optic nerve head. In the main it represents & re~
assessment of the vascular anatomy of these regions, and
particularly of the more controversial aspects of the eirculation,
in the light of more recent methods of examination, but at the
same time the findings will be reviewed in relation to certain
hypotheses.

The vascular anatomy of the choroid has been examined in
relation to two hypotheses. TFirst, in relation to the hypothesis
that the choroidal arteries act as functional end-arteries and that
there are specialised vascular districts within the choreoid; an
hypothesis which is important in a consideration of the selective
localisation of certain ocular diseases, and in a consideration of
the effect on the choroid of surgical procedures which involve
resection of the posterior ciliary arteries or damege to a localised
part of the choroid, either directly by incision or indirectly by
diathermy. Secondly, in relation to the hypothesis that there are
choroidal arterio-venous anastomoses which have an importance in
the pathogenesis of chronic simple glaucoma.

The vascular anatomy of the optic nerve head has been examined
in relation to the hypothesis that there are anastomoses in that
region between the uveal and retinal arterial and venous circulations,
and that these anastomoses have an important bearing on the
pathological events which follow occlusion of the central retinal
artery or vein.

These two aspects of the ocular circulation will be considered
separately.

NOTEs

Practieally all the observations which are recorded in this
thesis were made on the human eye. In a short appendix to Section I
details are given of experimental work on the eye of the rabbit but
this is recorded as a separate entity., It may be assumed, therefore,
that throughout this thesis all observations are related to the
human eye unless stated otherwise.



SECTION I

VASCULAR ANATOMY OF CHOROID IN

RELATION TO SELECTIVE LOCALISATION

OF OCULAR DISEASE.



Introduction.

The choroidal coat of the eye consists of a dense continuous
network of vessels and yet it is a striking feature of choroidal
disease that the lesions often remain remarkably circumscribed.

It is for this reason that meny clinical, pathological and
experimental facts have been brought forward which would appear

to establish two important concepts regarding the choroidal
circulation, First, that the choroid is divided into many discrete
radially arranged sectors each of which extends from the peri-
papillary region to the peripheral limit of the choroid and that
the choroidal arteries have, therefore, the characteristics of
end- arteries. Secondly, that within the choroid there are several
specialised and distinct vascular zones which include the
equatorial, peripheral, peripapillary and submacular regions. The
observations which have led to these hypotheses will be considered
in more detail.



Previous Theories in Literature.

Theory of division of choroid into sectors.,

The experimentel investigations of Wagenmann (1890) on
the rabbit, gave rise to the belief that the short posterior
ciliary arteries are functional end~arteries and that the vessels
within the choroid have a strictly segmental distribution.
Wagermann found that when he sectioned a few short posterior
ciliary arteries behind the globe in the living animal a localised
area of choroidal obliteration occurred which corresponded in
situation to the field of distribution of the affected vessels
and which was sharply demarcated from the surrounding healthy
choroid. There was a tendency for some of the vessels in the
affected zone to re-open within a few days, but a sector of
permanent vascular cbliteration remained in most of the rabbits.
The detailed study of the choroidal circulation by Leber (1903)
contributed to this concept by the emphasis which was laid on the
absence of anastomoses between the various branches of the short
posterior ciliary arteries except in the immediate vicinity of
the optic disc and in the extreme periphery of the choroid.

Certain clinical observations have been advanced to sub-
stantiate Wagemmamn's findings of a segmental pattern of the
choroidal vascular supply. A wedge-shaped area of choroidal
infarction was described by Coats (1907) in a case of posterior
scleritis, due, he presumed, to occlusion of a short posterior
ciliary artery within the inflammatory tissue of the sclera. If
Coats' hypothesis is correct it must follow that there are an
insufficient number of anastomotic twigs from the unaffected
choroidal vessels to restore the circulation in the sector
dependent on the occluded vessel,

Hepburn (1912) also believed that blockage of a short posterior
ciliary artery might produce a wedge-shaped defect in the choroid
based on his interpretation of the changes in the visual fields
which occurred in certain cases of localised choroiditis. In these
cases a sector-shaped scotoma reaching to the periphery of the visual
field extended from the scotoma which corresvonded in situation to
the patch of choroiditis, and Hepburn considered that this was
evidence of a circwlatory failure within the whole choroidal sector
on the peripheral side of the inflammetory focus due to the involvement
of a short posteriocr ciliary artery in the patch of choroiditis.

There is evidence that the anterior part of the choroidal
circulation may also have a segmental distribution. After optico-
ciliary section there was atrophy of extensive areas of .the choroid
in the posterior part of the globe (Berlin, 1871), but it was
noted by Birch-Hirschf eld (1910) that when, in addition to the

/optico~ciliary
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ontico-ciliary section, one of the rectus muscles was tenotomised
thus cutting off part of the anterior ciliary arterial circulation,
an area of atrophy occurred in the anterior part of the choroid
corresponding in situation to the region supplied by the recurrent
branches of the affected anterior ciliary arteries.

Theory of division of choroid into zones.

(1) Equatorial choroid.

The equatorial part of the choroid was considered by Leber
(1903) to be a peculiar region of the choroid in that it represents
the meeting place of the terminal twigs of the short posterior
ciliary arteries rumning forwards, and of the recurrent choroidal
arteries from the anterior part of the uveal tract rumnming backwards.
Leber concluded that, although the two arterial systems are bridged
by an intervening capillary Jjunction, the anastomosis is
insufficiently well marked to enable the posterior part of the
choroidal circulation to maintain the anterior part in the absence
of a functioning recurrent circulation. In this way the equator
marks the division between two falrly separate circulations.

Leber's view has been maintained by other observers.
Gonin (1903) regarded the equator as a gone of defective vascularisation
because it marks the dividing line between two arterial systems and,
therefore, is insufficiently served by either system. Hepburn (1910)
doubted whether the anmastomosis at the equator is sufficiently well
developed to have any significance from a visual vnoint of view., It
is difficult to kmow exactly what Iepburn meant by this statement but
it is likely that he based it on his belief that the egquatorial region
is placed so far forward that it corresponds in situation tc the
extreme periphery of the retina, a part which does not have any great
visual significance. The rather unusual views of Hepburn will be
discussed in greater detail later. liore recently, Ilarin-fmat (1952)
stated that the choroid is divided at the equator into a central and
peripheral part each of which maintains its own independence.

Certain clinical observations have been advanced to sub-
stantiate these anatomical viewnoints. For example, Coats (1913 a)
was impressed by the independent ways in which the anterior and
posterior choroidal circulations are influenced by pathological
processes, and he regarded this as a sign of their anatomical
isolation from one another., Gonin (1903) , Wettleship (1903) and
Hepburn (1910) considered that the occurrence of a ring scotoma in
the visual field in the early stages of retinitis vpigmentosa
indicates a preferential disturbance of the equatorial part of the
choroid owing to its greater liability to disease on account of 1ts
defective vascularisation. This theory, of course, assumes that the
retinal degeneration in retinitis pigmentosa is due to some defect in
the underlying choroidal circulation. 3till further evidence was

/produced by
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produced by Nettleship (1903) in his interpretation of the ring
scotoma which may be found in the visual field in certain cases

of syphilitic retinitis. Ie considered that the scotoma indicates
a preferential affection of the terminal twigs of the choroidal
vessels at the equator by the endarteritic process.

(2) Peripheral choroid.

The choroid in the extreme periphery of the fundus has been
considered to be a specialised area; indeed, this conclusion is the
logical outcome of an acceptance of the view that the anterior
vascular supply of the choroid is to a large extent isolated from the
rest of the choroid by the imperfect anastomosis between the posterior
and recurrent vascular systems at the equator. Evidence suggesting
a peculiarity in the structure of this region was advenced by Hancock
(1908) who pointed out that the Ffunction of the extreme perivhery of
the retina, particularly on the nassl side where the retina extends
farther forwards than on the temporal side, may be retained in certain
cases of total occlusion of the central retinal artery. Hancock
regarded this as an indication of a snrecialisation of the chorio-
cepillaris in the extreme perinhery of the choroid so that it is
capable of nourishing the whole thickness of the retina, in contrast
to the chorio-capiliaris elsevhere which can maintain the viebility
of the outer retinal leyers only. The occazional ability of the
peripheral retina to retain its function despite blockage of the
central retinal artery was previously demonstrated by Coats (1905)
who found retention of a small part of the extreme temporal periphery
of the visual field in such cases. Histological proof that this part
of the retina could survive occlusion of the retinal arterial
circulation was given by Kometo (1915).

A further fact has come to light which may be interpreted
as indicating a peculiarity of function of the peripheral part of
the choroid. It was shovn by Duke-Elder (1948) that transudate may
filter from the anterior part of the choroid through the peripheral
retina where it joins vwith the rest of the agueous humour. This is
in contrast to the choroid elsewhere which does not contribute to
aqueous humour production.

(3) Peripapillary choroid.

The choroid immediately surrounding the optic disc has been
considered by Duke-hlder (1940) to be a specialised zone of the
choroid. A continuous arterial network composed of arterioles which
supply an area within one disc diameter of the optic disc and which
are quite distinct from the other vessels in the rest of the posterior
part of the choroid was described by larin-Amat (1959), and aliso by
Bartolozzi (1952) who found that the fine arteries are derived from two
sources; from the short nosterior ciliery arteries, and from the intra-
scleral arterial circle of Zinn. ,

/Bartolozzi
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Bartolozzi suggested that certain forms of contusion by suddenly
stretching and twisting the globe may rupture the fine vessels in
this discrete arterial network with the formation of a localised
zone of perpupillary atropvhy. Furthermore, it was shown by Klien
(1950) that sclerosis of the vessels in the circle of Zinn produced
an atrophy of the choroid immediately surrounding the optic disc.

(&) Submacular choroid.

The choroid underlying the macula has been regarded as different
from the rest of the choroid owing to its greater wvascularity, and this
increased blood supply has been attributed to two separate
characteristics of the circulation. In the first place, the capillaries
of the submacular part of the choroid have been considered to be more
densely packed than the capillaries in any other part of the choroid
(Sattler, 1876; Leber, 1503; Nettleship, 1903; Salzmann, 1912; and
Lauvber, 1931) » Stress was laid by leber (1903) on the great width of
the capillaries in this area as compared with the rest of the chorio-
capillaris, and Lauber (1931) pointed out that as & result of this
increase in diameter of the capillaries there is a marked reduction in
the inter—canillary meshwork so that when the submacular caplllaries
are distended with blood they become a solid vascular mass.

In the second place, the submacular part of the choroid has
been considered to be different from the rest of the choroid owing
to its greater thickness ( Volfrum, 1908; Salzmarm, 1912; ILauber,
1936; Mbrike, 19L9; and Hartridge, 1950). For example, Wolfrum (1908)
showed that the submecular choroid was 0.30 - 0.35 mm. in thickness
whereas the choroid away from this region shaded off to a thickness of
0.25 mm. in the peripapillary region and to a thickness of 0.15 mm. in
the periphery. ILauber (1936) gave values of 0,35 - 0.55 mm. for the
submacular choroid decreasing to 0.10 mm. in the periphery, and lidrike
(1949) for the same area gave measurements of 0,26 mm. and 0.02 - 0,05 mm.
respectively.

Salzmann (1912) nut forward the view that the greater thickness
of the submacular choroid is due solely to the fact that the short posterior
ciliary arteries are larger and more numerous in that region, and Cordes
(1944) found this to be an acceptable hypothesis because it explains
why the posterior pole of the eye should be the site of election for
neoplastic metastases within the choroid. On the other hand, Liorike
(19h9), although in agreement with Salzmann's finding of an increased
aggregation of vessels in the submacular region, considered that it has
a biological significance , and is not due merely to the greater number
of posterior ciliary arteries which perforate the globe in the
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neighbourhood of the posterior mole and so traverse the submeculer
area on thelir way to other narts of the choroid.

The hypothesis vut forward by Lérike that the greater
vascularity of the submecular choroid is the result of a nhysiologicel
response to the higher metabolic demands of the complex and
specialised macula, has re-stated the dictum of Nettleship (1903) that
the structural peculiarity of the submacular choroid is the direct
effect of a functional stimulus from the macula. Hartridge {1950)
has also assumed that the unusual physiological resnonses of the macula
necessitate the vostulation of structural peculiarities in the under—
lying choroid. This view of lidrike's was based on a study of the
bifoveal eye of the sea-swallow (sterna). The bird's eye was removed
and fixed rapidly after death to minimise, as far as possible, post-
mortem alterations in the state of the circulation. It was found that
the choroid under each macula was thicker than at any other part of the
choroid. (Temporal submacular choroid 0.21 mm; nasal submacular choroid
019 mm; remainder of choroid 0,10 -~ 0,15 mm. except for extreme
periphery 0,02 mm.) The interesting feature of these results, however,
~is the fact that the maculae in the sea-swallow are far away from the
site of perforation of the nosterior ciliary arteries, and that in
the region of these perforating vessels the choroid measured only
0,09 = 0.1l mm.

The concept of a specialised structure of the choroidal
vascular bed at the macula is of varticular interest in view of the
frequency with which certain pathological processes affecting the
uveal tract remain confined to the vposterior pole of the eye. For
example, choroidal haemorrhage may impair the function of the retina
in certain senile eyes and in some cases of high myopia where it occurs
characteristically in this region, OSimilarly cystoid degeneration of
the retina, which follows a degeneration of the underlying chorio-
capillaris, is often limited to the macular region.

It was shown by Ashton (1955) that the basic pathological
lesion in a case of central areolar chorcidal sclerosis was an atrophy
of the chorio-canillaris in the macular and paramacular areas without
any sclerosis of the underlying choroidal vessels and without any similar
involvement of the chorio-capillaris in other parts of the choroid. Other
observers have noted clinically in similar cases an extension of the
atrophic process into the peripapillary region (Kien, 1550) and even
into other regions of the choroid (Cowan, 1951) but such cases are rare
and characteristically the lesion is limited to the posterior pole.

It is interesting to note that this finding by Ashton of a
loss of the submscular chorio-canillaris in central areolar choroidal
sclerosis confirms the speculation of liettleship (1884.) that the basic
cause of the condition lies in the chorio-capillaxris, although
Nettleship (1903) amplified his hypothesis by attributing the condition
of the capillaries to a narrowing of the lumen of a specific short
posterior ciliary artery which, in his opinion, supplies the submaculer
part of the choroid.
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A1l this evidence, arparently pointing to a rigid segment-
ation of the short posterior ciliary arteries and to a regional
characterisation of certain areas of' the choroid, forms a
particularly attractive thesis in considering the selective
localisation of choroidal disease. If correct it fits in admirably
with the hypothesis of Nettleship (1903) that a narrowing of the
lumen of one or more short posterior ciliary arteries affects the
integrity of particular areas of the choroid without affecting the
rest of the choroid. TIFurthermore, if correct it fits in with the
doctrine put forward by Hepburn (1910) that the vascular network
of the choroid reacts as a series of terminal vascular systems the
individual branches of which may be affected separately, and may
show varying degrees of liability to disease or obstruction. Thus
the extent of a lesion in the choroid depends on the size or on the
number of arteries involved in the pathological condition of the
circulation.

On the other hand there are many facts of a clinical,
pathological or experimental nature which conflict with such a
simple hypothesis. For this reason the details of the vasculer
anatomy of the choroid have been re-assessed and the contradictory
facts will be reviewed in relation to the findings of the present
investigation.



Present Investigation:
laterials.
1) Eyes.

The vascular pattern of the choroid was examined in 31 human
eyes, and, as far as could be ascertained, each eye was free from
local ocular disease, or from any gross change of a systemic nature.
It is assumed, therefore, that this study as far as can be determined
represents the anatomy of the normal choroid.

The eyes together with their associated orbital structures
were removed at post-mortem examination through an intra~-cranial approach
by the following technique :-

A sagittal incision was made in the scalp in the region of the
vault of the skull, and, after reflection of the scalp anteriorly and
posteriorly, the bony cranium was removed by a coronal incision. The
brain was then lifted out of the skull by incising its covering membranes
and by severing its neuro-vascular connections with the extra-cranial
structures. During this menceuvre great care was taken to avoid any
damage to the optic nerves and internal carotid artery. The ontic
nerves and chiasma were lef't intact in their normal position in the
base of the skull by cutting through the optic tract,and the internal
carotid artery including the origin of the cophthalmic artery was
maintained in the base of the skull by severing the artery after its
emergence from the cavermous sinus at the origin of its two terminal branches,
the anterior and middle cerebral arteries.

The orbital contents were then exposed by removing the anterior
clinoid process, the lesser wing of the sphenoid including the roof of
the optic canal, and the orbital plate of the frontal bone, and great
care was taken during removal of these bony structures to avoid opening
the periorbital membrane. The bulbar conjunctiva was ineised around
the limbus and, after severing the fibrous and muscular bands passing
from the orbit to the eyelids, the whole orbital mass including the
eyeball, the optic nerve, the ophthalmic artery and the cavernous portion
of the internal carotid artery, was removed in one block and nlaced in
a dry sterile container.

