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Abstract

The choriocapillaris is a 10-30µm layered meshwork of capillaries lying externally

to Bruch’s membrane and internally to the arteries and veins from the inner and outer

choroid. Sole supplier of metabolites to the photoreceptors, it has evolved into a re-

markable architecture. Choriocapillaris vessels are approximately planar, and densely

organised. They are separated by round avascular septae, which direct the blood flow,

and are serviced by vessels travelling under the choriocapillaris and inserting into it

at approximately a right angle relative to the plane of the capillaries. The remain-

ing controversies concerning choriocapillaris structure and function, which are largely

caused by the anatomical complexity of the capillary bed, have historically hindered

the analysis of the role played by the choriocapillaris in the onset and progression of

pathologies of the back of the eye. The aim of this thesis is to build a mathematical

framework, in which choriocapillaris structure and function can be investigated using

physical principles.

Methods based on immunohistochemistry and confocal microscopy are first de-

veloped to image, identify and quantify the anatomical characteristics of the human

choriocapillaris. A mathematical model for the blood flow through the choriocapil-

laris inspired by these anatomical observations is thereafter formulated. Based on

the modelling assumptions, it is shown that the blood flow and the passive transport

are segmented, which corroborates in vivo angiographic observations published in the

literature, and significantly heterogeneous. These heterogeneities may be responsible

for the high degree of selective localisation of various pathologies of the back of the

eye. Local and geographical variations in the density of the capillaries and in the

relative distribution of arteriolar and venular insertions allow for a mechanical tuning

of the characteristics of the blood flow to arteriolar flow conditions. Based on the

model, novel methods relevant to the diagnosis and monitoring of pathologies of the

choriocapillaris are proposed.
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4.5 Portion of submacular choroid from patient B immunostained for UEA-

I (⇥10). Capillaries in (a) form a continuous meshwork. Image (b) was

taken under the plane of the capillaries. Remnants of capillaries can

be seen. Round openings can be observed at the point of connection

between choroidal vessels and choriocapillaris. A venule (blue arrow)

and an arteriole (red arrow) are highlighted. . . . . . . . . . . . . . . 108
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4.7 Three-dimensional reconstruction of a portion of choroid in the pos-

terior pole from patient D immunostained for UEA-I seen from (a)

the retinal side, (b) the scleral side, (c) transversely and (d) from the

scleral side (⇥40). The images were colour coded with respect to the

distance from the innermost plane of the capillaries. A venule is seen

travelling under the plane of the capillaries (a, b), changing direction

(b) and inserting into the plane of the choriocapillaris at a right angle.

Constricted capillary segments are highlighted in (a) (white arrows). . 110

4.8 Portion of choroid in the periphery from patient D immunostained for

UEA-I and ↵SMA seen at a ⇥10 magnification (maximum intensity

projection). An arteriole (red arrow) and a venule (blue arrow) insert-

ing into the plane of the choricapillaris are highlighted. . . . . . . . . 111

4.9 Double-labelled immunostaining for ↵SMA (red channel) and UEA-I

(green channel) in (a) the submacular choriocapillaris, (b) the submac-

ular inner choroid, (c) the peripapillary inner and outer choroid and (d)
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4.10 Double-labelled immunostaining for ↵SMA (red channel) and UEA-I

(green channel) of a portion of choroid at the posterior pole from patient

C. The tissue was imaged at increasing depths starting from the plane

of the capillaries (a) and ending at the plane under the plane of the

choriocapillaris (d), where servicing vessels inserting into the capillary
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4.13 Examples of trajectories that blood may follow between arteriolar and

venular openings. Any arteriolar opening is connected to any venular

opening through the continuity of the plexus (a). A vast number of

possible paths exist between any two arteriolar and venular openings (b).126

5.1 Schematic of the Fahræus effect in a microvessel. The radial migra-

tion of erythrocytes is associated with the formation of a plasma layer

adjacent to the vessel wall. In capillaries, the average velocity of ery-

throcytes is higher than that of the plasma, which causes a reduction

of the hæmatrocrit H compared to the systemic circulation (H
S

). Re-

produced and modified from Fournier (2007). . . . . . . . . . . . . . . 132
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tree (d), mesh (e) and bus (f). . . . . . . . . . . . . . . . . . . . . . . 137
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6.1 Distribution of inlets (red dots) and outlets (blue dots) generated through

(a) a Poisson-disk distribution or (b) a Voronoi partition of the disk

(delineated with dashed lines). In (a), (N, ⌧) = (42, 1/2). In (b),

(N
+

, N�) = (25, 34); the inlets correspond to the generators of the

Voronoi partition, while the inlets form the vertices. In both distribu-

tions, a source is placed at infinity. . . . . . . . . . . . . . . . . . . . 162

6.2 Schematic of trajectories in the neighbourhood of (a) a saddle point

(or crosspoint), (b) a centre and (c) a node (here a source). Definition

sketch of (d) hyperbolic, (e) parabolic and (f) elliptic sectors. . . . . 166

6.3 Streamlines of the flow field for a distribution of sources and sinks or-

ganised in a lattice, apart from one sink, which was placed at infinity.

Figure (b) corresponds to the central portion of (a). The red and blue

dots correspond respectively to sources and sinks, and the stars to stag-

nation points. In (a), each sector of the flow field corresponds to the

set of trajectories connecting a source and a sink. In (b), the stagnation

points of the flow correspond to saddle points. The separation stream-

lines, which connect sources and sinks to stagnation points, correspond

to the asymptotes of the set of streamlines forming each sectors (arrows

in b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.4 Streamlines of the flow field for the distribution of sources and sinks

from figure 6.3. Each of the subsets associated with an inlet can be

formally merged to form a subset of the flow field, which contains all

the possible trajectories of a fluid particle released at the inlet. . . . . 170

6.5 Streamlines of the flow for five random distributions of N = 48 inlets

and outlets satisfying (a) ⌧ = 1, (b) ⌧ = 2, (d) ⌧ = 3, (c) ⌧ = 1/2,

(e) ⌧ = 1/3. The separatrices of the flow (plain lines) and stagnation

points (⇤) are plotted in black. The strength of each source and sink is

respectively 1/N
+

and 1/N�. . . . . . . . . . . . . . . . . . . . . . . . 172

6.6 Streamlines of the flow for five random distributions of N = 48 inlets

and outlets satisfying (a) ⌧ = 1, (b) ⌧ = 2, (d) ⌧ = 3, (c) ⌧ = 1/2,

(e) ⌧ = 1/3 (for the same distribution as figure 6.5). The separatrices

of the flow (plain lines) and stagnation points (⇤) are plotted in black.

The strength of the sources and sinks is randomised. . . . . . . . . . 173
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6.7 Streamlines of the flow for four Voronoi partitions, with (a) (N
+

, N�) =

(36, 24), (b) (24, 37), (c) (80, 48), (d) (48, 77). The separatrices of the

flow (plain lines) and stagnation points (⇤) are plotted in black. The

strength of each source and sink is respectively 1/N
+

and 1/N�. . . . 174

6.8 Streamlines of the flow for four Voronoi partitions, with (a) (N
+

, N�) =

(36, 24), (b) (24, 37), (c) (80, 48), (d) (48, 77) (for the same distribution
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points (⇤) are plotted in black. The strength of the sources and sinks

is randomised. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
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+

, N�) =

(24, 39) and (b, d) (N
+

, N�) = (24, 36). The separatrices of the flow

(plain lines) and stagnation points (⇤) are plotted in black. The dual

separatrices of the flow field, obtained with ��, are plotted in magenta.

In (c, d), the strength of the sources and sinks is randomised. . . . . . 176

6.10 Number of inlets draining each subset in the configurations from (a, c, e)

figures 6.7a and 6.8a and (b, d, f) figures 6.7b and 6.8b. In (c, d) the

strength of each source and sink is respectively 1/N
+

and 1/N�. In

(e, f), the strength of the sources and sinks is randomised. The num-

ber labelling each subset in (a) and (b) coincides with the numbers in
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Voronoi partition of the flow domain (dashed lines in c,d,e,f) is also

indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6.11 Schematic of the idealised dye concentration profile in a fixed blood

vessel. The profile corresponds to a double Heaviside H. . . . . . . . 182
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at (a) t̃ = 0.01, (b) t̃ = 0.04, (c) t̃ = 0.08, (d) t̃ = 0.23, (e) t̃ = 0.43 and
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6.13 Concentration distribution during the draining phase of a passive scalar

at (a) t̃ = 1.01, (b) t̃ = 1.04, (c) t̃ = 1.08, (d) t̃ = 1.23, (e) t̃ = 1.43 and

(f) t̃ = 1.8, for the distribution described in figure 6.5(a) at Pe = 200.
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t̃ = 0.003, (b) t̃ = 0.04, (c) t̃ = 0.1, (d) t̃ = 0.18, (e) t̃ = 0.32 and (f)
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6.15 Concentration distribution during the draining phase of a passive scalar

at (a) t̃ = 1.003, (b) t̃ = 1.04, (c) t̃ = 1.1, (d) t̃ = 1.18, (e) t̃ = 1.32
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7.1 Fluorescein angiogram of the choriocapillaris taken from Hayreh (1974b)

(scale bars missing from the original publication). The fluorescent dye

injected in the general circulation begins to appear in the choriocapil-
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Each lobule is filled through the arteriolar opening located at its cen-

tre. The number of lobules illuminated is maximal a few seconds later,

as shown in (b), where the boundaries between lobules were added as

a series of connected black lines. The dye is then evacuated through

venular openings located in the periphery of the lobules, as shown in (c).208
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7.2 Schematic of (a) a functional lobule, (b) an idealised functional lobule

and (c) the triangular domain, over which the flow is investigated.
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7.6 Evolution of (a) the residence time as a function of the normalised angle

at the inlet ✓̃, (b) cumulative density function and (c) complementary
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7.8 Evolution of (a) the pressure drop and (b) the residence time and root of

the mean square of the residence time (dotted line) with the angle at the

inlet ! calculated analytically by conformal mapping (plain line) and
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evolution of the residence time as a function of x/W
i
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values of W
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. In (a), the dashed line corresponds to the flow profile

in the absence of cylinder. In (b), the dashed line corresponds to the

residence time for the geometry described in (a) in the absence of cylinder.226
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FITC Fluorescein isothiocyanate

Hb-✏ ✏-Chain of hæmoglobin

HIF Hypoxia inducible factor

ICG Indocyanine green

IHC Immunohistochemistry

L-NMMA N-monomethyl-L-arginine

LDF Laser doppler flowmetry

MEH Moorfields eye hospital

MOAP Mean ocular arterial pressure

MPP Mean perfusion pressure

NCB1 Electrogenic sodium bicarbonate cotransporter-1

nNOS Neural nitric oxyde synthase

NO Nitric oxide

NOS Nitric oxide synthase

OCT Optical coherence tomography

PBS Phosphate buffer saline

PCA Posterior ciliary artery
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pCO
2

Carbone dioxide partial pressure

PDR Proliferative diabetic retinopathy

PFA Paraformaldehyde

pO
2

Oxygen partial pressure

PV-1 Plasmalemma vesicle associated protein-1

RBC Red blood cell

RPD Reticular pseudo-drusen

RPE Retinal pigment epithelium

SD-OCT Spectral domain optical coherence tomography

SM Smooth muscle

SMA Smooth muscle actin

SMC Smooth muscle cell

SPCA Short posterior ciliary artery

TBS Tris-buffer saline

TRITC Tetramethylrhodamine

UEA-I Ulex Europæus Agglutinin I

VEGF Vascular endothelial growth factor

vWF von Willebrand factor

List of mathematical symbols

↵ Angle at the base of an isosceles triangle

a Cylinder radius

A Surface area

A
t

Triangle surface area
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�
c

Cubic coefficient of thermal expansion

� Complex potential

Ĉ Extended complex plane

C Complex plane

C Concentration

C
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Depth-averaged concentration

C̃
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Dimensionless depth-averaged concentration

cdf Cumulative density function

d Inlet/outlet radius

D Diameter of the flow domain

D Diffusivity

e Euler characteristic

� Velocity potential

� Septae (or void) volume fraction

F Möbius map

h Choriocapillaris thickness

H Hæmatocrit

H Heaviside function

I Complex incomplete normalised beta function

k Strength of source/sink

L
min

Minimal arteriolo-venular distance

µ Fluid dynamic viscosity

µ
plasma

Plasma viscosity
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+

Number of sources

N� Number of sinks

! Vertex angle of an isosceles triangle

⌦ Flow domain

 Streamfunction

p Pressure

p̃ Dimensionless pressure

P Number of sides of a polygon

Pe Péclet number

q Area flux

Q Flow rate
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Flow rate at an arteriolar opening

⇢ Fluid density
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Blood density

R Real numbers line

Re Reynold’s Number

� Index of a singular point

S
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Riemann Sphere

t Time
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30



�T Residence time

�T̃ Dimensionless residence time

<T > Average residence time

<T̃ > Dimensionless average residence time
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RMS

Root of the mean square of the residence time

<T̃ >
RMS

Dimensionless root of the mean square of the residence time

u Velocity
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ũ
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Dimensionless depth-averaged velocity
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Subset of the flow field

V
c

Volume of a cylinder
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Chapter 1

Introduction

Vision, our most precious sense, is the result of the conversion of photons into electro-

chemical impulses sent to the brain. This is achieved by the photoreceptors, located

in the outer retina, which have the highest metabolic rate of any cell of the human

body. They are sustained by a remarkable delivery system, whereby metabolites dif-

fuse to and from the choroid, a highly vascularised layer of tissue located underneath

the retina. Most of the exchange between outer retina and choroid occurs at a sin-

gle layer of capillaries located externally to Bruch’s membrane and internally to the

arteries and veins of the inner and outer choroid called the choriocapillaris. The chori-

ocapillaris has evolved into a unique topology. It extends from a well-defined margin

around the canal of the optic nerve to the ora serrata and forms a continuous capillary

net supported by a rigid framework of inter-capillary connective tissue. Choriocap-

illaris vessels are fenestrated, characteristically flat and wide, tightly organised and

separated by round, oval and slightly elongated collagenous avascular septae that are

up to the size of a vessel diameter in width. The choriocapillaris is supplied by the ter-

minal arteries from the anterior, long and short posterior ciliary arteries and drained

by venules emptying into the vortex veins. These vessels travel under the plane of

the choriocapillaris, branch extensively and ultimately insert into the capillary bed

at a right angle. The transition from larger vessel to capillary is abrupt, erratic, and

marked by focal vascular constrictions rather than the gradual narrowing through

arterioles and venules found in other vasculatures. The anatomical characteristics of

the choriocapillaris vary dramatically over the eye globe. The diameter of capillaries

and avascular septae increases further from the submacular region. The volume frac-

tion of tissue occupied by capillaries steadily declines from the submacular area to

the periphery. The concentration of vessels servicing the choriocapillaris is maximal
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in the submacular area and steadily decreases towards the periphery. The ratio of

arterioles to venules also varies geographically.

These distinctive structural characteristics are associated with remarkable func-

tional ones. The blood flow, which is largely passive, is exceptionally high, and the

choriocapillaris forms one of the most highly perfused capillary bed of the human body.

Fluorescein angiography later supported by indocyanine green and laser-targeted an-

giography revealed that the choriocapillaris is functionally composed of a juxtaposition

of vascular units called lobules. Each lobule is filled from the centre by a terminal

arteriole, and is emptied through the periphery by a ring of collecting venules. The

size and shape of functional lobules is a function of the differences in pressure be-

tween arterioles and venules supplying and draining the capillary bed, and presents

significant local and geographical variations.

Despite its critical role in supporting the numerous cells forming the outer retina,

relatively little is known about the role of the choriocapillaris in the pathogenesis of

diseases of the back of the eye such as Age-related Macular Degeneration (AMD) and

Diabetic Retinopathy (DR). AMD affects primarily the elderly, and is now the most

prevalent cause of vision loss in the western world. In its non-exudative form, it is

characterised by the accumulation of deposits underneath the retina and photorecep-

tor death, which ultimately leads to vision loss. In its exudative form, pathological

blood vessels develop under the retina, causing vascular leakage, structural damage

and photoreceptor loss. Impairments of the blood flow at the choroidal level are likely

to be involved in the onset and progression of the disease. Baseline choroidal cir-

culatory parameters were reported to be lower in AMD patients, and a pronounced

reduction of the blood flow velocities in the large arteries supplying the choroid associ-

ated with longer choroidal filling patterns was observed at early stages of the disease.

This is likely to affect the ability of the choriocapillaris to clear debris, mostly though

capillary filtration, and to lead to the accumulation of material characteristic of the

non-exudative form of AMD. In exudative AMD, the development of pathological

blood vessels results from an hypoxic environment in the outer retina likely to involve

the impairment of its oxygen delivery system, which is normally at least partially

maintained by the choriocapillaris blood flow. DR is a secondary disease, which de-

velops as a result of diabetes mellitus. It causes loss of blood vessel integrity and

capillary closure, which affect both retinal and choroidal vasculatures. Impairments
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at the choroidal level have for the most part been overlooked, and to date a largely

retina-centric understanding of the disease has dominated thinking.

