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The uveal vascular bed is the largest vascular system in the eye and has a role in supplying almost every tissue in the eyeball. This makes it
themost important ocular vascular system. This is an up-to-date review of the literature of the entire uveal vascular bed in health based on
detailed anatomy of the posterior ciliary arteries (PCAs), anterior ciliary arteries, cilioretinal arteries, and vortex veins. Although postmortem
injection cast preparations gave us useful information on the morphology of the choroidal vascular bed; in vivo studies showed that they
misled us for centuries about the in vivo situation. According to the postmortem cast studies, the uveal vascular bed has no segmental
distribution, the uveal vessels anastomose freely with one another, there are inter-arterial and arteriovenous anastomoses in the choroid,
and the choriocapillaris form a freely communicating and an uninterrupted vascular bed in the entire choroid.

Eye (2023) 37:2590–2616; https://doi.org/10.1038/s41433-023-02416-z

“Who does not know that every scientific accomplishment
dislodges some deeply rooted error and that behind it is usually
concealed injured pride, if not enraged interest?” Ramón y Cajal
(1923) [1].

INTRODUCTION
The eyeball contains two sets of vascular beds: (i) retinal and (2)
uveal vascular beds. With the advent of ophthalmoscopy in
1851, the retinal vascular bed has always been primarily the
centre of the interest clinically, with little interest in the
background uveal vascular bed since it is not visible on
ophthalmoscopy. So, there is a massive amount of literature
on the retinal vascular bed, having been the primary focus of
interest all along. As regards the uveal vascular beds, however,
apart from bits and pieces reported over the years, there is no
full composite review published in any scientific ophthalmic
journal based on the latest scientific advances. The objective of
this review is to provide a comprehensive account of: (A) the
anatomy of the posterior ciliary arteries (PCAs), anterior ciliary
arteries (ACAs), cilioretinal arteries, and vortex veins (VVs), and
(B) lesions produced by their occlusion and acute uveal ischemic
lesions seen clinically.
Before the advent of fluorescein fundus angiography (FFA) in

1961, our understanding of the uveal (ciliary) vascular bed since
1700 was based primarily on postmortem cast studies. In 1964,
some enigmatic observations inspired me to use FFA to explore
this vascular bed comprehensively.
1. In my FFA studies on central retinal artery occlusion in the

early 1960s, I noticed that the optic nerve head (ONH) showed
vascular filling but no filling of the retinal vasculature (Fig. 1); [2, 3]
this finding contradicted the then prevalent concept that the ONH
was supplied by the central retinal artery. Thus, this new finding

showed for the first time that the ONH was supplied by the PCA
circulation and not by the central retinal artery. And FFA also
unveiled the in vivo filling pattern of the choroid.
2. There were reports in the literature in which ophthalmosco-

pically seen choroidal infarcts (initially whitish, and then resolving
to chorioretinal pigmented lesions) were erroneously diagnosed
as retinal infarcts due to branch retinal artery occlusion.
3. Duke-Elder [4] in 1961 rightly commented: “The tendency for

inflammatory and degenerative diseases of the choroid to show a
considerable degree of selective localization, despite the fact that
anatomically (postmortem casts) the vessels would appear to form
a continuous network, has given rise to speculations regarding the
anatomical isolation of specific choroidal areas”. As discussed
below, fluorescein fundus angiographic studies provided the
answer and confirmed Duke-Elder’s views.
4. It was observed that the findings of postmortem casts are not

always supported by the in vivo studies of the uveal vascular bed.
As discussed below, FFA studies amply showed that.
Uveal vascular system is the largest and most important

vascular system in the eye, and has a role in supplying almost
every tissue in the eyeball. Following is a comprehensive, but very
abbreviated, summary of the uveal vascular bed in health and
disease, based on (A) the anatomy of the PCAs, ACAs, cilioretinal
arteries, and VVs, (After all, most importantly, basic sciences are the
foundation of Medicine), and (B) the lesions produced by their
occlusion and acute uveal ischemic lesions seen clinically.

Method of literature search
This review is based on bibliographies of my 36 research studies
on the subject, published in peer review ophthalmic journals
(mainly British and American, and a few European) since 1962; and
an update of the literature by using the following “PubMed”
search strategy.
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[“Optic Disk”[Mesh] AND ((“Blood Circulation”[Mesh]) OR (“Blood
Vessels”[Mesh])) OR ((“Uvea”[Mesh]) AND ((“Blood Circulation”[Mesh])
OR (“Blood Vessels”[Mesh]))) OR ((“ciliary processes”) AND ((“Blood
Circulation”[Mesh]) OR (“Blood Vessels”[Mesh]))) OR ((“Choroid”[-
Mesh]) AND ((“Blood Circulation”[Mesh]) OR (“Blood Vessels”[Mesh])))
OR ((“Iris”[Mesh]) AND ((“Blood Circulation”[Mesh]) OR (“Blood
Vessels”[Mesh]))) OR ((“Ciliary Body”[Mesh]) AND ((“Blood Circula-
tion”[Mesh]) OR (“Blood Vessels”[Mesh]))) AND (“ocular circulation”)
OR (“uveal circulation”) Filters: from 1950 – 2022.]

THE UVEAL (CILIARY) VASCULAR BED ANATOMY
ANATOMY OF THE POSTERIOR CILIARY ARTERIES (PCAs)
The PCAs are the main source of blood supply to the choroid up to
the equator and the ONH, the retinal pigment epithelium (RPE),
the outer 130 µ of retina (and, when a cilioretinal artery is present,
the entire thickness of the retina in that region), the ciliary body
and the iris. That makes the PCA circulation the most important
component of the ocular and ONH circulation.

The ophthalmic artery. PCAs are branches of the ophthalmic
artery. The ophthalmic artery is the first major branch of the internal
carotid artery. In a study [5] of 170 human specimens, in 164 the
ophthalmic artery arose from the internal carotid artery. In four of
the remaining 6, although it arose from the internal carotid artery as
usual, the main contribution of blood to the orbit and the eyeball
came from the middle meningeal artery. In the remaining two
specimens, the trunk of origin of the ophthalmic artery from the
internal carotid artery was either absent or obliterated in its
intracranial and intracanalicular course, so that the middle
meningeal artery was the only source of the blood supply to the
orbit and the eyeball, instead of the ophthalmic artery. This shows
that, contrary to the universal belief, rarely the blood supply to the
orbit and eyeball does not come from the internal carotid artery.

Posterior ciliary arteries. There is widespread confusion about the
following aspects of the PCAs in man: their nomenclature, number,
origin, and distribution. This is because information in the literature
is primarily based on reports containing only a few specimens.

The number, and mode, and site of origin of PCAs is discussed at
length elsewhere [6].

Site of origin from the ophthalmic artery: According to some
authors, PCAs arise from the first part of the ophthalmic artery, or
the second part superior to the nerve, or medial to the nerve;
others state that they arose on both side of the optic nerve. Meyer
[7] in 1887, based on a study of 20 specimens, described the
medial PCA and the central retinal artery arising together first,
followed by the lateral PCA; in eleven of his seventeen specimens,
in which the ophthalmic artery crossed over the optic nerve, the
medial PCA with the central retinal artery arose before the lateral
PCA; in the remaining six the lateral PCA (alone or with other
branches such as the central retinal artery or muscular arteries)
arose before the medial PCA. In the three specimens in whom the
ophthalmic artery crossed under the optic nerve, the lateral PCA
always arose first, followed by the central retinal artery and then
the medial PCA in common with the muscular arteries.
In a comprehensive study [6] of 59 human specimens, there was a

wide variation in the sites of origin of the PCAs from the ophthalmic
artery. The medial and lateral PCAs arose from the first part of the
ophthalmic artery in 25; from the angle between the first and second
parts in 39; and 48 medial and 37 lateral PCAs arose distal to the
angle. Where the origin was distal to the angle, the PCAs arose not
only from the second part but even from the bend between the
second and third parts and the initial portion of the third part,
especially the medial PCA. In nine specimens, all the PCAs arose distal
to the angle, and in all of them the ophthalmic artery crossed over the
optic nerve. In the remaining specimens, one or both medial and
lateral PCAs arose before the angle. There was no relationship of any
kind between the number of PCAs present in a specimen and their
site of origin. All these points contradict the views expressed by
Sudakevitch [8]. PCAs may arise in common with the central retinal
artery—this has clinical importance (discussed later). The PCAs and
their branches are usually markedly tortuous.
The following description is based on that comprehensive study

[6] of PCAs.

Terminology of PCAs and its Implications
In the literature, there has been confusion in the nomenclature
applied to the PCAs. Most investigators describing their findings
have used the term “PCA” loosely and as a generic term, covering
all types of PCAs and their branches. Others have erroneously
designated the “main PCAs” arising from the ophthalmic artery as
the “long PCAs” right from their point of origin from the
ophthalmic artery as. This comprehensive study [6] showed that
the old nomenclature is misleading.

Main PCAs. In the literature since 1781, the number of PCAs
arising from ophthalmic artery in man have been described highly
variably. The Main PCAs are the ones which arise directly from the
ophthalmic artery. There are one to five of them (one in 3%, two in
48%, three in 39%, four in 8% and five in 2%) [6]. Usually, there are
2 or 3. The main PCAs usually lie medial and lateral to the optic
nerve (Fig. 2); hence they are called “medial PCA” (one in 71% and
two in 29%), and “lateral PCA” (one in 75%, two in 20%, three in
2%, none in 3%) PCAs; small and inconstant “superior PCA” in 9%
(one in 7% and two in 2%).

Branches of the main pcas
The main PCAs run forward, then divide into multiple branches
before entering the eyeball near the optic nerve (Fig. 2) [9]. At that
point, they are of two types:
1. Short PCAs (SPCAs)
These may be 10 to 20 in number, depending upon the

intraorbital subdivisions of the PCAs before they reach the sclera.
They are further subdivided into two subgroups (Fig. 2C):

Fig. 1 Fluorescein fundus angiogram of an eye with central retinal
artery occlusion: The optic disc shows filling from the PCA
circulation.
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(a) Paraoptic SPCAs: These are only a few small SPCAs that
enter the sclera close to the optic nerve. These arteries are also
described by other authors [10]. Available evidence suggests that
they mostly supply the ONH.
(b) Distal SPCAs: These constitute the majority of the SPCAs,

and enter the sclera midway between the paraoptic SPCAs and
the Long PCAs (Fig. 2) on the medial and lateral sides, and run
radially toward the equator. On the temporal side, they enter the
eyeball in the region of the macula and run forwards radially
(Fig. 3). The distal SPCAs mainly supply the choroid.
From this account it is evident that there may be 1 to 5 Main

PCAs and then 3 sets of branches of the Main PCAs supplying
three different areas.
It is essential to have a clear understanding of the various types of

PCAs to avoid confusion because their areas of distribution are
different. It must be stressed very strongly that unless this
terminology is clearly understood and adhered to, confusion will
follow.

2. Long PCAs (LPCAs)
These are two in number - one medial and one lateral (Fig. 2).

The long and short PCAs have frequently been confused with the
Main PCAs - they are in fact the branches of the Main PCAs and do
not arise directly from the ophthalmic artery.
LPCAs enter the eyeball in the horizontal plane on the medial

and lateral sides, some distance away from the distal SPCAs, and
run radially in the horizontal meridian forward to the iris [11]. Siam
et al. [12], in a study of 12 cadaver eyes, found that the lateral
LPCA enters the sclera 3 mm temporal to the optic nerve sheath
and runs intrasclerally, being visible for 4 mm. Its lateral end is just
overlapped by the nasal end of the inferior oblique muscle
insertion.
LPCAs supply a small sector of the choroid posterior to the

equator on the nasal and temporal sides, in addition to the
corresponding segments of the anterior uvea [11].
Ducournau [10, 13] found that (1) the PCAs and their branches

were arranged into two independent groups: (a) paraoptic and (b)
distal PCA, (2) there was no specific macular SPCA, and (3)
observed no anastomoses between the SPCAs.

Distribution patterns of the PCAs
Postmortem cast studies. Frederick Ruysch [14] in about 1700 AD,
was the first to describe the vascular pattern of the PCAs and their
branches based mainly on the cast studies. Since then, extensive
anatomical studies have been conducted, using the postmortem
choroidal casts, and those have formed the basis of the classical
textbook anatomical description of the choroidal vasculature.
According to most of these descriptions: (i) PCAs have no
segmental distribution, (ii) they anastomose freely with one
another as well as with the ACAs, (iii) there are inter-arterial and
arteriovenous anastomoses in the choroid, and (iv) choriocapillaris
form a freely communicating and an uninterrupted vascular bed
in the entire choroid [15, 16]. From these anatomical descriptions,
it was generally concluded that occlusion of PCA or one of its
branches should not produce an ischemic lesion.

Classical textbook description of the choroidal vasculature. This
was well summed up by Hogan et al. [17] when they wrote that, in
the choroid, “Extensive anastomoses exist between the various
branches of all short ciliary arteries, so that occlusion of one vessel
ordinarily does not produce infarction of the choroid”. However, it
is also well known that clinically, inflammatory, ischemic,
metastatic, and degenerative choroidal lesions are usually
localized. Duke-Elder (1961) [4] commented: “The tendency for
inflammatory and degenerative diseases of the choroid to show a
considerable degree of selective localization, despite the fact that
anatomically the vessels would appear to form a continuous

Fig. 2 Diagrammatic representation of actual branching pattern of medial (MPCA) and lateral (LPCA) PCAs in 2 eyes (A, B); in (C) the site of
entry of the various long and short PCAs as seen on the back of the eyeball.

Fig. 3 Fluorescein fundus angiogram of a normal human eye,
showing the sites of entry of the SPCAs and their course in the
choroid. Arrow marks the center of the macular region. Note that no
artery lies in the centre of the macular region. (Reproduced from
late P. Amalric: Int. Ophthalmol. 1983;6:149-53).
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network, has given rise to speculations regarding the anatomical
isolation of specific choroidal areas”.
In view of this important discrepancy, over the years, I

investigated comprehensively in vivo the choroidal vascular bed,
clinically in the human and experimentally in rhesus monkeys.

In vivo studies on pattern of the PCAs and their branches
Experimental studies. FFA studies in rhesus monkeys, on occlu-
sion of the various PCAs and their branches, for the first time,
showed that the PCAs, their branches and choriocapillaris in vivo
have segmental distributions in the choroid [18, 19].
That contradicted the findings of most of the previous

postmortem choroidal cast studies. However, Wybar [15], Ring &
Fujino [20], and Uyama et al. [21] from their cast studies, also
concluded that these arteries were segmentally arranged and that
each branch supplied a localized zone of the choroid. Olver [22], in
microvascular casts study, described that distal and para-optic
SPCAs supply wedge-shaped areas of choroid, and the

choriocapillaris show regional variations and the lobules—densely
packed at the posterior pole with a high capillary to inter-
capillary ratio.

Clinical studies. PCA occlusion caused by thrombosis is well-
documented in patients with giant cell arteritis (GCA), by various
histopathological studies [23]. That provided a model of PCA
occlusion in man, to evaluate the in vivo distribution and
anastomoses of the PCAs in the choroid and ONH by FFA [24].
These GCA studies showed that each PCA has a segmental
distribution in the choroid and ONH, and the various PCAs DO NOT
anastomose either with the adjacent PCAs or with the ACAs [19].
Similarly, with ACA occlusion (by recession and resection of the

various recti in rhesus monkeys as well as in patients with
strabismus), the PCAs did not fill the area of the anterior uvea
supplied by the occluded ACA [25].
The PCAs not only supply the choroid but also play an

important role in the blood supply of the ONH [26, 27].