2) Instruments and appliences.

lost of the instruments and appliances used in this study were
of value only during a particular phase in the preparation or examination
of the eyes, and it is more convenient to describe them in the subsequent
sections dealing with the technical methods, but certain instruments which
were in practically constant use are described now.
e £y \
a) Microscope.  (iige. 1.)
This was a wide-field stereoscopic microscope with eye-plece
lenses of x7 and x15, and objective lenses of x1.25, x5 and x10, giving
/ a magnificatvion ranze
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FIG-. 1.

Wide-field stereoscopic microscope (m)
with stand (S) for perspex platform ().
Direct illumination from two high-power

low-voltage filament lamps (L) #



a megnification renge of xUe./5 to x150. UYhe stage of the microscone
was removed and replaced by a transparent perspex platform which was
mounted independently on a screw stand. In this way it was possible
to move the microscope without disturbing the specimen under
observation.

b) Illuminating lamps (Fig.l.)

Direct illumination from one or two high-power low-voltage
filament lamps.

c) Dissecting instruments (Fig. 2)

The initial stages of the dissections were carried out with
ordinary plain forceps and sharp or blunt-pointed scissors, but there-
after the dissections were continued with very fine watchmalker's
forceps and fine straight or curved spring scissors, so that it was
possible to handle each vessel individually.

Technical methods

1) Methods of injection.
a) Injection of uveal tract with Neoprene, (20 eyes) .

The ophthalmic artery, identified as it left the imtermal
carotid artery to run urder the optic nerve, was incised through half its
circumference, and a glass camula was inserted into the artery through
the incision and ligatured in position. (¥ig. 3.) The vessels of the
eye and orbit were then irrigated with tap water through this cannula
for 60 minutes. Provided the orbital mass had been removed in a
reasonably intact condition, this procedure was associated with only a
gentle uniform capillary ooze, but in a few eyes when large superficial
vessels were exposed it was necessary to ligate them before nroceding
with the irrigation. The ocular mess was then placed in the refrigerator
where it was left for 12 hours. After thawing, the specimen was finally
irrigated with water for 15 minutes, thus ensuring complete removal of
any small residual varticles of blood clot from the ocuwlar circulation.

A thorough preliminary irrigation was found to be an essential step
in the successful injection of the uveal circulation with lieoprene.

Neoprene latex 572 was prepared for injection. his
synthetic rubber prevaration, an emulsion of polymerised 2 chlorbutadiene
with a particle size of 0.1l - 1.0 microns, was obtained from the B.3.
Chemical Company. lieoprene was obtained normally with a consistency
similar to that of milk, and this was suitable for injection purposes,
but sometimes it was received in a more concentrated form and it was
necessary then to dilute it with a suitable amount of water. lleoprene
was unsuitable for injection when too concentrated because of the
tendency for the formetion of clots within the smaller vessels thus
preventing complete injection of the circulation in all its remifications.

/ ileoprene was
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instruments.



Cannula (C) used for
irrigation and injection
shown in position within

ophthalmic artery (A)



Neoprene was normally used in its natural vhite state, but in some
eyes a red-coloured leonrene wes injected and this was prepared by
incorporating carmine with the ileoprene.

The cannule in the orhthalmic artery was comnected to 2
Woulff's bottle containing about 50 ml. Heoprene, and this was then
injected into the ocular circulation under a pressure of 5 - 10 Ibs
using a small electric nurp (Edwerd's rotary vacuum pump and
compressor, type IV). Ieoprene vas found to coagulate rapidly on
entry into the circulation, and it was essential to commence the
injection at a reasonably high initial pressure. This wes achieved
by releasing the clamps on the rubber tube comnecting the Voulff's
bottle to the cammvla in the ophthalmic artery a fraction of a second after
switching on the electric pump. By this technigue Heopnrene wos more
likely to pass right along the whole length of the circulation into the
finest terminal vessels and capillaries without forming a block in any
of the narrow vessels. Another manceuvre which was of wvalue in ensuring
adeguate intra-vascular injection was to lower the intra-ocular pressure
by a stab incision of the central part of the cornea before switching
on the electric pump.

It is interesting to note, however, that although it is
necessary to observe the technique detailed above in order to obtain
consistently good injections of the ocular circulation with Heoprene,
satisfactory results may also be obtained by sirmpler methods. Tn a few
eves the irrigation with water and injection with Leoprene were carried
out solely by a hand syringe (following a mechanical failure of the
electric pump) and in most eyes the results were wholly satisfactory.

The change-over of Neoprene from a stable emulsion in the
bottle to an irreversible colloid system within the circulation is
probably due solely to a change in Ph values, Ileoprene is stable in
the nresence of alkali ( as in the bottle) but precipitates in en acid
medium ( as in the tissues) to form a solid, resilient, acid-resisting
and alkali-resisting substance, It is these properties which make

Neoprene so useful in a detailed study of a densely vascular tissue.

b) Injection of uvesl tract with indian ink. (2 eyes).

After thorough irrigation of the ocular circulation with
water through the ophthalmic artery, 50 ml. indian ink was injected into
the artery from a hand syringe or through a Woulff's bottle using an
electric pump, as described above.

c) Injection of uveal tract with lleoprene or indian
ink after occlusion of one short posterior ciliary
artery. (7 eyes).
After thorough irrigation of the whole ocular circulation with
water through the ophthalmic artery, as described above, 1 ml.l)o
methylene blue solution was injected into the ophthalmic artery.

/ Tt was found
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the cannula in the artery, was to inject dye directly into the rubber
tube near the junction off the tube with the cannula.

It was found that the easiest way of doing this, without disturhing

A

A careful blunt dissection was then made of the orbital

tissues near the globe until a few of the short posterior ciliary
arteries were expnosed; the methylene blue greatly assisted in their
identification. OUne artery was freed from its surrounding fatty

tissues, and , after ligaturing it securely in two places, was severed
between the ligatures. It was important to cause the minimum of trauma to
the surrounding tissues during this manoeuvre, so that the other short.

osterior ciliary arteries were undamaged.
4 W] g

The ocular circulation was then injected through the ophthalmic
artery with Heoprene (L eves) or indien ink (3 eyes) as described above.

d) Injection of one short nosterior ciliary
artery with indian ink. (2 eyes).

After thorough irrigation of the ocular circulation with water
followed by an injection of methylene blue, as previously described, a
dissection was made of the tissues of the orbit behind the globe until
several short posterior ciliary arteries were clearly identified. One
artery was firmly ligated about 20 mm. behind the globe and cut on the
proximal side of the ligature. Using this ligature as a retrsctor the
artery was carefully freed from its surrounding tissues, and then incised
through half its circumference at a wmoint about mid-way between the
ligature and the site of entry of the artery into the globe, using a
pair of fine curved spring scissors., 4 canillary glass cannula of the
bulb type (Fig. L) was inserted through this opening in the wall of the
artery, and indian ink injected under pressure by a technicue similar
to that described above.

2) Iethods of examination.

2 ) Examination of injected choroid in situ.
nj

Following the injection of the ocular circulation through the
oprhthalmic artery with Neoprene or indian ink, all the extra-ocular
tissues were removed by dissection and the eye fixed in 10y, formol
saline for 24 hours. After fixation the globe was opened by a sweeping
cut through the coronal plane just distal to the equator, so that the
lens was removed with the discarded anterior segment. Some of the
vitreous became detached by the influence of gravity and this could be
aided by the use of blunt forceps, but no effort was made to remove
it completely because any vitreous which was left came away
simultaneously with retina. he retina was sevarated from the choroid
by placing the half-globe under water and detaching its peripheral
part in towards the centre of the globe. 5his detachment was extended
until the retina remained attached only at the optic disc, where it was
freed without any damage to the peripapillary choroid by strivping it
away with fine forceps or by the use of a thin narrow sweb ol cotton
wool on the end of a fine pointed stick.

- 18 -
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4. Capillary glass cannulae,
one of bulb type, for injection
of short posterior ciliary

Q-rtery.

5. Hemispherical glass viewing
chamber for examination of
choroid.



The pigment layer of the retina remained atthached to the

choroid but this pigment could be removed by gentle brushing under
water so that the injected vessels of the choroid could be viewed in
their natural position in the posterior part of the globe.

b) Ixamination of isolated injected choroid.

In most eyes the choroid was removed from the globe for
further study. After exposure of the injected choroid, as described
above, the choroid was gently separated from the underlying sclera
under water. FEach individual vessel or nerve passing between the
sclera and choroid was carefully cut within the suprachoroidal space
to avoid damage to the chorcid during this separation, until finally
the choroid only remained adherent around the ontic disc. This zone
of attachment was freed by gently tearing the choroid away with fine
forceps or by gently stroking it away from the globe with a sweb of
cotton wool on the end of a fine pointed stick.

The isolated choroid was fixed in 10% formol saline for a
further 24 hours, and thereafter bleached by immersion in 25
notassium permanganste for 30-60 minutes followed by weshing in
oxalic acid. It was then examined in three different ways. Iirst,
the choroid was exzamined without further interference to its
structure by floating it under water into a glass hemisphere, designed
to resenmble the shape and size of the scleral cup (Fig.5). On
removal of the water from the hemisphere the choroid was gently forced
to line the immer surface of the glass. In this way it was nossible
to view clearly the choriocanillaris surface of the choroid (by lcoking
directly at the choroid within the hemisphere) or to view the extermal
surface of the choroid ( by looking indirectly at the choroid through
the outer surface of the hemisvhere). This method provided a composite
view of the chorcidal vessels and capillaries.  Secondly, the choroid
was examined by making a series of radial incisions along the whole
length of the choroid, except in the neripanillary region, so that i%
could be spread out flat on a large glass slide. It was then possible
to obtain a detailed view of the relationships of the various choroidal
véssels to one another. In the case of those eyes injected with Ileonrene
it was easier to view the specimens against a background of black
photographic paper, and in the indian ink injected eyes to view against
a background of white filter paper.

Thirdly, the details of individual vessels and capillary areas
were examined by careful dissection. This method, of course, was
applied only to the eyes injected with Iieoprene, and it was found in
those eyes that the elasticity and high tensile strength of Neoprene
together with its cohesive properties vermitted detailed dissections
even within such a densely vascular tissue as the choroid. UThe
dissections were corried out under water, and the casts were viewed
through the stereoscoric microscope ageinst a black background. This
method, althoush laborious end time-consuming, yielded most of the
information to be revorted in this thesis.
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c) ZExamination of isolated injected uveal tract.

The following technique was adonted in those eyes in which
it was desired to examine the uveal tract along its whole length.

The cornea was removed by a circumcorneal incision using a
pair of fine curved spring scissors, and then, after making a radial
incision in the iris,the lens was removed followed by as much as possible
of the vitreous and retina., These structures were pulled out gently by
forceps with great care to prevent demage to the underlying uveal tract.
The rest of the dissection was carried out under water. The root of the
iris was separated by blunt dissection from its scleral attachments
particularly in the region of the scleral spur, and this separation of
the uveal tract from the sclera was graduslly extended back by opening
up the supra-choroidal snace. This was facilitated by simultaneously
cutting concentric strips from the sclera. DLach vessel or nerve crossing
the suprachoroidal space and linking the sclera to the uvea was cut
individually. Finally, the peripapillary part of the choroid was
separated from its attachment around the optic disc, as described above,
and the entire uveal tract was thus obtained as an isolated mass. This
was then fixed and bleached by the methods given above.

The isolated uveal tract was examined by cutting it into
sectors by a series of longitudinal incisions, and these strips were
‘then examined by direct view., In the case of those eyes injected with
Neoprene a detailed dissection of each sector was carried out under water.



Findings.
1) teries of choroid.

The choroid is supplied by two arterial systems; the
more nosterior part by the short posterior ciliary arteries and by
a few fine branches from the intrascleral arterial circle of Zimn ,
and the more anterior part by the recurrent choroidal arteries which
arise within the ciliary body from the major arterial circle of the
iris, from the long posterior ciliary arteries, and from the anterior
ciliary arteries. The two arterial systems approach one another and
meet at the equator of the eye. This description of the choroidal
arteries will now be considered in more detail,

NOTE:

It is not difficult to distinpguish between arteries
and veins in leoprene casts of the choroidal vessels.
In an examination of a composite picture of such
casts (figs. 6 & 7), there would not appear to be
any clear distinction between arteries and veins
except in the case of those veins which can be traced
to their termination in one of the main vortex veins.
A more detailed examination shows, however, that the
arteries have a whiter, more rounded appearance than
the veins which appear greyer and flatter (£ig.8).
This distinction may be emphasised by using red
Neoprene in which case the arteries have a more
densely red colour than the veins which appear pink
(fig.9) «

a) Short posterior ciliary arteries.

The short posterior ciliary arteries arise from the
ophthalmic artery in the posterior part of the orbit either as one
or two trunks or as a series of L~6 branches., They run forward to
the posterior part of the globe where they divide into other branches
so that in all about 15-20 branches perforate the sclera around the
optic nerve. On passing through the sclera each branch undergoes
further sub-division, and from these branches others are given off
within the choroid.

Each definitive branch then runs forward within a
narrow sector of the choroid to terminate in a series of arteriolar~
capillary networks at some point between the peripapillary and ecua-
torial regions. It is a significant feature of the choroidal
arteries that these arterioclar-canillary networks do not occur along
the whole length of the longer arteries, so that those arteries which
reach the equator contribute to the chorio-capillaris there without
contributing to the chorio-capillariz in the other parts of the choroid.

/Similarly
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White Neoprene cast of whole choroid
mounted in glass hemisphere and viewed
from within, (choriocapillaris surface
nearest camera). Optic disc (o)lies

in centre, x 6.
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T* White Neoprene cast of whole choreid
mounted in glass hemisphere and viewed
from without, (layer of larger vessels
nearest camera). Optic disc (O) lies

in centre, x 6.



FIG. 8. White Neoprene cast of sector of
choroid to show distinction between

arteries (A) and veins (V). x 33.

FIG. 9* Ned Neoprene cast of sector of choroid
to show distinction between arteries (3)

and veins (V). x 33 o



Similarly, the smaller short posterior ciliary arterial branches
1limit their networls to the wnosterior part of the choroid and do not
reach foxrwvard to the equator. The arteries are not cormnected to one
another by direct arterial branches except in the more posterior
part of the choroid. These features are illustrated in fig.l1C.

The short nosterior ciliary arterial branches radiate
out from their point of entry into the choroid to their point of
termination in a fairliy uniform mwarmer so that the density of
arteries in a particular area of the chorcid is equivalent to that
in any other area situated an egual distance from the optic disc.
The submacular part of the choroid is an exception to this, however,
in that it contains a greater aggregration of arterial branches
(fig.11); in Neoprene casts this feature is apparent only after
removal of the extensive network of choroidal veins many of which
sweep round in the nosterior mart of the globe before passing to the
vortex veins.

The short nosterior ciliary arteries give off other
branches in addition to those which mass directly into the choroid.
Within the orbit, brenches pass from the arteries to the sheaths
of the optic nerve where they contribute to the formation of the
arterial plexus of the nia mater, and, within the sclera, small
branches unite to form the intrascleral arterial circle of Zinn
These branches will be discussed in greater detail in Section IT of
this thesis because they are of more concerm in a consideration of
uveo-retinal arterial anastomoses, but the circle of Zinn is also of
interest in a study of the choroid because small arterial brenches
pass from the circle to the choroid imuediately surrounding the optic
disc where they are associated with the most posterior branches of
the short posterior ciliary arteries.

An examination of the 7 eyes which were injected with
Heovrene latex (4 eves) or with indian ink (3 eyves) through the
ophthalmic artery after occlusion of a single short posterior ciliary
artery in the orbit revealed the following features. In L eves (two
injected with Ileoprene latex and two with indian ink) there was
complete filling of the vessels of the choroid and ciliary body
(fig. 12), but in the 3 other eyes (two injected with Illeoprene and
one with indian ink) a partial sectorial filling defect occurred in
the choroid corresponding in situation to the occluded short posterior
ciliary artery (figs.l3 and 14). It is noteworthy, however, that in
the three eyes which showed a sectorial defect the anterior part of
the uveal circulation was not well injected, and this is in contrast
to the four eyes without a sectorial defect, which showed a uniform
£illing of the whole uveal circulation.
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FIG-. 11. White Neoprene cast of part of choroid

near optic disc (o) to show greater
aggregation of arterial branches in
submacular area ). ( Dissected
specimen in which majority of choroidal
veins have been removed) . x 8.

FIG. 12. Indian ink injection of whole choroid

mounted in glass hemisphere. Optic
disc (0) lies in centre. X %



FIG.

13*

White Neoprene injection of part of
choroid lying within globe to show

large incompletely injected sector
(below) corresponding in situation to
area of distribution of short posterior
ciliary artery occluded before injection.
(Anterior part of globe not available
for photography) . X 4% o



FIG.

14.

Indian ink injection of part of uveal

tract to show large incompletely injected
sector corresponding in situation to area
of distribution of short posterior ciliary
artery occluded before injection. Position
of occluded artery relative to globe

indicated by notch (N) in iris. X .