Historically, several attempts have been made to link the selective localisation of

inflammatory and degenerative diseases of the retina and choroid to the geographical

variations in the choriocapillaris anatomy. They have proven largely unfruitful, mainly

because an integrated understanding of the function and structure of the choroidal

vasculature was (and still is) lacking. Several critical characteristics of the anatomi-

cal, physiological and functional organisation of the choriocapillaris remain subject to

controversy. Other aspects are not fully understood, mostly because the approaches

applied to investigate them have been insufficient or inadequate. Controversies re-

garding the relationship between anatomical and functional observations of the plexus

remain. Physical boundaries between vascular segments are not observed anatomi-

cally, therefore the nature of the functional boundaries observed on angiograms of

the choriocapillaris has yet to be determined. Attempts have been made at linking

the functional segmentation of the choriocapillaris to anatomical lobules, which are

generally defined as clusters of collecting venules surrounding one central arteriolar

insertion. Because the concept of anatomical lobule has been rather loosely defined,

and as a result of differences in the methods used to visualise the choriocapillaris,

controversies emerged regarding their true nature. Anatomical lobules composed of

a central venular insertion enclosed by clusters of arterioles have been reported. In

the submacular choriocapillaris, a non-lobular anatomy has been observed. Further

to these controversies, the geographical variations in the choroidal anatomy over the

eye globe and between patients is yet to be fully characterised, and the underlying

mechanisms involved in these variations are unknown. The high perfusion rate has

been hypothesised to be necessary to sustain the outer retina, and to regulate the

temperature of the back of the eye. The extraction of metabolites has also been con-

jectured to be flow limited. These controversies and remaining questions have seen

little investigation in the past 20 years, as most research has been centred on the

retina, which is more readily accessible through imaging techniques.

The purpose of this thesis is to develop a better understanding of the structure and

function of the choriocapillaris as a first step towards building an integrated under-

standing of the choroid, which is of fundamental importance to tackle inflammatory

and degenerative diseases of the back of the eye. It requires the selection of appropri-
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ate methods to investigate the anatomy and physiology of this capillary bed, and to

develop a framework, in which structure and function can be analysed systematically.

In Chapter 2, gaps, inconsistencies and controversies within the literature are iden-

tified and the aims and objectives of the thesis are formulated in Chapter 3. As a

result of the conflicting views regarding the choriocapillaris anatomy, it is necessary to

develop methods allowing for a systematic visualisation and a quantitative analysis of

the plexus. The methods, described, analysed and discussed in Chapter 4, are based

on immunohistochemistry and confocal microscopy, and allow for the visualisation of

the choroidal anatomy and various perivascular mural cells likely to be involved in

the vasoregulation of the blood flow. From the analysis carried out in this chapter, it

is shown that the choriocapillaris forms a remarkably complex system, in which phys-

iology cannot be inferred solely from anatomical data. In the absence of techniques

allowing for the visualisation of the choroid in vivo, it is clear that choriocapillaris

structure and function cannot be investigated and understood without analysing the

blood flow mechanistically from basic physical principles.

In Chapter 5, such an approach is implemented by formulating a mathemati-

cal model of the blood flow through the choriocapillaris based on the fundamental

characteristics of the choriocapillaris anatomy. The choriocapillaris is modelled as a

horizontally bounded channel, where the upper and lower surfaces correspond to pla-

nar parallel membranes. The septae are modelled as cylinders of constant diameter

randomly distributed between the two membranes. Feeding arterioles and draining

venules are modelled as inlets and outlets connecting at the lower surface of the chan-

nel perpendicularly to the plane of the capillaries. In this model, the vascularity of

the choriocapillaris is characterised by the volume fraction occupied by the cylinders

- or void volume fraction. Blood is modelled as a Newtonian fluid with a constant

viscosity. Given the characteristics of the geometry and the flow properties, a lubrica-

tion approximation is applied, and the flow is investigated in two dimensions within

the potential flow theory framework.

In order to demonstrate the linkage between choriocapillaris anatomy and angio-

graphic observations, flow visualisation techniques are developed in Chapter 6. Using

Poincaré-Bendixson theory, we show that as a result of the choriocapillaris anatomy

and under the assumptions of the model, the blood flow is necessarily segmented. The

flow field is decomposed into a finite number of open subsets delineated by separatri-
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ces, where the velocity in the direction perpendicular to the separatrices is zero. A

numerical model for the transport of a fluorescent dye in the choriocapillaris is there-

after built, and methods are developed to characterise it in the neighbourhood of the

separatrices of the flow field. This analysis reveals that the segmentation of the flow

field results in a segmentation of the transport of a fluorescent dye similar to the one

observed during angiographic examination of the choriocapillaris. The boundaries

between functional lobules correspond to regions, where at least one component of

the blood velocity is much smaller than the others, and therefore where diffusion is

dominant in at least one direction. Since diffusion is much slower than advection, the

time that these regions take to fill is prolonged.

The techniques developed to demonstrate the linkage between anatomy and an-

giographic observations are not adapted to the systematic evaluation of the flow prop-

erties in the choriocapillaris, for which a local model needs to be built. A local model

restricted to a subset of the flow field is developed and studied in Chapter 7. The

blood pressure and the blood travel time between an arteriolar and venular insertions

within functional lobules are analysed as a function of the void volume fraction and

of the relative angle that any two outlets draining a subset make with the feeding

arteriole. The analysis shows that as a result of the geometry of the choriocapillaris,

the blood velocity and travel time are significantly heterogeneous. The angle that

any two outlets make with an inlet can be adjusted to maximise blood travel time.

The shape and size of the septae allow for the tuning of the pressure drop, pressure

distribution and travel time over subsets of the flow. Finally, the analysis shows that

the flow rate at arterioles, the blood travel time and the surface area of each subset

of the flow are interdependent.

The significance of the theoretical analysis carried out in Chapters 6 and 7 for the

diagnosis and monitoring of inflammatory and degenerative diseases of the back of

the eye is discussed in Chapter 8.
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Chapter 2

Literature Review

2.1 Introduction

Vision is achieved by a set of elements organised with remarkable complexity. So won-

derful is the vertebrate eye that Charles Darwin recognised the conceptual difficulty

in accepting that it evolved through natural selection. It is nevertheless feasible,

he added, through inherited appropriate gradations that are useful to the animal

(Darwin 1859). As evolutionary biologists seek glimpses of this gradation, the evolu-

tion of the vertebrate eye remains subject to uncertainties. Photoreceptors capable

of detecting light evolved in early organisms more than 600 million years ago. In all

likelihood these primary cells mediated phototaxis, predator evasion through shadow

detection, and the entrainment of circadian rhythm. Image-forming eyes and visual

systems did not develop until the Cambrian explosion, around 540 million years ago

(Lamb et al. 2007). Sight may have been one of the major game-changing attributes in

the evolution of species, putting predators and preys on a radically different footing,

and today, 95% of all living species have a visionary system.

The human eye is fairly representative of most vertebrate eyes. Relatively simple

in its anatomy, it consists of three concentric layers enclosing a fluid-filled chamber

(see figure 2.1). The outermost coat includes the cornea, which accounts for about

16% of the layer, the sclera, which makes up most of the rest, and the limbus. Mostly

made of densely woven collagen fibres, the cornea and the sclera form rigid tissues

with a pronounced resistance to penetration and offer protection for the inner layers

of the eye. The cornea is transparent and constitutes the main refractive element of

the eye. The limbus is at the transition between the cornea and the sclera, and plays

a critical role in the removal of aqueous humour from the eye (Oyster 1999, Kaufman
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Figure 2.1: Schematic of the major structures and regions of the eye

& Alm 2003).

The uveal tract, which consists of the iris, the ciliary body and the choroid, forms

the middle layer. It contains most of the blood vessels and melanin pigment of the

eye. Located anteriorly, the iris is opaque and surrounds the pupil aperture. Contin-

uous with the iris, the ciliary body forms an annulus of musculature with a collection

of highly vascular folds, the ciliary processes. The ciliary body is part of the sys-

tem adjusting the refractive power of the lens, and therefore plays a crucial role in

accommodation. It merges into the choroid, a highly vascularised pigmented layer

covering most of the eye globe, which contains an extensive capillary bed called the

choriocapillaris (Oyster 1999, Kaufman & Alm 2003).

The innermost layer of the eye consists of the retina. Responsible for the conver-

sion of photons into electrochemical impulses sent to the brain via about a million

neurons leaving the eye though the optic nerve, it is functionally and anatomically

by far the most complex structure of the eye. The retina is composed of only three

classes of cells - neurons, glial cells and epithelial cells - however neurons can be

physiologically, anatomically and histochemically subdivided into 50 to 100 subtypes,

which can interconnect in even more numerous ways (Oyster 1999).

A few important structures lie inside the fluid-filled chamber encompassed by

the three coats of the eye. The lens is located posteriorly to the iris, at about a

third of the distance between the front and back of the eye, and is supported by

ligaments attached to the ciliary body called zonules. It plays an important role in
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unaccommodated vision, accounting for about a third of the eye’s refractive power.

Behind the lens is a compartment called the vitreous chamber, which is filled with

the gel-like fluid vitreous humour. The anterior chamber, located between the cornea

and the iris, and the posterior chamber, located between the iris and the lens, are

filled with aqueous humour.

2.1.1 Anatomical and functional organisation of the retina

Altogether, most of the elements located at the front end of the human eye have

evolved into structures specialised primarily in scattering and directing light beams

towards the back of the eye. Phototransduction, which is at the basis of vision, is car-

ried out by the photoreceptors located in the retina. The retina forms an anatomically

and functionally layered thin sheet of tissue, as seen in figure 2.2. Starting from the

outermost layer, the arrangement of retinal cells translates a hierarchy of functional

operations, where the flow of information is modified at each stage (Oyster 1999).

Haller’s Layer

Sattler’s Layer

Choriocapillaris
Retinal Pigment Epithelium

Photoreceptors Outer Segments

Photoreceptors Inner Segments
Outer Nuclear Layer
Outer Plexiform Layer

Inner Nuclear Layer
Inner Plexiform Layer
Ganglion Cell Layer
Nerve Fiber Layer

Bruch’s Membrane

Retinal Vessels

Inner Limiting Membrane

External Limiting Membrane

Incident
Light

Figure 2.2: Schematic of the cellular and vascular organisation of the choroid and
retina.

The outermost layer of the retina is the retinal pigment epithelium (RPE), which

consists of a continuous single layer of roughly hexagonal pigmented cells. The RPE

is not involved in the neuronal processing of vision. However, it plays a critical
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role in the normal functioning of photoreceptors by impacting on the kinetics of the

chemical reactions occurring during the visual cycle, performing the phagocytosis of

photoreceptor outer segment membranes and supplying nutrients to the photorecep-

tors through epithelial transport (Oyster 1999, Kaufman & Alm 2003). On top of the

RPE lie the photoreceptors, which are neuronal cells responsible for phototransduc-

tion. The photopigments are located in the photoreceptor outer segments, while the

inner segments contain mitochondria. In man, photoreceptors are usually divided into

two subtypes. Rod photoreceptors use rhodopsin as a pigment, whereas cone pho-

toreceptors use one of three other less well-characterised pigments. The photoreceptor

nuclei make up the outer nuclear layer, while the photoreceptor axons and terminal

endings form the outer plexiform layer. The external limiting membrane located at

the border between the inner segments and the outer nuclear layer is composed of

tight junctions between photoreceptors and glial cells called Müller cells. Function-

ally, the photoreceptor inner and outer segments absorb and phototransduce light,

while the outer nuclear layer, which includes the photoreceptor cells bodies and the

outer plexiform layers, contains the synapses allowing for the communication between

photoreceptors and other neurons. In man, there are approximately 100 million pho-

toreceptors arranged in a large array over the eye globe (Oyster 1999, Kaufman &

Alm 2003).

The inner nuclear layer is made of the nuclei of bipolar cells, horizontal cells

and most of the amacrine cells, which work as intermediates between photoreceptors

and ganglion cells. Functionally, bipolar cells receive input from the photoreceptors

through a vertical pathway, while horizontal cells work at the level of the photoreceptor

terminals and bipolar dendrites to modify the information transmitted through an

horizontal pathway. The inner plexiform layer contains the last set of interactions

between vertical and horizontal pathways, and therefore the last step of processing of

the signal transmitted to ganglions cells (Oyster 1999, Kaufman & Alm 2003).

Communication between ganglion cell dendrites and bipolar and amacrine cells

occurs within the inner plexiform layer. The ganglion cells body is located in the

ganglion cell layer along with displaced amacrine cells. Functionally, the displaced

amacrine cells are no different from regular amacrine cells, and all their interactions

occur at the inner plexiform layer. Ganglion cells integrate the processed signals from

bipolar and amacrine cells, and convey information to the brain. A group of bipolar
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cells also participates in the transmission of the signal. The nerve fibre layer is formed

by the axons of the ganglion cells (Oyster 1999, Kaufman & Alm 2003). The inner

limiting membrane is made of terminal expansions of Müller cells extending from the

photoreceptor layer to the innermost retina.

2.1.2 Spatial organisation of the retina

The organisation of the human retina displays significant spatial variations, in com-

mon with other primates but not non-primates vertebrates. At the centre of the

5.5mm wide macula lies the fovea centralis, which corresponds to the area, where

most of the light beams are focused. Anatomically, the fovea, which is about 1500µm

in diameter, is a depression in the retinal tissue caused by the absence of inner reti-

nal layers (Hogan et al. 1971). At the fovea, the retina is only 100µm thick, and is

deprived of the inner nuclear, inner plexiform, ganglion cell and nerve fibre layers as

well as retinal capillaries (Hogan et al. 1971, Curcio et al. 2011). The density of cones

is maximal, whereas rods are absent.
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Figure 2.3: Rod and cone density with respect to the foveal centre along the horizontal
meridian. Reproduced from Curcio et al. (1990), with the equivalence: 1� of visual
angle = 300µm.

Photoreceptor density varies significantly with respect to the foveal pit, as shown

in figure 2.3 (Curcio et al. 1990). The density of horizontal cells is highest near the

fovea, and decreases with cone density (Röhrenbeck et al. 1989). The density of rod
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and cone bipolar cells follows the distribution of their respective photoreceptor type

(Martin & Grünert 1992, Grünert et al. 1994). Ganglion cell density is maximal in

the vicinity of the fovea, and declines steadily towards the periphery of the retina

(Curcio & Allen 1990).

This heterogeneity in the spatial organisation of the retina underlies variations in

the signal processing pathways over the eye. Interestingly, different types of cones

have different distributions, which do not appear to be either random or regular

(Curcio et al. 1991, Mollon & Bowmaker 1992). Moreover, the foveal cone density

displays significant inter-patient variations (Curcio et al. 1990), which suggests that

the anatomical arrangement of the retina is to some extent resilient.

2.1.3 Vascular supply

The retina is supplied by a dual circulatory system. The inner two-thirds of the

tissue are nourished by the retinal vasculature, which forms a segmented and highly

regulated vascular tree. The outer one-third of the retina, which consists of the RPE

and photoreceptors inner and outer segments, is supplied by the choroidal vasculature.

These two vascular systems arise from the ophthalmic artery, which branches into

the central retinal artery (CRA) supplying the inner retinal vasculature and into

the medial and lateral posterior ciliary arteries (PCA) supplying the choroid (see

figure 2.4). Blood is drained from the inner retina by the central retinal vein, which

joins the superior ophthalmic vein. The choroid is drained by four vortex veins,

which branch into either the superior or inferior ophthalmic vein (see figure 2.5)

(Oyster 1999, Kaufman & Alm 2003).

After entering the orbit, the central retinal artery inserts into the optic nerve and

enters the eye from the centre of the optic nerve head. At the point of entry into

the eye it divides into large superior and inferior branches, which further ramify into

dependent branches radiating across the retinal surface. These vessels supply and

drain retinal capillaries spread over different layers of tissue. At the thickest parts

of the retina, four layers of capillaries running on the inner and outer sides of the

ganglion cell and inner nuclear layers can usually be seen (see figure 2.2). In the

periphery, layers of capillaries are fewer and less organised (Hogan et al. 1971). The

foveal pit is deprived of retinal capillaries (Oyster 1999, Kaufman & Alm 2003).

The outer retina constitutes one of the most metabolically demanding tissues
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Figure 2.4: Schematic of the blood supply to the eye. Reproduced and modified from
Oyster (1999).

of the human body, and is largely supplied by the choroidal vascular system. The

choroidal vasculature, located underneath the outer retina (see figure 2.2), forms a

highly complex system with an unusual topology. Most of the exchange between

outer retina and choroid occurs at the choriocapillaris, which is a 10 to 20µm thick

layered meshwork of capillaries (Hogan et al. 1971). Metabolites diffuse to and from

the choriocapillaris to the innermost parts of the outer retina through several layers

of tissue amounting to up to 100µm in thickness (Curcio et al. 2011).

Despite this dual blood supply, neither the retinal nor the choroidal vasculature

can compensate for the loss of the other. As a result, photoreceptors rely solely on

the choroid for the supply of nutrients, and the choroidal vascular system is critical
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Figure 2.5: Schematic of the blood drainage of the eye. Reproduced and modified
from Oyster (1999).

to outer retinal function. In the remainder of this chapter, a detailed description

of the choroidal vasculature and its capillary bed, the choriocapillaris, is provided.

The involvement of the choroidal circulation in pathologies of the back of the eye is

thereafter discussed.