Distribution patterns of the two main PCAs
The FFA studies showed that the lateral and medial PCAs supply
the corresponding parts of the choroid [18]. However, there is a
marked inter-individual variation in the area supplied by the two
PCAs in man [27]. The medial PCA may supply the entire nasal
choroid up to the level of the fovea, including the ONH (Fig. 4b),
or its supply may stop short nasal to the nasal peripapillary
choroid (Fig. 5), so that it may take no part in the blood supply
of the ONH. The medial PCA supplies the area of the choroid not
supplied by the lateral PCA or vice versa (Fig. 6). There may be
any variations between these two extremes. When there are
more than one medial or lateral PCAs, the area supplied by each
of them may be one quadrant or only a sector. When the
superior PCA is present, it would accordingly supply a superior
sector (Fig. 7). Given the marked inter-individual variation in
number and distribution by the various PCAs, there can be an
extremely variable pattern of distribution by them in the choroid
and ONH. Clinical and experimental studies have shown that the
various PCAs do not anastomose with one another, and each
behaves like an end-artery [19]. All this has tremendous clinical
importance.

Fig. 4 Fundus photograph (a) and fluorescein fundus angiogram
(b), of left eye of a GCA patient with arteritic AION, and a cilioretinal
artery occlusion. a Fundus photograph shows a classical appearance
of arteritic AION, i.e., chalky white optic disc oedema with some
hyperaemia. b Fluorescein fundus angiogram shows normal filling
of the area supplied by the lateral PCA, but no filling of the area
supplied by the medial PCA (including the entire optic disc, with no
perception of light).

Fig. 5 Fluorescein fundus angiogram, of left eye of a GCA patient
with arteritic AION, shows non-filling of the watershed zone
(indicated by arrows) between the lateral and medial PCAs, and
segmental pattern of the peripapillary choroid.
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Distribution patterns of the short PCAs
Experimental occlusion of one or another SPCA in 87eyes of
rhesus monkeys [19] resulted in a segmental choroidal filling
defect in the area of distribution of the occluded artery (Fig. 8).
There are no anastomoses between the adjacent SPCAs. As
described above, the SPCAs are of two types (Fig. 2):
(a) Paraoptic SPCAs: Branches from these go to the

corresponding parts of the ONH, peripapillary choroid, the circle
of Haller and Zinn (CHZ) (when present), and recurrent branches
to the retrolaminar ONH pial vascular plexus. Thus, available
evidence indicates that all these branches of the paraoptic SPCAs
constitute the main source of blood supply to the ONH. The CHZ is
discussed at length below.
(b) Distal SPCAs: Each supplies a sector of the choroid, usually

extending from the posterior pole to the equator [19]. Each sector
varies markedly in shape, size, and location, and has irregular
margins (Fig. 8). The various sectors fit together like pieces of a

jigsaw puzzle. Further subdivisions of the SPCAs supply corre-
spondingly smaller segments of irregular shape and size, so that
the blood supply by the various choroidal arteries has a
geographic pattern—the smaller the artery, the smaller the size
of the geographic area. Finally, each terminal choroidal arteriole
supplies a lobule of the choriocapillaris (Fig. 9) [28].
In addition to that, the SPCAs give off branches during their

intraorbital course to the pial plexus on the optic nerve, at their
site of penetration into the scleral and episcleral arterial plexus
and during their course in the sclera to the arterial CHZ (Fig. 10).

Distribution patterns of the long PCAs [11]
The textbook description of the LPCAs. This has been virtually
unchanged since the early accounts of Leber [9] in 1903 and other
authors at the beginning of twentieth century. The arteries pierce
the sclera nasal and temporal to the optic nerve (the former 3.6
and the latter 3.9 mm from the optic nerve [29, 30]), and run
horizontally at first in a scleral canal (3–7mm long [9]; and 3–5mm
long [30]), and then in the suprachoroidal space, as far forward as
the posterior part of the ciliary body, where each artery divides
into two main division - superior and inferior. The superior and

Fig. 7 Fluorescein fundus angiogram, of a normal human right eye
with 3 PCAs, and a Y-shaped watershed zone (indicated by arrows)
between the superior, lateral, and medial PCAs.

Fig. 8 Fluorescein fundus angiogram after occlusion of one of the
middle-temporal SPCAs showing filling defects in the choroid in the
region of the occluded SPCA.

Fig. 6 Fluorescein fundus angiogram during retinal arteriovenous
phase, of right eye of rhesus monkey after cutting the medial
PCA. It shows no filling of the nasal choroid but normal filing of the
temporal choroid.

Fig. 9 Fluorescein fundus angiograms of a rhesus monkey eye at
the posterior pole. A The early arterial filling phase of the
choriocapillaris, showing each lobule of the choriocapillaris (sup-
plied by the terminal choroidal arteriole) forming a big fluorescent
spot. Each spot is surrounded by a polygonal unfilled zone,
producing a mosaic pattern in the choriocapillaris. B Peak arterial
filling phase. Note the extraordinarily well-defined mosaic pattern,
with each unit of the mosaic an independent entity, and the isolated
nonfilling or slow filling of some of the lobules is clearly visible. It
suggests that there is no communication between adjacent lobules.
C Venous phase of the choriocapillaris filling, showing a honeycomb
pattern; the fluorescent pattern is reverse of that seen in A, i.e., the
fluorescent areas are nonfluorescent and vice versa.
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inferior divisions of the two LPCAs unite to form the “major arterial
circle of the iris” in the anterior part of the ciliary body behind the
root of the iris. Of the ACAs, some join the greater arterial circle of
the iris and others the LPCAs or their branches [17]. The LPCA,
according to all these descriptions, gives no branches throughout
its entire course until it divides into its two main divisions in the
ciliary muscle. The greater arterial circle of the iris, the ACAs, and
the terminal part of the LPCAs give recurrent choroidal branches,
which supply the anterior part of the choroid up to the equator.
No anastomoses between the SPCAs and the recurrent choroidal
arteries at the equator have been found [9, 31]. Thus, according to
all the available descriptions, the LPCAs supply the choroid only in
front of the equator via the recurrent choroidal arteries, with no
supply to the choroid behind the equator.

in vivo distribution of the LPCA in in the choroid. My study [11]
investigated the in vivo distribution of the temporal LPCA in in the
choroid in 22 rhesus monkey eyes by FFA, after the following
experimental procedures:
Group 1: The temporal LPCA was cauterized outside the eyeball

near its site of penetration into the sclera in nine eyes. The
accompanying ciliary nerves were carefully separated from the
artery and left intact. The rest of the ocular circulation was left
undisturbed. None of the rectus muscles was cut, to prevent
interference with the ACA circulation.
Group 2: All the temporal SPCAs were cauterized outside the

sclera close to their site of penetration into the sclera in 13 eyes.
The temporal LPCA was left intact. As in Group 1, the rest of the
ocular circulation was also left intact.
Contrary to the earlier classical concept, an in vivo study [11] in

rhesus monkeys revealed that the artery invariably supplies an
area of the choroid posterior to the equator, starting almost
immediately from the point where it joins the choroid and
extending forward (Fig. 11).
The fundus lesions produced by experimental occlusion of small

branches of the PCAs are sectoral distribution because the
distribution by the small choroidal arteries is segmental, with no
direct anastomosis with the adjacent choroidal arteries. Occur-
rence of fundus lesions on experimental occlusion of small
branches of the PCAs is discussed elsewhere [32].
In patients, chorioretinal lesions are known to occur due to

occlusion of the LPCA. I found a whitish lesion in the distribution
of the LPCA three days after the onset of severe posterior scleritis

(Fig. 12A). This resolved through pigmentary degeneration and left
a sector-shaped pigmentary degenerative lesion (Fig. 12B). This
lesion resembled in appearance to those produced on experi-
mental occlusion of the PCAs [33]. Those are also called “Amalric’s
triangular syndrome”. In posterior scleritis the LPCAs would be
much more vulnerable to occlusion (because of their long, oblique
course through the scleral canal) than the SPCAs, which have a
straight, extremely short course through the sclera. The scleral
canal for the LPCA and the accompanying nerves is 3–7mm long
in man [34], divided into two compartments (for artery and
nerves) by a fibrous septum, almost parallel to the outer surface of
the sclera in the posterior part, and steeper and narrow in the
anterior part. Thus, the canal forms a flat bow with its concavity
inwards [34, 35]. Scleral oedema and swelling in this region would
occlude the canal and consequently the LPCA.
The temporal LPCA is intimately related to the insertion of the

inferior oblique muscle; the artery pierces the sclera at the nasal
margin of the attachment of the tendon and the scleral canal of
the artery lies along the line of attachment of the tendon. This fact
may be important to bear in mind in surgical intervention on the
inferior oblique muscle. It is not stressed adequately in the
literature.
Each LPCA extends radially in the horizontal meridian - one on

the medial and the other on the lateral side (Fig. 2). On the
temporal side, the LPCA supplies a sector of the choroid temporal
to the macular region, with its apex posteriorly (Fig. 11). A detailed
account of the blood supply by the LPCAs is given elsewhere [11].
Like the SPCAs, their smaller subdivisions supply smaller
geographic segments. In addition to supplying a sector of the
peripheral choroid, each artery also supplies a small sector of the
ciliary body and iris on the medial and lateral sides.
Contrary to the prevalent old classical concept, in vivo study in

rhesus monkeys revealed that the LPCA invariably supplies an area
of the choroid posterior to the equator. The temporal LPCA joins
the choroid 5 mm temporal to the optic disc and the area of the
choroid supplied by the artery starts 4.6 to 9 mm (average
6.2 ± 1.0 mm) from the disc. The distance of the equator and ora
serrata on the temporal side from the optic disc in rhesus
monkeys is 13 mm and 16.5 mm respectively. This shows that the
supply by the LPCA to the choroid extends well posterior to the
equator. The distribution is sectoral, with the apex of the sector
pointing backwards (Fig. 11).
Shimizu and Ujiie [16] in their study of vascular casts of rhesus

monkey eyes found that the LPCA runs a long, oblique intrascleral
course till it makes a sharp bend to enter the choroid temporal to
the fovea on the temporal side, and that it supplies a triangular-
shaped sector of the choroid by several local branches. In the
temporal fundus beyond the equator, recurrent arteriolar
branches from the LPCA supply adjacent small choroidal areas.
Thus, these cast studies show the same choroid distribution by the
LPCA as seen in my angiographic study. Song et al. [36]. in the
human found that the LPCA formed several branches before
entering the iris root, and those branches formed the major
arterial circle of the iris with diverse diameters, in the vicinity of
the iris root and the ciliary process. The watershed zone in the
equatorial region shown in Fig. 11 was also demonstrated on
wide-angle indocyanine green angiography using a scanning laser
ophthalmoscope in the human [37].
The occurrence of chorioretinal lesions due to occlusion of the

LPCA in patients (Fig. 12) confirms the above findings in the
rhesus monkeys.

Peripapillary choroid
This part of the choroid is supplied by branches from the SPCAs.
As in the rest of the choroid, postmortem cast studies have
consistently shown free anastomoses in the peripapillary choroidal
arteries to form a continuous vascular network [12]. Shimizu and
Ujiie [16] in their choroidal casts, found that branches of the SPCAs

Fig. 10 A neoprene latex cast of Circle of Haller and Zinn (CZ),
exposed in the sclera around the ONH, with its feeding arteries, i.e.,
medial and lateral PCAs. Optic nerve (ON) had been cut close to the
eyeball.
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run centripetally while undergoing a series of bifurcations; an
incomplete arterial ring was found along the margins of the ONH,
formed by the numerous arteries entering the arterial ring, and
the latter was regarded by the authors as an interarterial
anastomosis. They concluded that the peripapillary choroidal
arterioles therefore cannot be regarded as end arteries.

The peripapillary choroid is a very important part of the choroidal
vasculature since it is the main source of blood supply to the
prelaminar and retrolaminar parts of the optic nerve (Fig. 13) [27],
and NOT by the choriocapillaris, which stop short at the disc margin
(Fig. 14). There are some serious misunderstandings prevailing on
the subject. It is not uncommon to find ophthalmologists asking: if
the peripapillary choroid is so very important in the blood supply
of the anterior part of the optic nerve, then why does the optic
disc remain normal in eyes with peripapillary atrophy? The
branches supplying the optic nerve arise essentially are from the
main arteries in the peripapillary choroid (Fig. 15) and NOT from the
choriocapillaris; the choriocapillaris stops abruptly at the disc
margin (Fig. 14). In almost all the ophthalmoscopically visible
peripapillary atrophy, the loss is limited to the choriocapillaris, fine
vessels and the overlying RPE, with the large vessels still normal
and intact.
My in vivo FFA experimental [27] and clinical studies on anterior

ischemic optic neuropathy (AION), glaucomatous optic neuro-
pathy and other ischemic disorders of the ONH have revealed that
in vivo the peripapillary choroid has a segmental pattern (Fig. 5);
[27], this in turn is responsible for the segmental pattern of
blood supply in the ONH, and consequently for the well-known
sectoral nature of ischemic lesions seen in AION and other
ischemic disorders of the ONH. This is another example of the
discrepancy between the postmortem anatomical cast findings
and the in vivo circulation.

Fig. 12 A Whitish choroidal ischemic lesion in the distribution of the
temporal long PCA three days after the onset of severe posterior
scleritis. B A triangular chorioretinal lesions situated in the area
corresponding to the distribution of the resolved ischemic lesion of
LPCA. (Reproduced by kind courtesy of late Dr. Pierre Amalric).

Fig. 11 A Diagrammatic representation of the distribution by the various ciliary arteries in the choroid and watershed zones between them.
The choroid posterior to the equator is supplied by the medial and lateral PCAs. In the area supplied by the lateral PCA are shown the
segments supplied by the various short PCAs and the one by the long PCA, with the watershed zones between them (dotted circle in this area
indicates the macular region). Recurrent choroidal arteries from the ACAs and the greater arterial circle of the iris supply in front of the
equator. The watershed zone between the anterior and posterior choroidal arteries lies in the equatorial region. B Composite fluorescein
fundus angiograms of rhesus monkey eye, after cutting the temporal long PCA, showing no filling of the choroid in the extreme temporal
periphery, temporal to the macular region.
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From a hemodynamic point of view, the peripapillary choroid is a
low-pressure system compared to the rest of the choroid, and that
has important implications in development of ischemic disorders
of the ONH because peripapillary choroid supplies the ONH.
Peripapillary choroid lies between the margin of the optic disc and
the site of entry of temporal distal SPCAs (Fig. 3). These arteries
enter the eyeball some distance away from the optic disc (Fig. 2);
the lateral distal SPCAs enter the eyeball some distance away from
the centre of the macular region (Fig. 3), and the medial distal
SPCAs enter some distance away from the optic disc. Main
branches of the distal SPCAs run away towards the equator; on the

other hand, the peripapillary choroid is supplied by small branches
from the distal SPCAs running towards the optic disc. Since the
main direction of blood flow in the distal SPCAs is primarily
towards the equator, that makes the blood pressure in their small
branches to the peripapillary choroid, running in the opposite
direction (Fig. 3), low – a normal phenomenon. That makes the
peripapillary choroid a low pressure system compared to the rest of
main choroid [26]. This tendency would be further increased by
the presence of recurrent pial branches from the peripapillary
choroid to the retrolaminar part of the optic nerve (Fig. 14),
because that allow the blood to escape from the peripapillary
choroid into the pial vessels which, being outside the eyeball, are
not subjected to any pressure on them, unlike the peripapillary
choroid which is subjected to the intraocular pressure (IOP)—a
“functional shunt”. Therefore, when the perfusion pressure in the
choroidal vascular bed falls (either due to fall of blood pressure or
rise of IOP), the peripapillary choroid becomes most vulnerable to
hypoperfusion or non-perfusion, as shown in Fig. 16. This
phenomenon plays an important role in development of AION,
glaucomatous optic neuropathy, and other ischemic disorders of the

Fig. 15 Fundus photograph showing optic disc and peripapillary
desecration on its temporal side, with a large choroidal vessel
(arrows) seen.