An examination of the two eyes which were injected with
inc¢ian ink through a single short posterior ciliary artery within the
orbit showed that in each eye more than two-thirds of the vessels of
the ciliary body and choroid became filled with the dye (fig.15).

b) Recurrent choroidal arteries originating
from major arterial circle of iris.

The major arterial circle of the iris is formed in the
anterior part of the ciliary body near the root of the iris by the
terminal parts of the long posterior ciliary arteries and of the
anterior ciliary arteries., Recurrent choroidal arteries arise from
the major arterial circle and nass backward through the ciliary body
into the choroid to reach the equator (fig.l6a).

c) Recurrent choroidal arteries originating from
long mosterior ciliary arteries.

The two long mosterior ciliary arteries arise from the
ophthalmic artery, in the posterior part of the orbit, either separately
or by a common trunk which divides after a short course into the two
final branches. One artery passes laterally to perforate the sclera a
short distance from the lateral aspect of the optic nerve head, and
the other artery passes medially to perforate the sclera an ecuivalent
distance away from the optic nerve on the medial side. In both cases
the sites of perforation lie outside the perforating short posterior
ciliary arteries.

The lateral and medial long mosterior ciliary arteries
perforate the sclera in an obligue way so that they enter the supra-
choroidal space farther away from the ontic nerve head than the site
of their entry on the external scleral surface. Iiach artery runs in the
suprachoroidal space in the horizontal meridian of the eye and nasses
straight to the ciliary body without contributing directly to the
vascularity of the choroid. In the anterior part of the ciliary body
the long nosterior ciliaryv arteries break up into several terminal
branches which join with the anterior ciliary arteries to form the
major arterial circle of the iris, but before this haprens, each branch
sends off a recurrent branch which passes back through the ciliary body
into the anterior part of the choroid to reach the equator (fig;[@@.

d) Recurrent choroidal arteries originating
from anterior ciliary arteries.

The anterior ciliary arteries are the continuations of the
muscuiar arteries of the four rectus muscles beyond the insertions of
these muscles. It has been shown by aAshton and Smith (1953) that each
anterior ciliary artery divides in the evniscleral tissues into severnl
medium-sized vessels which, after giving off small twigs to the eni-
scleral limbal plexus and to the region of Schlemm's canal, perforate

the sclers and cross over the suprachoroidal space to enter the ciliary
/body where
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13.

Indian ink injection of extensive area
of uveal tract after injection into
single short posterior ciliary artery.
Position of injected artery relative

to globe indicated by notch ) in iris.
Uveal tract cut into sectors except for

iris. x 2y and x 8.
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body where they terminate by joining the long vosterior ciliary
arteries to form the major arterial circle of the iwis. ithin the ciliary
body the anterior ciliary arteries give off small twigs which pass to
the sclera, to the region of Schlemm's canal and to the ciliary muscle,
and they also give off several large recurrent branches which run back
through the ciliary body into the anterior part of the choroid to reach
the equator (fig.déc).

e) Anastomoses between posterior and recurrent
choroidal arteries at eguator.

The short posterior ciliary arteries which extend
forward meet at the equator the recurrent choroidal arteries from the
major arterial circle of the iris, from the long posterior ciliary
arteries and from the anterior ciliary arteries which extend backward.
The two opposing systems may anastomose through a narrow intervening
capillary network (fig.17), but in many places the anastomosis is a
direct one (figs.18 & 19). ihen the opposing arteries are in direct
continuity the point of wunion may be determined by a slight narrowing
of the arterial t » but 1t msy be determined also by the direction
in which the branches arise from the artery; branches of the posterior
choroidal arteries point forward and branches of the recurrent choroidsl
arteries point backward.

2) Capillaries of choroid.

The capillaries, which form a single layer on the inner
aspect of the choroid, are not uniform in calibre throughout the
chorio-capillaris. Posteriorly, they are smaller with a closer inter-
capillary network and anteriorly they become wider with a more open
network (fig.20). The capillaries are, therefore, more dense in that
part of the choroid which lies under the macula as compared with
capillaries in a more pempheral part of the choroid, but there is no
detectable structural difference between the chorio-capillaris under—
lying the macula and any other nart of the chorio-capillaris situated
an equivalent distance from the ontic disc. It would ampear, therefore,
thet the density and calibre of the capillaries within the chorio-
capillaris are purely expressions of the distence of the capillaries
from the optic disc, and that although there is a marked difference
between scattered areas of the chorio-capillaris there are no specifiic
features of the submacular chorio-capillaris.

In the extreme periphery of the choroid, the capillaries
become wide and irreguler and then disappear at the junction of the
choroid with the ciliary body (fig.21). There is, therefore, no
capillary layer,corresponding to the chorio-capillaris, in the ciliary
body (fige22).

It is significant to note that in none of the Neoprene casts
vas there any evidence that the chorio-capillaris had been demaged
during the intrevasculsr injection of the leoprene.
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FIGS. 17 a and b.

White Neoprene casts of the terminal parts
of recurrent choroidal arteries (R) and of
short posterior ciliary arterial branches

(S), to show intervening capillary network

at equator (E).

(Dissected specimens), (@) and (b) x 19.



FIGS. 18 a and b.

White Neoprene casts of recurrent choroidal
arteries (R) and of short posterior ciliary
arterial branches (S) to show the occurrence
of direct arterial anastomoses at equator (E).

(Dissected specimens), (a) and (b) x 8.



FIG-. 18 c.

White Neoprene cast of recurrent choroidal
arteries (R) and of short posterior ciliary
arterial branches (S) to show occurrence

of direct arterial anastomoses at equator (E).

(Dissected specimen), X 8 and x 22.



FIG.

18 d*

\vhite Neoprene cast of recurrent
choroidal arteries (r) and of short
posterior ciliary arterial branches
(S) to show occurrence of direct and
capillary arterial anastomoses at

equator (e)

(Dissected specimens)* x 8 and x 16.



FIG.

18

White Neoprene cast of recurrent
choroidal arteries (R) and. of short
posterior ciliary arterial branches
(S) to show occurrence of direct and
capillary anastomoses at equator (E).

(Dissected specimens), x 7 and x 24.



FIG.

18

White Neoprene cast of recurrent
choroidal arteries (R) and of short
posterior ciliary arterial branches
(S) to show occurrence of direct and

capillary anastomoses at equator ).

(Dissected specimens), x 16.



FIG. 109. Indian ink injection of uveal
vessels to show direct anastomosis
between a recurrent choroidal
artery (R) and a short posterior
ciliary arterial branch (S) at
equator (E).

Note major arterial circle of iris

v ) and formation of a vortex vein(V.V.)
x 1l6.
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FIG. 20. VYhite Neoprene cast of choroid to show
increase in calibre of capillaries and
opening up of intercapillary spaces in
passing from posterior to anterior regions,
that is, from areas marked 1 to if.

(Dissected specimen) . x 8 and x 32.



FIG, 21. White Neoprene cast of anterior pari
of uveal tract to show termination of
chorio-capillaris at anterior end of

choroid.
(Dissected specimen) . x 22.
FIG. 22. White Neoprene cast of anterior part

of uveal tract to show absence of
chorio-capillaris in ciliary body.
(Dissected specimen) . x 14.



3) Veins of choroid.

The venules arise abruptly from the chorio-capillaris and
form a characteristic loop before they are joined by neighbouring
verules (fige23). The larger venous channels are formed by an
aggregation of these venules and they pass toward the equator where
they converge at four points to form the four main vortex veins. Some
of the venous tributaries pass directly forward from their origin in
the chorio-capillaris to the nearest vortex vein, but others pass
backward towards the peripapillary region before sweeping round to join
the main stream of vessels (fige2k). Occasionally there is a subsidiesry
vortex vein which is formed indevmendently of the main ones (fig.25),
and this subsidiary vein leaves the globe by a separate channel to join
one of the main veins outside the sclera.

An examination of the Feornrene casts showed small localisec
dilatations of the choroidal veins particularly at the site of crossing
of the vein by an artery (fig.26), but these swellings were not
associated with any arterio-venous communication, and no evidence was
found in the choroid of any arterio-venous anastomoses, except through
the normal chorio-capillaris. (fig.27).



FIG-. 23. White Neoprene cast of sector of
choroid to show looping of venules
at origin from chorio-capillaris.

x 33.

FIG. 24. '"White Neoprene cast of choroid to
show formation of two vortex veins (V.V.).

(Dissected specimen) . x b5*



FIG.

25.

White Neoprene cast of choroid to
show formation of tmo main vortex
veins (V.V. ) and one subsidiary
vortex vein (V.S.).

(Dissected specimen) . x 7*



FIG. 26. White Neoprene cast of sector of
choroid to show swelling of vein
(V) at site of arterial (A)
crossing. x 33*

FIG. 27. White Neoprene cast of sector of
choroid to show capillary bed
between terminal arteriole (3)
and commencing venule (V). x 36.



Discussion.

It is apparent that some of the findings of this investigation
conflict, in part or in whole, with ceftain of the more accented views
regarding the vascular anatomy of the choroid which subdivide it into
a series of more or less rigidly isolated sectors or zones. These
previous theories will now be re-examined in the light of the present
study.

First, there is doubt regarding the validity of the hypothesis
that the choroid hes a segmentally erranged arterial blood supnly,
and that the choroidal arteries have the characteristics of end-
arteries. There is, therefore, doubt regerding the theory that the
choroid is sub-divided into isclated sectors.

It has been shovn that although each definitive branch of the
short posterior ciliary arteries runs forward in a narrow sector of
the choroid to form a terminal arteriolar-capillary network in some
particular area of the choroid between the perivapillary and equatorial
regions, these individual choroidal arteries are not wholly isolated
from one another. The connections which link the various arteries to
one another take two forms. In the first place, the direct anastomosis
at the equator between the nosterior and recurrent choroidal circulations
establishes a direct link between many of the short posterior ciliary
arteries and the major arterial circle of the iris. This circle in turn
is in communication with other short vosterior ciliary arteries through the
recurrent choroidal arteries from the circle and from the arteries which con-
tribute to the formation of the circle (that is, from the anterior ciliary
arteries and from the long posterior cililary arteries). In the second
place, the chorio-cepillaris forms a continuous capillary network over
the inner surface of the whole choroid, so that the capillary district of one
terminal short posterior ciliary arterial brench is in direct continuity
with the canillary districts of all the neighbouring arterial brenches.

Turther evidence that the short posterior ciliary arteries are not
true- end-arteries is provided by the four eyes in which the entire choroid
became filled with intravascular injection material following injcction
through the ophthalmic artery in spite of the preliminary ligation of a
single short posterior ciliary artery. This, of course, is easily under-
stood if it is accepted that the area of choroid dependent on the ligated
nosterior ciliary artery may be filled from the recurrent choroidal
arteries and from the neighbouring chorio-capillaris. On the other hsr:l
there were three eyes subjected to the same technique in which therc was
a sector-shaped area of inadequately filled choroid corresponding in
situation to the ligated short posterior ciliary artery. It would apneaxr

/most likely



most likely, however, theat these inconsistent results are purely
expressions of the degree of success of the injection;technique.

ihen material is injected into the ophthalmic artery it passés, in
the first place, into the arteriolar-capillary networks of the patent
vessels, but, at a later stage, it enters the zone dependent on the
occluded artery by way of the alternstive pathways through the anterior
uveal circulation and through the chorio-capillaris. It will be
remembered that the three eyes with a partial filling defect were less
well injected, quite apart from the sectorial defect, then the four eyes
without a filling defect, and this is in keeping with the view outlined
above.

It is postulated, therefore, that although each short posterior
ciliary arterial branch has its own area of supply, there is no rigidly
determined anatomical segmentation of the choroidal arterial circulation,
and that the short posterior ciliary arteries are not true end-arteries,
at least from an anatomical point of view, It would be reasonable to
expect on these grounds that in the event of a circulatory failure
within the choroidal sector, following the occlusion of a short posterior
ciliary artery, the circulation may be restored rapidly from the other
intact vessels.

This doubt regarding the rigid segmentation of the choroidal
arteries was also expressed by Iiicholls (1938) who failed to confirm
the experimental findings of ‘agenmamm (1890) of a sectorial defect
in the choroid of the rabbit following occlusion of part of the posterior
ciliary circulation. Iiicholls did not detect any structural changes
within the choroid of the rabbit after occlusion of the short posterior
ciliary arteries unless at least two-thirds of the arteries were
obliterated, and in such cases a phthisical condition of the eye was
a more likely development than a sectorial atrophy of the choroid.

In some rebbits Nicholls noticed the occurrence of a sector-shaped
area of retinal pallor extending to the ora serrvata after section of
a few short posterior ciliery arteries, but it was purely a temporary
phenomenon and passed off within a few hours. ¥Yhis retinal oedema is
presumably a reflection of a disturbance of the circulation in the
underlying choroidal sector, but its trensient nature is evidence of
a sufficiently well marked collateral circulation between the various
sectors of the choroid to nrevent any extensive permanent area of
vascular obliteration within the choroid.

It is possible that Vagenmann (690) in his experimental work
produced a more widespread disturbance of the short posterior ciliary
arteries than that produced by INicholls (1938), and, therefore, the
apparently contradictory results may be due purely to a difference
in technique, It is interesting to note that Wagenmann observed that
within a féW‘days of the section of the ciliary arteries the area of
sectorial disturbance became smeller and this is surely evidence for
the existence of some choroidal anastomoses.
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There is also evidence that the clinical cases, which have been
used to illustrete the concept of a segmentation of the choroid, have
been misinterpreted; these cases were mentioned in the earlier part
of this thesis. For example, in the case described by Coats (1907)
it is more likely that the wedge-shaped area of choroidal atrovhy,
which was found in association with the patch of posterior scleritis,
was due to the direct involvement of the choroidal sector in the
scleral inflammation. This would account for the obliteration of the
vessels and capillaries in that sector, in a more likely way than to
postulate an indirect circulatory failure within the choroidal sector
due to the involvement of a short nosterior ciliary artery in its
passage through the diseased sclera. Even Coats who put forward the
latter hypothesis admitted that it is nmeculiar for infarction to
follow blockage of one artery in such a vascular tissue as the choroid,
In fact it would appear likely that such a hypothesis is valid only
if the thrombotic process in the artery has spread into all the vessels
and capillaries of the affected sector, because the continuity of the
chorio-~capillaris over the whole surface of the choroid ensures the
survival of individual areas even af'ter the occlusion of a few feeding
arteries.

Furthermore, in the case described by Hepburn (1912) the sector—
shaped scotoma extending to the periphery of the visual field following
a circumscribed patch of deep chorciditis, may be explained solely on
the basis of involvement of the retina overlying the choroiditis,
without the necessity of postulating a circulatory failure in the whole
sector of the choroid corresvwonding in shape to the sectorial field
defect., When a focus of choroiditis involves only the outer layers of
the overlying retina, the defect in the visual field is a localised
scotoma corresnonding in size and vposition to the choroiditis, but when
the inner retinal layers are implicated, the function of a whole sector
of retina is affected with the production of a scotoma extending right
out to the neriphery of the visual field. Additional evidence that
this is the probable interpretation of such cases may be derived from
the observation of wolff and Penmen (1950) that a narrow functional
area of visual field may remain between the localised and sectorial
field defects. fhis finding is understandable on the basis that the
sector defect is due to the involvement of the retinal nerve fibre
layer, but it is contrary to the concept of & circulatory failure within
a. whole sector of the choroid extending from the choroidal focus of
inflammation. There is, therefore, no sound evidence from Hepburn's
observations on choroiditis or from Coat's' observations on scleritis
to justify the hypothesis that the choroid is made up of many isolated
vascular sectors.



Secondly, there is doubt regarding the velidity of the
hypothesis that the equator is a specialised area of the
choroid in that it renresents a zone of ineffective anas-
tomosis between the posterior and recurrent choroidal
circulations.

It has been shown in this thesis that many of the arteries in the
opposing posterior and recurrent choroidal circulations are in direct
continuity with one another at the equator, and that even when there is
no direct continuity the intervening cavillary network is narrow. There
is, therefore, no sound anatomical basis for the concept of a defective
circulation at the equator, and it is interesting to examine more closely
how this hypothesis was put forward, To a limited extent the hypothesis
was based on the anatomical studies of Leber (1909) but in the main it
obtained its chief support from an interpretation of the visual field
changes in retinitis vpigmentosa with the fundamental suposition that the
retinal changes are secondary to choroidal degeneration (Gonlﬂ 1903, and
Nettleship, 1903). It is now lnown, however, that although natches of
choroidal angio-sclerasis may occur in retinitis pigmentosa (Greeves,1912)
they are not an essential part of the pathological picture (Cozan, 1CLf),
and, indeed, may even be completely a absent (Col¢1ns,l9l sand v(r%oe1¢,l§31\.

In a study of a hereditary pigmentary degeneration of the retina
in rats (Bourne, Cammbell and Tansley,1938) and in dogs (Parry,1953) ,
a condition which appears to be closely allied to retinitis »nigmentosa in
the human, it has been shown that the retinal disturbance is the primary
lesion without any underlying choroidal lesion.