2.2 The choroid

The choroid is a highly vascularised pigmented tissue, which is formally subdivided

into four layers (see figure 2.2). Larger choroidal vessels form the outermost choroidal

layer, which is called Haller’s layer. Internal to Haller’s layer lies Sattler’s layer,

which is composed of vessels of intermediate diameters (Sattler 1876). These vessels
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form the transition between larger vessels and the capillary layer, which is called the

choriocapillaris (Eschricht 1838). The innermost layer of the choroid is the 2 to 5µm

thick Bruch’s membrane, which is located between the inner basement membrane of

the choriocapillaris and the retinal pigment epithelium. Non-pigmented, transparent

and smooth, Bruch’s membrane plays a crucial role in maintaining the structural

integrity of the inner choroid, while allowing for the diffusion of oxygen and nutrients

to the outer retina (Bernstein & Hollenberg 1965, Ring & Fujino 1967, Torczynski

1982).

2.2.1 Vascular supply

The choroid is supplied by posterior ciliary arteries (PCA), which arise from the

ophthalmic artery (see figure 2.4). The number of PCAs ranges from one to five

depending on patients, and are classified as lateral, medial and superior according to

the particular region of the choroid that they supply (see table 2.1) (Hayreh 1962).

Each PCA divides into to 10 to 20 short posterior ciliary arteries (SPCA), which pierce

the sclera near the optic nerve (see figure 2.6) (Wybar 1954a, Hayreh 1962, Hogan

et al. 1971). Each of them supplies a sector of the choroid, which varies in shape and

size (Hayreh 1974f, Hayreh 1975b). They further divide, each subdivision supplying

a smaller segment of the choroid. At the end of the vascular tree, arterioles supply

the choriocapillaris.

Number Portion of the Portion of Portion of Portion of
of PCA population Lateral PCAs Medial PCAs Superior PCAs

1 3% 75% 71% 7%
2 48% 20% 29% 2%
3 39% 2% - -
4 8% - - -
5 2% - - -
0 - 3% - 91%

Table 2.1: Average number of posterior ciliary arteries supplying the choroid in man.
When present, the superior PCA is usually smaller. Reproduced from Hayreh (1962).

The lateral and medial posterior ciliary arteries also give rise to one long posterior

ciliary artery each (Wybar 1954a, Hayreh 1974d, Virdy & Hayreh 1987). They both

pierce the sclera anterior to the entry of the SPCAs on the temporal and nasal sides

and supply segments of the choroid, ciliary body and iris located anterior to the
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equator (Hayreh 1974d, Virdy & Hayreh 1987). The subdivision and branching of

the long PCAs follow the same pattern as the SPCAs, with smaller arteries supplying

ever-smaller segments of tissue.

Optic Nerve Head

Vortex Veins

Vortex Veins

Long Posterior
Ciliary Artery

Long Posterior
Ciliary Artery

Short Posterior
Ciliary Arteries

Figure 2.6: Schematic of the posterior ciliary artery and vortex vein systems. Repro-
duced and modified from Oyster (1999).

Typically, four vortex veins drain each quadrant of the choroid and ciliary body

before merging with the ophthalmic vein (see figure 2.6). In a small number of pa-

tients, choriodopial veins, which drain veins from the laminar and post laminar nerve

head, act as an inconsistent route for blood drained from the choroid (Ruskell 1997).

2.2.2 Microscopic anatomy of choroidal vessels

As in other organs of the human body, choroidal blood vessels are formed by concentric

layers of cells enclosing the vessel lumen. The first concentric layer is composed of

vascular endothelial cells forming the endothelium. It is enclosed by a basement

membrane and a layer of perivascular mural cells, which are involved in the regulation

of the blood flow.

Generally flattened, endothelial cells typically measure 50-100µm in length and
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10-20µm in width. They are 1-2µm thick, however their central nuclear bulge may

protrude into the lumen by up to 10µm (Simionescu & Simionescu 1984). In venous

vessels, endothelial cells are generally shorter (approximately 10-15µm wide and 25-

40µm long) and polygonal (Simionescu 1977, Simionescu & Simionescu 1984). In

arteries and arterioles, they are elongated, and their long axis is aligned with the

direction of the flow. Their profile becomes gradually less elongated in terminal

arterioles and in capillaries. In veins, their profile is usually rounder (Yu et al. 2014).

Vascular endothelial cells are involved among other things in the regulation of

vascular tone and selective permeability of vessel walls to solutes and fluid. They

also modulate immune and inflammatory processes (Yu et al. 2014). Because of their

location, endothelial cells are directly exposed to the blood flow, and modulate their

structure and function according to regional hæmodynamic forces (Chien 2008, Chiu

et al. 2009, Chiu & Chien 2011). As a result, the morphology and function of the

endothelium varies between vessels and organs in response to different environments

and stimuli (Pries & Kuebler 2006).

Perivascular mural cells of arteries, arterioles and veins are defined as smooth

muscle cells (SMC) (Rhodin 1968). Mural cells of capillaries and venules are defined

as pericytes (Rhodin 1967). SMCs participate in the regulation of the blood flow by

altering vessel calibre. Many subtypes of pericytes exist. Some of them are proven

to have contractile capabilities (Skalli et al. 1988). However, uncertainty remains

concerning the function of some pericyte subtypes in the choroid.

2.2.3 Morphology and structure

Between the point of insertion of the vessels feeding and draining the choroidal cir-

culation into the eye cup and the choriocapillaris, the choroidal vasculature forms a

vascular tree, whereby larger arteries branch into ever smaller segments, and smaller

venular vessels merge into larger veins (see figure 2.12) (Oyster 1999). This vascular

tree is composed of complicated and seemingly random tangles of vessels. Sudden

changes in direction and branches of unequal lengths are frequent. Perhaps one of the

most striking features is the high tortuosity of the vessels, which can be observed in

figure 2.12(a) (Wybar 1954a, Wybar 1954b, Ring & Fujino 1967, Araki 1976, Shimizu

& Ujiie 1978).

The presence of anatomoses in the outer and inner layers of the choroidal vascula-

47



(a) (b)

Figure 2.7: Scanning electron microscopy of the corrosion cast of a portion of human
choroid (a) and wide field microscopy of a neoprene cast of a portion of human choroid
mounted on a glass sphere (b). Taken respectively from Olver (1990) and Wybar
(1954a).

ture has historically been subject to controversies. Physiological studies have shown

that functionally, the different PCAs and SPCAs do not anastomose and behave

like end-arteries (Hayreh 1970, Hayreh 1972, Hayreh 1974b, Hayreh 1974a, Hayreh

1975b, Hayreh 1983b). The blood flow in choroidal arteries and capillaries is purely

segmental and adjacent segments do not anastomose with one another at any level

(Hayreh 1975b, Hayreh 1983b). As a result, the choroidal circulation does not allow

free and continuous flow (Hayreh 1990, Hayreh 2004). The peripapillary choroid also

has a segmental blood supply (Hayreh 1972, Hayreh 1974d), and the different choroidal

veins do not anastomose either (Hayreh & Baines 1973, Hayreh 1983b). This view

is challenged by anatomical examinations of the choroidal circulation. In a vascu-

lar cast study focused on the submacular choroid, Fryczkowski et al. (1991) noted

that precapillary arterioles that arise from the SPCAs and supply the choriocapillaris

commonly interact and anastomose to create an arteriolar system that communicates

with other submacular arteriolar systems. Hogan et al. (1971) similarly observed ex-

tensive anastomoses between anterior and posterior arteries in histologic sections of

the choroid.

Anatomically, the choroidal circulation displays significant variations over the

eye. In the submacular area, the choroid is very compact, and the vascular or-

ganisation seems to be more complex than in other regions of the eye. Erratic ar-

terial branching, branches unequal in length and T-shape branching are common
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(Wybar 1954a, Wybar 1954b, Ring & Fujino 1967, Araki 1976, Shimizu & Ujiie 1978).

Scanning electron microscopy of corrosion casts of choroids from cynomolgus mon-

keys revealed that the density of precapillary arterioles and postcapillary venules is

maximal in the submacular region, and decreases towards the periphery (Araki 1976).

2.2.4 Qualitative and quantitative assessment of the blood
flow

The choroid is difficult to image in vivo, mostly because of the filtering effect of the

pigmented retinal pigment epithelium lying on top of it. As a result, few imaging

techniques have been successful in providing absolute values for the flow, and direct

and indirect measurements from animal studies prevail. In this section, a description

of the most commonly used methods along with their main results are detailed.

The main qualitative method used to visualise choroidal blood flow is fluores-

cent dye angiography. It involves the injection of a dye in the general circulation

and the visualisation of its progress as it reaches, fills and leaves the choroid. Flu-

orescent angiography of the choroidal vasculature revealed the omnipresence of wa-

tershed zones, which are defined by Hayreh (1990) as the border between the ter-

ritories of distribution of any two-end arteries. They usually correspond to poorly

vascularised zones and may be the first regions affected in the event of a fall in

the perfusion pressure of one or more end-arteries. This makes these areas partic-

ularly vulnerable to ischemia, and they may therefore play a role in some patholo-

gies of the back of the eye (see for instance Mendrinos & Pournaras (2009) and Al-

ten et al. (2013)). The location of watershed zones depends on the number and

location of the different PCAs, and therefore presents some inter-patient variabil-

ity. If three arteries are present, the watershed zone has a typical Y shape passing

through part of the optic disc or its entirety (Hayreh 1985, Hayreh 1989). The wa-

tershed zone may be obliquely or vertically oriented if one or more of the PCAs

have a low perfusion pressure. They are also located between adjacent SPCAs, be-

tween the long PCAs and their adjacent SPCAs, between the PCAs and the ante-

rior ciliary arteries, between choriocapillaris lobules and between the vortex veins

(Hayreh 1972, Hayreh & Baines 1973, Hayreh 1974a, Hayreh 1974b, Hayreh 1974c,

Hayreh 1974f, Hayreh 1975a, Hayreh 1975b, Hayreh 1981a, Hayreh 1981b, Hayreh &

Chopdar 1982, Hayreh 1983a, Hayreh 1983b, Hayreh 1985, Hayreh 1989, Hayreh 1990).
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By injecting a radioactive isotope into the general circulation of cats and rabbits

and obtaining the decay curve for different regions of the eye, Friedman et al. (1964)

estimated that each minute, 166 and 1,200mL of blood per 100g of tissue went in and

out of respectively the retinal vasculature and choriocapillaris, and that the average

total blood flow in the retina (including the retinal vessels and the choriocapillaris) was

510mL per 100g per min. Weiter et al. (1973) injected labelled microspheres into the

general circulation of cats, and showed that 2% of the total ocular blood flow went to

the retina, 65% to the choroid, 28% to the ciliary body and 5% to the iris. The study

revealed that the blood flow in the choroid amounts to 1,300mL per 100g per min,

and is therefore over three times higher than the blood flow to the kidneys, which was

found to be between 300 and 400mL per 100g per min (Kinter & Pappenheimer 1956).

More recently, Nork et al. (2006) showed using similar microsphere techniques that

the average choroidal blood flow in rabbit was approximately 671µL per min.

Region Blood Flow Reduction in Blood Flow
(Normal IOP = 13 cmH

2

O) (Increased IOP = 41 cmH
2

O)
Retina 25mg.min�1 ⇥

Iris 17mg.min�1 ⇥
Ciliary Body 89mg.min�1 ⇥

Choroid 607mg.min�1 29%
Ciliary Processes 222g.min�1 per 100g ⇥
Ciliary Muscle 153mg.min�1 per 100g ⇥

Table 2.2: Ocular blood flow measured through radioactively labelled microsphere
studies in monkeys. Changes in the blood flow with IOP ranged from a decrease of
8% to an increase of 19%. Reproduced from Alm & Bill (1973).

Measurements obtained in the ocular vasculature of monkeys may be of better

relevance to humans, since the anatomy and physiology of the monkey eye is relatively

close to man (Alm & Bill 1973, Stern & Ernest 1974, Bill 1975). Microsphere studies

carried out on cynomolgus monkey eyes at normal IOP showed that the mean blood

flow in the retina, iris, ciliary body and choroid are respectively 25, 17, 89 and 607mg

per min (see table 2.2) (Alm & Bill 1973). A later study confirmed that the total blood

flow in the monkey eye is approximately 800mg.min�1 (Bill 1975). More recently, Nork

et al. (2006) found that the average choroidal blood flow in rhesus and cynomolgus

monkeys are respectively 600 and 1023µL per min. The relative repartition of the

ocular blood flow in cynomolgus monkeys is significantly different from the cat, with

4% going to the retina, 85% to the choroid, 10% to the ciliary body and 1% to the iris
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(Bill 1975). The blood flow through the sclera amounts to about 2% of the choroidal

blood (Alm & Bill 1973). Under the assumption that the oxygen extraction rates from

the choroidal and retinal vasculatures are equivalent in cats and cynomolgus monkeys,

and given that about 21% of the oxygen consumed by the cat retina is supplied by the

retinal vasculature, then the monkey retinal vasculature should provide about 34% of

the oxygen consumed by the retina, the rest being provided by the choroid (Bill 1975).

Laser-Doppler flowmetry (LDF) represents a non-invasive alternative to measure

blood flow. It is based on the measurement of the frequency shift - or Doppler shift - of

light scattered due to the movement of blood in vessels (Vongsavan & Matthews 1993,

Rajan et al. 2009). A major limitation of LDF is that the measurements obtained

are not absolute but relative to a reference flow (Riva et al. 1972). As a result,

LDF has been mostly used in qualitative studies, and to compare the blood flow

dynamics between patients in health and disease; see for instance Gherezguiher et al.

(1991), Riva, Cranstoun, Mann & Barnes (1994), Riva, Cranstoun, Grunwald & Petri

(1994), Riva et al. (1997), Straubhaar et al. (2000), Longo et al. (2000), Pournaras

et al. (2006), Tonini et al. (2009) and Strohmaier et al. (2011). LDF performed

on cats showed that the choroidal blood flow is pulsatile, and that the mean of the

pulsatile component of the flow accounts for 34% of the flow measured over one

heartbeat (Riva, Cranstoun, Mann & Barnes 1994). Miura et al. (2012) described

an experimental method pairing LDF with OCT, which provided absolute values for

the choroidal blood flow velocities and flow rates in three blood vessels from three

different patients. The measurements were taken in a similar location. The mean

systole peak velocity was found to be 46.9mm.s�1 for an average vessel diameter of

70µm.

Region Choroid Retina
(mg.min�1.mm2) (mg.min�1.mm2)

Peripapillary 43.53±0.52 0.18±0.02
Foveal 6.49±0.62 0.28±0.03

Intermediary 2.38±0.35 0.08±0.01
Peripheral 0.76±0.14 0.04±0.01

Table 2.3: Blood flow in different regions of the retina and choroid measured through
microsphere study. Reproduced from Alm & Bill 1973b.

Significant spatial variations in choroidal and retinal blood flows were observed

in rabbits, rhesus monkeys (Nork et al. 2006) and cynomolgus monkeys (Alm &
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Bill 1973) (see table 2.3). In monkeys, microspheres tend to be more concentrated in

the macular area compared with the periphery, which would suggest a larger flow in

this region. This is consistent with the decrease in vascularity described in Section

2.2.3 (Araki 1976).

2.2.5 Regulation of choroidal blood flow

Evidence for an active autoregulation of the choroidal blood flow has largely been

sought by examining the relation between IOP and blood flow. The dominant view

is that the choroidal vasculature behaves largely like a passive vascular bed and

that it lacks any active regulation (Bill 1962, Friedman 1970, Armaly & Araki 1974,

Gherezguiher et al. 1991). In cats, the elevation of the IOP is followed by a propor-

tional decrease in choroidal blood flow (Gherezguiher et al. 1991). Choroidal blood

flow also seems to be linearly related to IOP in monkeys (Armaly & Araki 1974). An

increase in IOP eventually stops the retinal circulation while the choroidal circulation

persists, which means that the resistance to blood flow increases more in the reti-

nal vasculature with IOP compared to the choroidal circulation (Flower 1972). The

effect of an increase in IOP is also more dramatic on the ciliary body (Kaufman &

Alm 2003) (see figure 2.8). However, in a later study by Flower et al. (1995), the

0 20 40 60 80 100 120

25

50

75

100

IOP (cmH2O)

B
lo

od
Fl

ow
(%

of
n
or
m
al

)

Choroid

RetinaC. B.

Figure 2.8: Effect of changes in IOP on the choroidal blood flow in monkeys. C. B.:
Ciliary Body. Reproduced from Kaufman & Alm (2003).

effect of an elevation of the IOP on the blood flow in the choriocapillaris was found

to have non-linear components. This relationship was not further investigated.
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The mean perfusion pressure (MPP), which is the difference between the pressure

in the arteries entering the tissue and the pressure in the veins leaving it, may be

a more accurate descriptor of the linkage between blood flow and pressure (Riva

et al. 1997, Polska et al. 2007, Bogner et al. 2011). The pressure at the veins is

often assimilated to the IOP at both normal and elevated IOP1, so that the average

choroidal blood flow satisfies (Bill 1975):

ChBF
m

=
MOAP� IOP
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m

=
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m
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m
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where ChBF
m

is the mean choroidal blood flow measured over a heart beat, MOAP

the mean ocular arterial pressure, R
m

the mean resistance of the vascular bed, PP
m

the average perfusion pressure calculated over a heartbeat, BP
diast

the diastolic sys-

temic blood pressure and BP
syst

the systemic systolic blood pressure. The relation

between choroidal blood flow and perfusion pressure appears to be bilinear, with evi-

dence for autoregulation only visible for moderate decreases in perfusion pressure. An

increase in IOP by 12-29mmHg produces no changes in ChBF
m

, which may suggest

the existence of a certain form of autoregulation. If proven, this autoregulation is

unlikely to be the result of a metabolic compensation mechanism originating from the

outer retina (Riva et al. 1997).