Fig. 13 Schematic representation of blood supply of the optic nerve. Abbreviations used: A arachnoid, C choroid, CRA central retinal artery,
Col. Br. Collateral branches, CRV central retinal vein, CZ circle of Zinn and Haller; D dura, LC lamina cribrosa, OD optic disc, ON optic nerve, PCA
posterior ciliary artery, PR prelaminar region, R retina, S sclera, SAS subarachnoid space.

Fig. 14 This showing complete filling of the choriocapillaris and
early filling of the central retinal artery but no filling of the
optic disc.
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ONH. Also, presence of peripapillary degeneration in glaucoma is a
well-known clinical finding.

Circle of haller and zinn (CHZ)
The arterial circle lying within the peripapillary sclera, although
described first by Haller in 1754 [38] and Zinn in 1755, was in fact
first fully described by Tiedemann [39] in 1824 and Huschke [40] in
1844. It is formed by anastomoses between the PCAs (Figs. 10, 14).
Its prevalence, what it supplies, and how often it is a complete or
incomplete circle have been controversial. More recently, scan-
ning electron microscopic examination of plastic microvascular
corrosion casts of the human ONH vasculature has provided
detailed information on the circle of CHZ. Reports of its prevalence
in human eyes have varied, e.g., Olver et al. [41] found it in more
than 75% of 18 casts, Onda et al. [42] in 61% of 18 eyes, and
Gauntt et al. [43] in 83% of 29 eyes. It is generally agreed that the
CHZ gives 3 sets of branches: (i) to the lamina cribrosa, (ii) to
the peripapillary choroid and (iii) recurrent pial branches to the
retrolaminar region (Fig. 14) [41, 44]. Olver et al. [41, 44] described
the CHZ as a microscopic, intrascleral, elliptical, microvascular
anastomosis formed by branches of the medial and lateral
paraoptic SPCAs; they preferred to call it “perioptic nerve arteriolar
anastomoses” [41]. According to them, the complete or incom-
plete ellipse is divided into superior and inferior parts by the entry
points of these branches into the eye and shows morphological
variations (interindividual as well as interocular in the same
person) in terms of its form, position and branches [22]. Of the 18
casts of the CHZ examined by them, they found complete
anastomoses in 44%, complete with narrowed sections in 33%
and incomplete anastomoses in 23%. The CHZ was supplied by
branches of medial and lateral paraoptic SPCAs in 15 (83%), lateral
paraoptic SPCAs in 2 (11%), and medial, lateral, and superior
SPCAs in 1 (6%) [41]. They concluded that it lies in different planes
antero-posteriorly (like a hammock) and has both extrascleral and
intrascleral portions. They found that branches from the CHZ also
formed arteriolar-arteriolar anastomoses. Onda et al. [42]. on

examination of 18 casts found that the CHZ is formed by branches
of the SPCAs; it was a complete (in 2 of 11 eyes) or a well-
developed (9 of 11 eyes) anastomotic arterial circle surrounding
the ONH, located approximately 200–300 µm posterior to the
suprachoroidal space within the perineural sclera. Gauntt et al.
[43]. on serial sectioning of 29 eyes found the CHZ incomplete in 3
and narrow in 8. They described 2 types of position of the CHZ in
the sclera around the ONH—in Type 1 it was located lateral to the
site of attachment of the dural sheath to the sclera (in 69.0%), and
in Type 2 medial to the sheath (in 13.8%); it was more medially
located in small optic discs. They postulated that a combination of
small disc, medial displacement of the circle, and anatomical
variation in the vascular pattern may predispose an ONH to
ischemic events. Strek et al. [45]. found considerable variations in
the position of the circle in 15 human foetuses aged 16–20 weeks.
Heimann [46] also described the beginning of the CHZ formation
in foetal studies.
Some authors claimed to have outlined the CHZ on fluorescein

angiography. In my FFA studies, I found that various peripapillary
choroidal arteries (Fig. 13) usually join to form a “peripapillary
choroidal arterial arcade” around the optic disc, situated in front of
the sclera, in the choroid and NOT in the sclera. Shimizu and Ujiie
[16] in their casts of the peripapillary choroid have very nicely
demonstrated the existence of the peripapillary choroidal arterial
arcade. It can be easily seen when there is atrophy of the
peripapillary RPE. To visualize blood vessels lying deep in the
opaque scleral tissue by FFA does not seem feasible [45]. The
same objection applies to claims of seeing the CHZ on
Indocyanine green angiography in high myopia with peripapillary
degeneration. It seems claims of seeing the CHZ on fluorescein or
indocyanine angiography arise from the authors’ confusing the
peripapillary choroidal arcade with the CHZ.

Submacular choroid
Because of the well-known localized involvement of the macular
region in many conditions, a good deal of interest has centred on
the submacular choroid. I have discussed the subject at length
elsewhere [19, 47, 48]. Despite some claims about the discovery of
a special macular artery, all the available evidence is against the
existence of such an artery [15, 20]. All the temporal SPCAs enter
the eyeball in the macular region (Fig. 3) and each artery then
radiates away towards the periphery, like the spokes of a wheel;
each one of the SPCAs in the macular region gives branches to the
submacular choriocapillaris, as was also seen in the casts by
Shimizu and Ujiie [16]. In the human eye, the sites of entry of the
various temporal SPCAs are usually situated some distance away
from the centre of the macular region, and each artery, near its
site of entry, gives recurrent centripetal macular branches, which
together supply the macular region (Fig. 3). Each SPCA supplies a
segment of the choroid, with no anastomoses between adjacent
segments (Fig. 8). Most of the segments of the choroid supplied
by the temporal SPCAs and their watershed zones meet in the
macular region (Fig. 11A). Similarly, the four quadrants of the uveal
tract drained by the four vortex veins and their watershed zones
meet in the macular region (Fig. 17). It has been consistently
stated that the submacular choroid has a more abundant arterial
supply than other parts of the choroid. This impression is based
essentially on the fact that the submacular choroid is much thicker
than elsewhere. This is because all the temporal SPCAs pierce the
sclera in the macular region to join the choroid in the submacular
choroidal region and are thus aggregated together in this region.
A mere increase in the number of arteries in the submacular choroid
does not increase the blood supply and nutrition to that area
[15, 19]. Wybar [15], and Ring & Fujino [20] found no difference in
the structure and density of the choriocapillaris in the macular
region and other areas equidistant from the optic disc. Increased
blood flow in the submacular choroid [49, 50] simply seems to
represent increased blood flow in the large number of arteries

Fig. 16 Fluorescein fundus angiogram of right eye of a monkey
(after experimental central retinal artery occlusion) at 70mm. Hg
intraocular pressure. It shows selective non-filling of the peripapil-
lary choroid.
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aggregated in the submacular choroid, and not necessarily
through the choriocapillaris. Terminal arterioles supplying the
macular choriocapillaris arise directly from all the temporal SPCAs
and other large choroidal arteries lying in the submacular choroid,
and are usually short, vertical and enter the choriocapillaris
perpendicularly and abruptly, as compared to those going to the
choriocapillaris in the peripheral [16, 22]. This anatomical
peculiarity of the submacular terminal choroidal arterioles would
make the macular choriocapillaris much more vulnerable to
embolism than the peripheral choriocapillaris.

Choriocapillaris
Capillaries of the choroid were first described by Hovius [51] in
1702 and called “choriocapillaris” by Eschricht [52]. According to
Passera [53], the smallest choroidal arteries descend perpendicu-
larly and break up at once into a star-shaped formation of
capillaries radiating out in all directions. Winslow [54], as far back
as 1733, described this layer composed of “vascular stars”.

The classical textbook description of the choriocapillaris. The
choriocapillaris is arranged in one plane as a single continuous
layer of capillaries forming a network on the external aspect of the
Bruch’s membrane; the capillaries have a very wide lumen
(10–36 µL; [9] 18–50 µL [17], 18–38 µL; [53]) so that several red
blood corpuscles can pass through them side by side (ordinary
capillaries have room for hardly one red blood corpuscle) and
form a continuous anastomotic network over the entire choroid
(Fig. 18), with no segmental distribution. Although Rohen [55]
stated that “the entire choriocapillaris network undoubtedly has a
continuity by capillary anastomoses” he did find that “the finer
branches of the choroidal arteries run in relatively delimited
sectors of the choriocapillaris”.

Cast studies. Almost all have agreed on the main features of the
choriocapillaris. It has been mentioned that the characteristic
feature of the choriocapillaris is a sudden transition from large
choroidal vessels to the choriocapillaris, without the usual gradual
change through arterioles and venules.
According to Ruskell [56] the efferent venules of the chorioca-

pillaris travel a short distance, draining several capillaries, before
turning away obliquely and quickly joining neighbouring venules,
and the resulting stem shortly joins the nearest large vein.

In vivo studies. A. Embolization of choroidal arteries:
These in dogs and in cats [57] have also suggested segmental

distribution of the choroidal arteries and choriocapillaris. Henkind
[57] in his studies stated that “blocking a choroidal artery leads to
diminished or absent flow in a large segment of the chorioca-
pillaris; this is in spite of the fact that the choriocapillaris seems to
be a continuous anastomotic network over the entire choroid”.

Dollery et al. [58], on FFA of pig’s eyes with experimentally raised
IOP, recorded the filling of the choriocapillaris in the form of dots
which later enlarged and coalesced. Based on these studies, they
stated, that “this would indicate that the choriocapillaris fills as
small independent segments rather than as a continuum over the
entire surface” and that “the segmental filling of the chorioca-
pillaris resembles a pattern of patchy choroiditis or multiple
drusen”.
B. Fluorescein fundus angiographic studies
My study [28] showed the following pattern of filling of the

choriocapillaris:
1. Early Filling or Arterial Phase. The earliest fillings of the

choriocapillaris constituted a filling of the terminal surrounded by
discrete, fully filled units (Fig. 19). This suggests that there is no
free communication between the adjacent units of the chorioca-
pillaris mosaic.
2. Complete Filling Phase. The entire choriocapillaris bed is

uniformly fluorescent and no mosaic pattern is now visible
(Fig. 19). It is not uncommon to find well-defined geographical
isolated filling defects of variable size and shape in the otherwise
diffusely filled choriocapillaris bed, due to the normal spatial
variation in their filling. These areas fill late and remain well-
defined. Their filling sequence seems slightly delayed as
compared to that of the main bed.
3. Early Emptying or Venous Phase. The fluorescent pattern at this

stage (Fig. 19) is the reverse of the arterial phase (Fig. 19), i.e., a
central non-fluorescent zone (corresponding to the fluorescent

Fig. 18 Diagrammatic representation of watershed zones
between the four various vortex veins in rhesus monkeys.
X= fovea.

Fig. 17 A three-dimensional schematic representation of the choriocapillaris pattern. A choroidal arteriole, V choroidal veins.
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zone in the arterial phase—surrounded by a polygonal girdle
composed of very tiny fluorescent spots about the size of
microaneurysms. This produces a well-defined honeycomb
pattern (Fig. 19) which is reproducible on repeated fluorescein
fundus angiography, indicating that these are not artifacts. The
honeycomb pattern may not always be polygonal and may show
variations in size, shape, and pattern.
Thus, these FFA studies revealed that the entire choriocapillaris

bed is composed of independent small lobules [28, 48]. Each
lobule is supplied by a terminal choroidal arteriole situated in the
centre, and its venous drainage is by venous channels situated in
the periphery of the lobule. These studies further revealed that
each choriocapillaris lobule is an independent unit, with no
anastomoses normally with the adjoining lobules in the living eye
(Fig. 19). The various lobules are arranged like a mosaic, with the
margins of the mosaic formed by the venous channels (Fig. 19).
The shape and size of the various choriocapillaris lobules vary in
different regions of the choroid, e.g., polygonal shaped in the
posterior part and elongated in the peripheral part. The
choriocapillaris are arranged more compactly at the posterior
pole than in the periphery, so that they gradually become less
dense towards the periphery. A more detailed account of the
choriocapillaris is available elsewhere [28].

Pattern of the choriocapillaris
Based on these observations, Fig. 9 has been constructed to
represent schematically the choriocapillaris pattern. This shows
that each terminal choroidal arteriole joins a small segment of
choriocapillaris near the middle; this is strongly suggested by
fluorescein angiograms of the arterial phase (Fig. 19). The
radiating arrangement of the choriocapillaris from the terminal
arteriole resembles somewhat the description by Winslow [54]
and Passera [53] of a star-shaped pattern. The venous draining
channels surround each of these segments of the choriocapillaris
and thus usually help to drain adjacent segments, as suggested by
fluorescein angiograms of the venous phase (Fig. 19). My further
studies convinced me that the neoprene latex concept that the
entire choriocapillaris network has a continuous capillary anasto-
mosis was wrong [59]. The present concept, shown in Fig. 19,
correlates fully the angiographic patterns (Fig. 19). My present
concept on the choriocapillaris, as shown in Fig. 9, has been
further confirmed by examination of flat preparations of the
human choriocapillaris by Torczynski and Tso [60]. In their
excellent study, they found a distinct lobular arrangement in the
choriocapillaris, with the feeding choroidal arteriole in the centre
of the lobule and the draining venule at the periphery of
the lobule (Fig. 20)—a pattern having some resemblance to the
pattern of a liver lobule.

Thus, Fig. 9 represents a pattern of the choriocapillaris which
agrees not only with FFA findings (Fig. 19) but also with
histological (Fig. 20) and neoprene latex and other injection
studies.
It shows that each segment of the choriocapillaris is supplied by

a terminal choroidal arteriole and is independent. The various
segments communicate only via the venous channels. In a living
eye, each segment acts as an independent functional unit.
Because of hemodynamic factors in each segment, the blood
does not flow from one segment to the other as shown very well
by angiograms in Fig. 19. The question could be posed: when the
blood supply to a segment is cut off, why does it not fill from the
adjacent segment via the common venous draining channel? My
occlusive studies in a large series have shown that there is no such
direct extension of filling between the various segments. I have no
definite explanation for this well-established fact. I feel it is
possible that the normal IOP obliterates the area of choriocapillaris
supplied by an occluded arteriole because of its intraluminal
pressure having fallen to nil, and the perfusion pressure in the
adjacent venule is not high enough to force blood into the
collapsed choriocapillaris.