Turthermore, as pointed out by Hancock (1906), the ring scotome of
retinitis pigmentosa is not in the correct position for a scotoma due to
a lesion at the anastomical equator because it does not lie far enough out
in the periphery of the field, nor is it concentric with the blind spot.
Hepburn (1908) in an attempt to overcome the difficulties raised by
Hancock postulated that the short posterior ciliary arteries do not
necessarily reach as far as the equator because their terminations are
determined primarily by the site of exit of the vortex veins. There is,
however, no anatomical evidence for this view. '

There would not appear to be any sound basis for drawing conclusions
regarding the vattern of the choroidal circulation from a study of the
retina in retinitis pigmentosa, and the finding, in this present
investigation, of an effective anastomosis between the posterior and
recurrent choroidal circulations at the equator does not conflict with
modern views on the pathogenesis of the disease. It is most likely that,
as originally suggested by Iister (1903), retinitis pigmentosa is a
primary neuro-epithelial degeneration and the occurrence of 2 ring scotoma
in the early stages of the condition represents a selective QefenCTﬂblﬁn
of a particular region of the retina <bOLllﬂo, 1919).



In any case doubt may be cast on the hynothesis that because an
area lies between the terminal parts of two opposing and anastomosing
circulations it is ineffectively sumplied by bloods It may even be
that such an area is particularly well served because it can draw on blood
from two circulations.

It is convenient at this stage to discuss the view put forward by
Hepburn (1$10) that the choroid is a series of terminal vascular systems
which, in disease, may be separately affected without necessarily
involving neighbouring vessels; a view which was based to a large extent
on an interpretation of the visual field changes in retinitis nigmentosa
in the belief that the disease is a primery choroidsl affectioiia The
choroid was divided by Hevburn into three main zones - first, the macular,
secondly, the mid-peripheral and, thirdly, the extreme reripheral zones -
with further subdivisions within each zone so that the choroid wes regurded
as a series of isolated areas each of which mey resnmond to disease in
an individual manner. It should be remembered, however, that these zoneg
refer only to the ophthalmoscoplically visible choroid, and do not denote
any exact anatomical location., The "macular" zone, according to Hevburm,
lies between fixation noint and the 20° circle concentric with the fization
point, the "mid-peripheral' zome lies between the 2P and 6(° circles, and
the "extreme perivheral' zone lies between the 6(0° circle and the region
of the anatomical equator. Hepburn regarded each zone as a separate
entity with only a few intervening capillary anastomoses, but as has teen
showvm above his conclusions would not appear to be basea on sound wnremises,

There is further evidence against the concept of a defective
anastomosis at the equator. It has been shown that after ontico-cilisry
resection many areas of the choroid behind the equator may be snared
(Komoto, 1915, and Cogan, 'OQP), particulerly if the anterior ciliary
arteries are Teiu intact (Berlin, 1871; Studer,1906; and Birch-Hirschfield,
1910). This may be explained readily on the basis of an efiective
anastomosis between the posterior and recurrent choroidal circulations at
the equator, so that even after total occlusion of the short posterior
ciliary arteries it is possible for at least part of the pre-equatorisl
region of the choroid to be maintained from : the anterior circulation .
It is, therefore, unnecessary to postulate, as has been done by Komoto
(1915),that retention of part of the posterior chorcidal circulation in
such cases indicates a feilure to secure complete obliteration of all
the short posterior ciliary arteries during the optico-ciliary resection.

Thirdly, there is doubt regarding the velidity of the
hypothesis that the periphery is a specialised area of the
choroid in that it represents a distinct zone isolated from
the rest of the choroid.

Indeed, the idea of an isolation of the peripheral part of the

choroid is untenable in view of the direct anastomoses which have been
/demonstrated betwsen
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demonstrated between the anterior and vosterior narts of the choroid

at the equator. Jurthermore, it is not necessary to endow the vnerinhery
of the choroid with any special features in order to explain the fact
that after blockage of the central retinal artery the whole thickness

of the retina in the extreme veriphery may remain viable, whereas else-
where the imner half of the retina becomes degenerate., It has been
showm by Iichaelson (1950Q) that the choroid in general sunplies nourisiment
to the retina to a depth of about 130 microns. This thickness covers
the pigment layer, the layer of rods and cones, and the outer nuclear
and plexiform layers over the whole of the retina except in the extreme
veriphery and at the macula where the retina narrows to about that
thickness.

It is not surorising, therefore, that the retina in the extreme
periphery may be nourished exclusively by the choroid, and that part
of the transudate from the peripheral choroid may even nass through
the attenuated retina to contribute to the formation of' the agueous
humour, but these unusual features would anpear to be attributable to
peculiarities of retinal rather than of choroidal structure.

This is in keeping with the failure to find any snrecific features
in the peripheral part of the choroid in an examination of casts of the
choroid prepared by the intravascular injection of Ieoprene. It is true
that the carnillaries of the choroid are not uniform in calibre throughout
the chorio-capillaris - nosteriorly they are smaller with a narrow
intercapillary network and anteriorly they are wider with a more onen
network - Dbut this variation in calibre is a gradual transition which
occurs in passing from the central to the veripheral parts of the
choroid and there is no sharp distinction between individual areas.

Fourthly, there is doubt regarding the validity of the
hypothesis that the perimapillary region is a specialilsed
area of the choroid in that it is supplied by an exclusive
system of arteries isolated from the rest of the choroid.

It is true that within the veripapillary region of the choroid,
unlike the other vparts of the choroid, there are many fine arterial
branches which pass from the intrascleral arterial circle of Zinn, but
there are also many fine arterial branches which arise directly from
the short posterior ciliary arteriess Other branches of the same short
posterior éiliany arteries pass to the rest of the posterior part of
the choroid, and, therefore, it is difficult to postulate that the
vessels in the peripapillary choroid are divorced from the other chorcidal
vessels. There is certainly no anatomical evidence to substantiate the
view of Klien (1950) that peripapillary choroidal atrophy is due to
sclerosis of the circle of Zimm. Furthermore, the capillaries of the
reripapillary region are directly continuous with the main mass of the
6hofiolcapillaris so that they also are not isolated from the rest of
the choroid.
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Fifthly, there is doubt regarding the validity of the
hypothesis that the submacular region is a specialised area
of the choroid in that it has distinctive features particularly
in its capillary layer, )

‘ An examination of the casts of the choroidal circulation failed
to reveal any structural distinction of the submacular chorio-canillaris
as compared with any other part of the chorio-capillaris situated an
equivalent distance from the ontic disc. There is, of course, a marked
difference between scattered areas because of the gradual opening of
the capilleries on npassing from the central to the peripheral parts of
the choroid, but the density and calibre of the chorio-cahilla}is in
any area appear to be nurely expressions of the distance éway from the
optic disc without any reference to particular zones like the submacular
region. It is interesting to note that Morike (194%) found e uniform
thiclmess of the chorio-cemillaris throughout the choroid in the
bifoveal eve of the sea-svellow,

The fact that the maculer of the retina is avascular does
not necessarily mean that there must be unusual features in the sub-
macular choroid For similar reasons to those discussed in the review
of the peripheral part of the choroid. The mocula is ann attenuated
part of the retina (Ifichaelson,1¢50; and Denton and Piremme, 1952) -
it is about 130 microns in thickness - and this is a depth which can
be catered for exclusively by the normal choroid without postulating
any additional choroidal blood supplye. There is also no necessity
to postulate on anatomical grounds a secondary oxygen—carrying system
within the macula, like the suggestion of Dartnall and Thomson (1949)
that the yellow retinal pigment mediates an oxygen-carrying system
which prevents anoxia of the macula. There is no reason why the macule
should not be adeguately nourished simply by the submacular choroid.

-
1
!

There are, of course, an increased number of arterial vessels
in the submacular choroid, and it is interesting to speculate whether
this is due merely to the greater number of short posterior ciliary
arteries which perforate the globe in the neighbourhood of the posterior
vole of the eye, or whether it is determined by some basic physiological
stimulus. Both ilettleship (1903) and lorike (1950) nostulated that
there is greater nremondersnce of choroidal arteries in the submecular
region in response to the higher metabolic demands of the specialised

macula.

In view of the retinal attenuation at the macula, however, there
is certainly no evidence for this assumption on anatomical grounds,
and in any case there is no reason why a mere increase in arterial branches
should affect the nutrition of the macula in the absence of associated
specialised Teatures of the submacular chorio-capillaris. As was showm
in an examination of the ileonrene casts many of the arteries in the
submacular choroid mass on to other areas of the choroid without con-
tributing anything o the cepilleries under the macula.

- - ‘ 7'\ .
There is no evidence for the view of Hettleshin (1903) that
certsin oonlar diseases are limited to the nosterior mole because of
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the implication of a narticular short posterior ciliary artery in

the disease process. In the first nlece, the submacular choroid is
not supplied by one special artery, and, in the second place, the
submacular chorio-capillaris is in direct continuity with the rest of
the chorio-capillaris. This means that even if there was a srecial
artery to the submacular region a localised patch of atrophy would
follow arterial block only if the obliterating vprocess extended

into the chorio-capillaris. This view fhat survival of the chorio-
capillaris is compatible with obliteration of a few feeding arteries
has been discussed earlier, and it is interesting to note that Berlin
(1871) was imvressed by how little the chorio-capillaris was affected
by extensive ontico-ciliaxry section.

Similarly, benign melanomata of the choroid may affect quite a
large area of the vessel layer without encroaching on the chorio-
capillaris (Cogan, 1549). In these cases the function of the over—
lying retina remains normal, evidence that the chorio-capillaris is
unaifected despite the involvement of some of the feeding arteries.
ilhen, however, malignant change supervenes the chorio-cspillaris
becomes obliterated by direct soread and the overlying retins ceases
to function.

There does not ampear, therefore, to be any clear-cut anatomical
evidence of a mneculiarity in the vascular architecture of the submacuiar
choroid to account for the circumscribed lesions which occur in that
regione The answer to the nioblem must lie in the chorio-capillaris
because, as has been shown, an area of choroid becomes atrophic only
when its capillaries are affected, and yet it is difficul® to under-
stand the underlying mechanism of canillary involvement.

It has been suggested by Ashion (1953) that although circumscribed
areas of choroidal capillary loss may be atitributed purely to some
primary degenerative process, such areas may also occur as a result of
a rise in the normal tissue vnressure in the submacular area. A
haemorrhagic or exudative extravasation exerts a definite effect within
the choroid because expansion of the choroid is greatly limited by
the force of the normal intra-ocular pressure on the immer side, and
the lack of elasticity of the rigid sclera on the outer side. The
choroidal cepillaries, by virtue of their delicate structure, are more
affected by such a rise in tissue pressure than the more resistant
vessels.,

Tt is interesting to recall a case described by Klien (1950)
of heredo-degeneration of the macula which showed on pathological
examination a localised detachment of the macula due to a serous
extravasation in the submecular space. It may be that this represents
the early stage of the disease, and that the degeneration of the chorio-
capillaris follows as a result of a pressure effect from an extra-
vasation. It is also of interest to note that Sorsby and Crick (1953)
claimed that the earliest mathological change in cases of central
areolar choroidal sclerosis is an exudative reaction.
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This hypothesis provides a possible exnlanation for the isolated
patches of choroidel atronhy which occur notmonly'in the submacwlaxr
region but also in other parts of the choroid during the course of
certain traumatic, inflammatory or degenerative conditions. On such

a basis the the peripapillary atrophy which may follow severe blunt
trauma of the globe is not due solely to the rupture of the fine
vessels within the peripapillary rezion, as sugéested by Bartolozzi
(1952), but is also due to the effect of the rressure of the associated
haemorrhagic extravasation on the chorio-capillaris.

=y @
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Similarly, the loss of the chorio-capillaris within the chorio-
retinal scar which folle s en application of diathermy to the surface
of the sclera during an oneration for detachment of' the retina may be

determined rrimsrily by the pressure on the capillaries of the sterile

exudate which forms in resvonse to the electro-stimulus. On the other
hand a simpnle serous detachment of the choroid, whether occurring
spontaneously or as a result of a perforating wound of the globe, is
seldom associated with any nermanent damage to the choroidal vessels
or capillaries despite the presence of a seraus exudate in the supra-
choroidal spaces. In this type of condition, however, there is a well
marked hypotonia of the globe, and consequently a reduction

in the effective pressure of such an exudate.

An attempt has been made to investigate experimentally the
effect on the choroidal vessels and capillaries of a localised rise in
tissue pressure, and this will be reported in a separate appendix to
this section.

In conclusion it must be emphasised that although the
anatomical findings of this investigation of the choroid permit
the establishment of certain hypotheses, they do not necessarily
give any indication of the extent to which circulatory conditions
may be modified in the living eye. The choroid is subjected to
many neuro-vascular influences, and, although there is no anatom-
ical evidence of choroidal segmentation, it may be that certain areas
of the choroid assume functional distinctions.



APPENDIX A,

EXPERTMENTAL CHOROIDAL LESTIONS.



Introductione.

This appendix contains a short account of certain experimental
observations which are being made on the ocular circulation. It is
included in the thesis because of its bearing on the hypothesis, put
forward at the end of section I, that a circumscribed area of choroidal
degeneration may follow an increase in the tissue pressure within a
localised part of the choroid due, for example, to a haemorrhagic or
exudative extravasation.

The method involves the introduction of activated plasme into
a particular area of the suprachoroidal space of the rabbit's eye,
and subsequent determination of the effect of the pressure of this
clot on the surrounding choroid.

Materials.
1) Rabbits.

14 young rabbits which varied between 1.5 and 2.5 kgs. in
weight were used in the experiment. They were fed on a Blue Cross
NO.LI:L dieto

2) Activated plasma.

Two substances, a chick extract and a fowl or rabbit plasma,
were used in the preparation of the activated plasma.

The chick extract was obtained from a 10 day-old chick embryo
by mincing the embryo in 3-4 ml.physiological saline and then, after
allowing the mixture to stand for 10-15 minutes, centrifuging it to
remove the cells. The extract was diluted with physiological saline
(1 part extract to 3 parts saline) and used in its fresh state.

The plasma was obtained from fowl or rabbit blood collected
under sterile conditions in a chilled vessel containing heparin
( 2 units/ml. blood). The blood was centrifuged to remove the cells,
and the plasma stored in waxed bottles at-20"C. It was diluted before
use with physiological saline (1 part plasma to 1 part saline).

The plasma was activated by adding it to the chick extract
(1 part plasma to 1 part extract), and once activated the plasme formed
a clot within a few minutes.

3) Instruments and appliances.

The instruments and appliances used in the production of the
choroidal lesion are described under technical methods, and those used
in the examination of the choroidal lesion are similar to those described
in section I of this thesis (p.pel5 - 16).

Technical lMethods,
1) Formation of localised choroidal lesions

The rabbit was anaesthetised by the intravenous administration
of nembutal (0,45 ml.nembutal / Kgebody weight - each ml. nembutal
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contained 60 mg. 10 nembutal alcohol and 60 mg. 20% propylene glycol)e
The anaesthetised rabbit was laid on its left side and the right eye
proptosed by exerting gentle but firm backward pressure on the under-
surface of the globe with the handle of a small scalpel. This menoeuvre
provided good exposure of the upper surface of the eyeball, and at the
same time ensured a reasonable degree of immobility of the globe.

The upper aspect of' the sclera behind the equator was exposed
through a conjunctival incision by clearing away the overlying
subconjunctival and episcleral tissues, and a very small radial incision
was made with the point of a narrow Graefe knife through the sclera on
the medial side of the s uperior rectus muscle about 7-10 mm. behind the
limbus. Great care was taken to prevent eny serious damage to the underlying
choroid, but in a few eyes the completion of the scleral incision was
associated with a small amount of choroidal hee morrhage., An iris repositor
was then inserted through the scleral incision into the suprachoroidal
spacees It was difficult to enter this space without causing some
haemorrhage from the choroid and in a few eyes there was even a small
escape of vitreous., However, once the repositor was within the supra-
choroidal space it was relatively easy to oven up the space further by
passing the repositor in a forward direction for about 5 mm. with care
to maintain the repositor against the inner surface of the sclera. The
iris repositor was then withdrawn and 0,05 - 0.10 ml. activated plasma,
prepared by the method described above, was injected into that part of
the suprachoroidal space opened up by the repositor from a tuberculin
syringe through a lacrimal camnula connected to the syringe. It was
essential to carry out this injection without delay after activation of
the plasma, by the addition of chick extract, otherwise a clot would
have formed before the injection was completed.

The effect of these procedures was observed ophthalmoscopically
and this was facilitated by previous instillation of gutt.atropin 1%
into the conjunctival sac,.

2) Examination of choroidal lesion.

The eye was observed ophthalmoscopically on .several occasions
following the production of the choroidal lesion, and, after an interval
of 5 - 39 days (average interval 17 days), the eye was removed for
pathological investigation.