Possible mechanisms underlying this regulation have been reported. Evidence

suggests that the choroidal vasculature is to some extent controlled and regulated

by extrinsic autonomic innervations. Alm (1977) showed through radioactive micro-

sphere studies that in monkeys, a minute of unilateral stimulation at 10Hz of the

cervical sympathetic chain results in a 30% decrease in choroidal blood flow. The iris,

the ciliary muscle, the ciliary processes and the anterior sclera also saw significant

decreases, whereas no significant changes were observed in the retinal vasculature.

The stimulation of the preganglionic cervical sympathetic nerve in rats results in

consistent and frequency-related vasoconstriction of the ocular vasculature, with a

maximum vasoconstriction observed at 32Hz. The vasoconstrictive response is inhib-

ited by the injection of ↵-adronoceptor antagonists, phentolamine, phenoxybenzamine
1Outside the eyeball, the pressure within the ocular vein is smaller than the IOP because the

pressure surrounding the tissues is lower than it is in the eye. In man, the mean pressure in the
episcleral veins varies between 7 and 8mmHg.

53



and prazosin, the selective ↵
1

-adrenoceptor antagonist. Nauwolscine - the selective

↵
2

-adrenoceptor blocker - increases the vasoconstriction. Atropine and propanol do

not affect the magnitude of the vasoconstriction (Kawarai & Koss 1998). Nilson (1996)

showed that the vasodilation induced by facial nerve stimulation is impeded by the in-

jection of nitric oxide synthase (NOS) inhibitors, thus proving that nitric oxide (NO)

is involved in the vasodilatation of the ocular vasculature at the cellular level. The

stimulation induces a 89% ± 12% increase in choroidal blood flow before inhibition

compared to 45% ± 10% after. Injections of N-monomethyl-L-arginine (L-NMMA),

which is a systemic NOS inhibitor2, decreases fundus pulsation amplitude and total

choroidal blood flow in man (Schmetterer et al. 1997, Luksh et al. 2000) by 26%,

which suggests that NO is continuously produced in the choroidal vasculature (Luksh

et al. 2000). Insulin appears to enhance the potency of L-MNA (Dallinger et al. 2003).

The increase in choroidal blood flow induced by isometric exercise is downregulated

by L-NMMA, which suggests that NO also contributes to the increase in choroidal

blood flow during isometric exercise. Even though phenylephrine increases the rest-

ing ocular perfusion pressure, it has no effect on choroidal blood flow during exercise

(Luksh et al. 2003, Okuno et al. 2006).

The concentration of various gases in blood have been shown to affect choroidal

blood flow. Animal studies have shown that it is affected by systemic carbon dioxide

concentration (pCO
2

) but is independent of systemic oxygen concentration (pO
2

)

(Alm & Bill 1972a, Friedman & Chandra 1972, Riva, Cranstoun, Mann & Barnes

1994, Flower et al. 1995). In the foveal region, inhalation of 100% O
2

or 97% O
2

+3%

CO
2

has no effect on choroidal blood flow. Increases in blood flow are observed

when the proportion of CO
2

reaches 8%, with a further 1.5% increase for every unit

increase of pCO
2

. Foveal blood flow is not affected by variations in pO
2

(Geiser

et al. 2000). Hyperoxia results in a reduction of fundus pulsations in the human

macula; hypercapnia has the reverse effect. The effect seems to be stronger in the

optic disc area compared with the macular region (Schmetterer et al. 1995).

A remarkable aspect of choroidal blood flow is that it displays a diurnal pat-

tern. Overall stable in normal room light conditions, it drops by up to 15% during

dark adaptation, which is likely to be the result of a form of vasoregulation (Longo

et al. 2000). This regulation mechanism is unlikely to be due to changes in oxygen
2L-Arginine is a an amino acid precursor of NO synthesis.
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demand from the photoreceptors as changes in pO
2

do not have any effect on choroidal

blood flow (Riva, Cranstoun, Mann & Barnes 1994, Schmetterer et al. 1995, Flower

et al. 1995, Geiser et al. 2000). The fact that the changes in choroidal blood flow

during light/dark adaptation are observed on the stimulated and controlateral eyes

indicates a neural control mechanism (Longo et al. 2000, Fuchsjäger-Mayrl et al. 2001).

Choroidal blood flow is not affected by diffuse luminance flicker, which suggests that

it is independent of neural activity in the retina and changes in retinal metabolism

(Garhöfer et al. 2002). Blue flicker stimulation from low to high luminance triggers a

drop in subfoveal choroidal blood flow of up to 32%. However, reducing the luminance

from high to low does not alter subfoveal blood flow. Transitions between rod and

cone-dominated retinal responses are thought to account for this different effect of

recursed directions of changes in luminance. The distribution of choroidal blood flow

may therefore not be uniform across the ocular fundus and may be somehow linked

to the type and degree of photoreceptors stimulated (Lovasik et al. 2005). Diurnal

variations in choroidal blood flow have been hypothesised to be linked to the regu-

lation of tissue temperature. Under dark adaptation, an increase in IOP leads to a

drop in retinal-choroidal temperature in the macular area. Under light stimulation,

an increase in IOP is associated with a rise in the temperature of the choroid and

retina. This indicates that depending on the surrounding tissue temperature, the

choroid could act as a heat source or a heat sink (Parver et al. 1980).

2.2.6 Choroidal thickness

With the increased use of optical coherence tomography (OCT) in clinics, the mea-

surement of choroidal thickness has become widespread. Histologic studies have shown

that the choroid is thicker and denser in the posterior pole. It thins from between

0.22 to 0.33mm in the posterior pole down to 0.1 to 0.15mm towards the periphery

(Wolfrum 1908, Salzman 1912).

Spaide et al. (2008) established a map of the thickness of the choroid in a rect-

angle of 5⇥ 15 degree centered on the fovea in 17 subjects aged from 19 to 54 years

using spectral-domain optical coherence tomography (SD-OCT). The mean choroidal

thickness at the fovea was found to be 318µm in the right eye and 335µm in the left

one, which is slightly larger than the thickness determined through histologic studies.

In a later study, enhanced depth imaging optical coherence tomography (EDI OCT)

55



was performed on 30 patients aged from 19 to 85 years to map the thickness of the

choroid in rectangle of 5 ⇥ 30 degree centred on the fovea at 500µm intervals up to

3mm temporal and nasal to the fovea. The study revealed a mean choroidal thickness

of 287µm (±76µm) under the fovea (Margolis & Spaide 2009). The results of the

study along with measurements collected by Manjunath et al. (2010) are plotted in

figure 2.9.

3.0 2.0 1.0 0.0 1.0 2.0 3.0
0

50

100

150

200

250

300

Distance from fovea (mm)

M
ea
n
ch
or
oi
d
al

th
ic
kn

es
s
(µ
m
)

Figure 2.9: Mean choroidal thickness as a function of the distance from the foveal
pit. Plotted from the data collected by Margolis & Spaide (2009) (red crosses) and
Manjunath et al. (2010) (blue crosses).

Choroidal thickness appears to decrease more nasally than temporally (Margolis

& Spaide 2009). The mapping of the choroidal thickness in the peripapillary region

of the eye of 36 patients aged from 28 to 79 years was performed by Ho et al. (2011)

using the Cirus HD-OCT. The scan was centred at the optic nerve and the thickness

of the choroid was measured at 500µm intervals in the superior, inferior, nasal and

temporal quadrants. Results are summarised in table 2.4. The choroid was found to

be thinner in the inferior quadrant. One of the limitations of these studies pertains to

the inter-observer variability in measurement, which for instance reaches 32µm with

an EDI-OCT (Rahman et al. 2011). There is also an intrinsic subjectivity in the

definition of the thicknesses of the different chorioretinal layers, which can introduce

further error. In order to limit these errors, Curcio et al. (2011) compared high-

resolution histologic sections to OCT images to build a standard for each of the layers
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500µm 1000µm 1500µm 2000µm
Superior 187.72±46.26 236.17±54.87 250.79±58.01 256.79±67.28
Inferior 139.75±47.19 151.03±55.86 155.28±55.92 157.19±46.87
Nasal 209.85±77.05 234.53±89.43 232.94±86.97 232.56±80.86

Temporal 168.08±50.34 204.56±56.08 229.85±65.62 242.26±62.30

Table 2.4: Mean choroidal thickness as a function of the distance to the optic nerve
head. Taken from Ho et al. (2011).

observed during OCT examinations.

Significant variations in choroidal thickness are observed with age and in dis-

ease. In the first decade of life, Ramrattan et al. (1994) showed that normal choroids

are on average approximately 193µm thick, and thin down to 84µm in the tenth

decade. However, variations in choroidal thickness were found to be large among all

age groups. Bruch’s Membrane was found to be on average 135% thicker in normal

maculae from 90-100 years old patients compared with 0-10 years old ones, rising

from 2.0µm to 4.7µm (Ramrattan et al. 1994). SD-OCT was performed on 102 pa-

tients aged from 21 to 91 years old suffering from various eye conditions. The mean

choroidal thickness was found to be 198.3µm in glaucoma patients, 221.7µm in eyes

with diabetic retinopathy, 209.9µm in patients suffering from wet AMD and 162.4µm

in eyes with dry AMD. Subfoveal thickness in healthy eyes is approximately 305.7µm.

Age accounts for 42% of the variation in choroidal thickness between patients, with

a thickness falling by approximately 3.085µm per year. This rate is 2.5 times higher

than the one extrapolated from the study carried out by Ramrattan et al. (1994)

(McCourt et al. 2010).

Perhaps one of the most remarkable features of choroidal thickness is that it dis-

plays diurnal variations. Tan et al. (2012) showed using OCT that in a pool of 12

patients, the mean diurnal amplitude of variation reaches 33.7µm. The change in

choroidal thickness correlates with systolic blood pressure and age. No significant

differences are observed between measurements taken at equivalent time points. Kim

et al. (2012) showed that in young and healthy subjects, changes in choroidal thickness

are significantly associated with ocular perfusion pressure at least in the submacular

choroid. The linkage between choroidal blood flow and choroidal thickness has not

been further investigated.
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2.2.7 Conclusion

The outer and inner choroid forms a highly complex vascular tree that supplies

the choriocapillaris. As vessels located in the outer part of the choroid branch

and progress towards the inner choroid, their diameters decrease. This gives rise

to a seemingly layered hierarchy, with the bigger vessels located in the outermost

layer of the choroid, and the smaller ones travelling underneath the choriocapil-

laris. Choroidal vessels display an unusually high tortuosity, with frequent changes

in direction. There has been few attempts at explaining the effect of these char-

acteristics on the blood flow and on the overall blood supply to the choriocapil-

laris. Controversies remain over the existence of anastomoses in the inner and outer

parts of the choroid. Anastomoses have been demonstrated by anatomists (Hogan

et al. 1971, Fryczkowski et al. 1991), however they seem to contradict observations

from physiologists (Hayreh 1975b, Hayreh 1983b). This indicates a lack of understand-

ing of the blood flow dynamics in this vasculature. Regions of poor vascularity are

omnipresent (Hayreh 1990). Their number and position depends on the anatomical

arrangement of choroidal vessels (as well as the vessels supplying it). Given the data

gathered in Section 2.2.1, this suggests that the number and location of watershed

zones varies between patients, which hints at a variation in susceptibility to some

of the pathologies associated with these regions (Mendrinos & Pournaras 2009, Al-

ten et al. 2013) among the population. Little is also known on the sympathetic or

parasympathetic regulation of the blood flow, or on the cellular components and mech-

anisms involved. An important aspect of this regulation is that it appears to occur

largely independently from the outer retina. Despite the somehow contradictory re-

sults concerning the passivity of the whole vasculature, the picture that emerges from

the literature is that the blood flow in larger and intermediate vessels is regulated,

while the flow in the choriocapillaris is largely passive. The choroidal vasculature

displays anatomically and functionally important spatial variations. A decrease in

the density of the vasculature further from the submacular area is associated with an

overall decrease in the blood flow and thickness of the choroid. The diurnal variations

in choroidal thickness and blood flow are most intriguing. Thickness and blood flow

may be related, however there is a lack of data, and the cellular mechanisms involved

in these variations have not been investigated.

An integrated understanding of the anatomy and physiology of the choroidal cir-
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culation is clearly still lacking. Recent advances in optical technologies have allowed

scientists to investigate some aspects of the vasculature in vivo, such as the pulsatility

of the choroidal blood flow or some aspect of its regulation, however they have failed to

provide definitive answers concerning the hæmodynamics of this vascular bed, which

is detrimental to the understanding of inflammatory and degenerative diseases of the

back of the eye.

As the supplier of most of the metabolites to the outer retina, the emphasis has

often been put on the choriocapillaris. In the next section, a detailed description of

its anatomy and physiology is provided.

2.3 The choriocapillaris

External to Bruch’s membrane and internal to the arteries and veins of the inner

and outer choroid lies a single layer of capillaries first described by Hovius & Ruysch

(1702,1716) and named choriocapillaris by Eschricht (1838). The choriocapillaris,

which extends from a well-defined margin around the canal of the optic nerve to the

ora serrata, forms a continuous capillary net supported by a rigid framework of inter-

capillary connective tissue (Salzman 1912, Wybar 1954a, Wybar 1954b, Ring & Fujino

1967, Hogan et al. 1971, Hayreh 1974f, Hayreh 1975b). The capillaries lie externally on

a basement membrane, which is thinner than the RPE basement membrane (Hogan

et al. 1971). Within the choroid, the choriocapillaris corresponds to the only location,

where capillaries can be found (Hogan et al. 1971). The choriocapillaris is supplied

by the SPCAs, the long PCAs and a number of branches arising from the anterior

ciliary arteries and crossing the ciliary muscle before entering the capillary bed (Hogan

et al. 1971, Hayreh 1974f, Hayreh 1975b). It is drained by venules lying external to

the capillary bed and emptying into one of the four vortex veins (Hogan et al. 1971,

Hayreh & Baines 1973, Hayreh 1983b). Every vessel supplying and draining the

choriocapillaris reach the layer by crossing the outer parts of the choroid (Torczynski

& Tso 1976).

2.3.1 Microscopic anatomy of choriocapillaris vessels

Choriocapillaris vessels are composed of a 0.2µm thick single layer of endothelial cells

enclosed by a basement membrane (Missotten 1962). Endothelial cells are separated
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by discontinuous tight junctions called zonulae occludentes. Gap junctions measur-

ing about 10nm in diameter are found in the plasma membrane of the endothelium

(Spitznas & Reale 1975, Hogan et al. 1971). They are less numerous than the zonulae

occludentes, and are usually located on the scleral side of the capillaries and between

pericytes and endothelial cells (Spitznas & Reale 1975).

Figure 2.10: Transmission electron microscopy of a freeze cleavage preparation of the
choriocapillaris, seen from the retinal side. Taken from Federman (1982). Scale bar
missing from original publication.

Perhaps one of the most characteristic features of the capillaries is the presence of

fenestrations (see figure 2.10) (Hogan & Feeney 1961, Bernstein & Hollenberg 1965,

Hogan et al. 1971, Torczynski 1982, Hasegawa et al. 2007, Baba et al. 2009). They

measure 600Å (Spitznas & Reale 1975) to 800Å (Hogan et al. 1971) in diameter. A

diaphragm with a central thickening measuring 300Å in diameter is usually present

(Spitznas & Reale 1975). A thin membrane consisting of attenuated layers of cyto-

plasm covers the fenestration pores on the cellular side (Missotten 1962, Garron 1963).

Fenestrations are more frequent on the retinal side of the capillary walls than on the

scleral side (Hogan & Feeney 1961, Bernstein & Hollenberg 1965, Federman 1982,

Hasegawa et al. 2007, Baba et al. 2009). This may be explained by the selective loca-

tion of the nuclei of endothelial cells on the scleral side of the capillaries, which does

not leave as much space for fenestrations to develop (Hogan & Feeney 1961, Bernstein

& Hollenberg 1965, Spitznas & Reale 1975, Araki 1976). Federman (1982) suggested

that the higher frequency of fenestrations on the retinal side could also be explained

by the perfusion pressure, which is directed towards the retina. The location of fen-
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estrations may therefore be a function of the demand in fluids from the outer retina,

which would imply a mechanical mechanism in their development. Fenestrations are

also more frequent in the submacular area compared to the periphery of the eye

(Federman 1982). Table 2.5 summarises the frequency of fenestrations in different

regions of the eye for one patient.

Region Sampled Retinal Side (%) Scleral Side (%)
Fovea 60.3 24.7

Perifovea 61.3 28.4
Midperiphery 53.7 19.2
Foreperiphery 36.7 4.4

Table 2.5: Frequency of fenestrations as a percentage of endothelial wall fenestrated
in a healthy 34-year-old female. Reproduced from Federman (1982).