Conclusion
These studies have suggested that there are no inter-arterial
anastomoses in the choroid, so that it is an end-arterial system.
The only way the choroid in the occluded artery can fill is by a
retrograde filling via the big choroidal veins [18], presumably due
to the pumping action by the intraocular pulsation.
Thus, my studies established for the first time that the in vivo

vascular pattern of the PCAs and their branches in the choroid and
ONH vascular bed is strictly segmental, with no anastomoses between
the adjacent segments. This indicates that the PCAs and its branches
in the choroid and ONH behave as end-arteries in vivo. This helps to
explain the localized nature of choroidal and ONH lesions.
In conclusion, these findings of in vivo studies showed that

postmortem cast studies had misled us for almost three centuries
into rejecting the fact that PCAs have segmental distribution [19].
The impressive and fascinating scanning microscopic pictures of
the postmortem casts published are unfortunately, equally
misleading despite their spectacular appearance. The explanation
for this disparity may lie in the normally rich autonomic nerve
supply (both sympathetic and parasympathetic) of the choroidal
vascular bed, which influences the in vivo pattern of blood flow
and circulation but is totally absent in postmortem injection
studies. For example, glomus cells, controlled by nerve fibres, at
arteriovenous anastomoses in the choroid form a mechanism to
direct the bloodstream in vivo [61]. Thus, in vivo studies with FFA

Fig. 20 Microphotograph of a flat preparation of the human
choriocapillaris. (Reproduced by kind courtesy of Torczynski and
Tso). A Terminal arteriole, V Venule.

Fig. 19 A magnified view of cast of choriocapillaris. (Reproduced
by kind courtesy of late Professor Koichi Shimizu).
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reveal the actual physiologic circulatory pattern. In the post-
mortem studies, by contrast, when the cast material is injected
under pressure, the vessels without any neural control fill from all
sources irrespective of the normal blood flow pattern; so, they
give information about the morphological conduits only and not
physiologic function. What matters clinically, in explaining different
vascular disorders, is the in vivo circulatory pattern. The in vivo
studies explain why inflammatory, ischemic, metastatic, and
degenerative choroidal lesions are usually localized.
Lütjen-Drecoll [62] reported that arteries and arterioles of the

choroid are surrounded by numerous nerve fibres derive from the
pterygopalatine ganglion via the facial nerve. Stimulation of the
facial nerve causes vasodilation of the choroidal vasculature. In the
foveal region there are ganglion cells in the choroidal stroma.
Choroidal ganglion cells may have mechanosensory properties
and volume regulation. In glaucoma disease the number of
choroidal ganglion cells is significantly reduced.
Occlusion of the various main PCAs [18] and SPCAs [19] in

rhesus monkeys, caused no direct extension of filling from the
normally filling sector of the choroid to the adjacent empty
choroid. Similarly, watershed zones and spatial geographical filling
defects were seen in normal human choroid and monkey choroid
on angiography. These phenomena were difficult to reconcile with
the prevalent concept of the time that the choriocapillaris forms a
freely communicating vascular network.

ARTERIAL BLOOD SUPPLY OF THE ANTERIOR SEGMENT OF
THE EYE
Leber [9] in 1903 first wrote the classical description of the
vascular system of the eye. Subsequent studies have mostly either
confirmed or supplemented his findings. Leber [9] reported that
there are usually two ACAs associated with each rectus, except the
lateral rectus which has only one.
It is well-established that the anterior segment of eye is

supplied by the ACAs and the LPCAs.
Based on cast studies in monkeys and humans, the arterial

supply of the anterior segment of the eye has been reported by
several studies. Figures 21–23 are diagrammatic representation of
its various aspects.

Anatomy of the anterior ciliary arteries
ACAs are branches of the muscular arteries in the four recti. A study
[6] investigated the arteries to the four recti by intra-arterial injection
of liquid latex in 58 human cadaver orbits. This study showed that
the major source of muscular arteries to the various recti are
branches of the medial and lateral rectus muscular arteries, which in
turn are branches of the ophthalmic artery; less common are those
that arise either directly from the ophthalmic artery or from its other
branches. Their site of origin from the ophthalmic artery, mode of
origin and the muscle(s) supplied by them are discussed at length
elsewhere [6]. Medial muscular artery, a branch of the ophthalmic
artery, was present in all specimens, but the lateral muscular artery
was seen in only 17%. The medial muscular artery is a big artery—it
arises directly from the ophthalmic artery as an independent branch
in 74%, and in the rest mostly in common with a PCA. In some
specimens, the muscular artery to one or more of the recti arises
from the ophthalmic artery by a common trunk with one of the
PCAs. The medial muscular artery usually supplies the medial, lateral,
and inferior recti; and the lateral muscular artery usually supplies the
lateral and superior recti [6]. Figure 1 shows the number of arterial
branches to the various recti seen in the study [6].
When a muscular artery arises in common with a PCA, this has

clinical importance, because GCA almost invariably involves the
PCAs [23]. In such a situation, if the common trunk of the muscular
artery and PCA is involved by the GCA and occluded, it can result
in ischaemia of the rectus/recti supplied by the occluded artery;
that manifests as diplopia—a well-known symptom of GCA. Since

Fig. 21 Drawing of the neoprene cast of Schlemm’s canal and
diagrammatic representation of incomplete arterial circle close to
the canal. (Reproduced from late Ashton and Smith) A artery,
N NASA, T temporal.

Fig. 22 Diagrammatic representation of ACAs running along the
borders of the four recti muscles, and also of episcleral,
intramuscular and major arterial circles. (Modified from Van
Buskirk [67]).

Fig. 23 Diagrammatic representation of arterial vascular supply of
the anterior segment of the eye.
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ACAs are branches of the muscular arteries, their occlusion can
result in anterior segment ischaemia, which has been reported in
GCA by many studies.
A study in 1964 [63] investigated the muscular arteries to the

recti in rhesus monkeys by intra-arterial liquid neoprene latex
injection. As in the human specimens (see above), there were
three modes of origin of the muscular arteries to the recti from the
ophthalmic arteries:
(1) The Medial Muscular Artery: This is a big artery, and it

usually supplies the medial, inferior, and lateral recti.
(2) Independent Muscular Arteries Arise Directly from the

Ophthalmic Artery: They always supply the superior and medial
recti and rarely the lateral rectus.
(3) Muscular Branches Arising from Other Orbital Branches

of the Ophthalmic Artery: They may supply one or more recti.
Ashton and Smith [64] in their human cast studies described the

ACAs, divided into the following branches:
(1) Small Episcleral Twigs: These form the episcleral limbal

plexus and send branches to the conjunctiva.
(2) Small Intrascleral Branches: They contribute to form an

incomplete arterial circle, situated near the canal of Schlemm.
There was no afferent connection between the canal and the
arterioles, and they do not deal with the aqueous flow.
(3) Large Terminal Perforating Branches: These give branches

to the vascular plexus in the ciliary muscle, and within the ciliary
body they give branches anteriorly to the major arterial circle of
the iris and posteriorly to the anterior choroid. These recurrent
choroidal branches were first described by Leber [9] in 1903, and
subsequently by many other studies. They also reported that the
ACAs and their branches typically run in company with the veins.
This arrangement is seen all over the sclera, and the small arterial
branches running towards the canal of Schlemm not infrequently
use the same scleral tunnel as the anastomosing outlets of
the canal.
There are several reports based on studies of casts. In rhesus

monkeys, Shimizu and Ujiie [16] reported that the ACAs are in the
episcleral tissue and perforate the sclera to enter the ciliary body a
few millimetres behind the corneal limbus. According to them, the
ACAs did not communicate with the major arterial circle of the iris
but divided into numerous branches to supply the ciliary muscle
in the vicinity of the site of perforation. However, others [65] have
stated that perforating branches of the ACAs terminate in the
anterior part of the ciliary body and anastomose with LPCAs to
form the “major arterial circle of the iris”. Van Buskirk [65], like Leber
[9], reported that in rhesus monkeys there are 7 ACAs which arise
from the recti (2 from each rectus except one from the lateral
rectus). After leaving the recti, the ACAs first supply the episcleral
tissues, and then perforate the sclera and anastomose with the
LPCAs. ACAs arising from the lateral rectus often have no
perforating branches [65, 66]. After leaving the recti muscles the
ACAs interconnect via their lateral-most branches in the episcleral
at the limbus to form the episcleral circle [66]. Branches of the
ACAs perforate the limbal sclera and enter the ciliary muscle.
Heymann et al. [67] studied ACAs emerging from the 4 recti in a
radioanatomical study of 25 human eyes. They found that there
were numerous individual variations. Following were their
predominant findings: the ACA from the lateral rectus is usually
thin and located in the superior or inferior third of the muscle. In
other recti, the ACAs were rather big and frequently observed in
pairs. They tend to be found on each lateral side of the muscle. By
and large, vertical ACAs look bigger and more numerous than the
horizontal ACAs. Johnson et al. [68]., on a photographic analysis of
ACA distribution in the distal parts of 20 lateral and 22 medial
rectus muscles of patients, found one major artery in the lateral
rectus in 15% and in the medial rectus18%, two major arteries in
the lateral rectus in 50% and in the medial rectus in 59%, and
more than 2 major arteries in the lateral rectus in 35% and in the
medial rectus in 23%. This showed that there was no significant

difference in the mean number of major ACAS between the lateral
and medial recti. Funk and Rohen [69] in human eyes reported
that the perforating branches of the ACA form an intramuscular
arterial circle in the posterior region of the ciliary muscle and
supply the outer and posterior parts of the ciliary muscle, partly
the iris, and the peripheral choroid by recurrent ACA branches.
There are several fluorescein angiographic studies of the ACAs.

Meyer [70] on angiography of 13 subjects found the incidence of
arteries lowest over the lateral rectus muscle. Ormerod et al. [71].
found marked individual variability and much larger vertical ACAs.
Laatikainen [72], in a study of the temporal perilimbal area of 156
eyes, concluded that the first vessels to show fluorescein filling are
the branches of the ACAs that are coming from the lateral, inferior,
or superior rectus muscles. Meyer and Watson [73] reported that
the positions of the ACAs are inconstant as they run radially
towards the limbus within Tenon’s capsule. During their course
over the anterior part of the globe they usually branch little, if at
all. Close to the limbus they give rise to superficial (anterior
episcleral) and deep (scleral) divisions. The former continues in the
superficial or deeper episcleral. The latter penetrates the sclera
and disappear. They found that the scleral contributions were
more prominent nasally and the episcleral divisions temporally.
These anatomical findings indicate marked inter-individual

variation in the number and distribution of ACAs, particularly
the ACA from the lateral rectus. It has been claimed that the
contribution from the lateral rectus muscle to the anterior
segment circulation may be more robust than is commonly
taught [68].

Direction of blood flow in the ACAS. The direction of blood flow in
ACAs in normal eyes on fluorescein angiography is controversial.
Some have reported that the blood flow in the ACAs is from inside
the globe towards the site of attachment of the recti, while others
have reported that it is centripetal in direction from the recti
throughout their course till their perforating branches pass
through the sclera. Still others have found the flow to be
centripetal in some eyes and from inside the eye out in other; for
example, Meyer [70] found that in 25 of 40 arteries the flow was
away from scleral perforations. Because of the blood flow direction
from inside the globe outward, some regarded the filled vessels
from inside the eye as veins. Shimizu and Ojiie [16], based on their
cast studies, reported them as definitely arteries and not veins.
Talusan and Schwartz [74] on fluorescein angiography of 12 eyes
found no difference in the filling of the ACAs by fluorescein by
quadrant; and approximately 4 s after the initial appearance of the
dye in the ACA, the anterior ciliary vein showed laminar filling.
Meyer [70] on angiography of 13 subjects found veins were
concentrated in the vertical meridian and were absent over the
lateral rectus in 8 subjects, and all 8 veins drained away from the
limbus. Ormerod et al. [75], based on scanning angiographic
microscope study of 37 scleral perforating arteries, stated that
reports of retrograde blood flow in the ACAs in most fluorescein
angiographic studies are probably incorrect, being the result of
unappreciated methodological problems.
Since the ACAs arise from the recti, one would normally expect

that their blood flow should be from the muscles towards the
limbus, but, as discussed above, some fluorescein angiographic
studies have shown that it is the reverse. This paradoxical
phenomenon is puzzling. Van Buskirk [65], based on his cast
studies, postulated the following explanation: Flow direction in
the cerebral circle of Willis can reverse when intraluminal
occlusions alter relative pressure relationships in the cerebral
vascular system. Moreover, regional shifts in cerebral blood flow
have been demonstrated with localized cerebral activity. Accord-
ing to him, “By the same token, it could be postulated that since at
least two complete anterior anastomotic circles exist in the
anterior segment, each fed by diverse arterial trunks, spontaneous
changes in flow direction may occur in response to tissue
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demands of the extraocular muscles, the ciliary muscle, the
anterior uvea, IOP, and arterial blood pressure within the
individual arterial trunks”. Direct connections between the
perforating branches of ACAs and the major circle of the iris
“may facilitate development of “reverse” flow in the anterior ciliary
arteries with increased pressure within the eye or in the LPCA”.
Nanba and Schwartz [76] found a significant positive correlation
between the diameter of the ACA and IOP. They postulated that
the increase in IOP may influence the circulation of the anterior
uvea, resulting in decreased pressure in the ACA and an increase
in diameter of the ACA. They put forward this postulate to explain
the fluorescein angiographic finding of blood flow in the ACA
from the inside of the eye to the outside.
However, none of these postulates fully explain the reverse

blood flow documented on fluorescein angiography in ACAs in
perfectly normal eyes.
Some of the ACAs, before penetrating the sclera, give branches

to the intrascleral and episcleral vascular system. Some of these
vessels join the so-called aqueous veins. The relationship between
aqueous outflow and blood flow in the limbal vessels also plays an
important role in IOP regulation. Thus, there is a close correlation
between episcleral circulation and IOP regulation.

Arterial circles in the anterior segment
The following three arterial circles in the anterior segment of the
eye have been described. However, there is some controversy
about different aspects of the three circles.
1. Episcleral Arterial Circle: This is formed by anastomoses

between the adjacent ACAs. Meyer and Watson [73], based on
fluorescein angiographic studies in eight normal subjects,
reported that this circle is formed by anastomoses between the
adjacent ACAs, and is a fragmentary circle. According to them, the
anastomotic vessels may be superficial or deep; and the anterior
episcleral arterial circle supplies the episclera, anterior conjunctiva,
limbus, and iris. An incomplete arterial circle close to the canal of
Schlemm is a part of this group (Fig. 21) [64].
2. Intramuscular Arterial Circle: It is formed by branches from

the ACAs and LPCAs and is situated in the anterior part of the
ciliary muscle toward the root of the iris (Fig. 22). It supplies
the ciliary muscle and also sends recurrent branches posteriorly to
the choroid. According to Funk and Rohen [69], in human eyes,
this circle is formed by the perforating branches of the ACAs, and
it lies in the posterior portion of the ciliary muscle.
3. Major Arterial Circle of the Iris: This lies at the root of the

iris and in the vicinity of the ciliary processes (Fig. 22). It supplies
the iris, ciliary muscle, and ciliary processes, and also sends a few
recurrent choroidal branches to the anterior part of the choroid.
Leber [9] wrote that the ACAs and LPCAs join at the root of the iris
to form the major arterial circle. Shimizu and Ujiie [16], in their cast
studies in rhesus monkeys, could not find any communication
from the ACAs to the major arterial circle of the iris. According to
Funk and Rohen [69], in human eyes, this circle is formed mainly
by the LPCAs and supplies the inner and anterior portion of the
ciliary muscle, the iris and the ciliary processes. However, others
[64, 65] have stated that perforating branches of the ACAs
terminate in the anterior part of the ciliary body and anastomose
with LPCAs to form the major arterial circle of the iris. According to
Van Buskirk [65], this is the least continuous of the three arterial
circles and consists of segments.