The rabbit was anaesthetised by the intravenous administration
of nembutal, as described above, and the right carotid artery exposed
in the neck through a vertical median incision., On exposure of the
artery gutte.pantocaine 1% was applied to its surface to reduce the
tendency for the development of arterial spasm during its menipulation.
Two ligatures were placed round the artery, and the proximal one tied
to stop the circulation within the arterys. The artery was held in
position by the distal untied ligature, and a small incision made t@rough
the upper surface of the artery between the two ligatures with a.palr.of
fine spring scissors. A glass cannula was passed in a cephalic dl?ectlop
into the artery through the incision and maintained in place by tightening
the untied ligature,

- 37 =



The blood vessels of the head snd neck region were irrigated
thoroughly by injecting 100 ml. water through the cannula from a
large hand syringe connected to the cannula by rubber tubing.
Immediately after starting the irrigation one of the large superficial
veins in the neck was cut to facilitate complete removal of the blood
by the irrigating fluid. The syringe containing the water was then
replaced by another syringe containing Neoprene (the rubber tubing
near the syringe was clamped during this change—over), and 50 ml.
Neoprene were injected into the circulation. Both eyes were removed
by enucleation and fixed in 10% formol saline. The right eye was
examined to determine the nature of the chorcidal lesion and the left
eye was exsmined as a control in certain cases where there was doubt
regarding the efficiency of the Iieoprene injection.

After fixation, the globe was opened by a coronal incision
through the posterior part of the ciliary body, and the lens removed
with the discarded anterior segment. The vitreous was separated from
the globe by carefully dislodging it with blunt forceps aided by the
influence of gravity. The retina was removed under water by detaching
its peripheral part in towards the centre of the globe, and gradually
extending the detachment so that the retina remained adherent only at
the optic disc, This attachment was freed by careful dissection with fine
forcepss The choroid also was separated from the sclera under water,
starting at the periphery and working in towards the centre, with
careful division of any vessels or nerves crossing the suprachoroidal
spaces The attachment of the choroid at the optic disc was freed with
fine forceps.

The choroidal lesion was examined under the wide-field
stereoscopic microscope with direct illumination from two high-power
low-voltage filament lamps, both before and after removal of the choroid
from the globe. Any small remnants of clot which remained in the
area. of the lesion were removed in order to expose completely the
architecture of the vessels within that regiom.

Findings.

None of the eyes developed any clinical manifestations of weitis
or other intra-ocular inflammation during the interval between the
production of the choroidal lesion and the removal of the eye for
examination, and on opening the eyes after fixation, there were no
macroscopic signs of any gross inflammatory process.

Only remnants of the clot remained at the time the globes were
opened for examination, and to a large extent these fragments were present
within the suprachoroidal space. There were also, however, some particles
within the choroid and in the subretinal space, and in a few eyes a small
amount of plasma was found within the vitreous on the immer surface of

/ the retina.
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the retina, In 9 eyes a small hole was found in the choroid
corresponding in situation to the scleral wound (figs.28 and 30)

and in 5 eyes another small hole was present in the choroid at the

point where the tip of the cannula lay during the suprachoroidal
injection (figse. 28 and 29). In addition to the occurrence of

choroidal holes each eye injected with activated plasma showed an

area of defective choroidal filling corresponding to the region of

the choroid occupied by the plasma clot. This filling defect was limited
mainly in some eyes to the chorio-capillaris (figs.28 and 29), but in
other eyes the vessels also failed to fill either parti ally (fig.30)

or completely (fige.3l). BEven those eyes, however, which showed a complete
filling defect were unassociated with any rupture of the choroid in that
area. Furthermore, there was no evidence of any sectorial filling defect
of the choroid extending from the circumscribed defective region.

The findings are tabulated in fig.32.

Discussion.

It is apparent that two different types of lesion occurred in the
choroid following the suprachoroidal injection of activated plasma.

The first type of lesion consisted of one or sometimes two small
choroidal holes which were found in certain eyes in relation to the
perforating scleral wound or in relation to the position occupied by
the tip of the cannula during the suprachoroidal injection. There is
little doubt that these holes were produced by direct trauma at the
time of the operative interference. It is difficult to avoid damaging
the choroid during the final stages of the scleral incision, and even
more difficult to prevent some disturbance of the choroid during the
insertion of the iris repositor into the suprachoroidal space, These
difficulties presumably account for the occurrence of small tears of
the choroid below the scleral opening. ©Similarly, the choroid may be
damaged by the force of the injection causing a small ghoroidal tear
at the farthest end of that part of the suprachoroidal space opened
up by the iris repositor., This mechanism probably accounts for the
second small choroidal hole found in some eyes, and it may have
contributed also to the formation of the hole underlying the scleral
wound.

The second type of lesion consisted of a fairly large circumscribed
area of defective choroidal filling with a predominant effect on the
chorio-capillaris. This area corresponded in position to the area
occupied by the plasma clot, and, in the eyes in which there were also
choroidal tears, it lay between the holes. This filling defect is due
to a partial or even complete obstruction of the circulation within a
localised area of the choroide It is not due merely to a mechanical
pressure of the plasma clot preventing the Neoprene from entering the
affected area, because, in practically all eyes, the plasma clot
persisted in only a fragmented form at the time of the Neoprene injection.
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28.

white Neoprene cast of isolated
choroid of rabbit to show
circumscribed area of partially
defective choroidal filling (D),
particularly affecting chorio-
capillaris, between two small
choroidal holes (h). x 15
(Babbit no. 1021.)



FIG.

29.

VS/hiteNeoprene cast of isolated choroid
of rabbit to show circumscribed area of
defective filling of chorio-capillaris
(D) adjacent to choroidal hole @11).
(This hole ms inadvertently enlarged

during removal of choroid from globe.)
x 15.

(Babbit no.1161) .



FIGS, 30 a and b. Vdiite Neoprene injection of
ocular vessels of rabbit to show-
circumscribed area of choroidal filling
defect (D), before (fig,30 a) and after
(fig. 30 b) removal of retina.

(@) and (b) x 12,
(Kabbit no.2%).



FIG—*

30 c.

White Neoprene cast of isolated
choroid of rabbit to show
circumscribed area of partially
and completely defective choroidal
filling (D). x 22*
(Kabbit no.24).



FIG.

31.

Yifhite Neoprene cast of isolated choroid
of rabbit to show extensive area of
partially and completely defective
choroidal filling (). x 15*
(Rabbit no.1162) .



FIG. 32.

Table to show effect on choroid of activated
plasma in suprachoroidal space.

Volume of Time interval
Rebbit | activated between
No. |plasma in injection and Type of choroidal lesion.
supra~ final :
choroidal ~ examination.
space,
1021. 0.05 ml, 5 days. Circumscribed partial
£illing defect.
1161, 0.05 ml. 6 days. Circumscribed partial
filling defect.
1162, 0,05 ml. 6 days. Circumscribed partial and
complete filling defect.
1020. 0.05 ml, 7 days. Circumscribed partial
filling defect.
833, 0.05 ml. 10 days. Circumscribed partial
filling defect.
825. 0,10 ml. 11 days. Circumscribed partial and
complete filling defect.
782, 0.10 ml, 13 days. Circumscribed partial and
complete filling defect.
277. 0,05 ml., 21 days. Circumscribed partial and
complete filling defect,
207. 0,10 ml. 21 days. Circumscribed partial
£illing defect.
826, 0,05 ml, 22 days. Circumscribed partial
filling defect.
827, 0.05 ml. 22 days. Circumscribed partial
£illing defect.
783, 0.05 ml. 28 days. Circumscribed partial and
complete filling defect.
276. 0.05 ml. 31 days. Circumscribed partial
filling defect.
24, 0.10 ml. 39 days. Circumscribed partial and
complete filling defect.




Purthermore, the filling defect is not due to rupture of that area
of the choroid during the suprachoroidal injection because, except
for the occurrence of small choroidal holes as described above, the
choroidal '"membrane" was intact over the area occupied by the plasma
clote Any plasma which entered into the subretinal or vitreous space
is likely to have done so through one of the choroidal holes.

This short experimental investigation would appear to substantiate
the hypothesis put forward in the preceding section, that a haemorrhagic
or exudative extravasation within and around the choroid may exert a
pressure effect on a localised area of the choroidal vascular bed,
particularly the chorio-capillaris, with the production of a circumscribed
region of partial or complete choroidal atrophy, without the formation
of any sectorial defect,




APPENDIX B.

 EXAMINATTON OF HYPOTHESIS THAT ARTERIO-
VENOUS ANASTOMOSES ARE PRESENT IN THE

CHOROID.



In a study of the normal choroid Kiss and Orbén (1951) noted
the occurrence of small swellings (bulbiculi) in the walls of the
venules which they believed to be the site of arterio-venous anasto-
moses. They also postulated that these anastomoses nerform an important
function in the control of the choroidal circulation, a view which had
been put forward earlier by Loewenstein (1949), although Loewenstein
did not demonstrate the actual site of any such anastomosis.

In a more recent study of the choroid, Ashton (1952) confirmed
the presence of the bulbiculi but he showed that they were simnly the
result of compression of the venule by the overlying arteriole, and
that they were not the site of any arbterio-venous communication. His
view is confirmed in this investigation because no evidence was found
of any arterio-venous anastomosis in any vpart of the choroid desnite
careful examination and dissection of 20 Iieonrene casts of the choroidal
vessels.

This does not exclude, of course, the occurrence of arterio-
venous anastomoses in certain pathological conditions of the choroid.
Cristini (1950) put forward the hypothesis thet the reduction in the
capillary bed of the choroid, which occurs in chronic simple glaucoma,
is associated with the develonment of arterio-venous anastomoses. It
may be that in such cases a canillary chamnel between a terminal
arteriole and a commencing venule diletes sufficiently to constitute
a direct anastomosing vessel between the artery and vein, and it is
of interest to note that Ashton, Ward and Serpell (1954) found peri-
pheral arterio-venous anastomoses in the retina of kittens following
severe vaso~obliteration of the retinal circulation induced by
exposure to oxygen. There is, however, no evidence that arterio-
venous anastomoses are a feature of the normal choroid.



SECTION II.

ANASTOMOSES BETWEEN UVEAL AND
RETINAL CIRCULATIONS AND THEIR
SIGNIFICANCE IN VASCULAR OCCLUSION.
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Introduction.

Bruch's membrane, in its healthy intact state, forms an impenetrable
barrier to the passage of blood vessels and, as a result, there are no
anastomoses within the normal globe between the uveal and retinal
circulations. Under certain pathological conditions when the continuity
of Bruch's membrane is disturbed, direct anastomoses may occur between
the uveal and retinal vessels as, for example, in the case of thrombosis of
the central retinal vein described by Michaelson (1950) where a direct
channel was established between the retinal and choroidal veins through
a dehiscence in the elastic lamina.

The region of the ora serrata was investigated by Leber (1903) as
a possible site for uveo-retinal vascular anastomoses with entirely
negative results, and, all subsequent searches for such anastomoses have
centred around the region of the optic nerve head where the ciliary and
retinal blood vessels pass close to one another as they enter or leave the
globe.

Previous Descriptions of Uveo-~retinal Vascular Anastomoses.

Uveo-retinal arterial anastomoses.

Anastomoses between, first, the arterial circle of Zimn and the
central retinal artery, and, secondly, the choroidal arteries and the
central retinal artery, have been postulated in the region of the
optic nerve head by Nettleship (1876), Leber (1903) and Coats (1905).
Nettleship (1876) considered that the first of these anastomoses is
purely a capillary one but that the second is of a more direct nature.
On the other hand, Leber (1903) regarded both anastomoses as capillary
in type, although it is interesting to note that he was not too happy
about this conclusion because he qualified it by saying that the whole
matter merited a further and more detailed investigation.

Coats (1905) shared Leber's view that both anastomoses are capillary
in nature although he believed that, following occlusion of the central
retinal artery, the fine capillary anastomoses may dilate sufficiently to
bedome visible ophthalmoscopically as fine arterial networks around the
optic dise. Coats substantiated his viewpoint by the hypothesis that
the haemorrhages which he found in the peripapillary part of the retina
in certain of these cases were due to the rupture of the fine anastomotic
vessels during the process of dilatation., Gonin( 1905) also described
similar anastomotic charmels dii cases of central retinal arterial block;
vessels which emerged from the disc margin and passed into the retina
to join the attenuated retinal arteries., The retinal arteries lost their
thread-like appearance distal to this point of union.

Coats (1913b) showed that, after total occlusion of the central
retinal artery, an area of light perception may remain around the blind
spot particularly on its temporal aspect. It is possible, of course,
for the retina immediately adjacent to the optic disc to derive a certain

amount of nourishment from the normal capillaries of the optic nerve head,
/ but Coats considered
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but Coats considered that the area of sparing was too great for such
an explanation and he postulated that the retention of light perception
in the peripapillary field was further evidence for the existence of
uveo-retinal arterial anastomoses. Some years earlier, Se Schweinitz
and Holloway (1908) put forward a similar hypothesis to explain the
retention of light perception around the blind spot in cases of retinal
artery block.

It is important to distinguish clearly these uveo-retinal arterial
anastomoses from he so-called cilio-retinal arteries which have been
described by many observers (Wettleship 1877; Randall, 1887; etc.).
Uveo-retinal arterial anastomoses constitute a direct link between the
ciliary arterial circulation and the main stem of the retinal artery,
whereas cilio-retinal arteries are small retinal arteries which occur in
a certain number of normal eyes (23% according to Lang and Barrett,1888)
and which are derived, not from the retinal circulation, but from the
ciliary circulation through the circle of Zinn. It follows, therefore,
that in the event of a sudden blockage of the central retinal artery
although blood ceases to circulate in the main retinal arteries it
continues to flow in a cilio-retinal artery. However, a cilio=-retinal
artery is & true end-artery which supplies only a localised segment
of the retina, commonly on the temporal aspect of the optic disc, and
its presence is of no avail in the restoration of the circulation
within the main retinal arteries. This is in contrast to a uveo-retinal
arterial anastomosis which, if present, provides an alternative pathway
for the passage of blood into the whole retinal circulation, despite the
continuance of the occluding process in the central artery of the retina.
It is, of course, essential for such an anastomosis to lie on the distal
side of the arterial occlusion .

A further type of anastomosis which must be distinguished from a
uveo-retinal arterial anastomosis is the so-called inter-retinal arterial
anastomosis which occurs as a rare event after occlusion of a single
branch of the retinal artery within the retina. Coats (1913c) described
such a case in which a collateral artery linked a patent retinal arterial
branch to the occluded one with consequent restoration of circulation
in the affected branch distal to the point of union. An inter-retinal
arterial anastomosis is not relevant, however, in a discussion of the
pathological events which may follow occlusion of the main stem of the central
retinal artery.

In addition to the importance of uveo-retinal arterial anastomoses
from a pathological point of view, evidence has been put forward recently by
Sautter and Seitz (1952) that such anastomoses may also have a physiological
significance. In an experimental investigation on the rebbit, Sautter
and Seitz found, under normal conditions, that a vital dye injected
intravenously passed along the retinal artery to the lamina cribosa where

it was diverted to the arterial circle of Zimnn within the sclera, but
/ after the use of
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af'ter the use of a sympatholytic agent, the dye passed along the retinal
artery into the retina without being diverted to the circle of Zinn.

This was regarded as evidence for the existence of an anastomosis between
the central retinal artery and the circle of Zinn, at the level of the
lamina cribrosa, under vegetative control through the mediation of a glomus
apparatus at the point of origin of the anastomotic channel from the
central retinal artery.

Sautter and Seitz regarded the flow along the anastomotic channel
as a uni-directional one so that the blood only passes from the central
retinal artery to the circle of Zinn, and never in the reverse direction,
They described the existence of two arterial rings within the circle of
Zinn, a lower one formed by branches from two or three short posterior
ciliary arteries, and an upper one comnected to the lower ring from which
it obtains its blood by a process of suction. Both rings are connected
to the central retinal artery by anastomotic branches., According to
Sautter and Seitz these anastomotic chamnels divert blood from the retinal
artery to the circle of Zimn and act as a mechanism which protects the
retina from an excess of bloocd; the arterial rings, by virtue of their
free connection with the choroid and with the arterial plexus to the
pia mater surrcunding the optic nerve head, are less likely to be
embarrassed by an additional volume of blood than the retinal arteries
which are functional end-arteries,

This is an interesting study and it gives the arterial circle of
Zinn a hitherto unknown physiological significance, but it does not
provide any information regarding the exact site and nature of the uveo-
retinal anastomotic channels., The existence of such channels has been
inferred from the results of the experiment rather than from anatomical
observation. In fact Sautter and Seitz merely restated the original
hypothesis of Leber (1903) that the anastomoses are only of capillary
dimensions, and it is difficult to relate the physiological implications
of their experimental work to such a poorly developed anastomosis. Parsons
(1906), who also agreed with Leber's finding of a capillary anastomosis,
considered that this type of anastomosis is of 1little or no physiological
significance. PFurthermore, it is uncertain to what extent observations
on the rabbit may be related to the human eye with its obvious structural
and physiological differences,

It is interesting to note that loffat (1952) described an analagous
type of glomus apparatus in the doge. In this animal the retinal artery
is a branch of a ciliary artery and, at its point of origin, Moffat found
a subendothelial cushion of smooth muscle within the circular muscle
of the ciliary artery, which he believed acts as a regulator of the blood
passing into the retina, so that the retinal blood flow may be maintained
even when the ciliary circulation is diminished.