Only a few types of perivascular mural cells are present in the choriocapillaris;

however, controversy remains over their respective function. Pericytes are horizon-

tally and sparsely distributed, with only 11% of pericyte ensheathment observed

in the adult choriocapillaris (compared to 94% in retinal capillaries) (Chan-Ling

et al. 2011a). Their function remains unclear (Wolter 1956, Condren et al. 2013). They

appear to be selectively distributed on the scleral side of the capillaries (Sellheyer &

Spitznas 1988, Condren et al. 2013). They do not express desmin, and have no visible

intermediate filaments. Some of them are positive for ↵-smooth muscle actin (↵SMA)

(Chan-Ling et al. 2011a, Condren et al. 2013), while other express NG2 (Chan-Ling

et al. 2011a).

2.3.2 Morphology and structure

The choriocapillaris is formed by a continuous and extensively anastomosing mesh-

work of capillaries, which are characteristically flat and broad enough to allow three

to seven erythrocytes to pass without deformation (Ring & Fujino 1967, Hogan

et al. 1971, Torczynski 1982). Tightly organised, they are separated by round, oval

and slightly elongated collagenous avascular septae or pillars (see figures 2.11a,b)

(Salzman 1912, Hogan & Feeney 1961, Garron 1963, Klien 1966, Hogan et al. 1971,

Torczynski & Tso 1976, Fryczkowski & Sherman 1988, Fryczkowski et al. 1991). At

the posterior pole vessels are at their narrowest, measuring about 12-20µm in width,

although it is variable (Ring & Fujino 1967, Hogan et al. 1971, Torczynski 1982).
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Capillaries become progressively wider in the periphery, with diameters varying be-

tween 18 and 50µm (Ring & Fujino 1967, Hogan et al. 1971). A list of measurements

of the diameter of capillaries and septae published in the literature can be found in

table 2.6.

Source Region of the eye Capillaries (µm) Septae (µm)
Sattler (1876) Not specified 18-38
Leber (1903) Not specified 10-36

Hogan & Feeney (1961) Not specified 10-40 3-24
Garron (1963) Not specified 8-30

Ring & Fujino (1967) Posterior pole 12-20
Periphery ⇠20

Hogan et al. (1971) Submacular region ⇠20
Extra-Macular region 18-50 6-400

Shimizu & Ujiie (1981) Submacular region 20
Posterior Pole 16-20 5-20

Olver (1990) Equator 20-50 20-200
Periphery 20+ 20-300

Peripapillary 15-25
Submacular 18-28

Fryczkowski (1994) Posterior Pole 20-35
Equatorial 20-38
Peripheral 28-50

Ramrattan et al. (1994) Submacular region 9.8 to 6.5 (lumen)

Table 2.6: Diameter of capillaries and septae in different regions of the choriocapillaris.

The diameter of the choriocapillaris lumen appears to decrease with age (Klien

1966, Ramrattan et al. 1994). In normal subjects, the lumen measures on average

9.8µm in diameter in the first decade of life, and decreases to 6.5µm in the tenth decade

(see figure 2.13). However, significant variations are also found within different age

groups (Ramrattan et al. 1994).

The avascular septae are narrower to slightly wider than capillaries (Hogan &

Feeney 1961, Torczynski & Tso 1976, Yoneya et al. 1983, Fryczkowski et al. 1985,

Fryczkowski et al. 1991, Fryczkowski 1994, Zang 1994). In the posterior pole, the

septae measure between about 3 and 18µm in diameter (Hogan et al. 1971). In the

periphery, anteriorly to the equator, the septae forms longer and thinner channel-like

structures (Torczynski & Tso 1976, Salzman 1912) that are about 6 to 36µm wide

by 36 to 400µm long (Wybar 1954b, Hogan et al. 1971). The septae further elongate

and widen towards the periphery, and become loose in the region of the ora serrata
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(a) (b)

(c) (d)

Figure 2.11: Scanning electron microscopy of corrosion casts of portions of choroid
and choriocapillaris in the posterior pole taken from (a) Olver (1990) (scale bar =
250µm), (b, d) Yoneya et al (1983) (respectively ⇥130 and ⇥300) and (c) Fryczkowski
(1994) (⇥39). On image (a), remnants of retinal vessels can be seen. Image (a), (b)
and (d) are from human patients, image (c) from a rhesus monkey. Seen from the
retinal side (a, b), the choriocapillaris forms a dense mesh of capillaries separated by
round and oval avascular septae. Seen from the scleral side (c, d), vessels from the
outer choroid insert into the choriocapillaris at a approximately a right angle. A:
arteriole, V: venule, C/CH: choriocapillaris, O: opening.
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(a) (b)

Figure 2.12: Scanning electron microscopy of corrosion casts of portions of choroid
and choriocapillaris in the equator and periphery of a human eye (scale bar = 250µm).
Taken from Olver (1990).

(Salzman 1912, Klien 1966, Yoneya et al. 1983, Fryczkowski et al. 1991). In the pe-

ripheral third of the choriocapillaris, the septae become very irregular mainly because

of the entrance and exit of arterioles and venules into the plane of the choriocapillaris

(Hogan et al. 1971).

Within a portion of choriocapillaris, the volume occupied by the capillaries is de-

termined by the width and height of the vessels and the diameter and shape of the

septae. Since each of these characteristics changes over the eye globe, it is convenient

to define a parameter describing all these variations. Ramrattan et al. (1994) defined

the density of the choriocapillaris as the ratio between the sum of the length (or sur-

face area) of the lumina of the capillaries and the length (or surface area) of the zone

in which measurements are done. The density of the septae corresponds to one minus

the density of the blood vessels. This vascular density is to some extend linked to the

amount of blood per unit area received by a portion of choriocapillaris (Oyster 1999).

On average, the choriocapillaris density decreases steadily from approximately 0.75

at the optic nerve to 0.5 in the periphery. It declines more abruptly in the periphery

(Ramrattan et al. 1994, Spraul et al. 1999, Spraul et al. 2002). This variation may

roughly follow the photoreceptor density in the retina, which is highest in the fovea

and parafovea and declines towards the periphery (see figure 2.3) (Oyster 1999). This
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would suggest a correspondence between choroidal anatomy and metabolic needs of

the outer retina; however, quantitative data to support this is limited. The vascu-

lar density seems to be independent of extrinsic anatomical features such as Bruch’s

membrane or choroidal thickness, and appears to correlate with age better than cap-

illary or septae sizes. A significant decrease in the choriocapillaris density with age

has been reported in man. In normal maculae, the density of the plexus is on average

0.75 in the first decade, compared with 0.41 in the tenth one (see figure 2.13b). The

data however suggest that the choriocapillaris density displays significant variations

across all ages, and it is clear from figure 2.13(b) that the choriocapillaris in older

subjects may be denser than in younger ones (Ramrattan et al. 1994).
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Figure 2.13: Diameter of choriocapillaris lumen (a) and capillaries density (b) in
normal maculae plotted against age. The solid line represents the best linear fit for
the data. Reproduced and modified from Ramrattan et al. (1994).

The vessels servicing the choriocapillaris travel under the plane containing the

capillaries, branch extensively (figure 2.11c) and ultimately insert into the capillary

bed at a right angle (see figure 2.11d) (Salzman 1912, Shimizu & Ujiie 1976, Shimizu

& Ujiie 1981, Fryczkowski & Sherman 1988, Fryczkowski 1994). The point of connec-

tion between arterioles or venules and the choriocapillaris form well-defined openings

that are distributed over the plexus. In the posterior pole, arteriolar openings are

round and measure 15 to 25µm in diameter. Venular openings have a less regular

pattern. They are oval, kidney shaped, sometimes round and measure 30 to 37.5µm

in diameter, but considerable variations are observed. The number of vessels sup-

plying and draining the choriocapillaris and their ratio varies significantly over the

eye globe. Their concentration is maximal in the submacular area and steadily de-

creases towards the periphery. The ratio of arterioles to venules varies from 5/1 in
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the macular area to 1/4 in the periphery (see figure 2.15) (Amalric 1983, Fryczkowski

et al. 1991, Fryczkowski 1994).

2.3.3 Anatomical arrangement

The arrangement of capillaries relative to arteriolar and venular openings supplying

and draining the choriocapillaris shows a degree of regularity at least in some regions

of the eye. In the posterior pole, capillaries seem to radiate from the points of connec-

tion between arterioles and choriocapillaris. About 300 to 400µm from the arteriolar

opening, the capillaries change direction (from radial to circumferential) and become

wider. They then converge in a dendritic configuration into a venular opening, where

a venule inserts into the plexus (Salzman 1912, Torczynski & Tso 1976). Torczynski &

Tso (1976) reported that this arrangement is at the basis of a segmental organisation

of the plexus, whereby each anatomical vascular unit - called anatomical lobule - is

demarcated by a series of venular openings circumferentially placed around a central

arteriolar opening. In the submacular area, the changes in the width and direction

of capillaries are not observed, and the choriocapillaris does not appear to be lobular

(Salzman 1912, Torczynski & Tso 1976). Venular openings in the posterior pole appear

in clusters or linear sequences of 2 to 6 while they appear singly in the submacular

region (Torczynski & Tso 1976). The choriocapillaris also displays a segmental organ-

isation in the equatorial region of the choroid, however the configuration appears to

be reversed, with arteriolar openings surrounding venular ones. Anatomical lobules

form star-shaped segments measuring on average 300 to 1500µm in diameter. At the

peripheral border of the choroid, the capillary units do not appear to be clustered by

arterioles, and lobules are open. At the ora serrata, the segmentation is not observed

(Krey 1981).

Several attempts at classifying anatomical lobules have been made, and in the

process controversies regarding their nature have arise. Using scanning electron mi-

croscopy of corrosion casts, Yoneya & Tso (1987) identified three patterns of anatom-

ical lobules (see figure 2.14). In the region extending from the macula to the optic

nerve, the choriocapillaris displays a lobular pattern, whereby arterioles supply hexag-

onal vascular segments drained by venules located at their periphery. In the equatorial

region, arterioles feed the plexus at an oblique angle and tend to run for a short dis-

tance in the plane of the choriocapillaris. Adjacent segments of the choriocapillaris
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are supplied by two or three arterioles, and drained by venules contained in the plane

of the plexus, forming what the authors call a spindle pattern. In the periphery, the

choriocapillaris displays a ladder pattern, whereby arterioles and venules running ap-

proximately parallel to each other in the plane of the plexus are interconnected by

capillaries.

A
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V V

V

(a)

A

A

V

(b)

A

V

(c)

Figure 2.14: Schematic of the patterns displayed by anatomical lobules in different
regions of the eye: (a) lobular pattern in the posterior pole, (b) spindle pattern in
the equatorial region, (c) ladder pattern in the periphery. A: arteriole, V: Venule.
Reproduced and modified from Yoneya & Tso (1987).

The most extensive description of the choriocapillaris anatomy was provided by

Fryczkowski et al. (1991) and Fryczkowski (1994) using corrosion casts of human and

rhesus monkey choroid. They found that in the peripapillary area, extending from

approximately 2-3mm nasally, superiorly and inferiorly to the juxtapapillary margins

to approximately 1mm temporal to the submacular region, the choriocapillaris does

not display a segmental organisation. The capillaries form dense honeycomb pat-

terns (Fryczkowski 1994) and the septae have round, triangular or pentagonal shapes

(Fryczkowski et al. 1991). The plexus forms a well-delineated juxtapapillary choroidal

margin at the optic disc border and ends abruptly (Fryczkowski et al. 1991). The

anatomical organisation is similar in the submacular area, where capillaries and sep-

tae display the same pattern (Fryczkowski 1994). The precapillary arteriole-to-venule

ratio is 3/1 (Amalric 1983, Fryczkowski & Sherman 1988, Fryczkowski et al. 1991).

The lobular organisation becomes apparent in the posterior pole at a distance of

about 2mm temporal, superior and inferior from the macula and around 3mm su-

perior, nasal and inferior to the optic disc (about 1mm temporally, superiorly and

inferiorly from the submacular area according to Fryczkowski (1994)) and persists

until the equator (Fryczkowski et al. 1991). The precapillary arteriole-to-venule ratio

is approximately 1/2, but can reach up to 1/5 in some lobules. Around 90% of arte-

rioles and venules insert into the choriocapillaris at a right angle relative to the plane
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Figure 2.15: Spacial variations in the anatomical organisation of the choriocapillaris
over the human eye. Data collected from Fryczkowski et al. (1991), Fryczkowski
(1994) and Yoneya & Tso (1987). Controversy remains over the existence of a lobular
pattern in the macular and peripapillary regions of the eye. A:V: arteriole to venule
ratio.

of the capillaries. Eighty-six percent of lobules have one or more venular openings at

their centre and arteriolar ones in their periphery (Fryczkowski et al. (1991) however

reported that most lobules had an arteriolar opening at their centre). The remaining

14% have arterioles for central openings (Fryczkowski 1994). The remaining arteri-

oles and venules form in-the-plane insertions, and arteriolar and venular openings are

tangential and elongated. A combination of both types of openings demarcates the

shape of lobules, which appear more rounded with the first type of opening, and more

elongated with the second one. In man, major arterial openings are approximately

850-1000µm apart. Smaller ones are about 450-950µm apart. At the equator, lob-
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Source Region of the eye Dimensions (µm)
Torczynski & Tso (1976) Posterior Pole 420⇥ 605 to 880⇥ 1, 200

Krey (1981) Equator 300 to 1,500µm (width)
Shimizu & Ujiie (1981) Equator 600 to 800µm (width)
Yoneya & Tso (1987) Posterior Pole 500 to 1,000µm (width)

Posterior Pole 515⇥ 450
Fryczkowski et al. (1991) Equator 645⇥ 550

Periphery 995⇥ 670

Posterior Pole 400⇥ 650
Fryczkowski (1994) Equator 500⇥ 750

Periphery 500⇥ 1, 100

Table 2.7: Dimensions of choriocapillaris anatomical lobules in different regions of the
eye.

ules are clearly visible and are usually larger than in the posterior pole (Fryczkowski

et al. 1991, Fryczkowski 1994). This region has predominantly venous openings, which

are located mainly at the centre of lobules. The precapillary arteriole-to-venule ratio is

approximately 1/2. Precapillary arterioles and postcapillary venules reach the plexus

at a 90� angle. Openings are round or elliptical (Fryczkowski et al. 1991). Towards

the periphery, at about 400 to 500µm from the equatorial area, the organisation of the

choriocapillaris changes into a succession of palm-like patterns before forming arcades

and terminating at the ora serrata. As described by (Yoneya & Tso 1987), arterioles

and venules run in the same plan as the choriocapillaries (Fryczkowski 1994). The pre-

capillary arteriole-to-venule ratio varies between 1/2 to 1/4 (Fryczkowski et al. 1991).

A list of lobule dimensions in different regions of the eye can be found in table 2.7.

2.3.4 Blood flow

As in the outer and inner choroid, the blood flow in the choriocapillaris is difficult

to assess directly in vivo, mostly because of the filtering effect of the RPE. Indirect

methods have been used in animals. They include labelled microsphere studies (Alm

& Bill 1973, Stern & Ernest 1974, Nork et al. 2006) and the measurement of the decay

curve of a radioactive isotope injected in the general circulation (Friedman et al. 1964).

Fluorescent dye angiography has allowed for the direct visualisation of the blood

flow in human and animals. The dyes most commonly used are sodium fluorescein

(Hayreh 1974e) and indocyanine green (Flower 1993). An important limitation of the

use of dyes is the high permeability of choriocapillaris blood vessels, which allow for a
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rapid diffusion through the extravascular space (Hyvarinen et al. 1969). An alternative

to fluorescent dye angiography consists of labelling cellular components contained in

blood with fluorescent markers and injecting them into the general circulation, so that

they can be followed as they travel through the vasculature (Braun et al. 1997, Takasu

et al. 2000, Braun et al. 2009).

The choriocapillaris is a largely passive capillary bed. The blood flow and the

blood flow rate are remarkably high. The choriocapillaris is one of the most highly

perfused capillary bed of the human body (Friedman et al. 1964, Alm & Bill 1970, Alm

& Bill 1972b, Roth & Pietrzyk 1994), and the volume of blood flow per unit mass

is three to four times higher than in the renal cortex (Kinter & Pappenheimer 1956,

Alm & Bill 1973, Weiter et al. 1973). Flower et al. (1995) estimated the velocity

of blood in monkey choriocapillaris by recording the profile of ICG as it travelled

across the plane of the capillaries, and found it to be of the order of 2.5mm.s�1. Zhu

et al. (2006) extracted the velocity distribution in the human choriocapillaris from

ICG angiograms using a similar technique. The velocity was found to be relatively

uniform, at about 1mm.s�1, however the range of variations went from less than 0.5

to 3.5mm.s�1. ICG-labelled leukocytes were found to travel at 0.48±0.14mm.s�1 in

the peripheral choriocapillaris of rabbits, and at 2.45±0.48mm.s�1 in the posterior

choriocapillaris (at about 50 to 200µm from the foveal pit) of monkeys (Takasu et al.

2000). Fluorescein-labelled erythrocytes allowed for the visualisation of red blood cell

distribution over the plexus in normal and diabetic rats (Braun et al. 1997, Braun

et al. 2009). In normal animals, it was found to be heterogeneous, and the erythrocyte

velocities were found to be between 0.4 and 2mm.s�1 (Braun et al. 2009).