Blood supply of the sclera, episclera and conjunctiva
These are supplied by the ACAs. Anastomoses between the
adjacent ACAs form the episcleral vascular circle. Shimizu and Ujiie
[16] studied the blood supply to this region in rhesus monkeys.
They showed that the episcleral vascular plexus consists of at least
3 layers, each with different characteristics. (i) The deepest
episcleral layer consists of a coarse, widely variable meshwork of
small-sized venules and arterioles. (ii) The middle episcleral layer

comprises ACAs and their very few branches; anterior to the ACAs
lie two to four tortuous vessels which frequently form vascular
anastomoses. (iii) The most superficial episcleral layer consists of a
vascular network which occasionally communicates with the
above vascular anastomoses. They felt that all these layers
possibly represent the vascular system of Tenon’s capsule. The
inner vascular layer of the palpebral conjunctiva is made up of a
network of venules and capillaries. The arterioles are located in an
outer layer. The venules run vertically toward the lid margin. The
intermediate zone, along the lid margin between the palpebral
conjunctiva and the skin, has venules converging towards the site
of the external outlet of the Meibomian glands. Funk and Rohen
[69], in a cast study of primates, found a capillary network in the
equatorial region in the episclera, conjunctiva and subconjunctival
layer. In a zone 1–3mm posterior to the limbus, they found many
short typical arteriovenous anastomoses fed by arterioles from the
ACAs, but such arteriovenous anastomoses were rare in a zone
posterior to the limbal region. The presence of arteriovenous
anastomoses in primate casts was also reported by Selbach et al.
[34]. who also found capillary loops in the limbal arcade but not in
the episclera itself.
Angiographic studies also have investigated the episcleral and

conjunctival vasculature. Meyer and Watson [73], on fluorescein
angiography of the conjunctiva and episclera in 8 normal subjects,
found that the episcleral arterial circle supplies the anterior
conjunctival and episcleral circulations and the limbal arcades.
According to them, the episcleral circulation is supplied by the
episcleral arterial circle. Arteries of the episcleral circle give rise to
fine loops that run forwards into the limbal reflection of the
conjunctiva before curving back radially to feed the lacework of
the anterior conjunctival capillary plexus. Ormerod et al. [75], on
360° angiographic study of the episcleral and conjunctival
vasculature in 11 normal human subjects, found an extensive
episcleral venous plexus draining into a venous plexus around the
rectus muscles, and small branches of the episcleral circle passing
forward to the limbus where they looped backward in a radial
direction to form the anterior conjunctival veins.

Blood supply of the limbus
The limbus is the region between the transparent cornea and
opaque sclera. The blood supply to this part is entirely by the
ACAs [64, 66]. Perforating branches of the ACAs, before penetrat-
ing the sclera, give branches to supply the limbus. Many arterioles
from the limbal region supply the peripheral cornea. The
peripheral conjunctiva is supplied by recurrent arterioles which
loop posteriorly from the corneal arcade. Venous drainage from
the peripheral cornea and conjunctiva, along with those from the
episclera, drains posteriorly into the orbital venous system.
This region also contains a variable number of efferent vessels

from the outer aspect of the canal of Schlemm, and they vary in
size from capillary size to large trunks. Most of them, after leaving
the canal, anastomose with one another to form the deep scleral
plexus. The deep part of the intrascleral venous plexus of the
anterior ciliary veins communicates with Schlemm’s canal through
its efferent collector channels. Finally, they empty into the
episcleral venous plexus.

Blood supply of the iris
It is well established that the blood supply of the iris comes from
the major arterial circle of the iris. There are several cast studies
dealing with the blood supply to the iris. Shimizu and Ujiie [16] in
rhesus monkeys found the iris vessels arise from the greater
arterial circle. The vessels in the iris have a radial course towards
the pupil. Vessels along the collarette and the innermost pupillary
border have a circular course and are few. The minor circle of the
iris is not a complete circle. There are frequent interarterial
communications in the iris. The venous blood from the iris flows
through the ciliary process and finally into the vortex vein. Van
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Buskirk [65] in his cast studies in primates reported that iris
arterioles usually arise from the major iris circle and occasionally
from the intramuscular circle. The arterioles run centripetally
toward the border of the pupil. The capillary network of the iris
drains into iris venules, which join the veins that run towards the
root of the iris, the bases of the ciliary processes and join the
choroidal veins. Zhang and Gao [35] in casts of human subjects,
found that the iris has about 180–200 radial vessels. The calibres of
the iris arteries are homogeneous and measure about 50–120
microns. Song et al. [34]. in flat preparation of the human iris,
found that in the pupillary margin the iris vasculature network
formed the minor arterial circle of the iris - an arcade, by
connecting to adjacent vessels. In the pupillary margin, the
capillaries were somewhat thick and connected to the irregular
traveling iris vein. Ojima and Matsuo [77] and Funk and Rohen
[69], in their cast studies, reported that the iris has corkscrew-like
arteries to allow iris movement. According to them, the iris vessels
are arranged in the following three layers:
(i) Anterior capillary layer: This consists of many very dense,

small, tortuous capillaries.
(ii) Arterio-venular layer: This lies within the iris stroma. It

contains arteries and veins. The arteries have a bent spiral course,
and the veins are straighter. Near the pupillary margin there is an
incomplete minor arterial circle of the iris. The veins run towards
the root of the iris and drain into the tributaries of the
vortex veins.
(iii) Posterior capillary layer: This lies near the dilator muscle.
The iris capillaries are lined by an endothelial cell layer which

has tight cell junctions, which results in the iris capillaries having a
blood - aqueous barrier [78]. The iris capillaries also have pericytes.
The iris is a highly vascular structure. Rohen and Funk [79]

postulated that that is meant to supply the surrounding avascular
tissues of the posterior lamellae of the cornea and the trabecular
meshwork with oxygen. Parodi et al. [80]. reported a rare
congenital anomaly of iris arteriovenous communication on iris
fluorescein angiography and indocyanine green videoangiogra-
phy in eight patients. These iris arteriovenous communications
consist of abnormal vascular connection bypassing the iris
capillary bed. Raviola and Butler [81] in rhesus monkeys found
unidirectional movement of horseradish peroxidase in the iris
blood vessels. That is, when it is injected into the blood stream,
horseradish peroxidase remains in the lumen of the iris vessels.
However, when it is injected into the anterior chamber it
permeates the iris tissues and penetrates the lumen of vessels
of the iris by transcellular vesicular transport. Bill [82] reviewed the
permeability of the blood-aqueous barrier to substances that are
not transported by cellular mechanisms. The iris vessels seem to
constitute a more efficient barrier in primates than in rabbits and
cats, most probably due to the presence of tighter junctions
between the endothelial cells in primates.

FLUORESCEIN ANGIOGRAPHIC PATTERN OF NORMAL IRIS
VASCULATURE
While cast studies give useful information about the iris vessels,
they do not provide any information about their in vivo circulatory
pattern and properties. Fluorescein angiography of the iris vessels,
however, does provide that essential information. I investigated
the normal fluorescein iris angiographic vascular pattern in normal

human eyes [83] as well as in the normal eyes of cynomolgus and
rhesus monkeys [84].

Normal human iris vascular pattern on fluorescein
angiography
In a human study [83], fluorescein angiography in patients with
dark to light brown eyes the iris vessels cannot be outlined on
angiography because of the brown pigment in the stroma masks
the iris vessels. However, it has been shown that iris angiography
using indocyanine green dye can show vessels in normal
pigmented iris. Recently [85] optical coherence tomography
angiography has been advocated for angiography but there are
several artifacts in it. On fluorescein iris angiography, the iris
vessels are outlined only in blue or green eyes. In my study [83],
fluorescein iris angiography was done in 42 blue or green eyes of
subjects between 10 and 64 years. Following is a very summary of
the findings:
The arteries in the iris started to fill radially from the root of the

iris. The sequence of filling in the various segments of the iris was
highly variable. Frequently, the entire iris started to fill simulta-
neously, but more often the various segments filled in different
sequences; often the nasal part tended to fill first and the
temporal part last. Delayed filling might involve the superior
temporal, inferior temporal, or the temporal sectors only. In that
case the upper and lower parts of the iris filled in the intermediate
phase between the nasal and temporal filling, sometimes
simultaneously and other times not. It was notable that, in a few
eyes, the vessels in one small segment of the pupillary region
(usually the temporal part) showed a substantial delay in filling, so
that it was the last part of the iris to fill. The filling of the entire iris
usually took five to ten seconds or even longer. In view of this
marked diversity, no one filling pattern of the iris can be described
as typical.
In iris angiograms, the arterial channels could easily be

recognized because they filled first of all from the root of the
iris, and from their mostly radial orientation Table 1. The progress
of arterial filling in the iris was fairly slow; it usually took a few
seconds for the arteries to fill from the root of the iris up to the
pupillary region. Although most arteries reached the pupillary
region, some small arteries of variable number supplied only the
peripheral part of the iris near the root.
In fluorescein fundus angiography the retinal circulation can be

divided into distinct arterial, arteriovenous, and venous phases.
However, in fluorescein iris angiography, after the arterial phase,
all the iris vessels gradually filled with no distinct venous phase, so
that at no stage in the transit of the dye were the veins the only
vessels outlined in the iris. The only sure way to differentiate the
arterial channels from the venous was by reference to the early
arterial phase. (Also, the veins in the iris were usually more
numerous and thinner than the arteries). The filling pattern of the
iris vessels showed that the circulation in the iris was sluggish
compared with the retinal or choroidal circulation, so that all the
vessels of the iris took a much longer time to fill than in the retina,
and a high concentration of the dye persisted in the iris vessels for
many minutes. In view of this, a second angiogram after the
second injection of fluorescein did not give significant information
about the iris vasculature. The area between the collarette and the
pupillary margin, which is highly variable in size, had the greatest
density of fine vessels, most of them being of capillary size. At the

Table 1. Number of Arterial Branches to Various Recti, As Seen in 58 Orbits in My Study [2].

Name of rectus muscle One branch Two branches Three branches Four branches Five branches

Lateral rectus 40% 45% 12% 5% None

Superior rectus 53% 36% 12% None None

Medial rectus 19% 12% 45% 22% 2%

Inferior rectus 90% 8% 2% None None
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pupillary margin the capillaries formed hairpin loops. The
circulation in the pupillary and peripupillary region was often
much slower than in the peripheral part of the iris. In the area
between the pupillary margin and the collarette, the iris vessels
were often much more distinctly outlined than elsewhere, as if the
overlying iris tissue was thinnest in this area, being thickest in the
region of the collarette, and of intermediate thickness between
the collarette and the root of the iris; however, in other eyes, the
vessels were well outlined uniformly.
Near the root of the iris, prominent arterial channels were

sometimes seen, running close to the circumference, and from
them branches arose that ran radially towards the pupil. It seemed
as if these arterial channels were parts of the greater arterial circle of
the iris and lay in the iris near its root, instead of in the ciliary body.
The collarette contained the minor arterial circle of the iris,

which was seen in one form or another in most of the eyes. The
circle was mostly incomplete, sometimes with big segments
missing, and often fragmented. The various segments of the circle
usually filled at irregular intervals and often slowly so that these
did not fill completely till the veins of the iris filled, and yet they
were connected to the arterial channels. The distance of the circle
from the pupillary margin varied in different eyes.
Unlike the retinal vessels, the iris showed no definite arrange-

ment of the arteries and veins.
The iris capillaries showed no fluorescein leakage during the

transit of the dye and up to about two minutes thereafter except
in ten eyes of this study. In these ten eyes a definite or
questionable leak was seen only in the pupillary region, which
has the highest concentration of capillaries. It was of a moderate
degree in one eye of a girl aged 12 who had had pars planitis and
secondary cataract since early childhood. The remaining eyes had
only a mild or questionable leak and belonged to individuals 12 to
63 years old, with no evident ocular abnormality.

Circulation time in the iris vessels. My study [83] supports the
observations of Chignell and Easty [86] that the iris circulation is
much slower than the retinal circulation. Normally, the choroidal
circulation is much faster than the retinal because of the much
larger size of the lumen of the choriocapillaris (up to 50 µ) than of
the retinal capillaries (3.5 to 6 µ [85, 87]). Thus, of the three visible
ocular circulatory systems - choroidal, retinal, and iris—the iris is
the slowest. It could be argued that pupil size may affect the
circulation time in the iris, since the iris vessels will change their
course and perhaps their resistance to flow, depending upon the
area of the iris served. But the pupils were normal in every respect
in all these patients, which contradicts such an argument. Since
the intensity of illumination of the flash used in the camera was
constant in all angiographies, any pupillary contraction produced
by the bright flash was identical as well. The cause and importance
of the slow circulation in the iris remain obscure at this stage; it
could make the iris more vulnerable to circulatory disorders.

Regional variation in the density of iris vessels. Amalric [88]
described the vascularization of the iris as maximal in the superior
nasal sector, but in my study [83] there was usually no regional
variation in the density of the vessels, though in some eyes it was
much higher in the nasal segment than elsewhere; other minor
variations were also observed. A high capillary density in the area
between the pupil and collarette was seen in my study and
reported by others [88, 89]. This could be a factor in the start of iris
neovascularization in the pupillary region.

Sequence of filling of the vessels in different parts of the
iris. Chignell and Easty [86] stated that the normal iris starts to
fill 10 to 15 s after the intravenous injection of fluorescein, usually
commencing above and below, with the arteries in medial and
lateral quadrants filling 1 to 2 s later. My study [83], however,
showed that the sequence of filling is highly variable - often the

nasal part fills first and the temporal last, although frequently the
entire iris filled simultaneously.
The physiological delay in the filling of various segments of the

iris, pupillary region, and the minor circle of the iris could easily be
mistaken for a pathological filling defect if the observer is not
familiar with this phenomenon. I believe that many of the sectoral
filling defects or delays in iris angiography reported by Kottow
et al. [90]. in retinal vein occlusion and retinal artery occlusion [91]
and by other investigators in some other disorders, may in fact be
examples of just such a physiological delay. It is essential to have
preoperative or pre-occlusion angiograms in order to identify
abnormalities. The variability in the filling of the various segments
of the iris on angiography is most probably due to the fact that
the various arteries of supply to the iris vary in size and origin from
the ophthalmic artery at different points and show a large amount
of variation from eye to eye [6]. Sometimes a “filling defect” in the
iris and/or limbal region may simply be a photographic artifact, if
the area is out of focus or inadequately illuminated.

The end-on appearance of coiled capillary loops at the free margin of
the iris. These resemble microaneurysms on angiograms. “Fluor-
escent spots” at the pupillary margin of the iris in some eyes were
the end-on appearance of the coiled capillary loops.