There is, therefore, a considerable amount of evidence of an
anatomical, pathological and physiological nature to suggest that there
are uveo-retinal arterial anastomoses within the optic nerve head, but
there is also some evidence which conflicts with such a concept.
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Magitot (1908), Beauvieux and Ristitch (192)4) and Behr (1935)
failed to demonstrate any anastomosis between the ciliary and retinal
arteries and, furthermore, they all considered that such anastomoses are
impossible on the grounds that no branches arise from the central retinal
artery within the optic nerve tissue. At one time the view that the
central retinal artery continued through the optic nerve without giving
off any branches was supported by Wolff (1938 and 1939), but later
Wolff (1948) showed, in a histological preparation of the optic nerve,
that a small branch arose from the central artery in the region of the
lamina cribrosa. He did not demonstrate any anastomosis of this arterial
branch with any other artery in the optic nerve head but he considered
that it was presunmptive evidence of at least a capillary anastomosis
between the reiinal and ciliary circulations.

Bignell (1953) described branches which came off the central
retinal artery Just behind the lamina cribrosa but which came to an end
in the nerve tissue of that region without forming any anastomosis with
the other arteries in the optic nerve head derived from the arterial
circle of Zinn. Branches of the central retinal artery in the laminar
part of the optic nerve were also shown by Frangois and Neetens (1954),
but the branches were considered to pass directly to the retina without
taking part in any anastomosis. In this way all the branches of the
central retinal artery, whether arising within the optic nerve
or at the optic nerve head, were regarded as strictly terminal arteries
to the retina.

Francois and Neetens fourd, however, another artery - the central
optic nerve artery - which arose from the ophthalmic artery as a separate
branch, accompanied the central retinal artery into the optic nerve and
then divided, first, into an anterior branch passing forwards to the
lamina cribrosa in company with the central retinal artery and, secondly,
a posterior branch passing backwards towards the optic foramen in the
axial part of the optic nerve. They considered that the central optic
nerve artery is nutritive to the deeper parts of the optic nerve, and
that the anterior branch forms an anastomosis with other arterial
branches in the laminar part of the optic nerve derived from the ciliary
circulation. However, it is not possible to restore the retinal
circulation, after occlusion of the central retinal artery by means of
such an enastomosis, and, therefore, it is unimportant in relation to
the study of anastomoses between the main retinal and ciliary circulations.

The central optic nerve artery would appear to be analagous to
the collateral branch of the central retinal artery described by Beauvieux
and Ristitch (1924), Behr (1935) and Wolff (1948).  These observers
found a collateral artery which arose from the central retinal artery.
within the orbit, accompanied the central retinal artery into the optic
nerve and then divided into an anterior branch running forwaxds.and a
posterior branch running backwards in the axial part of the optic nerve.
They did not consider, however, that any anastomosis was formed be.zt\fveen
the anterior collateral artery and any arterial branches of the c:.l:.LaI:y
circulation within the optic nerve head, and in this respect they differed

from the conclusion of Franc;ois and Neetens.
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It is apparent, therefore, that not only is there a considerable
~amount of doubt regarding the exact situation and size of arterial uveo-
retinal anastomoses, but there is even doubt as to their very existence,
and in view of this uncertainty it was decided to investigate the whole
arterial pattern in and around the optic nerve head.

Uveo-retinal venous anastomoses ,

The existence of anastomoses within the optic nerve head between
the uveal and retinal venous circulations is widely recognised, and
several different anastomoses have been described. In the first place,

a direct anastomosis was demonstrated by Elschnig(1888) at the level

of the optic disc between the choroidal and central retinal veins.

This anastomosis was confirmed by Coats (1906) who also described a
second anastomosis which, unlike the first one, is of a more indirect
nature. Coats showed that some of the choroidal veins in the peripapillary
part of the choroid drain back into the pia mater surrounding the optic
nerve head, and that the venous plexus in this part of the pia mater is
in communication with the central retinal vein in the optic nerve through
the trabecular venous branches. In this way a second although indirect
channel of communication is formed between the uveal and retinal veins.
Many other observers ( for example, Beauvieux and Ristitch, 1924

Wolff, 1939 ; Sautter and Seitz, 1952, etc.,) have confirmed these two
anastomoses.,

A third anastomosis was claimed by Beauvieux and Ristitch (192L)
between a venous circle which they described within the peripapillary
part of the sclera and the central retinal vein at the level of the
lamina cribrosa. This venous circle was regarded as a derivative of the
uveal system, so that it represents. the venous equivalent of the arterial
intrascleral circle of Zimn. The existence of such a venous circle has
not been confirmed by other observers and there is doubt, therefore,
regarding the existence of this third type of anastomosis.

In most normal eyes the uveo-retinal venous anastomotic channels.
are believed to be only of capillary dimensions but as a rare phenomenon
they may be sufficiently dilated to be visible with the ophthalmoscope.
A clinical description was given by Lawford (1895) of a vein which
corresponded in situation to the direct anastomotic channel described by
Elschnig (1888), and Lawford's account was amplified by Coats (1906)
who called the anastomotic chermmel an optico-ciliary vein. That part
of the indirect anastomosis which joins the choroidal veins to the venaus
plexus in the pia mater has also been observed ophthalmoscopic_:ally in &
few eyes (Thomson and Ballantyne ,1903) and named a chorio-vaginal vein.

/ It was shown
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It was showm by Coats (1906) that chorio=vaginal veins occur more
frequently in myopic than in hypermetropic eyes, and he believed
this to be due to the embarrassment of the venous drainage in the
posterior part of the choroid in the myopic eye following the
excessive stretching of that part of the eye.

In a discussion of uveo-retinal venous anastomoses it should
be noted that the so-called cilio~retinal veins are not really relevant
to the main argument. Cilio-retinal veins were described originally
by Nettleship (1876 and 1877), and are of relatively rare occurrences
They are small retinal veins which drain a Jlocalised area of retina
but which jinstead of draining back into the main central retinal vein,
join directly with the choroidal veins. In the event of an occlusion
of the central retinal vein the cilio-retinal vein is unaffiected but the
presence of this vein in no way facilitates venous drainage from the
rest of the retina which is dependent on the central vein. In this
way cilio~retinal veins are analagous to the arteries of the same name,
and they dé not assist in establishing any collateral uveo-retinal
venous pathways.

Apparently there is a fairly general agreement on the existence
of uveo-retinal venous anastomoses in the region of the optic nerve
head, but it was decided to investigate them, partly, because the study
is in any case complementary to the investigation of the uveo-retinal
arterial anastomoses, and, partly, because of the great importance of
such anastomoses in an understanding of the pathological events which
follow occlusion of the central retinal vein.
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Present Investigatione

Materials.
1) Eyes,

The uveo-retinal vascular anastomoses were examined in human
eyes removed at post-mortem, but the eyes may be divided into two
groups according to the method by which they were obtained.

First, 46 eyes were removed together with their orbital
coverings, including the whole length of the optic nerve and the
cavernous part of the intermal carotid artery. This method has been
described in detail in Section 1 (p.15). Each eye in this series was
considered to be free from any local ocular disease or from any gross changes
of a systemic nature, and the findings to be reported are regarded as those
of the normal eye.

Secondly, 51 eyes were removed without their orbital coverings
by simple enucleation. In this method the extra-ocular muscles were
exposed by a circumcorneal conjunctival incision, and then severed close
to their attachments to the globe. The optic nerve was cut as far behind
the globe as possible, The eyes in this group were removed from diabetic
subjects and in 30 of the 51 eyes there was clinical or pathological
evidence of diabetic retinopathy. There is no direct evidence, however,
that the diabetic condition seriously affected the results with regard
to the occurrence of uveo-retinal vascular anastomoses, In any case
the diabetic eyes may be completely excluded from consideration without
affecting the conclusions of this investigation; they were used simply
because they happened to be available, and bedause they provided
corroborative evidence for certain of the findings of the normal eye.

2) Instruments and appliances.

The same instruments and appliances were used as described
in Section I (pp.l5~16).

TECHNICAL. METHCDS.

1) Methods of injection.

a) Injection of indian ink, carmine jelly, or Neoprene into
central retinal vessels. (81 eyes 3.

The eyes subjected to this technique may be divided into_two '
groups according to whether they were obtained together with their orbital

coverings or whether they were removed by enucleation.

First, 30 of the eyes which were removed with their orbital
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coverings were irrigated thoroughly with water through the ophthalmic
artery, and then dealt with in the following ways: -

In 28 of the eyes the optic nerve was exposed by dissection and
cut transversely across at a point distal to the entry of the central
retinal vessels into the nerve. These vessels were identified in the cut
end of the nerve, and in most eyes it was relatively easy to distinguish
the thicker-walled artery from the thimmer-walled vein, particularly
under conditions of good illumination and magnification, In certain
eyes identification of the vessels was facilitated by placing a drop of
Van Gieson's stain on the cut end of the nerve; this stain is taken up
intensely by the vessel wall, A fine glass cannule, similar to that des-
cribed for the injection of individual posterior ciliary arteries (p.18),

was then inserted into the central retinal artery or vein. If any difficulty

was experienced in this manoceuvre due to a tendency for the mouth of the
vessel to collapse, it was found to be helpful to lightly swab the cut end
of the nerve with 10% formol saline which increased the rigidity of the
vessel wall. The retinal vessels of these 28 eyes were then injected

as follows: -

In 17 eyes indian ink was injected into the central
retinal artery and into the central retinal vein.

In 5 eyes carmine jelly was injected into the central
retinal artery and indian ink into the central
retinal vein.

In 5 eyes indien ink was injected into the central
retinal vein only.

In 1 eye Neoprene was injected into the central retinal
veiln only.

The injections were carried out under pressure of about 70 mm. of water
using a similar apparatus to that described for the Neoprene injections,
and were continued for a period of about 3 - 5 minutes.

In the remeining 2 of the 30 eyes which were irrigated by way
of the ophthalmic artery, 2 ml., of a weak solution of methylene blue
were injected into the ophthalmic artery after completion of the
irrigation. The orbital tissues were removed except in the region of the
optic nerve which was dissected carefully to reveal the central retinal
artery as it lay below the nerve prior to its entry into the nerve.

The faintly blue colour of the methylene blue in the artery greatly facil-
itated its identification. A ligature was then passed round the artery
and, using this as a retractor to keep the artery taut, a small cut was
made through half the circumference of the vessele A fine cannula was
inserted through this incision and indian ink injected into the artery.

Secondly, the 51 eyes which were remowed by enucleatior‘l were
irrigated with tap water for 60 minutes through the central retinal
vessels, placed in the refrigerator for 12 hours, irrigated again after

being allowed to thaw, and then dealt with in the following ways:-
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In 25 eyes indian ink was injected into the
central retinal artery and into the central retinal
vein.

In 18 eyes carmine jelly was injected into the
central retinal artery and indian ink into the
central retinal vein.

In 10 eyes indian ink was injected into the central
retinal vein only.

b) Injection of Neoprene into entire
ocular circulation. (16 eyes ) .

The 16 eyes, which were removed together with their orbital
coverings were irrigated with water and injected with Neoprene
exactly as described in Section I (pp.16-17).

2) Methods of Examination.

a) Examination of choroidal vessels after injection
of central retinal vessels. (79 eyes) .

79 of the 8l eyes which were irrigated with water either through
the ophthalmic artery (28 eyes) or through the central retinal vessels
(51 eyes) and injected through one or both of the central retinal vessels
with indian ink, carmine jelly or Neoprene were fixed in 10% formol
saline, and then the choroids were examined within the globe or after
their removal from the globe, by the methods described in Section I. (ppl8—l9).‘

b) Examination of Neoprene casts of
ocular vessels. (13 eyes).

Following the completion of the injection of Neoprene through
the ophthalmic artery, 13 eyes were subjected to the action of digestive
fermentss In order to accelerate this process all the extra-ocular
tissues were cut away except in the region of the optic nerve where great
care was taken to prevent any damage to the nerve or tc the nearby
posterior ciliary and retinal vessels. The injected eye in its fresh
state was placed in a saturated solution of pepsin in N/10 hydrochloric
acid for 7- 14 days at 37° C, and then in a saturated solution of
trypsin in 1% sodium bicarbonate for 3 - 7 days at the same temperature.
Neoprene is not susceptible to the action of digestive ferments so that
a complete cast of the ocular vessels may be obtained, but it was found
to be important to stop the digestive process before it was quite complete,
otherwise, due to the loss of all supporting structures, it was extremely
difficult to identify the various vessel groups within the tangled
network of Neoprene injected vessels.
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Each partielly digested cast was placed in a large Petri dish
which contained a thin layer of black paraffin wax, and enough water
was poured on to the wax to cover the cast completely. The vessel
groups were then identified and, if necessary pinned in position to
the paraffin wax, (Fine glass pins were used in preference to steel
ones because the latter cause contamination of the casts with rust
particles after a few days under water). The remnants of the ocular
tissues were carefully removed to complete the exposure of the
Neoprene cast. It was found that the optic nerve offered most
resistance to the action of the digestive ferments, and, therefore,
even in well digested specimens it was necessary to remove some of the
nerve tissues by dissection. This was not a difficult procedure,
however, because the nerve became friable and fragments were removed
piece by piece without disturbing the Neoprene injected vessels in
and around the nerve.

The Neoprene cast was then subjected to a detailed dissemtion
using the stereoscopic microscope and good direct illumination. In
order to expose the fine vessels within the optic nerve head it was
necessary, after removal of many of the surrounding vessels, to complete
the dissection under fairly high magnification.

¢) Examination of Neoprene injected vessels
in situ. (3 eyesli .

3 eyes which were irrigated with water and injected with Neoprene
through the ophthalmic artery were fixed in 10% formol saline, and a
dissection was made of the tissues in the region of the optic nerve
heads By this method it was possible to expose the central retinal
vessels within the optic nerve and the arterial circle of Zinn within
the sclera, but the toughness and density of the fixed scleral and
optic nerve tissues were such that a detailed dissection was only carried
out with great difficulty and it was not possible to preserve the
continuity of the finer vessels. The method has the advantage of
showing the ocular vessels in their correct positions relative to one
another (unlike the digested specimens wherein the spatial relationships
are lost) , but this advantage is greatly outweighed by the difficulties
of the dissection.

d) Examination of indian ink injected vessels
in situe (2 eyes).

2 eyes which were irrigated with water through the ophthalmic
artery and injected with indian ink through both central retinal vessels
(one eye) and through the central retinal artery only prior to its ‘entry
into the optic nerve (one eye), were cleared, after fixation in 10%
formol saline, by the Spalteholz method. This technique was devised

/originally

- 53 =



originally for the clearing of the tissues of small embryos to show
up the blood vessels which had been injected with some dye substance, and
the method may be applied to & study of the vessels of the eye.

The eyes were dehydrated by passing them through 80% alcohol
(1 day), 90% alcohol (1 day), absolute alcohol (1 day) and fresh absolute
alcohol (1 day). They were then placed in a mixture of benzol and
absolute alcohol, 1 part of each, (1 day), pure benzol, (1 day), fresh
pure benzol (1 day), and finally cleared by immersion in oil of
wintergreen (3 parts of methylated spirits to 1 part of benzyl benzoate ).
The specimens were maintained in oil of wintergreen during examination
and storage. The injected vessels were examined through the semi-
transparent globes with the stereoscopic microscope and under direct
illumination.
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Findings.
Uveo=retinal arterial anastomoses.

In 10 of the 23 normal eyes which were irrigated with water
through the ophthalmic artery, injected with indian ink or carmine
jelly through the central retinal artery and examined for the presence
of intravascular injection material in the isolated choroid, there was
some filling of the choroidal arteries by the injection material, In
6 eyes this filling was limited to a few vessels in the immediate
peripapillary region (fig.33%), but in the other L eyes the filling was
more extensive and involved several of the larger arteries within a
particular sector of the choroid (figse3k a and b).

There were also several other eyes in which the choroidal
filling was limited to such a narrow area around the optic disc, or
was of so scanty a nature, that it was impossible to distinguish
arteries from veins with certainty (fige.35). The injected vessels
appeared more like veins than arteries, and they have been recorded,
therefore, as eyes showing venous filling onlye. On the other hand
there may also have been some arterial filling, so the number of eyes
showing choroidal arterial filling may be somewhat higher than recorded
above,

In 8 of the 41 eyes removed from diabetic persons which were
irrigated with water and injected with indian ink or carmine Jelly
through the central retinal artery and examined for the presence of
intravascular injection material in the isolated choroid, there was some
£illing of the choroidal arteries by the injection material, This
intravascular filling of the choroidal arteries was limited in 4 eyes
to a few vessels adjacent to the optic disc (fige36), but in the other
L. eyes the filling extended into several larger choroidal arteries
lying within a sector of the choroid /fig.37)s Of these 41 eyes, 23
showed evidence of diabetic retinopathy and 18 showed a normal retina,
and of the 8 eyes which showed choroidal arterial filling after
injection of the central retinal artery, 4 were associated with diabetic
retinopathy and . were associated with a normal retina. The same
difficulty arose in this diabetic series, as in the normal series, of
clearly defining the choroidal arteries from the veins when the
injection was limited to a small area of the peripapillary part of the
choroide For this reason the true figure for the incidence of choroidal
arterial filling may be higher than stated.