It has been hypothesised that the blood flow rate in the choriocapillaris needs to

be high in order to satisfy the metabolic requirements of the outer retina (Bill 1985,

Foulds 1990). However, the oxygen extraction in the choroid is low (smaller than 1%

per unit of volume, and the oxygen content of choroidal venous blood reaches 95%)

(Alm & Bill 1972b, Wang et al. 1997), which suggests that the supply of metabolites

to the outer retina is flow limited (Cohan & Cohan 1963a, Cohan & Cohan 1963b,

Friedman et al. 1964). Since the photoreceptor metabolic rate significantly increases

in the dark, this may explain the drop in choroidal blood flow observed during dark

adaptation (Longo et al. 2000). It has also been hypothesised that the choroid is

involved in the temperature regulation of the back of the eye, acting as a heat source
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or sink depending on the temperature of the surrounding tissue (Parver et al. 1980,

Parver et al. 1982, Parver 1991). In this case, the down-regulation of choroidal blood

flow in the dark could be a key-contributing factor in the passive dissipation induced

by light at least in the macular region (Parver et al. 1980).

2.3.5 Blood flow patterns

Fluorescein angiography (Weiter & Ernest 1974, Hayreh 1974c, Hayreh 1975b) later

supported by indocyanine green (Flower 1993, Flower et al. 1995) and laser-targeted

angiography (Kiryu et al. 1994, Hirata et al. 2004) have revealed that the chorio-

capillaris is functionally segmented. It is formed of a juxtaposition of independent

vascular units called functional lobules. Each functional lobule is filled independently

from the centre by a terminal arteriole, and is emptied through the periphery by a

ring of collecting venules.

The most detailed description of functional lobules was given by Hayreh in a

series of papers based on fluorescein angiograms (FA) performed on rhesus monkeys

and human patients. In monkeys, because the blood flow velocities were often too

large to visualise the progression of the dye, Hayreh increased the IOP artificially

either by occluding the main PCA, short PCAs, long PCAs or/and vortex veins or

by creating an ocular hypertension experimentally. In order to visualise the profile of

the dye as it travelled through the choriocapillaris, he also injected it as a blob of high

concentration in the internal carotid artery. In human, FA was performed on normal

patients and patients suffering from high intraocular pressure and anterior ischaemic

optic neuropathy (Hayreh 1974c).

As the dye reaches the terminal choroidal arterioles in the earliest phase of the

angiogram (also called arterial phase, see figure 2.16a), a large number of fluorescent

spots resembling tiny micro aneurysms and clustered at the end of each arteriole can

be seen. These spots expand and fuse together to form larger spots, which are about

a quarter or less the size of the optic disc. These spots correspond to functional lob-

ules, which form a discrete collection that are separated from each other by polygonal

non-fluorescent zones. Towards the end of the filling phase, the choriocapillaris has

the appearance of a mosaic of polygonal and well-defined units. Some units may not

fill synchronously with the rest, and well-defined empty or partially filled units may

be seen surrounded by discrete, fully-filled units. For Hayreh (1974c), this shows that
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Figure 2.16: Fundus fluorescein angiogram of a rhesus monkey choriocapillaris. Rem-
nants of the retinal vasculature can be seen in the foreground. During the filling or
arterial phase (a) fluorescent spots form at the end of each arterioles. Close to the
complete filing phase (b,e) the choriocapillaris forms a fluorescent mosaic of polygonal
patterns. Towards the end of the draining or venous phase (c,d) the mosaic pattern is
replaced by central non-fluorescent zones surrounded by a fluorescent polygonal grid.
Some regions have delayed filling and draining patterns. Taken from Hayreh (1974c)
(e), Hayreh (1974e) (a,b,c) and Hayreh (1975) (d).
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adjacent units do not communicate with each other. A complete filling phase follows

(figure 2.16b), during which the entire choriocapillaris is uniformly fluorescent and the

mosaic pattern disappears. Despite the uniformity of the fluorescence, geographical

filling defects of various sizes and shapes are common, however the filling of these areas

is only delayed compared to the rest of the plexus. As the dye leaves the choriocap-

illaris (venous phase, see figure 2.16c), the fluorescent pattern is symmetrical to the

arterial phase. The mosaic pattern is replaced by a set of central non-fluorescent zones

surrounded by a polygonal grid of small fluorescent spots that are approximately the

size of microaneurysms. This produces a well-defined fluorescent honeycomb pattern,

which shows variations in size, shape and pattern (Hayreh 1974e).

This description was supplemented by several functional analyses of the lobular

organisation of the choriocapillaris. Lobules measured in a human patient suffering

from ophthalmic artery occlusion were found to be between 260 and 600µm in diameter

(Fujiwara et al. 2007). In primates, lobules are observed in other regions of the eye.

Clusters of maple leaf-shaped lobules approximately 3 to 4 disc diameters in size are

present in the periphery. A delay of more than 0.3s in the filing of the choriocapillaris

is observed in the periphery compared to the posterior fundus (Hirata et al. 2004).

Controversy over the independence of lobules remain. Hayreh (1974e) and Hirata

et al. (2004) supported that functional lobules are in fact independent and cannot

communicate with each other. However, Flower et al. (1995) showed that in primates,

lobular shapes and sizes, which are stable over heartbeats, display a dependence to

pressure balances in the choroid.

2.3.6 Conclusion

The choriocapillaris forms an anatomically and morphologically complex capillary

bed with an unusual topology. Ultrastructurally, it has evolved into a system highly

optimised for extensive exchanges with the outer retina. Fenestrations are selectively

distributed on the retinal side of capillaries in accordance with the direction of ex-

changes between choriocapillaris and outer retina. The small number of perivascular

cells lining the vessel walls are selectively located on the scleral side, presumably so

as not to disturb the delivery and absorption of metabolites. The blood flow and the

flow rate are among the highest of the human body. Feedback mechanisms between

outer retina and choriocapillaris are absent. The flow is largely passive, and any type
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of vasoregulation is likely to be restricted to the inner and outer choroid. This is

supported by the selective distribution of perivascular mural cells in the larger and

intermediate choroidal vessels. From the literature search, it is therefore reasonable to

assume that the choriocapillaris does not ’see’ the outer retina, and that the passive

delivery of metabolites is largely driven by concentration gradients between choroid

and retina.

An anatomical lobular segmentation of the choriocapillaris was reported in the pos-

terior pole, equator and periphery. Whether a similar organisation exists in the mac-

ular area is still subject to controversy (Shimizu & Ujiie 1978, Fryczkowski 1994). In

the studies supporting that the submacular choriocapillaris is different in its anatom-

ical arrangement, hardly any argument or hypotheses are given as to why it should

be. Historically, there has been a strong tendency to believe that the submacular

choroid was highly specialised as it had to meet the metabolic needs of the retina,

which it solely supplies (Duke-Elder 1961). However, some studies showed that the

choriocapillaris in the submacular area is not structurally different when compared

to any other part of the eye located at an equivalent distance from the optic disc

(Wybar 1954a, Wybar 1954b, Ring & Fujino 1967). Contradictions concerning the

nature of the central and peripheral openings in anatomical lobules also remain, with

for instance Fryczkowski (1994) and McLeod & Lutty (1994) supporting that some

lobules are formed by one or more centrally placed venule surrounded by a ring of

arterioles. Since most of these studies were carried out on a very small number of

samples, these contradictions may have arisen from inter-patient variabilities in the

choroidal anatomy. The differences could also be caused by the difficulty in discrimi-

nating between arterioles and venules. Another likely cause for these conflicting views

lies in the inconsistency of the methods used to visualise the choriocapillaris. Cor-

rosion cast studies have shown how critical the three-dimensionality of the choroidal

vasculature is in the assessment of the choriocapillaris. This three-dimensionality is

lost in light microscopy of flat preparations.

The concept of anatomical lobule lacks clarity, which could also play a role in the

lack of consistency in the results reported. The term lobule is normally applied to

anatomical entities separated by a fissure. However, regardless of the region of the eye,

the choriocapillaris forms a continuous meshwork. Anatomical lobules were originally

defined by Torczynski & Tso (1976), who visualised the choriocapillaris using light
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microscopy of flat preparations. It is possible that the method that they used was not

adapted to examine how outer choroidal vessels insert into the choriocapillaris. The

denomination persisted in corrosion cast studies. In figures 2.11(a, c), the choriocap-

illaris is continuous; however, in both publications from which the images are taken,

the authors describe anatomical lobules. In figure 2.11(c), the white lines, which de-

lineate anatomical lobules, do not correspond to actual separations between vascular

entities. The lack of understanding of the geographical variations in choriocapillaris

anatomy may also have played a role in the controversies surrounding anatomical

lobules. The ongoing dissensions indicate that anatomists have failed to demonstrate

that the concept of anatomical lobule englobes a fundamental characteristic of the

choriocapillaris.

Perhaps one of the most striking features of the choriocapillaris is its functional

segmentation. Earlier fluorescein studies supported that functional lobules are in-

dependent from each other, and therefore that physical boundaries between them

must exist. This led to a controversy between physiologists and anatomists, because

anatomical boundaries could not be found (Hayreh 1981b). Hayreh (1974c) tried to

conciliate angiographic and anatomical observations and proposed that the choriocap-

illaris anatomy follows the pattern described in figure 2.17. In this depiction, venules

Figure 2.17: Three dimensional schematic of the choriocapillaris lobular pattern in
the posterior pole, as hypothesised by Hayreh (1974a). A: artery, V: vein. Taken
from Hayreh (1974a).

inserting into the plane of the choriocapillaris form the physical boundaries between

lobules. However, this schematic is contradicted by the fact that in the posterior pole,

most venules insert into the plexus at a right angle, and in-the-plane insertions are rare

(Fryczkowski 1994). Attempts to link functional and anatomical lobules have been un-
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successful. Fryczkowski (1994) hypothesised that perfusion pressure gradients within

the choriocapillaris create functional barriers between arterial and venous parts of the

capillaries, which correspond to the boundaries observed during angiography. Later

studies have revealed that functional lobules are not as stable as previously thought,

and that communication between them is possible (Flower 1993, Flower et al. 1995).

An increase in the IOP results in a decrease of the choriocapillaris filling time, and

affects the blood flow distribution over the plexus. This suggests that choriocapillaris

blood flow is primarily set by perfusion pressure gradients running through it, and

that the lobular segmentation is the result of pressure differences between feeding

arterioles and draining venules (Flower et al. 1995). Whether the submacular area is

functionally lobular is still subject to controversy, as the choriocapillaris is particularly

difficult to visualise in this region.

At present, significant inconsistencies remain in the anatomical and functional

descriptions of the choriocapillaris. This emphasises how complex choriocapillaris

structure and function are. Examining the embryonic development of the choroidal

vasculature may shed light on the origin of this complexity, and may therefore help

develop a better understanding of the choriocapillaris. In the next section, the em-

bryonic development of the choroidal vasculature is described.

2.4 Embryonic development of the human choroid

The two most common processes, through which blood vessels are formed, are vasculo-

genesis and angiogenesis. Vasculogenesis is characterised by the assembly and coales-

cence of blood vessel cell precursors, or angioblasts. During angiogenesis, endothelial

cells emerge from existing blood vessels, proliferate and migrate. The choriocapillaris

is formed by hæmovasculogenesis (Hasegawa et al. 2007, Baba et al. 2009, Chan-

Ling et al. 2011b), which involves the differentiation of red blood cells (RBC) and

blood vessel cells (endothelial cells and pericytes) from a common precursor called

hæmangioblast (Lopez et al. 2003).

2.4.1 Anatomical events

The choroid is derived from the undifferentiated mesoderm surrounding the optic

cup. At the fourth week of gestation, the mesoderm adjacent to what will become
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the RPE begins to differentiate into precursors of choriocapillaris vessels. The hyaloid

artery branches from the primitive dorsal ophthalmic artery and enters the eye cup

through the embryonic choroidal fissure. Shortly after, the mesoderm condenses into

the choroidal and scleral stroma, and pigmentation appears gradually in the outer

layer of the optic cup (Salzman 1912).

Between six and eight weeks of gestation, only the choriocapillaris develops, with-

out any source of blood, from islands of progenitors spread throughout the choroidal

stroma (Heimann 1972, Hasegawa et al. 2007). Cells within these islands are positive

for endothelial cell (CD31, CD34 and CD39), hæmatopoietic cell (CD34 and Hb-✏)

and angioblast (VEGFR-2 and CD39) markers. The cellular elements composing

these islands are therefore either hæmangioblasts or progenitor cells, which derived

from hæmangioblasts. Erythroblasts, which are erythrocyte precursors, sometime

form lumen. Cells located peripherally within the islands of progenitors differenti-

ate primarily into endothelial cells, while more central cells differentiate into ery-

throblasts (Lutty et al. 2010). Fenestrations are present in small number on the

surface of the capillaries, and are selectively located on the retinal side (Sellheyer &

Spitznas 1988). At seven weeks of gestation, ↵SMA is not expressed. Endothelial

nitric oxide synthase (eNOS) and alkaline phosphatase are both expressed at low lev-

els (Baba et al. 2009). At this stage, the choriocapillaris displays a mosaic pattern,

which results from the growth and coalescence of the scattered islands of precursor

cells. Capillaries developing from adjacent hæmangioblasts spread in the plane of

the choriocapillaris until they meet, which creates a chicken-wire pattern (see figure

2.18a) (Heimann 1972, Hasegawa et al. 2007).

From nine weeks of gestation, several branches from the inner ophthalmic artery

and the two long PCAs can be seen descending into the posterior region of the chori-

ocapillaris perpendicularly to the plane of the plexus (Heimann 1972). The devel-

opment of deeper choroidal vessels is now apparent, and is more pronounced in the

posterior region than at the equator. Ki67, which is a marker for cell proliferation, is

expressed on the scleral side of the choriocapillaris, which suggests that intermediate

vessels develop by angiogenesis. Markers for fenestrations are absent from intermedi-

ate and large choroidal vessels (Hasegawa et al. 2007), however, some can be observed

in filopodia, which are extensive membranous processes (or cytoplasmic extensions)

occupying the luminal space and allowing for interactions between angioblasts and
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erythroblasts (Baba et al. 2009). Ultrastructurally, the choriocapillaris is composed

of an assembly of progenitor cells with slit-like lumens (Sellheyer & Spitznas 1988).

Cells expressing ↵SMA are sparse and seem to hold a pericyte-like position on the ab-

luminal face of the vessel walls (Baba et al. 2009). eNOS and APase are expressed by

both capillaries and larger vessels (Baba et al. 2009). Towards the end of the twelfth

week, anatomical variations in the choriocapillaris anatomy are apparent. Close to the

posterior pole, the chicken-wire pattern is composed of square meshes. Towards the

periphery, the pattern of the mesh becomes gradually rhombic (Heimann 1972). Mann

(1928) reported that in the periphery, the chicken-wire pattern is initially squared,

and becomes progressively rhombic in the course of development.

(a) (b) (c) (d)

Figure 2.18: Schematic of the choroidal vasculature seen from the scleral side at the
end of the second month (a), third month (b), fourth month (c) and sixth month (d)
of gestation. Taken from Heimann (1972).

At fourteen weeks gestation, ↵SMA is expressed at low levels in the large, inter-

mediate and capillary vessels. NG2 is strongly expressed, which suggests the presence

of developing pericytes (Baba et al. 2009). At 16-17 weeks weeks gestation, junc-

tions between endothelial cells are more pronounced. Pericytes form peg-in-socket

like connections with endothelial cells outlining the lumen, which is typical of a nor-

mal human microvasculature. They are selectively located on the abluminal side of

the capillaries (Baba et al. 2009). In the filopodia of intermediate and large vessels,

fenestrations are still present, although they are scarce and not continuous (Hasegawa

et al. 2007, Baba et al. 2009). They are more numerous in the posterior pole, which

supports the idea that the choroid matures first in this region (Hasegawa et al. 2007).

In the choriocapillaris, the basal lamina is more prominent, particularly on the retinal

side of the capillaries (Hasegawa et al. 2007, Baba et al. 2009).
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At twenty-one weeks of gestation, Haller’s and Sattler’s layers can both be dis-

cerned (Hasegawa et al. 2007). The definitive choriocapillaris forms a uniformly polyg-

onal pattern, and as the volume of the eye increases more connections between in-

ner choroid and choriocapillaris appear. A large number of venules arise from the

choriocapillaris, run under the large vessels of the outer choroid and enter a vein. In-

terarterial anastomoses between branches of the short PCAs are frequent. In mature

foetuses and young adults these anastomoses are less frequent (Heimann 1972). Capil-

laries are flat, their lumen is open and their wall thin. Tight junctions are well formed

(Hasegawa et al. 2007, Baba et al. 2009). Most of the choriocapillaris uniformly ex-

presses markers for fenestrations (PV-1) although more prominently in the posterior

pole and on the retinal side of capillaries (Hasegawa et al. 2007). The number of

fenestrations is maximal where the choroid is at its thinnest (Baba et al. 2009).

At twenty-two weeks of gestation, cells expressing ↵SMA are located around vessels

from both Sattler’s and Haller’s layers throughout the choroid (Baba et al. 2009). The

expression of NG2 is maximal at 22 weeks gestation (Hasegawa et al. 2007). Pericytes,

which are few in number in the choriocapillaris and more numerous on the scleral side

of capillaries (Sellheyer & Spitznas 1988), have a flat profile and ensheath blood vessels

with their processes (Baba et al. 2009). The chicken wire pattern of the choriocapillaris

is not visible, and the capillary bed seems to be continuous. Proliferation is still active,

and the presence of free CD39 positive angioblasts between formed segments suggests

that new segments are formed through vasculogenesis (Lutty et al. 2010). Every vessel

expresses eNOS and APase at a high level (Baba et al. 2009).