Fluorescein leakage from the iris vessels. The existence of blood-
brain, blood-retinal, and blood-optic nerve barriers is well-
established. In the iris studies, using tracer material and/or
electron microscopy, many investigators have demonstrated
presence of a similar blood-iris barrier in the mouse, monkey,
and man [79, 92]. Other investigators, however, have reported
gaps in the junctions between the endothelial cells of the iris in
the rat, cat, and pig [93]. Szalay et al. [94] on fluorescein iris
angiography in rats, reported that they found fluorescein leak
from the iris at the pupillary margin and in the radially arranged
vessels of the iris - most marked in older rats. Vannas [89] reported
fluorescein leakage from the iris vessels in 7% of eyes of persons
under 50 and in 31% of eyes in subjects aged from 50 to 80 years.
Chignell and Easty [86] found no fluorescein leakage in persons
under 40 but stated that there may be leakage at the pupil margin
in those over 40.
In my study, I looked for fluorescein leakage from the iris vessels

during the transit of the dye and for two minutes thereafter. I did
not see any fluorescein leakage from the iris vessels in nine of the
11 eyes of eight persons aged 40 to 64 years; among the eyes with
fluorescein leakage in this age group, the leak was at the pupillary
margin only and was seen in one eye of a 63-year-old person with
thyroid myopathy and one eye of a 50-year-old patient who had
had recession and resection of the horizontal recti 36 years
previously. Among the 23 persons under 40, minimal to mild
fluorescein leakage in the pupillary region (usually at the pupillary
margin) was seen in eight eyes of seven persons (aged 12, 16, 16,
21, 22, 26, and 31 years): in one of these eyes there was a
prolonged history of pars planitis with secondary cataract
formation, while in the others, a history of anterior segment
disease could not be definitely excluded. The previous authors
reporting fluorescein leakage from the iris vessels made no
attempts to ascertain whether patients had suffered any past
ocular disease. However, fluorescein iris angiography findings by
Satoh et al. [95]. suggested that the incidence of leakage of
fluorescein from the pupillary margin and anterior chamber angle
tends to increase with age and that it is important to consider the
physiological changes resulting from aging.
Before any further consideration of the leak in normal eyes, I

must stress the following factors: When iris angiograms are even
slightly out-of-focus, the iris vessels are blurred and give an
erroneous impression of fluorescein leakage. From my personal
experience of taking fluorescein angiograms, it is virtually
impossible to get uniform sharp focusing of the entire iris in
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100% of the angiograms in every patient. It seems probable that
some of the so-called “leakage” reported in the literature may well
be artifacts of this kind.

Iris pseudofluorescence. In iris angiography the most used
combination of excitor and barrier filters always allows visualiza-
tion of the iris tissue, and that normally helps in the orientation of
the iris vessels. However, it has the serious disadvantage of
producing a certain degree of pseudofluorescence of the iris
stroma, and the pseudofluorescence varies with the thickness of
the iris tissue - the thicker the tissue, the greater the pseudo-
fluorescence and vice versa. The pseudofluorescence is particu-
larly great in the region of the collarette. It may not only mislead
the unwary observer but also blur the underlying iris vessels,
giving an erroneous impression of fluorescein leak.
Thus, all these possible artifacts need to be excluded

meticulously before diagnosing iris fluorescein leakage. Having
done so, I did find in a few eyes a very localized and mostly
minimal fluorescein leakage from some of the capillary loops at
the pupillary margin and none from the other vessels in the rest of
the iris. As stressed earlier, a history of ocular disease could not be
definitely excluded in these eyes.
In the brain, retina, and optic nerve the blood barrier property

does not change with age. In my study, there was no evident
difference in the blood-iris barrier between young and old, and it
is hard to imagine any different behaviour by the iris vessels. This
conflicts with some previous claims [89, 94].
From the available evidence, it can be concluded that normal

iris vessels, irrespective of age, usually do not leak fluorescein
during the transit of the dye or soon thereafter, and that these
vessels possess a blood-iris barrier. Whether the iris vessels of the
rat, cat, and pig behave differently from those of the human
cannot be stated definitely.

Lens autofluorescence. The normal lens produces autofluores-
cence during fluorescein iris angiography. In my study, this was
seen in all the eyes except those of two persons, aged 10 and 17.

Fluorescein stained aqueous. Since the ciliary body possesses no
blood-ciliary body barrier, fluorescein rapidly leaks out into the
posterior chamber. The fluorescent aqueous of the posterior chamber
enters the anterior chamber via the pupil. Its accumulation near the
pupillary margin, along with the autofluorescence of the lens, may
give an erroneous impression of fluorescein leakage from the iris
vessels at the pupillary margin in a slightly out-of-focus picture.

Conclusion
From all these findings of human iris fluorescein angiography, one
can conclude the following:

1. The blood supply of the iris is segmental, and the various
segments may fill irregularly in a normal eye. This
physiological delay in the filling of one or more segments
may mistakenly be considered pathological.

2. Blood flow in the iris is usually much more sluggish than in
the choroid or retina.

3. Normal iris blood vessels usually show a blood-iris barrier
irrespective of age.

4. Iris fluorescein angiography can show vascular abnormal-
ities of the iris, e.g., iris vascular tufts, arteriovenous
communication of the iris, iris racemose vascular anomalies,
capillary haemangioma, filling defects in strabismus surgery
and iris neovascularization.

Normal subhuman primate iris vascular pattern on fluorescein
angiography. I felt this information was important when experi-
mental studies are done in subhuman primates to determine their

validity to the human. We investigated the normal fluorescein iris
angiographic vascular pattern in 23 cynomolgus monkeys (46
eyes) and 12 rhesus monkeys (24 eyes) [84]. All eyes were normal.
The filling of the iris vessels started from the root of the iris and

extended towards the pupillary margin. The iris-vessel filling was
considered to be complete when the pupillary margin filled all
around. The general pattern of iris vessels varied widely. The radial
iris vessels in the fluorescein iris angiograms of the monkeys,
unlike those of humans, were usually not seen clearly; in the
majority, the iris vessels formed an irregular, uniformly distributed
mesh of fine vessels with a few inconspicuous and incomplete
radial vessels in between. No arteries or veins could be identified
because of the intricate and lacy pattern. The distribution of the
blood vessels was uniform all over the iris surface. On fluorescein
iris angiography, unlike retinal angiography, no distinct arterial,
arteriovenous, and venous phases could usually be differentiated
during the transit of the dye; occasionally, however, during the
very early arterial phase, a filling of only the radial arteries in
the iris was seen. The majority of the irides filled diffusely, i.e.,
the filling started simultaneously at multiple points along the
circumference and reached the pupillary border about the same
time. In some eyes a sector of the iris would start to fill a few
seconds earlier than the rest or vice versa, and the study revealed
that, on repeated angiography in the same eye, the sectoral filling
delay was not consistent. It is important to appreciate this fact so
that this physiologic phenomenon is not considered pathologic.
There was no apparent difference in the iris angiographic pattern
of the rhesus and cynomolgus monkeys.
The time from the first appearance of the dye in the 46

cynomolgus monkey irides to the complete filling of the pupillary
border varied from 1.4 to 6.2 (3.7 ± SD 2.3) seconds. Angiograms
repeated two to six times on the same eye but on different days
showed a variation in filling time from 0.1 to 5.7 (2.0 ± 2.0) seconds
(in 73% ≤2 s). The difference in the filling time between the two
eyes of the same animal varied from none to 5.3 (1.4 ± 1.4)
seconds (in 80% ≤2 s). These variations in the iris filling time must
be interpreted in the light of the various instrumental and
technical limitations involved in iris angiography.
The iris vessels showed no fluorescein leakage during either the

transit of the dye or the late phase, in any of the eyes. However,
the aqueous became slightly fluorescent after several minutes,
due to a slow leakage from the ciliary processes. It was easy to get
a good quality iris angiogram in the fellow eye with a second
injection within a few minutes after the first injection, because of
the absence of any significant fluorescence in the iris after the first
injection.
This study revealed that despite their brown irides satisfactory

fluorescein iris angiograms can be produced in rhesus and
cynomolgus monkeys. This opens a new avenue for the
investigation of the circulation in vivo of the anterior segment
in subhuman primates. As discussed above, in brown human irides
it is not possible to outline the normal iris vessels by fluorescein
angiography because the brown pigment masks the blood
vessels. In contrast to that, no pigment evidently masks iris
vessels in the monkeys, suggesting that either the brown colour of
the monkey iris is due only to the dark posterior pigment
epithelial layer or the melanocytes must lie deeper than the iris
vessels; unfortunately, the few anatomical studies on the monkey
iris available in the literature do not provide us with any
information on the subject.
Our fluorescein iris angiographic studies showed the following:

(i) The iris vascular pattern is identical in rhesus and
cynomolgus monkeys.

(ii) It is also quite like that seen in humans.
(iii) In fluorescein iris angiograms, except during the initial

phase, it is not possible to differentiate arteries and veins in
any of these species.
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(iv) The various sectors of the iris do not fill simultaneously but
show a physiologic spatial variation in the filling of the
different sectors, so that some sectors take longer to fill than
others [83]. This physiologic phenomenon should not be
regarded as pathologic. From this study, it seems that any
sectoral delay in filling of the iris of up to 6 s should be
considered within normal limits in monkeys. Repeated iris
angiographic examinations in these monkeys revealed no
consistent pattern in the delayed filling of the various
sectors.

(v) The iris vessels in primates showed no fluorescein leakage.
Using tracer material and/or electron microscopy, many
investigators have demonstrated in monkey and man the
presence of tight junctions between endothelial cells of iris
blood vessels [79]. This provides a morphologic reason for
the absence of fluorescein leakage from the iris vessels.
Thus, fluorescein leakage from the iris vessels is not a
normal finding in adult rhesus and cynomolgus monkeys. As
discussed above, in the human iris, a mild fluorescein
leakage has been reported in some older individuals and in
a very few young persons [83, 96]. A slow diffusion of
fluorescein from the ciliary processes is universal, because
the capillaries in the ciliary processes are fenestrated [17]
and the ciliary epithelium shows “leaky” junctions; this leads
to fluorescein staining of the aqueous. For more information
on blood-ocular, please see the excellent detailed discussion
by Cunha-Vaz [97].

BLOOD SUPPLY OF THE CILIARY BODY
The ciliary body consists of 3 parts: pars plana, pars plicata and
ciliary muscle [65]. Leber [9] described an intramuscular arterial
circle in the ciliary body, which has been confirmed by others in
primates [98, 99] as well in the human [71]. This circle is formed by
anastomoses between the perforating branches of the ACAs and
LPCAs in the ciliary muscle. Based on their cast study in rhesus
monkeys, Shimizu and Ujiie [16], reported that the ciliary body is
supplied by branches from the ACAs and consists of collections of
vessels of various sizes and directions. They found that the major
portion of the blood in the ciliary muscles drains into collector
veins in the pars plana and ultimately into the vortex veins.
According to Funk and Rohen [69], in the human, the inner and
anterior portion of the ciliary muscle is mainly supplied by
arterioles from the major arterial circle of the iris, whereas the
outer and more posteriorly located portion is supplied by
branches of the intramuscular circle formed by the ACAs. In the
posterior portion of the ciliary body the venules of the ciliary
muscle run in the valleys between the ciliary processes or bend
more posteriorly to the layer of the pars plana venules.

BLOOD SUPPLY OF CILIARY PROCESSES
This has been extensively investigated by many studies by
examination of casts in primates and human. The pars plicata
consists of about 70 major ciliary processes, interdigitated
between an equal number of minor processes [65]. Major ciliary
processes are separated from each other by deep grooves, which
contain minor processes. The blood supply to the ciliary processes
is from the greater arterial circle of the iris [100].
Shimizu and Ujiie [16] in rhesus monkeys reported that the

vascular system of the ciliary processes is distinct from that of the
ciliary muscle. In each ciliary process, branches of the greater
arterial circle of the iris enter at its anterior part and run
backwards. According to Morrison and Van Buskirk [98, 99], in
primates, the ciliary process microvasculature is highly complex,
with two types of branches arising from the greater arterial circle
of the iris going to the ciliary processes – anterior and posterior.

The anterior arterioles possess focal constrictions and supply the
anterior and marginal aspects of the major ciliary processes as well
as interprocess networks that connect contiguous processes. The
posterior arterioles are less constricted and supply the minor
ciliary processes and the central portions of the major processes.
These findings, and the demonstration of multiple other channels,
suggest several mechanisms by which blood can be shunted
between and around the major and minor ciliary processes.
Morrison and Van Buskirk felt that the presence of focal
constrictions in the anterior arterioles suggests a site for possible
autonomic or neurohumoral control of blood flow into the major
ciliary processes. Capillaries of major and minor ciliary processes
are irregularly dilated.
Funk and Rohen [69, 100], based on their human cast study of

the ciliary processes’ vasculature, described the capillaries of the
ciliary processes as fenestrated, as was also shown in primates
[65]. From the functional point of view, they found that the
vascular system of the ciliary processes consists of the following
three different territories with discrete arterioles and venules.

First vascular territory
This is located at the anterior-most portion of the ciliary processes.
In this region, the ciliary processes are connected with each other
circumferentially by broad, leaf-like processes. The capillary
network in this region is drained by separate venules which run
posteriorly after they turn into the base of a neighbouring ciliary
process. According to Funk and Rohen [100], this territory of the
ciliary process vasculature may participate in volume regulatory
mechanisms and fluid reabsorptive processes rather than aqueous
formation.

Second vascular territory
This includes 2/3 of the major ciliary processes. The vasculature in
the major ciliary processes resembles that of the renal glomeruli.
In the anterior two-thirds of the arterioles in ciliary processes are
arranged in tufts. The ciliary processes are leaf-like and contain a
dense network of wide capillaries. These are supplied anteriorly by
the “afferent arterioles” and are drained posteriorly by the
“efferent venous segment” towards the pars plana region [100].

Third vascular territory
This includes the posterior third of the major ciliary processes and
the minor processes. It is supplied by separate arterioles from the
major arterial circle and shows few connections with the capillary
network of the anterior portion of the ciliary processes.
The division of the ciliary process vasculature into three vascular

territories, according to Funk and Rohen [69], may reflect a
functional differentiation in the process of aqueous humour
production.
There is dual arteriolar supply of the ciliary processes [100], and

that suggests that there are mechanisms by which blood can be
shunted within and around the major ciliary processes.
According to Funk and Rohen [69], although in humans the

general arrangement of the ciliary process vessels is like that of
the cynomolgus monkey, there are characteristic differences in the
size of the territories and in the pattern of the capillary networks.
The ciliary processes are highly vascular and secrete aqueous

humour. The blood flow in them, as in the choroid, is very fast, so
that there is a relatively low arteriovenous pO2 difference between
the anterior and posterior regions [100]. This increased perfusion
of the vasculature of the ciliary processes is essential for
production of aqueous humor [69], and their blood flow could
directly affect aqueous humour formation by controlling hydro-
static pressure in the capillary and, thereby, ultrafiltration [65].
According to Kiel et al. [101], there is a dynamic relationship
between ciliary blood flow and aqueous humour production, with
production being blood flow independent above a critical level of
perfusion, and blood flow dependent below it. They wrote that
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the plateau portion of the relationship shifts up or down
depending on the level of secretory stimulation or inhibition,
and that oxygen is one critical factor provided by ciliary blood
flow. Bill [82] described how the tight junctions between the non-
pigmented epithelial cells restrict intercellular movement of small
molecules and ions from the ciliary processes into the posterior
chamber. For plasma proteins, the endothelial cells of the
capillaries constitute an additional barrier. The number of tight
junctional strands and the electrical conductance of the epithe-
lium are such that it can be classified as a border case between
leaky and tight epithelia. Although there is no anatomical barrier,
there is an efficient functional barrier between the stroma of the
ciliary processes and the anterior chamber.