Thus, when the non-diabetic and diabetic series are considered
together, at least 18 of the 64 eyes which were injected through the
central retinal artery showed some injection material within the choroid.
It is important to notice that the choroidal arteries which became
injected were not in direct relationship to injected veins (figs.ﬂ;a,

34 b and 37), so that it may be assumed that the arteries were filled
by direct arterial comnections and not merely by an over—spilling from
the injected veins through the intervening chorio-capillaris.

/ The findings
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33* Part of isolated choroid to show
filling of a few small arteries (3)
and veins (V) with indian ink in

region of optic disc . x 12.



FIGS, 34 a and b. Barts of isolated choroid to
show filling of several large arteries (3)
and veins (V) with indian ink in sectors
of choroid.

Note optic disc (0), and fom“ttion of

vortex vein (V,V,j in (a).
(a) x 8 and (b) x 10.



FIG-. 35* Part of isolated choroid to show
scanty filling of a few vessels
with indian ink. Most of vessels
are veins (V) but a few may be
arteries (A). Note optic disc (0).

( Black line in lower right comer is an artefact).
x 8.

FIG-. 36. Part of isolated choroid to show
filling of a few small arteries (3)
at veins (V) vtith indian ink in region
of optic disc (0). 22.



37*

Part of isolated choroid to show
filling of several medium-sized
arteries (A) and large wvein’s (V)

with indian ink in sectors of choroid.

Note optic disc (0). x 10,



Thfa findings of this part of the investigatior give presumptive
evidence, therefore, for the existence of uveo-retinal arterial
anastomoses.

Examination of the Neoprene casts of the ocular vessels of
the 13 eyes irrigated with water and injected with Neoprene through the
ophthalmic artery and then subjected to digestion in pepsin and
trypsin, revealed many details of these uveo~retinal arterial
anastomoses. It is important to remember, however, that the findings
are the result of the pooled data obtained from an examination of all
the eyes, and that it is not possible to state how often certain
features occurred throughout the series. A complete cast of the
ocular circulation presents a dense mass of vessels (fig.38), partic-
ularly in the region of the optic nerve head (fig. 39), wherein lay
the main objective of this study. The preliminary steps in the
dissection of the cast shown in fige. Noe39 are illustrated in figs.

40, 41 and 42, and it is apparent that in order to expose a particular.
area it is necessary to discard many vessels in the surrounding fields.
Each cast was approached, therefore, in a special way in order to
demonstrate a definite aspect of the circulation, and as a result
certain other features of interest had to be sacrificed.

The following features were determined in an examination of
the dissected Neoprene casts : -

a) Central retinal artery.

The central retinal artery arises as one of the first
branches of the ophthalmic artery in the orbit either alone or in
common with one of the two long posterior ciliary arteries. It
runs below the optic nerve until ig reaches about 15 mme from the
globe where it turms upwards at 90  to perforate the optic nerve.
In many of the casts at the point where the central retinal artery
enters the optic nerve there is a marked reduction in its calibre
(figse 43,44 and 47). It is not felt, however, that any definite
conclusion can be drawn from this regarding the calibre of the
artery in life, because it is possible that this calibre variation
is merely the result of the injection technique. Neoprene is
injected into the ophthalmic artery under pressure and it is
natural that, in the case of the central retinal artery, the artery
should expand more where it is unsupported (as in the orbit) than
where it lies within a dense mass of tissue (as in the optic nerve).
After its entry into the nerve the artery passes to the centre of
the nerve where it turms forwards. at 90  to travel along the axial
part of the nerve to the optic disc where it divides into its

definitive retinal branches.
The central retinal artery during its course within the

orbit and optic nerve gives off the following branches :-

i) Branches which arise from the central retinal artery
at any point between the origin of the artery from
the ophthalmic artery and the entry of the artery
into the optic nerve, and which contribute to the
arterial plexus of the pia meter which surrounds the
optic nerve witélin the orbit (figsel3,45,46 and L8).
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FIG.

38.

White Neoprene cast of ocular
vessels viewed from in front

to showretinal vessels (R) lying
within uveal vessels (U).

Note major arterial circle of

iris (M), x 12.

(Digested specimen) .



FIG. 39. White Neoprene cast of ocular vessels
viewed from behind to show vessels in
neighbourhood of optic nerve.

Note density of ciliary arteries (C.A.)

around optic nerve (O.N.). x 12.

(Digested specimen) .



FIG. 4D« White Neoprene cast of vessels in

and around optic nerve head to show
first stage in dissection of cast

shown in fig. 39.

Note central retinal artery (R.A.),
central retinal vein (R.V.) and short
posterior ciliary arteries (C.A.).
(Digested and dissected specimen), x 20.



FIG.

White Neoprene cast of vessels in
and around optic nerve head to show
second stage in dissection of cast
shown in fig. 40.

Note central retinal artery (R.A.) ,
central retinal vein (R.V. ) and short
posterior ciliary arteries (C.A.).

(Digested and dissected specimen), X 20.



FIG. 42. White Neoprene cast of vessels in
and around optic nerve head to show
third stage in dissection of cast
shown in fig. 40.

Note central retinal artery (R.A.),
central retinal vein (R.V. ) and short
posterior ciliary arteries (U.A.).

(Digested and dissected specimen), x 20.
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FIG. 44. White Neoprene cast of ocular vessels to show:-

i) Branches from central retinal artery (R.A.),
before entry into optic nerve, to arterial
plexus of pia mater (P.M.).

ii) Narrowing of central retinal artery (R.A.)
at entry into optic nerve (N).

iii) Anterior and posterior collateral central
retinal arteries (a and p. C.R.A. )e

iv) Branches from central retinal artery (R.A.)
at lamina cribrosa (L), showing capillary
anastomosis with short posterior ciliary
artery (C.A.).

v) Branches from central retinal vein (R.V.)
at lamina cribrosa (L), showing capillary
anastomosis with central retinal artery (R.A.).

(Digested and dissected specimen). x 12.



White Neoprene cast of ocular vessels to show:-

i) Branches from central retinal artery (R.A.),
before entry into optic nerve, to arterial
plexus of pia mater (P.M.).

ii) Branches from central retinal artery (R.A.)
at lamina cribrosa (L).

iii) Branches from circle of Zinn (C.Z.) to
optic nerve head,

iv) Anastomosis between circle of Zinn (C.Z.)
and arterial plexus of pia mater (P.M.).

v) Branches (B) from ciliary arteries to circle
of Zinn (C.Z.) and arterial plexus of pia mater
(P.M. ).

(Digested and dissected specimen) . x 12.
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FIG. 47* White Neoprene cast of ocular vessels to show:

i) Branches from central retinal artery (R.A.)
before entry into optic nerve, to arterial
plexus of pia mater (P.M.).

ii) Narrowing of central retinal artery (R.A.)
at entry into optic nerve.

iii) Anterior and posterior collateral central
retinal arteries (a and p. G.B.A.).

iv) Branches from central retinal artery (R.A.)
at lamina cribrosa (L).

v) Branches from circle of Sinn (C.Z.) to
optic nerve head.

vi) Branches from posterior ciliary arteries
(C.A.) to circle of Zinn (C.Z.j.

(Digested and dissected specimen) . x 12.



48.

White Neoprene cast of ocular vessels to show:-

i) Branches from central retinal artery (R.A.),
before entry into optic nerve, to arterial
plexus of pia mater (P.M.),

ii) Anastomosis between central retinal artery
(R.A.) and arterial plexus of pia mater(P.M, )
behind lamina cribrosa (L).

iii) Branches from posterior ciliary arteries (C.A,)
to arterial plexus of pia mater (P,M, ).

(Digested and dissected specimen) . x 12.



ii) Byaenches which arise from the central retinal artery at
the point where the artery pierces the optic nerve to
pass to its centre (figs.hj,u;. and 47)e There are two
such branches and they may arise separately or by a common
trunk, One of the arteries passes forwards in the axial
part of the optic nerve to end somewhere behind the lamina
cribrosa, and the other artery runs backwards in the axial
part of the optic nerve towards the optic foramen., These
are the anterior and posterior collateral central retinal
arteries,

iii) Branches which arise from the central retinal artery during
its course within the optic nerve. Some of these branches
appear to terminate within the tissues of the optic nerve,
but others form anastomoses with branches from the arterial
plexus of the pia mater (figs. 43,46 and 48). Many branches
are given off in the region of the lamina cribrosa and
although some of them end within the tissues of the optic
nerve head, other laminar branches form anastomoses with the
laminar branches from the ciliary arteries (fige.ll)s These
latter branches are derived to a large extent from the
intrascleral arterial circle of Zimn, so that the anastomosis
is primarily with the circle of Zinn (figse43 and 46).

b) Arterial plexus. of pia mater of optic herve.

The arterial plexus of the pia mater is formed from three sources :-

i) Brenches from the short posterior ciliary arteries
(Pigse L43,45,46 and 48),

ii) Brenches from the central retinal artery before the entry
of the artery into the optic nerve (f‘igs.lg_3,l;.5,46 and 148).

iii) Brenches from the circle of Zinn (figsel3,45 and 465).

Branches which arise from this arterial plexus (essentially
a derivative of the ciliary circulation) passinto the optic nerve
and some of them form anastomoses with branches of the central
retinal artery within the optic nerve (figse43 and 46).

c) Arterial circle of Zinne

The arterial circle of Zimn lies within the sclera surrounding
the optic nerve head and is made up of branches which are derived
from the short posterior ciliary arteries during their passage through
the sclera, These branches unite to form a continuous intrascleral
arterial ring, and from the ring the following branches are given
off into the optic nerve particularly in the region of the lamina
cribrosae.

i) Branches which pass into the optic nerve head in the region

of the lamina cribrosa( figsey3,45,46 and 47). It has been
shown above that anastomoses are formed between some of these
branches and the laminar branches of the central retinal

artery (figs. 43 and 46).
- 57 =




ii) Brenches which pass backwards to contribute to the formation
of the arterial plexus of the pia mater (f‘igs.hj,lé and 46).

iii) Branches which pass forwards into the peripapillary part
of the choroid. These have been described in Section I(p.22).

iv) Occasionally a branch passes directly into the retina, a
so~called cilio-retinal artery (figes9), which thus
constitutes a retinal artery derived from the ciliary
circulatione A cilio-retinal artery is, however, an end-
artery, like the true retinal arteries, and it supplies only a
localised segment of the retina.

Examination of the 3 eyes irrigated with water and injected with
Neoprene through the ophthalmic artery and then dissected after fixation
in 10% formol saline, confirmed the presence of fine branches arising
from the central retinal artery as it passes along the optic nerve,

Fine branches were detected also passing into the nerve from the arterial
plexus of the pia mater and from the intrascleral arterial circle of
Zinn, but no direct anastomoses were found between these derivatives

of the retinal and ciliary circulations. The dissection was particularly
difficult, however, owing to the density of the optic nerve and scleral
tissues,

Examination of the .2 eyes irrigated with water through the
ophthalmic artery, injected with indian ink through both central retinal
vessels (one eye) and through the central retinal artery only (one eye)
and cleared by the Spalteholz method, confirmed the presence of the
anastomoses, described above, between the central retinal artery and the
arterial plexus of the pia mater and between the central retinal artery
and the intrascleral arterial circle of Zinne. In both eyes there was
some intravascular injection of the choroidal arteries (fig.50), but,
owing to the dense pigmentation of the choroid and retina and owing to
the density of the tissues of the optic nerve head even after prolonged
clearing, this is not a suitable method for photographic representation.

Uveo-retinal venous anastomosese.

1) In 19 of the 27 normal eyes which were irrigated with water
through the ophthalmic artery, injected with indian ink through the
central retinal vein and examined for the presence of intravascular
injection material in the choroid, there was some filling of the
choroidal veins. In 7 of the 19 eyes this injection of the choroidal
veins was limited to a few small ones in the peripapillary region (fige51),
but in 8 other eyes it extended into a whole sector of the choroid
(figs.52 a and b), and in the remaining 4 eyes it covered a wide area
of the choroid (fige53)e

2) In 30 of the 51 eyes removed from diabetic persons which
were irrigated with water and injected with indian ink or Neoprene through
the central retinal vein and examined for the presence of intravascular
injection material in the choroid, there was some filling of the
choroidal veins. In 9 of the 30 eyes this injection of the choroidal
/ veins was
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PIG.

49%*

Neoprene cast of ocular vessels to show
cilio-retinal artery (C.R.A.).

Note central retinal artery(R.A.), central
retinal vein (H.V.), short posterior ciliary
arteries (C.A.), circle of Zinn (C.Z.), and
definitive retinal blanches (R.B.).

(Digested and dissected specimen), x 24«



PIG. 50. Posterior view of globe to show indian
ink within circle of Zinn (C.Z2.) and a

choroidal artery (Ch.A.).

(Spalteholz method - unsatisfactory
reproduction due to dense choroidal
pigmentation)e

x 10.



PIG. 51. Part of isolated choroid to show
filling of a few small veins (V)
with indian ink in region of

optic disc (0). x 12.



FIGS. 52 a and b. Parts of isolated choroid
to show filling of several veins (V)
with Neoprene in (a) and with indian
ink in (b) in sectors of choroid*
Note optic disc (0) and fomation of
vortex vein (V.Y¥).

(@) x 12 and (b) x 10.



53*

Part of isolated choroid to show
extensive filling of wveins (V)
with indian ink.

Note optic disc (0) and formation

of vortex vein (V,V, )e x 12,



veins was limited to a few small ones in the peripapillary

region (fig.54), but in 16 other eyes it extended into a whole
sector of the choroid (fig. 55)s and in the remaining 5 eyes it
covered a wide &trea of the choroid (fig.56)s Of these 51 eyes »

30 showed evidence of diabetic retinopathy and 21 showed a normal
retina, and of the 30 eyes which showed some choroidal venous filling
20 were associated with diabetic retinopathy, and 10 were associated
witha normal retina.

In a few eyes in which the choroids were examined in situ,
it was possible to make out fine comnecting links from the central
retinal vein in the optic nerve head to the injected peripapillary
choroidal veins (fige57)s

3) Examination of the Neoprene casts of the ocular vessels of
the 13 eyes irrigated with water and injected with Neoprene through
the ophthalmic artery and then subjected to digestive action of
pepsin and trypsin, confirmed the presence of uveo-retinal venous
anastomoses in the optic nerve head. These anastomoses occur directly
between the central retinal vein and the choroidal veins, and a
particularly large one is shown in fig.58. There was no evidence
of any intrascleral venous circle, such as has been described on the
arterial side of the circulation.
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54* Bart of isolated choroid to show filling
of a few veins (V) with indian ink.

Note optic disc (O). x 12.

55. Choroid in situ within globe to show
filling of veins (V) with indian ink in
one sector.

Note optic disc (o). x 4«



56.

Part of isolated choroid to show
extensive filling of veins (V) with
indian ink.

Note optic disc (0) and formation

of vortex veins (V.V. )e x T*



FIGS. 57 a and b. Choroid in situ within globes
to show filling of connections across
optic disc (0O) between central retinal
vein (R.V.) and choroidal veins (Ch.V.)
with indian ink.

Note central retinal artery (R.A.)

in (b). (@) and (b)) =x 14.



58.

White Neoprene cast of central retinal
vein (R.V. ) and its retinal branches
(R.B.) to show anastomotic branch from
vein to a choroidal vein (Ch.

Note that main stem of central retinal
vein broke off at point marked X.

(Digested and dissected specimen). x 24*



Discussion.
General assessment of results.

It has been shown that the problem of determining the presence
and nature of uveo-retinal arterial and venous anastomoses in the
anterior part of the optic nerve was approached in two entirely
different ways.

In the first place, an indirect approach was made by injecting
some dye substance into the central retinal vessels and then examining
the choroid for the presence of intravascular injection material, on
the assumption that those eyes in which the dye was found in any of
the choroidal arteries or veins indicate the existence of some form
of uveo-retinal arterial or venous anastomosis, It is known that there
are no such anastomoses within the eye (that is across Bruch's membrane )
so it is assumed that the anastomosis must lie within the optic nerve.

It is doubtful, however, whether those eyes in which no dye was
found in the choroidal vessels may be interpreted as evidence for the
absence of anastomotic channels because there are certain difficulties
inherent in injection techniques, especially when, as in the case of
the present study, the channels to be examined are narrow and lie in a
dense connective tissue framework between two main vascular systems.
These difficulties will be discussed now:=—

1) The results are influenced by the efficiency of the pre-
liminary irrigation of the vessels with water. This irrigation
attempts to remove completely all the blood clots from even the
finest ramifications of the circulation, but if there is any
failure to achieve this successfully, it is natural thet the
vessels are less effectively prepared for the final injection.