2.4.2 Conclusion

The embryonic development of the choroidal vasculature occurs in three different

phases. The choriocapillaris is the first to develop from precursor cells scattered over

the primitive eye cup. As a result of hæmovasculogenesis, precursors of capillaries

emerge and spread in the plane of what will become the primordial choriocapillaris.

As capillaries developing from adjacent precursor cells meet, they form polygonal

boundaries, which can be seen in figure 2.18(a). This creates a partition of the plane

of the primordial choriocapillaris. The second phase corresponds to the formation

of Haller’s layer during the third month, followed by the formation of intermediate

vessels of Sattler’s layer. The vessels forming these two layers develop by angiogenesis,
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and interarteriolar and arteriovenous anastomoses can appear (Maina 2004, Lutty

et al. 2010). Some of these will regress during development, and others will persist

and sometime form unusual arrangements with other vessels (Fryczkowski (1994),

figure 4). In the choriocapillaris, the number of cells expressing Ki67 increases as it

develops. These cells may be representative of the angiogenesis required to build up

the density of the capillaries as the volume of the eye cup rises (Hasegawa et al. 2007).

Fenestrations mature at around 22 weeks of gestation, in anticipation of the dif-

ferentiation of photoreceptors, which occurs between 24 and 26 weeks of gestation

(Hendrickson & Yuodelic 1984). eNOS and nNOS are expressed at all stages of de-

velopment. eNOS is confined to endothelial cells whilst nNOS is present in vascular

and non-vascular progenitors, as well as in the nuclei of endothelial cells, pericytes

and smooth muscle cells, which suggests that nNOS are involved in the transcription

regulatory system in pericytes and endothelial cells (McLeod et al. 2012).

Interestingly, from figure 2.18, the points of connections between vessels from

the inner choroid and the choriocapillaris seem to occur at the boundaries between

the partitions resulting from the hæmovasculogenesis of the different progenitor cells.

This would suggest that the arrangement of these vessels displays a singular pattern,

which could be at the basis of the anatomical and functional lobular segmentations

of the choriocapillaris. However, Heimann (1972) did not provide any quantitative

data (nor any written description) of the way these vessels insert into the primitive

choriocapillaris.

Importantly, the development of the human choroidal vasculature appears to follow

the same pattern over the eye. This is in contradiction with the observation that the

submacular choroid is specialised, or should in any way be anatomically different from

the rest of the eye.

2.5 Disorders with choroidal pathology

The previous sections have highlighted significant gaps and inconsistencies in the de-

scription of choriocapillaris structure and function, which are likely to hinder the

understanding, prevention, detection, monitoring and appropriate treatment of dis-

eases involving choroidal pathology. These include Age-related Macular Degeneration

(AMD) and Diabetic Retinopathy (DR), which are two of the most prevalent causes

of vision loss in the United Kingdom (Bunce et al. 2010). The aim of this section is to
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provide a description of the onset and progression of both diseases and their linkage

with choroidal pathology.

2.5.1 Age-related macular degeneration

Age-related macular degeneration (AMD) is a degenerative disease affecting primar-

ily people over 60 and responsible for 5% of the global blindness (World Health

Organisation 2012a). Early (or non-exudative) AMD (also called age-related mac-

ulopathy) is defined as the presence in the fundus of any soft drusen and pigmented

abnormalities, large soft drusen measuring at least 125µm in diameter with a drusen

area more than 500µm in diameter circle or large soft indistinct drusen without any

sign of late stage disease. Late (or exudative) AMD is defined as the presence of either

geographic atrophy or pigment epithelial detachment, subretinal haemorrhage or visi-

ble subretinal new vessels, fibrous scar or laser treatment scar (Klein et al. 1991, Bird

et al. 1995). Early AMD is more prevalent in populations of European descent com-

pared with populations of Asian ancestry. Both early and late AMD are more preva-

lent in populations of European descendent compared with populations of African

ancestry. There is no gender distinction in the prevalence of the disease (Wong

et al. 2014). Current estimates suggest that 8.7% of the population suffers from AMD.

As populations ages the prevalence of AMD is likely to increase, with a projected 196

million of people suffering from the condition in 2020, and 288 million in 2040 (Wong

et al. 2014). In England and Wales, AMD is the leading cause of all-age certified vision

loss. Between April 2007 and March 2008, 57.2% of sight impairment certifications

(partial sight) and 58.6% of severe sight impairment certifications (blindness) were

caused by macular and posterior pole degeneration (Bunce et al. 2010). In 2009-2010,

AMD accounted for 3% of severe sight impairment certifications among the working

age population (age 16-64), compared with 7% in 1999-2000 (Liew et al. 2014).

The pathogenesis of AMD is multifactorial; however, evidence suggests that choroi-

dal changes may be involved in the onset and progression of the disease. Baseline

choroidal circulatory parameters are lower in AMD patients (Mendrinos & Pournaras

2009), and a pronounced reduction of the blood flow velocities in the large arteries

supplying the choroid (Ciulla et al. 1999) associated with longer choroidal filling

patterns are observed in early AMD (Pauleikhoff et al. 1999). This is likely to impact

the blood flow in the choriocapillaris, affect its ability to clear debris, and to lead
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to the accumulation of deposits characteristic of early AMD. Flow velocities in the

temporal and posterior ciliary arteries of patients suffering from non-exudative AMD

are significantly lower compared to healthy patients (Ciulla et al. 1999), which suggest

that the impairment in choroidal blood flow may originate from systemic changes.

Functional changes are associated with a decrease in the vascular volume fraction of

the choricapillaris (Mullins et al. 2011), although these also occur as a result of ageing

(Ramrattan et al. 1994). As a result, the chain of events leading to the onset of AMD

may be triggered by impairments at the choriocapillaris level (Biesemeier et al. 2014),

which would make AMD a microvascular disease (Mullins et al. 2014).

The later stages of AMD are marked by the disturbance of oxygen metabolism in

the outer retina, frequently associated with the development of choroidal neovascular-

isation (CNV) under the retina. There is increasing evidence that CNVs develop as a

result of hypoxia. Hypoxia occurs secondary to many pathologies of the human body

(Pouysségur et al. 2006, Garcia 2006). In retinal cell cultures, it induces vascular en-

dothelial growth factor (VEGF) production (Aiello et al. 1995). In animal models of

CNV the increased levels of VEGF measured under hypoxia correlates with neovascu-

larisation (Dorey et al. 1996). Hypoxia-inducible factors (HIF) HIF-1↵ and HIF-2↵,

which in response to hypoxia activate the expression of pro-angiogenic genes, appear

to be responsible for the increased levels of VEGF. Among the angiogenic factors

stimulated by HIF are VEGF-A and angiopoietin-2 (Pouysségur et al. 2006). HIF-1↵

and HIF-2↵ are expressed in the endothelial cells and macrophages of CNVs (Inoue

et al. 2007). Growth factors stimulate HIF expression to maximise the expression of

VEGF-A under hypoxic conditions, making HIF a guardian of oxygen homeostasis

(Pouysségur et al. 2006). The co-localisation of HIF and VEGF in CNVs (Sheridan

et al. 2009) further supports the hypothesis that HIFs are the primary stimulus for

VEGF expression.

The disturbance in oxygen metabolism observed in AMD may be the result of

the impairment of the oxygen delivery system to the outer retina, which is at least

partially sustained by choriocapillaris blood flow. Impairments in the oxygen supply

may therefore originate from disturbances in the choroidal blood flow (Stefansson

et al. 2011). Mendrinos & Pournaras (2009) showed that in 44 out of 50 patients, CNVs

developed in watershed zones, which are more vulnerable to ischaemia in the event

of a decrease in perfusion pressure. The location of reticular pseudo-drusen (RPD)
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is related to watershed zones, which suggests a possible role of choroidal hypoxia in

RPD formation (Alten et al. 2013).

2.5.2 Diabetic retinopathy

Diabetic retinopathy (DR) is the most prevalent microvascular complication of dia-

betes mellitus (DM). DM directly caused approximately 1.5 million deaths worldwide

in 2012 (World Health Organisation 2014), and current projections predict that by

2030, it will be the seventh cause of death in the world (Mathers & Loncar 2006).

In 2014, the World Health Organisation estimated that globally, approximately 9%

of adults over 18 suffer from DM (World Health Organisation 2012b). By 2030, this

number is expected to rise by 69% in developed countries, and by 20% in develop-

ing countries (Shaw et al. 2010). One percent of global blindness is attributed to

DR (World Health Organisation 2012a). It is estimated that approximately 93 mil-

lion of people suffer from DR, 17 million from proliferative DR and 21 million from

diabetic macular œdema (Yau et al. 2012). In Europe, DR affects approximately

3-4% of patients suffering from DM (Prokofyeva & Zrenner 2012). The likelihood

of developing retinal complications increases with the duration of DM. Microvascu-

lar pathology likely to lead to vision loss occurs in up to 50% of patients suffering

from type 1 DM, and in up to 30% of those diagnosed with type 2 DM (Stefansson

et al. 2000). DR represents the main cause of blindness in the working age population

of western countries (Prokofyeva & Zrenner 2012). In England and Wales, DR is the

second leading cause of all-age certified vision loss. Between April 2007 and March

2008, 7.6% of sight impairment certifications (partial sight) and 6.3% of severe sight

impairment certifications (blindness) were caused by DR and diabetic maculopathy

(Bunce et al. 2010). In 2009-2010, DR accounted for 14.4% of severe sight impairment

certifications among the working age population (age 16-64), compared with 17.7%

in 1999-2000 (Liew et al. 2014).

The pathogenesis of DR is complex and includes multiple stages. Early pathology,

which stays largely unnoticed in most diabetic patients (Stefansson et al. 2000), in-

volves abnormalities of neurovascular coupling, neurodegeneration, low-grade chronic

inflammation and structural microangiopathy. Very early functional changes include

loss of flicker-induced vasodilation (Newman 2013). As the disease progresses, the

anatomy of the retinal vasculature is perturbed. Further neurodegeneration and neu-
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roinflammation are associated with pericyte loss, capillary closure, vascular loop and

microaneurysm formation and hæmorrhages. These events cause vascular leakage

and loss of vessel integrity, which may ultimately lead to diabetic macular œdema

(Stitt et al. 2013, Nentwich & Ulbig 2015). Retinal blood flow may increase or de-

crease, depending on studies (Curtis et al. 2009). The pathological loss of retinal

vessels leads to hypoxia and increased levels of VEGF, which may ultimately result

in the development of neovascularisation characteristic of the proliferative form of di-

abetic retinopathy (PDR). Complications of PDR include vitreous hæmorrhage and

tractional retinal detachment. Neovascularisations developing towards the anterior

chamber angle and obstructing the trabecular meshwork may increase outflow resis-

tance of aqueous humour, which may result in an increase of the IOP followed by

optic atrophy (neovascular glaucoma) (Nentwich & Ulbig 2015).

DR has a choroidal equivalent called diabetic choroidopathy (DC), which is not

as well characterised, and has in comparison seen little investigation. In diabetic sub-

jects, Fryczkowski et al. (1989) reported an increased tortuosity of choroidal vessels,

focal vascular dilations and narrowings, hypercellularity, vascular loops and microa-

neurysm formation. The main changes in choriocapillaris anatomy include capil-

lary dropout, formation of sinus-like structures between anatomical lobules in the

equatorial area, rise of the volume fraction occupied by acellular capillaries and in-

creased thickness of the deposits present in Bruch’s membrane, which is related to

the severity of choriocapillaris dropout. Other features include Bruch’s membrane

degeneration and intrachoroidal and extrachoroidal neovascularisation (Fryczkowski

et al. 1989, McLeod & Lutty 1994, Lutty et al. 1997, Lutty 2013). Functional changes

have seen little investigation. Recent attempts to provide optical evidence for DC

using ICG angiography and EDI SD-OCT revealed the presence of hypofluorescent

spots, late choroidal non-perfusion regions, inverted inflow phenomena and choroidal

atrophy (Hua et al. 2013).

To date, a largely retina-centric understanding of DR has dominated thinking.

However, given the fine tuning between retinal and choroidal systems, DR and DC

are unlikely to develop and progress independently from each other. It seems that the

lack of techniques allowing for the visualisation and assessment of choroidal function

has crucially hindered the investigation of the role DC in DR.
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2.5.3 Conclusion

AMD and DR-DC represent two of the most important challenges for eye scientists

and clinicians. As the population ages, the prevalence of AMD is bound to increase,

and patients are likely to have to live longer with it. DR affects patients of all ages. It

is crucial to develop a better understanding of both conditions, and to develop tools

to prevent, detect, treat and monitor them more efficiently. Given the importance of

the choroid in the onset and progression of both conditions, this requires a thorough

understanding of the structure and function of the choroidal circulation, which is

currently lacking.

Historically, there have been several attempts to link the selective localisation

of inflammatory and degenerative diseases of the back of the eye to variations in

the choriocapillaris anatomy (Duke-Elder 1961). These attempts have been largely

unsuccessful, mostly because the dynamics of the choroidal vasculature were poorly

understood. However, in both AMD and DR, pathologies display significant spatial

variations in susceptibility. Drusen and CNVs develop in specific areas, and some parts

of the eye are not affected. In DR, capillary dropout and functional manifestations

are also localised, however the same pattern is observed in the retina.

The importance of the choroidal vasculature in both diseases can simply not be

assessed without building a sufficient understanding of its dynamics. The purpose

of the next chapters is to identify and apply novel methods as a first step towards

building such an understanding. In the next Chapter, the aims and objectives of this

thesis are laid out.
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Chapter 3

Aims and objectives

3.1 Introduction

Chapter 2 has underlined the lack of integrated understanding of the anatomy and

physiology of the choroidal vasculature, despite the crucial role that it plays in the

delivery of metabolites to the photoreceptors and its likely involvement in the onset

and progression of AMD and DR, the two most prevalent causes of vision loss in the

UK. The purpose of this chapter is to lay down the aims and objectives of this thesis.

3.2 Develop methods to investigate the anatomical

organisation of the human choroid

The anatomical organisation of the choroidal vascular bed is complex and difficult to

grasp. Significant variability in the description of the choroidal structure is observed

between studies. These could result from intrinsic inter-patient differences in choroidal

anatomy (that have yet to be assessed quantitatively), which have so far not been

captured because of the limited number of samples visualised. It may also originate

from disparities in the methods use to visualise the vasculature. Corrosion casts may

shrink the tissue and therefore affect the qualitative and quantitative assessment of

blood vessels (Hayreh 1981b, Spaide et al. 2008). The treatment involved in flat

preparations of whole mounts may also alter the tissue. An important limitation

of flat preparations pertains to the loss of the three-dimensionality of the choroidal

vascular bed, which is critical to the description of connections between inner choroidal

vessels and choriocapillaris. As a result of the lack of consistency in the description

of the choroidal vasculature, anatomists have failed to characterise some of its most
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fundamental aspects. The concept of anatomical lobule, loosely defined and used,

appear to fall short of defining a fundamental characteristic of the choriocapillaris

morphology. The anatomical patterns attributed to the choriocapillaris in different

regions of the eye fail to translate how the anatomy of the plexus changes from the

optic nerve to the periphery. To date, en-face visualisations of the choriocapillaris

have also failed to provide quantitative measurements of some of its fundamental

features.

In order to develop a better understanding of choriocapillaris structure and func-

tion, it is therefore necessary to develop methods allowing for the visualisation and

imaging of the choroid and choriocapillaris in human tissue. It is the first objective of

this thesis. It will allow us to investigate the fundamental features of the vasculature,

such as the geographical variations in the anatomy, but also to look into some of the

controversies found in the literature. This is described in Chapter 4.

3.3 Develop a mathematical model of the blood flow

in the choriocapillaris

Chapter 2 has highlighted a lack of understanding of the physiology of the choroidal

vasculature. In particular, the blood flow through the choriocapillaris, where most of

the exchange between outer retina and choroid occurs, has proven difficult to grasp.

The choriocapillaris forms a highly unusual and complex capillary bed, and displays

singular flow patterns, as demonstrated by FA and ICG angiography. It is currently

impossible to visualise the blood flow in the choriocapillaris directly. As a result

of the complexity of the choriocapillaris architecture, it is also difficult to infer the

dynamics of the blood flow from anatomical observations, which has led to the ongoing

controversy opposing anatomists and physiologists. The absence of methods to assess

choriocapillaris function in relation to structure in health, ageing and disease has

hindered the investigation of the role of the choriocapillaris in pathologies of the back

of the eye, such as AMD and DR.

The second objective of this thesis is to build a model of the blood flow through

the choriocapillaris. By basing the geometry of the model on the fundamental charac-

teristics of the anatomy of this capillary bed, as identified in Chapter 4, this approach

will allow us to set down a framework, in which the choriocapillaris blood flow dy-

87



namics can be described by using physical principles. This will constitute a first step

towards understanding not only the choroidal vasculature as a whole, but also the

metabolite delivery to the outer retina. The formulation of the mathematical model

and diagnostic tools are described in Chapter 5. The equations for the flow are solved

in Chapters 6 and 7.