Venous drainage from the ciliary processes. Veins are situated
along the perimeter or rim of each ciliary process. They are
drained posteriorly by venules, and then they drain into the veins
of the pars plana and finally into the vortex veins [69, 98–100].

VASCULATURE OF THE PARS PLANA REGION
The pars plana lies between the posterior tips of the ciliary muscle
bundles and the ora serrata. In this region, there are venules from
the iris, ciliary muscle, and ciliary processes. There are numerous
interconnections between these venules in the central portion of
the pars plana in primates [100]. The venules finally drain into the
vortex veins.

Anatomy of the cilioretinal arteries
The cilioretinal arteries belong to the PCA system. They usually
arise from the peripapillary choroid or directly from one of the
SPCAs. The cilioretinal artery is a congenital anomaly rather than
one acquired due to some disease, inflammatory, or other morbid
process. It was first described by Müller [102] in 1856, and first
demonstrated histologically in 1876 by Nettleship [103], who
stated that in sectioning of a human eye, he found “a small artery
from the choroid turning round the edge of the disc, and running
uninterruptedly for some distance in the retina, where it breaks up
into capillaries”. Since then, there have been many reports of the
presence of a cilioretinal artery in the literature. In 1879 Nettleship
[104] published many important observations, still relevant, about
the cilioretinal arteries. He stated the following:

1. It is common to see healthy eyes in which a cilioretinal
artery on reaching the disc turns sharply back and
disappears under the rim of the sclera, as if running into
(or emerging from) the choroid.

2. The cilioretinal artery is generally very small but may be as
large as one of the main divisions of the central retinal artery.

3. They are always situated on the temporal side of the disc and
pass to the foveal region of the retina.

4. No practical significance can at present be attached to this
peculiarity in the blood-supply of the fovea of the retina.

5. Such a vessel is generally present in only one eye, but it is
occasionally seen in both. It is usually single but may be two
in the same eye.

6. A cilioretinal artery can in most cases be readily distinguished
from the other retinal arterial branches (generally of small
size), which are often seen to enter (or emerge from) the optic
nerve at various points between the temporal border and the
physiological pit. In some cases when the vessel disappears
very near to the border of the disc, it may be impossible to say
whether it passes straight down the nerve or curves around
the sclera.

7. Anatomists do not agree as to whether those vessels, which
disappear between the optic disc border and the physiolo-
gical pit, are branches of the central retinal artery given off
before reaching the eyeball, or branches of the ciliary vessels.

8. The cilioretinal arteries do not appear to anastomose with the
other retinal vessels either on the retina or optic disc.

9. The presence and size of the cilioretinal artery does not
appear to bear any relation to disease. It often seems to taper
off a little towards its point of submergence in the choroid or
sclera; this appearance being explained in the same manner
as the similar apparent tapering of the central retinal artery
and vein in the physiological pit, and not indicating any
diminution in size.

Nettleship stated that this cilio-retinal vessel may be either an
artery or a vein. We now know that it is almost always an artery
and only rarely a vein.
Like Nettleship [104], Lang and Barrett [105] in 1888 defined a

cilioretinal vessel as “one which dips into the nerve near the
margin of the optic disc and which can be seen to arch outwards”
and did not regard a vessel without this curve as cilioretinal.
Jackson [106] stated that the artery curved as it emerged. This
characteristic sharp hook-like appearance at its site of entry into
the retina at the optic disc margin was described as a diagnostic
feature of this artery by Salzmann [107] and Duke-Elder [108].
Salzmann [107] stated that a nasal cilioretinal artery was

associated with anomalies of the optic disc. Collier [109]
demonstrated an association of cilioretinal arteries with congenital
anomalies of the optic disc and fundus and with refractive errors
(he found ametropia in 195 eyes, of which 47% were astigmatic;
40·2% had hypermetropia, with or without astigmatism, and
32·5% had myopia). Glees [110] suggested some genetic
association between cilioretinal vessels and various abnormalities
of the retinal vessels, cerebral angiomata, and aneurysms of the
cranial vessels, and stressed their value as diagnostic signs. Loring
[111] stated that cilioretinal arteries were seen where the nutrition
of the retina had suffered from morbid processes, but Nettleship
[104] found no association with any disease. In my clinic, I have
seen a cilioretinal artery as a common finding in normal eyes,
varying widely in size (in few supplying almost half of the retina)
with no evident association with any ocular disease.
Birnbacher [112] in 1887 rightly stated that every artery which

appeared at or near the disc margin was not necessarily a
cilioretinal artery. Duke-Elder and Wybar [4] described the division
of the central retinal artery within the substance of the optic nerve
into two, four, or even eight arteries, which emerged separately at
the disc, no parent trunk being visible ophthalmoscopically. Blunt
[113] found the central retinal artery bifurcating 0–4mm. behind
the disc in one case, and one of the branches passed to the
margin of the lamina cribrosa to emerge from the disc at the
periphery. The condition described resembles somewhat the left
side of my reported cases in a rhesus monkey [114]. Bloch [115]
and Salzmann [107] saw patients with arteries at the periphery of
the disc and no central artery. According to Parsons [116], this
possibility cannot always be eliminated. Thus, rarely the artery that
looks like the cilioretinal artery ophthalmoscopically may in reality
be an early branch of the central retinal artery, arising within the
optic nerve, and in such cases, a normal central retinal artery
would also be seen. In such cases, fluorescein fundus angiography
is helpful, because normally the cilioretinal artery fills at the same
time as the choroid and usually before the onset of filling of the
central retinal artery or its branch. On the other hand, if it is an
early branch of the central retinal artery, the branch and the main
central retinal artery fill simultaneously.

ANATOMICAL PROOF OF THE PRESENCE OF THE CILIORETINAL
ARTERY
This is very rare in the literature. Anatomically cilioretinal artery is
usually one cilioretinal artery, but there may be up to 5 in number.
Only Wybar [117] followed the whole course of one cilioretinal
artery in latex casts, and conclusively proved that it arises from the
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PCAs, thus definitely proving it a cilioretinal artery. In my [114]
study of two eyes of a rhesus monkey, in serial sections of the
optic nerve, I was also able to trace the arteries to their origin from
the PCAs and showing them to be true cilioretinal arteries.
However, most previous authors have based their statistics and
conclusions only on ophthalmoscopic appearances; but, as
mentioned above, no absolute reliance can be placed on the
ophthalmoscopic findings. Those who have based their observa-
tions on the ophthalmoscopic appearances have found the
cilioretinal arteries to be very common, whereas a detailed
anatomical examination of 72 eyes [113, 118] revealed no such
artery (though such a negative observation is to be taken
cautiously). Similarly, the anatomically based reports of the
incidence of cilioretinal arteries in the rhesus monkey also seem
to be low, because no example was found in about twenty eyes
examined both ophthalmoscopically and either histologically or
by latex injection [63].

ORIGIN OF CILIORETINAL ARTERIES
In the literature, there is controversy about the origin of the
cilioretinal arteries. According to Nettleship [104], these vessels were
seen going to the choroid. Randall [119] found that most of them
arose directly from the SPCA and passed through or around the
edge of the choroid. Birnbacher [112] found one arising from the
choroidal artery in a histological section and similar formations were
seen by others [120–122]. Elschnig [120] further stated that they
might arise from an artery communicating with the CHZ and with
the choroid. Others [103, 108, 121] stated that they usually arose
from the CHZ. According to Bailliart [123], they arose at times from
the PCA and very rarely from the choroidal artery, but Elschnig [124]
did not find one arising directly from the PCA. According to Parsons
[116], they were mostly derived from the PCAs and not from the
choroidal artery. In my [114] study of two eyes of a rhesus monkey, I
was also able to trace the cilioretinal arteries to their origin from the
PCAs in serial sections of the optic nerve.
Benson [125] described the existence of a retinociliary artery

arising from the central retinal artery and dipping into the disc.
This may represent a retinociliary collateral, which develops in
some eyes after central retinal artery occlusion. In one specimen in
my anatomical study [126] on the central retinal artery, a branch
arose from the middle of the horizontal section of the intraneural
part of the artery, and ran forwards in the centre of the nerve to
enter the eyeball with the central retinal artery at the optic disc, to
supply the superior part of the retina; this artery could mistakenly
be considered as a cilioretinal artery.

NUMBER OF CILIORETINAL ARTERIES IN AN EYE
There is a wide variation, usually one and up to 3, in the reported
incidence of the number of cilioretinal arteries in an eye, when
present. Parsons [116] described them as usually small in size
though rarely equal to one of the main divisions of the central
vessels. Jackson [106] found large arteries in 22.5%, medium in
28.3%, and small in 49.2%. In my study [114] in a rhesus monkey,
there were 8 cilioretinal arteries in the right eye and three in the left.
Coats [127] stated that the cilioretinal artery might be too small

to be of any use in cases of central retinal artery occlusion, but
Collier [109] in a study of 1000 subjects found in 93.7% of them to
be functionally available. We know now that cilioretinal arteries
may supply from a tiny part to a large part of the retina, and even
the entire retina (see below).

INCIDENCE OF CILIORETINAL ARTERIES
The incidence of the presence of a cilioretinal artery had been
reported variably by different studies. Nettleship [104] stated in
1879: “this condition is much more common than has been

reported, so common indeed that when the attention has once
been drawn to the subject, scarcely a week passes without one or
more examples coming under notice in the ordinary routine of
ophthalmoscopic work”. Most studies were based on ophthalmo-
scopic evaluation; however, as mentioned before, that can be
deceptive, because what looks like a cilioretinal artery on
ophthalmoscopy may actually be an early intraneural branch of
the central retinal artery, emerging at the optic disc as a separate
artery. The most reliable way to ascertain the true incidence, as
mentioned above, is by fluorescein fundus angiography. There are
only two fluorescein fundus angiographic studies: (i) Justice and
Lehmann [128] evaluated the incidence of cilioretinal arteries in
2,000 eyes of 1,000 consecutive patients by reviewing stereo-
scopic colour fundus photographs and fluorescein angiograms.
One or more cilioretinal arteries were present in 49.5% of all
patients or in 32% of the eyes. The arteries occurred bilaterally in
14.6%. Great variation in size, number, and distribution of
cilioretinal vessels was observed. The incidence reported by this
study is much higher than those previously reported on
ophthalmoscopic evaluation, because in this study early-phase
fluorescein angiography helped in the detection of these vessels
that might otherwise have been missed. (ii) Wang [129] in a study
of 2,050 eyes found it in 40.2%. He found 129 eyes in which a
cilioretinal artery was believed to have been found on ophthalmo-
scopy but that was not confirmed on fluorescein angiography.
This shows that cilioretinal arteries are actually more common
than most ophthalmologists believe.
Clearly, ophthalmoscopic examination is not a true guide to the

presence or absence of the cilioretinal artery, and no absolute
reliance can be placed on the ophthalmoscopic appearance of the
fundus and the location of the arteries on the disc in reaching a
correct diagnosis of the cilioretinal arteries. Fluorescein fundus
angiography is the only reliable guide.

LOCATION OF THE CILIORETINAL ARTERY
Most authors have described them as situated on the temporal
side of the disc and supplying the macula, but Randall [119] stated
that they might be seen elsewhere and might pass to widely
separated areas of the retina. Jackson [106] found an artery like a
hook in the disc in 44.5%, running from the edge of the disc in
38.7%, starting from the choroid in 16.8%, and distributed to the
macula in 98.4%, an incidence which he thought too great to be
accidental. Salzmann [107] and Duke-Elder [108] described them
as occurring very rarely on the nasal side. Collier [109] in a series of
250 eyes with cilioretinal arteries found them in the superior
temporal quadrant in 47%, inferior temporal in 25%, macular in
15%, superior nasal in 10%, inferior nasal in 3%, and all over the
retina in one case. Justice and Lehmann [128] in their study of
2000 eyes of 1,000 consecutive patients found large unilateral
temporal cilioretinal vessels in 164 patients and bilateral in
another 23 patients, so that in 19% of the patients, they
contributed some portion of the macular circulation. Forty-three
eyes had the cilioretinal arteries originating nasally in 43 eyes,
superiorly in 45 eyes, and in only four inferiorly. Shihab et al. [130].
described the distribution of 57 cilioretinal arteries in their study:
superior temporal in 25%, temporal in 14%, inferior temporal in
48%, nasal in 5%, and superior nasal in 7%. In my studies, I have
also found that, although most cilioretinal arteries are situated on
the temporal side, they can also be seen on other sides (see
below).

SIZE AND AREA OF THE RETINA SUPPLIED BY A CILIORETINAL
ARTERY
In my studies, I have found that the size and area of the retina
supplied by a cilioretinal artery vary widely - from a minute artery
supplying a tiny area of the peripapillary retina, to supplying about
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half of the retina. Wang [129] reported that in his study of 195 eyes
with cilioretinal arteries, in 52.3% they did not supply the macula.
I have seen two patients where cilioretinal arteries supplied the

entire retina [131]. Hedge et al. [132] reported a similar case. Parsa
et al. [133] reported a case with cilioretinal arteries supplying the
entire retina in both eyes. The phenomenon of a missing central
retinal artery, where the entire retina was supplied by the
cilioretinal arteries, was first reported by Bloch [115] in 1906 and
Salzmann [107] in 1912—each reported one case of complete
absence of the central retinal artery, substituted by 2 cilioretinal
arteries. Collier [109] described complete absence of the central
retinal artery in one case. These findings are in sharp contrast to
the findings of Nettleship [134], who was of the opinion that, even
when large numbers of cilioretinal arteries were seen and even in
the lower mammals, a rudimentary central retinal artery lying in
the central fibrous tract of the optic nerve near the eye was always
present. This is not supported by my anatomical study of a rhesus
monkey where both eyes showed multiple cilioretinal arteries
(eight in the right, and three in the left) [114]. The central retinal
artery was absent on the right side, and on the left it supplied only
the upper part of the retina. Ophthalmoscopic examination
showed nothing grossly abnormal except the peripheral location
of the arteries on the disc, but a detailed anatomical examination
revealed the true picture. In my anatomical study of the central
retinal artery in man [126, 135], in 106 eyes, I never found an eye
where the central retinal artery was absent. Similarly, in another
anatomical study of 16 specimens in the rhesus monkey [63], the
central retinal artery was always present. It may be worth
mentioning here that the basic vascular pattern of the eye and
optic nerve in the rhesus monkey closely resembles that in man
[63], so that the findings in one should be applicable to the other
for all practical purposes.
In addition to supplying of the retina, cilioretinal retinal arteries may

supply the corresponding part of the optic disc surface; when a
cilioretinal artery stops short of reaching the retina and ends in the
surface layer of the optic disc, it has been called a “cilio-papillary artery”.
Most consider the cilioretinal arteries to be end-arteries.

However, Collier [109] found a cilioretinal artery anastomosing
on the optic disc in 4·5%, between a branch of the central retinal
artery in 1·5% and between the retinal and choroidal systems in
0·6%. No other author has described any such anastomosis. This
may be due to old central retinal artery occlusion where the
retinociliary collateral can develop [131].