It is of interest to compare the results of the series in
which the preliminary irrigation was carried out through the
ophthalmic artery with the series in which it was carried out
through the retinal vessels., There was arterial filling of
the choroid in 43% of the eyes in the first series as compared
with 20% in the second series, and for venous choroidal filling
the figures were 70% as compared with 59% respectively. It is
likely that the difference in these figures is a reflection of
the more thorough irrigation which was possible by way of the
ophithalmic artery.

2) The results are influenced by the efficiency of the injection
of the dye substance or other injection material into the vessels.
It is essential that a large enough quantity of material is used,
and that it is introduced at a sufficiently high pressure to
ensure an adequate filling of even the smallest vessels of the
vascular pattern.

In this connection it is interesting to note that Beauvieux
and Ristitch (1924), who denied the existence of any branches
from the central retinal artery within the optic nerve, used
a technique which involved the injection of only 2 ml. of

russian blue
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prussian blue into the central retinal artery without any
preliminary irrigation ( at least no mention is made in their
paper of any preliminary irrigation). It is questionable
whether such a technique is sufficiently energetic to reveal

the presence of fine inter-vascular connecting links and it

may explain their negative findings. On the other hand,
criticism mey be levelled against the methods used in this
investigation in that the irrigation and injection involved
considerable quantities of water and injection material which
were forced into the circulation under relatively high pressures.
This is undoubtedly true, but it iz important to note that there
was never any evidence of rupture of the fine vessels or
capillaries in the specimens examined; Duff and More (1944)

had a similar experience when they found no damage to the

renal vessels or capillaries despite injections of water and
Neoprene at high pressures.

In the second place, a direct approach was made to the problem
of the existence of uveo-retinal vascular anastomoses. This involved
an examination of the vessels within the optic nerve, after their
injection with Neoprene and exposure by digestion or dissection of the
surrounding tissues, or after their injection with indian ink and exposure
by clearing the covering tissues (Spalteholz method ). This approach
was intended to show up the true position of the anastomoses which
were assumed from the results of the indirect method of study.

Once again, it is difficult to know how much weight to place on
negative results because the identification of fine communicating
channels between the two main vascular systems was dependent on an
injection technique which has certain inherent disadvantages.

1) The results are influenced by the efficiency of the
preliminary irrigation of the circulation, as outlined above.

2) The results are influenced by the efficiency of the
intravascular injection of the dye substance or other injection
material, as outlined above. This is particularly so in the
case of a substance like Neoprene which readily forms a block
within the smaller vessels unless injected fairly rapidly
and at a reasonably high pressure.

3) The results are influenced by the ease with which the
injected vessels may be exposed to direct view, In the
Neoprene casts of the whole ocular circulation there is a
vast network of injected vessels, and it is possible to
isolate the anastomotic vessels in the optic nerve head
only after a

/ prolonged series
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prolonged series of dissections involving the removal of many
surrounding vessels. The absence of an anastomotic channel

in any one specimen mey represent, therefore, a failure in
technical skill. Similarly, in the Neoprene injected eyes
fixed in 10f% formol saline it is extremely difficult to maintain
the integrity of the fine vessels during dissection of the
tissues of the optic nerve and sclera.

The eyes dealt with by the Spalteholz method also present
a problem because, although it is possible to obtain a moderately
clear view through the tissues of the optic nerve head, it is
possible only to examine for anastomoses after injection through
the central retinal vessels, This limits the likelihood of
showing up the anastomoses, but if' an attempt were made to
examine the cleared optic nerve head after injection with
indian ink through the ophthalmic artery, the density of injected
vessels within the optic nerve head would prevent any view of
the anastomotic charmels.

It is felt, therefore, that because of the technical difficulties
-outlined above, it is not possible to submit the results of this
investigation to astatistical analysis or to give any clear indication
of how frequently uveo-retinal arterial and venous anastomoses occur in
the healthy eye. It would appear that the venous anastomoses are more
common than the arterisl ones, but it may be only that the venous ones
are injected more easily.

Uveo-retinal Arterial Anastomoses.

It is a common finding that some time after occlusion of the
central retinal artery there is at least a partial restoration of the
retinal circulation (Coats,1905; De Schweinitz and Holloway, 1908; etc.).
Coats (1913 b) reported a series of 6 such cases and in all of them there
was a complete re-establishment of the retinal circulation. There are
several interpretations of this phenomenon,

First, the vascular occlusion may be due solely to a spasm of
the central retinal artery, so that when the spasm passes off the
circulation is restored in the retina, This is the most likely
explanation for those cases in which there are transient periods of loss
of vision associated with constriction of the retinal arterial circulation.

Secondly, the vascular occlusion may be due to the lodgement of an
embolus within the central retinal artery, and the circulation may be
restored, at least in part, when the embolus is moved away from the
central artery into one of its more peripheral branches, or when the
blood is able to pass round the embolus into the peripheral circulation.
When an embolus becomes lodged in the central retinal artery there is
a spasm of the surrounding arterial wall., The shifting of the embolus
to another part of the circulation or the ability of the blood to
by-pass the embolus is the result presumably of a decrease in the spasm
of the vessels wall .
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Thirdly, the vascular occlusion may be due to a thrombosis
within the central retinal artery, and the circulation may be restored
by canalisation of the thrombus. Coats (1905) has suggested also that
in certain cases of thrombosis where there is a more rapid re-establishment
of some retinal circulation, blood may be forced round a weak area of
the thrombus, following a rise in the systemic blood pressure.

There are, however, certain cases showing restoration of the
retinal circulation which do not fit in easily with any of the three
‘mechanisms outlined above; cases in which the occlusion is too prolonged
for pure spasm of the vessel wall, in which there is no evidence of any
embolic focus, and in which there is histological proof of the
permanence of the thrombosis without any attempt at canalisation
(Coats, 1913 a). The most likely mechanism in such cases is the re-
establishment of the circulation in the retina through uveo-retinal
arterial anastomoses in the optic nerve head.

The establishment of a collateral circulation was suggested by
Lawson (1898) and also by Coats (1905) who emphasised the capillary
nature of the anastomotic channels so that, although the circulation
is restored in the retina, the retinal arteries do not return to their
original calibre but remain narrow as an adaptation to a diminished
blood flow. Even Beauvieux and Ristitch (1924), who denied the
existence of a collateral circulation between the retinal and uveal
arteries, considered that the opening up of the retinal circulation
after occlusion of the central artery must be due, in certain cases, to
the existence of some pre-formed channel., This would appear to be a
contradiction of their main conclusion.

It has been shown in this present investigation that without
doubt uveo-retinal arterial anastomoses exist in a certain number of
normal eyes, although, for the reasons outlined at the beginning of
this discussion, it is difficult to assess the frequency of such
anastomoses. On the other hand, in spite of the existence of these
collateral channels and in spite of the other mechanisms by which an
arterial block may be overcome, the visual prognosis after occlusion
of the central retinal artery is extremely poor.

Coats (1905) has suggested that in such cases the block must have
occurred so far forward that it lay on the distal side of the collateral
circulation, but this is not a likely explanation because there are
collateral channels between the central retinal artery and the circle
of Zinn quite far forward in the optic nerve head, and because the
commonest site for the occluding process in the central retinal artery
is in the retro-leminar region (Verhoeff, 1908), Behr (1935) stated
that from the standpoint of the restoration of the retinal circulation,
it does not matter where the blockage occurs within the artery, but no
emphasis can be placed on this conclusion because it was based on a
denial of the existence of any uveo-retinal arterial anastomoses within
the optic nerve.
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It is probably more reasonable to assume that the poor visual
prognosis in blockage of the central retinal artery is related to the
rapid degeneration of the inner retinal layers which follows any
disturbance of the retinal circulation, so that by the time the function
of the retinal arteries is restored to an adequate level the ganglion
cells of the retina have suffered permanent damage. Some cases have
been reported in which there was a gradual improvement of vision over
a period of several days; for example, De Schweinitz and Holloway (1908)
gave details of a case in which visilon was reduced to a vague perception
of light after the occlusion, with a restoration to 6/60 within 40
minutes, and a further gradual improvement to 6/9 within )4 days. It is
not clear, however, whether this represents a gradual re-opening of the
retinal circulation with a similarly gradual restoration of retinal
function, or whether the initial recovery from perception of light to
6/60 represents a re-establishment of retinal circulation and the
subsequent improvement in vision represents a subjective adaptation to
the presence of some paracentral visual disturbance, probably in
association with a subsidence of ocedema of the central retina. The
presence of a paracentral scotoma, although perhaps minimal in size,
is indicated by the failure of the vision to reach an absolutely normal
level. If this is the correct interpretation of the case then it is an
indication of how rapidly damage can occur to the integrity of the
retina even when there is a fairly rapid restoration of the circulation.

It is difficult, therefore, to arrive at a definite conclusion
regarding the frequency and nature of uveo-retinal arterial anastomoses
in the optic nerve head from a study of the events which follow occlusion
of the central retinal artery, and the poor visual prognosis may be
more a reflection of the rapidity of retinal degeneration rather than
of the poverty of such anastomoses, Of course, come of the cases in
which vision is fully and rapidly restored after occlusion of the artery,
and which are generally attributed purely to arterial spasm, may, in
fact, be cases of true blockage in which there is a well-marked
collateral circulation capable of maintaining an adequate level of
retinal nutrition within a short time of the occlusion of the main trunk.

In any case the known existence of uveo-retinal arterial
anastomotic channels in even a few eyes warrants the use of any measure
which will promote vaso-dilatation and thus facilitate the opening up
of a collateral circulation. This includes such procedures as the
retro-bulbar injection of acetyl~choline, and the sudden lowering of
the intra-ocular pressure by paracentesis of the anterior chamber.

It is interesting to speculate on what might happen to the vision
in cases of central artery occlusion if they were maintained for a shert
time in an atmosphere rich in oxygen. It has been shown by Ashton,

Ward and Serpell (1954) that in new-born kittens subjected to high
oxygen levelsthe integrity of the retinal function is unimpaired despite
the disappearance of the retinal vessels. If, in cases of occlusion

/ of the central
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of the central retinal artery the function of the retina could be
maintained by supplemental oxygen until the retinal circulation became
restored by the opening up of collateral channels, it might greatly
alter the prognosis of such cases, provided, of course, that the
oxygen therapy was initiated at a sufficiently early stage bhefore the
onset of irreparable retinal damage. (This hypothesis is at present
under experimental investigation).

Uveo-retinal venous anastomoses.

The existence of an anastomosis between the choroidal and retinal
velins provides an altermative channel for the drainage of blood from
the retina, and it is likely that this collateral circulation is of
great significance in those cases of occlusion of the central retinal
vein in which the blockage occurs behind the site of the anastomotic
channels, In some cases of thrombosis of the central retinal vein new
vessels may be seen ophthalmoscopically on the optic disc passing from
the main stem of the retinal vein in towards the choroid. These are
undoubtedly dilated anastomotic channels.

It may be that the presence of an adequate collateral circulation
is an important factor in preventing the occurrence of secondary glaucoma
- after thrombosis of the central retinal vein. Thrombotic glaucoma is
the result of obliteration of wide areas of the filtration angle due to
the development of peripheral anterior synechiae, an ewent brought about
by the formation of a new fibro-vascular membrane on the anterior surface
of the iris. Recently, Ashton, Ward and Serpell (1954) showed that new
vessel formations occur in the retina of the kitten as a result of
hypoxic conditions, and they postulated that the lack of oxygen favours
the accumulation within the retina of some unknown substance which in
turn is responsible for the neo-vascularisation. Following this concept
it was suggested by Smith (1954) that the new vessels which form on the
iris in certain cases of thrombosis of the central retinal vein may be
produced by a similar mechanisme.

This seems a reasonable postulation, and, if correct, would
indicate that those cases of central retinal vein occlusion which develop
an adequate collateral venous circulation in the optic nerve head due to
the existence of uveo-retinal venous anastomoses, are less likely to
suffer from stagnation of the retinal circulation with consequently less
interference in the normal oxygenation of the retina, and less likelihood
of the development of new vessels on the iris with its disastrous
sequelae. On such a basis it is possible to put forward a hypothesis
which may have surgical applications.

Cases of thrombotic glaucoma respond extremely badly to any form
of surgical interference designed to restore the patency of the filtration
angle, and this is understandable in view of the nature of the pathological
changes in the drainage angle which have induced the rise in intra-
ocular pressure. Ior this reason it would appear to be essential to
approach the problem of thrombotic glaucoma on a prophylactic rather
/ *than on a
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than on a therapeutic basis, and to deal with the iris before the new
fibro-vascular membrane on its anterior surface has induced the formation
of peripheral anterior synechiae.

This would entail a detailed examination of the iris by slit-lamp
microscopy, involving both direct and gonioscopic views at frequent
intervals for a considerable period after the occlusion of the central
retinal vein, By this means it may be possible to select a group of
cagses which are destined to fterminate in a glaucomatous episcde, and
to prevent this disastrous occurrence by performing a wide basal
irridectomy so that, even if the neo-vascularisation of the remainder
of the iris leads to the formation of peripheral anterior synechiae,
at least part of the filtration angle will remain open.
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SUMMARY
SECTION T

1. Casts of the choroidal vessels of 20 normal human eyes were
prepared by the intravascular injection of Neoprene latex through

the ophthalmic artery after preliminary irrigation with water, and

the cohesive and elastic properties of Neoprene permitted the dissection
of individual vessels and isolated capillary areas from the main
vascular mass after fixation in 10% formol saline.

2. The choroidal vessels of 2 normal humen eyes were injected with
indian ink through the ophthalmic artery after preliminary irrigation,
and 7 other eyes were similarly injected following occlusion of a single
short posterior ciljary artery., In 2 further eyes indian ink was
injected into the choroid through a short posterior ciliary artery.

3 The short posterior ciliary arteries are segmentally arranged
and each branch supplies a localised zone of the choroid with an
arteriolar-capillary network, but there is no anatomical evidence for
the concept that these arteries are true end-arteries.

L. The meeting place at the equator of the posterior choroidal
circulation (short posterior ciliary arteries) and anterior choroidal
circulation (recurrent arteries from the major arterial circle of the
iris, from the long posterior ciliary arteries and from the anterior
ciliary arteries) may be marked by an intervening capillary network,
but many of the vessels in the anastomosing circulations are in direct
continuity with one another., This is contrary to the view that the
equator is a zone of defective choroidal vascularisation, and to the
view that the anterior part of the choroid is isoclated from the rest
of the choroid.

5e The peripapillary region of the choroid, although supplied, in
part, by fine arterial branches from the intrascleral arterial circle
of Zinmn, is not isolated from the rest of the choroid,

6e The size and density of the capillaries in the chorio-capillaris
vary in different regions according to their distance from the optic
disc, but there is no evidence for the view that the chorio-capillaris
underlying the macula has distinctive anatomical features. There are,
however, more arterial branches in the submacular region of the
choroid than in other regions.

Te There is no anatomical evidence to suggest that the selective
localisation of choroidal disease is purely an expression of
anatomical peculiarities of certain vascular districts. There is
clinical and experimental evidence to suggest that circumscribed
areas of choroidal atrophy are due to compression of the chorio-
capillaris by exudative or haemorrhagic extravasations, and this has
a bearing on operative procedures involving the choroid.

8. There are no arterio-venous anastomoses in the normal choroid.
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SECTION II

1. The choroids of 28 normal eyes were examined after injection
of one or both of the central retinal vessels with indian ink, carmine
jelly,or Neoprene, following preliminary irrigation of the ocular
circulation with water through the ophthalmic artery.

2e The choroids of 51 eyes removed from diabetic persons were
examined after injection of one or both of the central retinal vessels
with indian ink, carmine jelly, or Neoprene,following preliminary
irrigation of the ocular circulation with water through the retinal
vessels.,

3 Casts of the ocular vessels of 13 normal human eyes were prepared
by the intravascular injection of Ieonrene latex through the ophthalmic
artery af'ter preliminary irrigation with water, and, owing to the
cohesive and elastic proverties of Ileoprene, a detailed dissection was
made of the vessels in and around the optic nerve head after removal

of the supporting ocular tissue by the action of digestive ferments.

b, Neoprene latex was injected in 3 other eyes, as described above,
and the optic nerve head was examined by dissecting the tissues after
fixation in 10% formol saline.

56 Indian ink was injected into one or both central retinal vessels
in 2 eyes, after preliminary irrigatien of the ocular circulation with
water through the oprhthalmic artery, and the optic nerve head examined
by clearing the tissues according to the method of Spalteholz.

6. In a certain number of eyes there are uveo-retinal arterial
anastomoses; first, between the central retinal artery and the arterial
plexus of the pia mater surrounding the anterior part of the optic nerve,
and, secondly, between the central retinal artery and the intrascleral
circle of Zinn. These anastomoses are important in a consideration of

the pathological eveants which may follow occlusion of the central artery,
and in a consideration of the medical and surgical treatment of such cases.

Te In a certain number of eyes there are uveo-retinal venous
anastomoses between the central retinal vein and the choroidal veins.
These anastomoses are important to a consideration of the pathological
events which may follow occlusion of the central retinal vein, and in
a consideration of the medical and surgical treatment of such cases.
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