CILIORETINAL ARTERIES IN LOWER MAMMALS
NettIeship [134] found that, in lower mammals with a well-
developed retinal blood supply, the cilioretinal vessels took a
major part in the retinal circulation and, in some species, even of
the whole of the retina. But even when a large number of
cilioretinal arteries were seen, a rudimentary central retinal artery
lying in the central fibrous tract of the optic nerve near the eye
was always observed. In some species (lemur, camel, otter), the
central vessels enter the nerve very close to the eye, suggesting
that they are cilioretinal vessels from the sclera or choroid rather
than separate twigs; according to Nettleship, the system of retinal
blood vessels is the same in monkeys as in man. Mann [136] stated
that cilioretinal vessels are very commonly seen in lower animals.
She described the development of the cilioretinal artery by the
enlargement of an anastomosis of one of the PCAs with a small
branch from the hyaloid artery on the disc. This anastomosis is
located in man at the edge of the optic disc where traces of the
SPCAs enter the nerve near the lamina cribrosa in the 3–4-month-
old human foetus, but these seldom reach the disc. She further
added that the presence of the cilioretinal artery in man may have
some atavistic implication. Johnson [137] thought it might be a
vestigial relic in the human eye. Duke-Elder [110] stated that, in
the lower mammals, the ciliary system tends to assume more and

more importance, so that in some the whole of the retina is
supplied by it. Franck [138] and Bach [139] described the absence
of the true central retinal artery, and Langenbacher [140] found it
anastomosing with the ciliary arteries. In the dog, cat, and the fox
there are many ciliary vessels in addition to the retinal vessels
[140]. In man the absence of the central retinal artery is rare, but
many arteries may emerge from the margin of the disc, and these
are probably due to a division of the central retinal artery within
the nerve substance. Salzmann [141] reported the disappearance
of the cilioretinal arteries in his own eyes with age and he believed
the process to be like the disappearance of the hyaloid artery. My
histological study [114] of two eyes of a rhesus monkey showed
multiple cilioretinal arteries (8 in the right and 3 in the left); the
central retinal artery was absent in the right eye and supplied only
the upper part of the retina in the left.

Anatomy of Uveal venous vascular bed
Vortex veins. The various veins from the uveal vascular bed merge
to form a vortex vein. There are usually 4 vortex veins. Each drains
the corresponding segment of the iris, ciliary body, and choroid.
They have a whorl pattern, seen in the equatorial region. Before
perforating the sclera, each vortex vein has an ampulla, i.e., a dilated
portion. Lim et al. [142] in 46 autopsy eyes found more than four
vortex veins in 70%. The number of second or third vortex veins
found in the nasal quadrants was significantly higher than the
number found in the temporal quadrants (P < 0.01). Kutoglu et al.
[143]., on a study of 60 cadaver orbits, found that the number of
vortex veins per eye varied from four to eight. Most frequently there
were four (35%) or five (30%) vortex veins. Three eyes (5%) had
eight. Although the incidence of the vortex veins was variable, there
was at least one vein in each quadrant of the sclera. Intervortex
venous anastomosis in pachychoroid, central serous chorioretino-
pathy, peripapillary pachychoroid syndrome, and pachychoroid-
associated neovascularization have been reported [144].

Watershed zones between the various vortex veins: There are
poor communications between the adjacent vortex veins [145].
The watershed zones between the various vortex veins therefore
extend:

(1) Antero-posteriorly through the entire length of the uveal
tract - a horizontal watershed between the upper and lower
vortex veins passes through the optic disc and macular
region, and a

(2) Vertical watershed between the temporal and nasal vortex
veins passes between the optic disc and macular region
(Fig. 18).

The superior vortex vein drains into superior ophthalmic vein, to
join the cavernous sinus. The inferior vortex veins drain into
Inferior ophthalmic vein and join either the superior ophthalmic
vein or the cavernous sinus directly.

Chorio-vaginal vein: In addition to the vortex veins, in some eyes
a vein may be seen which passes from the choroid through the
sclera closely adjacent to the optic nerve-head (Fig. 24) and drains
into the venous plexus of the pial sheath of the optic nerve [146].
This chorio-vaginal vein occurs more frequently in highly myopic
eyes than others [4].

Choroidopial veins: Ruskell [147] investigated the peripapillary
venous drainage from the choroid histologically in 10 human
ONHs. Peripapillary veins varying in number and size were present
in seven preparations and none in the other three. All veins
penetrated the sclera from the choroid close to the ONH and
entered the pia mater directly, receiving small veins from the
laminar and postlaminar ONH. No other locations of posterior
venous penetrations of the sclera were found. He called them
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“choroidopial veins”. He concluded that choroidopial veins
represent a minor and inconstant route for blood drainage from
the choroid, with a role in ONH circulation.
Flugel-Koch et al. [148] in 21 human eyes found a network of

nonvascular alpha-smooth-muscle-actin-positive cells (NVSMC) in
the entire choroid, most densely arranged in the posterior part of
the suprachoroidal of the submacular region. Posteriorly the
NVSMC net reached the optic nerve, anteriorly it ended in the
region of the vortex veins but did not continue into the ciliary
muscle. The elastic net of the choroid was firmly connected with
the posterior elastic tendons of the ciliary muscle. During
accommodation, the ciliary muscle pulls this net forward,
presumably influencing the position and diameter of the choroidal
vessels. They assumed that the network of NVSMC of the choroid
counteracts the ciliary body movements during accommodation,
thus guaranteeing the three-dimensional architecture of the
choroid and the position of the retina, particularly in the macular
region.

Retinociliary Vein: I found this to be present only rarely, running
along with a cilioretinal artery.

VENOUS DRAINAGE OF THE CILIARY BODY
This comprises two systems.

(i) Main Venous Drainage System: This consists of all the
venous drainage from the highly vascular ciliary processes,
and also from the ciliary body and the iris. The veins from
this venous drainage go posteriorly and join the vortex veins
behind the equator.

(ii) A Subsidiary Venous Drainage System: Blood from the
anterior and outer part of the ciliary muscle drains into the
anterior ciliary venous system.

ANTERIOR CILIARY VENOUS SYSTEM
It lies in the outer portion of the ciliary muscle. It drains blood
from the anterior and outer parts of the ciliary body. From this
system, anterior ciliary emissary veins pass through the sclera a
little posterior to the limbus, to the episcleral region, and some of
them accompany branches of the ACAs [64]. These veins link up
with the efferent vessels from Schlemm’s canal before they
emerge into the episcleral venous plexus. The anterior ciliary
venous system is important because it takes part in aqueous

humour drainage. The anterior ciliary veins usually form a complex
intrascleral venous plexus within the anterior part of the sclera.
This plexus consists of superficial and deep parts. (i) The deep part
forms a dense network, and it communicates with Schlemm’s
canal through its efferent collector channels. Some of the veins
from the deep plexus go to the episcleral plexus. (ii) The superficial
part is flat and consists of smaller veins, with few communications
with the deep plexus. It drains independently into the episcleral
plexus.

AQUEOUS VEINS
From the outer aspect of the canal of Schlemm there are a variable
number of efferent vessels. They vary in size from capillary size to
large trunks. Most of them anastomose with one another after
leaving the canal to form the deep scleral plexus. The deep part of
the intrascleral venous plexus of the anterior ciliary veins
communicates with Schlemm’s canal through its efferent collector
channels. Finally, they empty into the episcleral venous plexus.

WATERSHED ZONES IN UVEAL VASCULAR BED
Watershed zones in PCA vascular bed
The existence of watershed zones in the uveal vascular bed was
first described in 1990 [149]. When a tissue is supplied by two or
more end-arteries [150], the border between the territories of
distribution of any two end-arteries is called a “watershed zone”
(WSZ). The occurrence of such watershed zones between the
various cerebral arteries is well-known, as is also the case in some
other organs having end-arterial systems. The significance of the
WSZs is that in the event of a fall in the perfusion pressure in the
vascular bed of one or more of the end-arteries, the WSZ, being an
area of comparatively poor vascularity, is most vulnerable to
ischaemia. Development of watershed infarcts in the cerebral
cortex is well known [151, 152].
From the previous discussion, it is evident that PCAs and their

subdivisions, right down to the choroidal arterioles, are end-
arteries. Therefore, this vascular bed has WSZs (1) between the
PCAs, (2) between the SPCAs, (3) between LPCA and SPCAs, and
(4) between ACAs and SPCAs. These are arranged as follows:

Watershed Zones Between the Main PCAs [149]. Fluorescein
fundus angiographic studies in man clearly show the presence
of WSZs between the various PCAs (Fig. 25). These can be outlined
only in high-quality fluorescein fundus angiography, performed at
a fast speed, because normally the blood flow in the choroid is so
fast that the filling pattern of the areas supplied by the various
PCAs and of the WSZs between them cannot be photographed by
the slow speed of angiography equipment currently available -
unless, of course, the choroidal circulation is markedly slowed
down, as it often is seen in conditions including AION, carotid
insufficiency and high IOP [149, 153]. High-resolution videoangio-
graphy or cineangiography can provide this information more
reliably.
1. When there are two (medial and lateral) PCAs: As

discussed above, the area of the choroid supplied by the medial
and lateral PCAs shows a marked inter-individual variation which
must result in a wide variation in the location of the WSZ between
the two. Figure 26 is a diagrammatic representation of some of the
locations of the WSZ between the medial and lateral PCAs; it
shows the WSZ location may vary widely, as depicted in
Fig. 26A–D. It may:
(a) be situated temporal to the peripapillary choroid (Fig. 26A);
(b) pass through the temporal peripapillary choroid (Fig. 26B);
(c) pass through one or the other part of the optic disc; or the

entire optic disc may lie in the WSZ (Fig. 26C);
(d) pass through the medial peripapillary choroid (Fig. 26D); or
(e) various combinations of the above.

Fig. 24 Fundus photograph of left human eye showing chorio-
vaginal vein (arrows).
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In fluorescein fundus angiographic studies in eyes with
glaucoma and low-tension-glaucoma, where the WSZ could be
outlined, the commonest (60%) site being the temporal part of the
optic disc and the adjacent peripapillary choroid.
ii. When there are three or more PCAs: The location of the

WSZs varies according to the number of the PCAs and their

locations. With three PCAs, the WSZ usually assumes the shape of
the letter “Y”, passing through a part of the optic disc [153] (Fig. 7);
or the entire optic disc may lie in the WSZ [153]. The various
combinations of WSZs which can occur when an eye has more
than two PCAs; if one or more of the PCAs in such circumstances
has low perfusion pressure, the eye will show a filling defect in the
corresponding WSZ, which may be vertically or obliquely oriented
and involve only one half of the WSZ, in contrast to a WSZ seen in
the entire vertical length when there are only two PCAs [153].

Watershed Zones Between SPCAs [19, 149]. Each SPCA supplies a
well-defined sector of the choroid. Figure 11 is a diagrammatic
representation of the WSZs between the various short PCAs, as
revealed by fluorescein angiographic studies in experimental
occlusion of the temporal SPCAs [19]. These studies revealed that
the area supplied by each SPCA has a well-defined margin, with
WSZs situated between adjacent SPCAs. All the temporal SPCAs
enter the eyeball in the macular region and spread out to the
periphery of the fundus to supply the temporal half of the choroid
(Fig. 3). It is, therefore, natural that most of the segments of the
choroid supplied by the temporal SPCAs and their WSZs meet in
the macular region. This was a consistent pattern in my studies. It
is well-established that an area where numerous WSZs meet is an
area of comparatively poor vascularity and in the event of
circulatory disorders, most vulnerable to ischaemia—for example,
the frequent occurrence of age-related macular degeneration, and
submacular choroidal neovascularization represent response to
chronic ischaemia, as discussed elsewhere in detail [19, 154].
I have found that the large peripapillary choroidal filling defect

in the macular region (produced by the meeting of multiple WSZs
of the SPCAs) has erroneously been considered as a part of the
WSZ between the main PCAs; however, the two obviously are
totally different in nature, and have very different clinical
implications.

Watershed zones between the short and long PCAs. Experimental
studies revealed that there are no anastomoses between the LPCA
and the adjacent SPCAs [11]. Thus, there is a WSZ between the
LPCA and its adjacent SPCAs.

Watershed zones between the PCAS and the anterior ciliary
arteries. Experimental and clinical studies of PCA occlusion
[18, 155–158] or ACA occlusion [26, 159], have clearly shown that
there are no anastomoses between the PCAs and ACAs, because
in the event of PCA occlusion the choroid does not fill by
extension from the ACAs. Similarly, clinical and experimental
studies on ACA occlusion following resection of the various recti
revealed that PCAs do not safeguard the anterior uvea from the
development of anterior segment ischaemia in these eyes
[26, 159]. Also, Takahashi et al. [37], on wide-angle indocyanine
green angiography in humans, found absence of functional
anastomoses between terminal branches of the PCAs and ACAs.
Thus, there is a WSZ between the PCAs and ACAs, situated in the
equatorial region of the choroid (Fig. 11) [149].

Watershed zones between the choriocapillaris lobules. The WSZs
between the various lobules of the choriocapillaris are arranged
like a honeycomb [28] (Fig. 9). That explains the presence of
empty lobules with fully filled surrounding lobules of fluorescein
angiography in Fig. 27b.

Watershed zones between the vortex veins. Experimental studies
on vortex vein occlusion in rhesus monkeys revealed that the
various vortex veins show no free anastomoses and that the WSZs
between the four vortex veins extend anterior-posteriorly through
the entire length of the uveal tract—a horizontal WSZ between
the upper and lower vortex veins passes through the optic disc
and macular region, while a vertical WSZ between the temporal

Fig. 26 Diagrammatic representation of some of the locations of
the watershed zone (shaded area) between the medial and lateral
PCAs in human eyes. The five diagrams are some examples of the
variations in the location of WSZ.

Fig. 25 It shows fluorescein fundus angiograms of four eyes
showing various positions of the watershed zone between LPCA
and MPCA. (LPCA Lateral PCA, MPCA medial PCA). A Right eye of a
78-year-old woman with GCA and mild AION, shows non-filling of
the watershed zone (indicated by WSZ). B Fluorescein fundus
angiogram, of right eye of a 60-year-old man with non-arteritic
AION, shows non-filling of the watershed zone (indicated by WSZ).
C Fluorescein fundus angiogram, of left eye of a 74-year-old man
with arteritic AION, shows non-filling of a watershed zone (indicated
by WSZ). D Fluorescein fundus angiogram, of left eye of a 45-year-
old woman with non-arteritic AION, shows non-filling of the
watershed zone (indicated by WSZ).
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and nasal vortex veins passes between the optic disc and macular
region [19, 145] (Fig. 18).
These findings on the in vivo end-arterial nature of the PCAs

and their branches, and the presence of WSZs have since been
confirmed by several subsequent studies [35, 59].

CONCLUSION
Although, no doubt, meticulously conducted postmortem injec-
tion cast preparations gave us useful information on the
morphology of the choroidal vascular bed since 1700; [14] these
studies misled us greatly for centuries about the in vivo situation.
Fluorescein angiographic studies in the living eye have since
clearly revealed that the postmortem studies did not reflect the
physiological anatomy and the pattern of blood flow in the
choroidal vascular bed. Studies have shown that the PCAs and

their branches, right down to the terminal choroidal arterioles,
and the choriocapillaris, have a segmental distribution in the
choroid, and that PCAs and choroidal arteries function as end-
arteries, which explains the basis pf occurrence of isolated
vascular chorioretinal lesions. Thus, fluorescein angiography can
truthfully be said to have revolutionized our concept of the
choroidal circulation in health and disease. The choroidal vascular
pattern described above is based mainly on the fluorescein fundus
angiographic studies, and that should form the basis for a fuller
understanding of the choroidal vascular bed in health and disease.
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