3.4 Demonstrate the linkage between choriocapillaris

anatomy and angiographic observations

One of the lasting ongoing controversy regarding the choriocapillaris pertains to the

nature of the functional segmentation observed during angiography, and its linkage

with the architecture of the plexus. Attempts to relate functional lobules to anatom-

ical ones have largely failed. Functional lobules have been described as forming inde-

pendent vascular units. It has also been reported that they can in fact communicate

with each other. The existence of a functional (and anatomical) lobular segmentation

in the submacular choroid is also subject to controversy.

The third objective of this thesis is to demonstrate the linkage between choriocapil-

laris architecture and angiographic observation. This will be achieved by investigating

the topological properties of the blood flow and the transport of a passive scalar within

the framework set down in Chapter 5 and developing flow visualisation techniques.

This is described in Chapter 6.

3.5 Understand the spatial variations in the chorio-

capillaris anatomy

The choroidal anatomy displays significant spatial variations over the human eye,

which are yet to be explained. In the choriocapillaris, local and geographical variations

in the capillary and septae diameters and in the concentration of arterioles and venules

servicing the plexus have been reported. These changes have been hypothesised to be

related to geographical differences in photoreceptor density. However, little evidence

is available. Given the selective localisation of pathologies of the back of the eye, it

is essential to investigate the impact of these variations on the choriocapillaris blood

flow dynamics.
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The fourth objective of this thesis is to analyse the effect of the spatial variations in

choriocapillaris anatomy on the blood flow dynamics over the eye. To do so, a model

of the blood flow in a choriocapillaris functional lobule will be developed and analysed

within the framework set down in Chapter 5. Among the anatomical parameters to

be analysed are the density of the capillaries and the distribution of arteriolar and

venular openings. The model is described and solved in Chapter 7.

3.6 Investigate the microvascular component of patholo-

gies of the back of the eye

The approach implemented in the present thesis constitutes a first step towards build-

ing a better understanding of choriocapillaris structure and function. It will also allow

us to investigate the effect of structural changes occurring in the choriocapillaris as a

result of ageing or pathology on choriocapillaris function, and vice-versa.

The last objective of the present work is to discuss the relevance of the modelling

approach to the prevention, diagnosis, and monitoring of pathologies of the back of

the eye. The ability to investigate the microvascular component of the onset and

progression of AMD and DR is of specific interest. Among the pathological events

explored are a pathological decrease in choriocapillaris density, a reduction of the

blood flow rate in the vessels servicing the choriocapillaris, and the obstruction of

capillary segments and vessels servicing the choriocapillaris. This is discussed in

Chapter 8.
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Chapter 4

Characterisation of the human

choriocapillaris

4.1 Introduction

The purpose of the studies described in this chapter is to develop methods to vi-

sualise and quantify features of the human choroidal vasculature. In Chapter 2, the

literature search has highlighted significant discrepancies in the morphological descrip-

tions of the vasculature, which could be partially caused by the lack of consistency

in the methods employed to visualise it. The choroidal vasculature has historically

been visualised in transverse sections (Garron 1963, Torczynski & Tso 1976), flat

preparations (Hogan & Feeney 1961, Klien 1966, Torczynski & Tso 1976, Yoneya

et al. 1983), neoprene vascular casts (Ashton 1952, Wybar 1954b, Wybar 1954a) and

scanning electron microscopy of corrosion casts (Yoneya et al. 1983, Fryczkowski et al.

1985, Fryczkowski & Sherman 1988, Fryczkowski et al. 1989, Olver 1990, Fryczkowski

et al. 1991, Fryczkowski 1994, Zang 1994). Among these methods, only corrosion

cast studies have allowed for the full three-dimensional observation of the vascula-

ture, which in the choroid is of critical importance (see figure 2.11). Furthermore,

the choroidal anatomy has mostly been described qualitatively, and quantitative data

are sparse. The choriocapillaris has been reported to display a lobular anatomy at

the posterior pole, whereby rings of collecting venules are circumferentially placed

around a central arteriolar opening (Torczynski & Tso 1976). The arrangement,

whereby arteriolar openings enclose one or more central venules has also been de-

scribed (Krey 1981, Fryczkowski et al. 1991, McLeod & Lutty 1994). In the sub-

macular area however, it has been reported that the choriocapillaris does not display
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any lobular pattern (Shimizu & Ujiie 1978, Fryczkowski 1994). Various anatomical

patterns have been used to describe the choriocapillaris in different regions of the

eye (Yoneya & Tso 1987). However, it is not clear how the choriocapillaris anatomy

transitions from one pattern to the other. Inner choroidal vessels mostly insert into

the choriocapillaris at a right angle relative to the plane of the capillaries. However,

in-the-plane insertions, whereby choroidal vessels insert into the plane of the capillar-

ies, have also been reported (Fryczkowski et al. 1991, Fryczkowski 1994). Attempts to

link anatomical and functional observations have led to ongoing controversies between

anatomists and physiologists (Hayreh 1981b, Fryczkowski 1994).

In order to develop a better understanding of the structure of the choriocapillaris,

it is necessary to use methods allowing for the systematic and consistent visualisation

of the plexus. This requires developing an alternative method of visualisation based

on clearly defined objectives. In the present study, a qualitative description of the

choroidal anatomy and a semi-quantitative analysis of some of the spatially changing

anatomical characteristics of the plexus are sought. These characteristics include the

concentration and ratio between arteriolar and venular openings, their relative dis-

tribution, and the vascular volume fraction. In order to examine the distribution of

arteriolar and venular insertions into the choriocapillaris, the method must allow for

the identification of arterioles and venules servicing the choriocapillaris. The direct

visualisation of the vasculature should allow for the assessment of the choriocapillaris

vascular volume fraction. In order to provide a qualitative and quantitative descrip-

tion of the anatomy of the choroidal vasculature, it is important to develop a method,

in which the processing of the tissue is unlikely to cause any significant morphological

changes. The three-dimensionality of the anatomy must also be preserved and be

accessible through imaging. Given the spatial variations in the choroidal anatomy,

the methods developed need to allow for the imaging of extended portions of tis-

sue. Finally, the method should ideally be able to image specific cells in relation to

the vasculature. Here, the methods developed are based on immunohistochemistry

(IHC) and confocal microscopy. Immunohistochemistry involves immunostaining tis-

sue with specific markers and when paired with confocal microscopy, this enables the

three-dimensional visualisation of these markers. Of specific interest is the ability to

image whole mount preparations of the choroid at multiple depths, and therefore to

investigate the relationship between outer choroid and choriocapillaris.
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In the present study, potential vascular and perivascular mural cell markers are

first examined. Two endothelial cell markers, cluster of differentiation 31 (CD31) and

Ulex Europæus agglutinin I (UEA-I) are selected and used to visualise blood vessels.

The expression of one perivascular cell marker, ↵-smooth muscle actin (↵SMA), is

also investigated. In particular, the expression of ↵SMA in blood vessels is examined

to determined whether it is a suitable criterion to discriminate between arterial and

venous vessels. Furthermore, as a marker for cells displaying contractile capabilities,

↵SMA is likely to provide an indication of the level of vasoregulation occurring at

the different levels of the choroidal vasculature, and therefore to shed light on some

aspect of the choroidal physiology.

4.2 Potential Markers

The purpose of this section is to select suitable vascular and perivascular cell markers

for visualisation in the choroidal vasculature. In particular, we are interested in

markers specific for blood vessels, which allow for the discrimination between arterial

and venous vessels. Table 4.1 summarises the extensive list of markers that have been

investigated in the choriocapillaris.

4.2.1 Endothelial cell markers

Most markers for blood vessels target endothelial cells. The plasmalemma vesicle

associated protein (PV-1) is a type II integral membrane protein located at the level

of the diaphragms of fenestrations, caveolar stomata and transendothelial channels. It

is specific for fenestrated blood vessels and is not expressed by continuous endothelium

(Stan, Ghitescu, Jacobson & Palade 1999, Stan, Kubitza & Palade 1999). Since it is

expressed in the endothelium, this protein has been used as a marker for endothelial

cells (Niemelä et al. 2005), including in the choriocapillaris (Schlinemann et al. 1997).

Other markers for endothelial cells include cluster of differentiation 31 (CD31),

cluster of differentiation 34 (CD34) and the von Willebrand factor (vWF). CD31 is

an integral membrane protein mediating cell-to-cell adhesion (Pusztaszeri et al. 2006).

CD34 is a cell surface glycoprotein also functioning as a cell-cell adhesion factor

(Pusztaszeri et al. 2006). Von Willebrand factor is a blood glycoprotein involved in

hæmostasis (Sadler 1998, Pusztaszeri et al. 2006). No extensive study has been car-
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Target Marker References
McLeod & Lutty (1994)

APase Endothelial cells Cao et al. (1998)
McLeod et al. (2002)
Baba et al. (2009)

CA IV Endothelial cells Hageman et al. (1991)
Baba et al. (2009)

Hasegawa et al. (2007)
CD31 Endothelial cells, Hematopoietic cells Baba et al. (2009)

Lutty et al. (2010)

CD34 Endothelial cells Hasegawa et al. (2007)
Lutty et al. (2010)

CD39 Endothelial cells, Angioblasts Hasegawa et al. (2007)
Chan-Ling et al. (2011a)

eNOS Endothelial cells Baba et al. (2009)

Hb-✏ Hematopoietic cells Hasegawa et al. (2007)

Ki67 Cellular proliferation Hasegawa et al. (2007)

NG-2 Pericytes Baba et al. (2009)
Chan-Ling et al. (2011a)

Stan, Ghitescu, Jacobson & Palade (1999)
PV-1 Fenestrated vessels Stan, Kubitza & Palade (1999)

Hasegawa et al. (2007)
Baba et al. (2009)

↵SMA Smooth muscle, Pericytes Baba et al. (2009)
Chan-Ling et al. (2011a)

VEGFR-2 Angioblasts Hasegawa et al. (2007)

UEA-I Endothelial cells Mullins et al. (2011)

Table 4.1: List of markers used to immunostain the choriocapillaris found in the
literature.
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ried out to compare the expression of the different markers for choroidal endothelium.

However, the morphological similarity between choriocapillaris vessels and glomeru-

lar capillaries of the kidney noted by Bernstein & Hollenberg (1965) and Lutty et al.

(2010) provides some indications as to their respective expression. In a study compar-

ing the expression of CD31, CD34 and vWF in different human tissues (post-mortem

and biopsy tissue), Pusztaszeri et al. (2006) showed that the glomerular endothelium

strongly expresses both CD31 and CD34 markers. Von Willebrand Factor is expressed

sparsely, and CD34 shows the best results for interstitial capillaries. In capillaries,

CD31 and CD34 also stain more intensely than vWF. All three markers give a strong

signal for venules and arteries, which suggest that the expression of vWF increases

with vessel diameter. In the lung, the staining intensity of vWF increases with age in

all type of vessels, while the expression of CD34 increases in arteries and veins, and

decreases in arterioles, venules and capillaries (Müller et al. 2002).

Enzymes constitute another class of targets. Carbonic anhydrase IV (CA IV) is

a membrane-associated carbonic anhydrase (Hageman et al. 1991), one of the 14 car-

bonic anhydrases identified in mammals. It catalyses the reaction CO
2

+ H
2

O !
HCO�

3

+H+ by forming a complex with NCB1 (electrogenic sodium bicarbonate co-

transporter) that controls the local pH (Srere 1987). Antibodies directed against CA

IV show a strong affinity with endothelial cells of the choriocapillaris, and do not bind

to the neural retina or the RPE. Larger choroidal vessels, arterioles, venules and stro-

mae do not react with the antibody. In the vicinity of connections between arterioles

or venules and choriocapillaris, the enzyme is not expressed, so that a discontinuity

is seen on the choroidal plexus. Alkaline phosphatase (APase) is a membrane-bound

enzyme (McComb et al. 1979) strongly expressed in the choroidal vasculature in vivo.

However, the removal of the RPE - preferably through non-enzymatic reactions - is

necessary to obtain strong staining. Moreover, the intensity of the staining decreases

markedly with the time between tissue collection and fixation (McLeod & Lutty 1994).

Endothelial Nitric Oxide Synthase (eNOS) is an enzyme produced by endothelial cells

and perivascular neurons that ensures normal circulation in ocular vessels by increas-

ing vasodilatation and decreasing vascular resistance. Impairments in the secretion

of the enzyme lead to circulatory disorder resulting in oxygen deprivation and other

serious ocular disease (Toda & Nakanishi-Toda 2007).

Lectins form a family of cell-agglutinating and sugar specific proteins, which
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are present in plants and in some invertebrates. They are widely used to investi-

gate carbohydrates on cell surfaces in health and disease, to recognise molecules in

cell-molecule and cell-cell interactions and to characterise glycoproteins (Sharon &

Lis 2004). Among these lectins, Ulex Europæus agglutinin I (UEA-I), which comes

from Ulex Europæus (common name gorse), binds specifically to non-specific ↵-L-

fucosyl residues (Pereira et al. 1978). It shows a high affinity to the glycoconjugates

(which contain carbohydrate residues) characterising the human vascular endothe-

lium. As a result of this high affinity, UEA-I strongly stains blood vessels, and is

also used to distinguish between endothelial cells and other lining cells (Holthöfer

et al. 1982). Alroy et al. (1987) investigated the agglutination of several other lectins

in ten mammalian endothelium. Staining for endothelium with UEA-I is only positive

in human. In comparison, Ricinus Communis agglutinin I and wheat germ agglutinin

stain vascular endothelium in all species.

From this analysis, the endothelial cell markers, which have shown the highest and

most consistent affinity in large, intermediate and capillary vessels with only limited

constrains on the pre-processing of the tissue are CD31, CD34 and UEA-I. Of these,

CD31 and UEA-I were selected to visualise choroidal vessels.

4.2.2 Perivascular mural cell markers

The morphology of perivascular mural cells and their relationship to blood vessels have

seen limited investigation in the human choroid, despite their possible involvement

in the regulation of choroidal blood flow (Kur et al. 2012). ↵-Smooth muscle actin

(↵SMA) is an actin isoform (Herman 1993) commonly used to identify contractile

smooth muscle cells (SMC) and pericytes. It is localised in microfilament bundles

of both types of cells (Skalli et al. 1988), and is expressed by choroidal SMCs and

pericytes in arterial vessels, capillaries (Chan-Ling et al. 2011a, Condren et al. 2013)

and venous vessels (Chan-Ling et al. 2011a).

Several pericyte markers have been described in the literature, however none of

them is expressed in every subtype of pericyte. The most commonly used are desmin

and NG2. Desmin is an intermediate filament protein measuring 6 to 12nm in diameter

(Ghadially 1997). It is not expressed in choroidal pericytes either in the developing or

adult choroid (Chan-Ling et al. 2011a). NG2 is an integral membrane proteoglycan

expressed by SMCs and pericytes (Stallcup 2002). It is expressed in a subtype of
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pericytes in the developing and adult choroid (Baba et al. 2009, Chan-Ling et al.

2011a).

In the present study, the analysis is restricted to ↵SMA positive perivascular

mural cells because ↵SMA is expressed by both SMCs and pericytes at every level of

the choroidal vasculature, and because it is a marker for contractile mural cells. In

particular, ↵SMA is investigated to examine whether its pattern of expression can help

discriminate between arterial and venous vessels. The morphology and distribution

of ↵SMA positive cells may also provide a metric of the vasoregulation occurring at

the different levels of the choroidal vasculature.

4.3 Imaging Technique

The principle of confocal imaging was patented in 1957 by Marvin Minsky, but it was

not until 1987 that the first confocal microscope was made commercially available.

Confocal microscopy represents an important improvement over conventional light mi-

croscopy and wide field imaging. It allows for the visualisation of thin optical sections

from fluorescent specimens, offers increased penetration even into light-scattering tis-

sues and renders possible the visualisation of tilted samples. Three-dimensional views

at high resolution can be obtained by imaging serial sections of specimens. The use of

spatial filtering techniques, which eliminate out-of-focus light or glare, is at the basis

of the technique. In conventional widefield epi-fluorescence microscopy, the features

in the objective focal plane are obscured by secondary fluorescence emitted by the

specimen outside of this plane. This limitation compounds with thicker specimens,

and above a critical size most of the fine detail is lost. Even though the increase in

resolution is small compared to wide field microscopy, the exclusion of secondary flu-

orescence from images considerably enhances the level of detail that can be obtained

(Inoué 2006).

In the present study, all the samples are imaged with a Zeiss LSM 710 laser confocal

microscope (Zeiss, Germany), which consists of multiple laser excitation sources, a

scan head for rasterising the excitation scans and collecting photons emitted by the

specimen, photomultipliers for detection of fluorescence and a computer for image

acquisition and processing. The excitation light is emitted by the laser, passes through

a pinhole aperture, which is in a conjugate plane of (or confocal to) the specimen,

and an excitation filter. It is then reflected by dichroic mirrors towards the objectives
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and ultimately illuminates a point of the focal plane, where the specimen lies. Under

this excitation, the specimen emits a primary fluorescence coming from the point of

excitation, and secondary fluorescences coming from areas located in the focal plane

in the vicinity of the excitation point and outside of the focal plane. This signal goes

through the objective, is reflected by the dichromatic mirror, and passes through a

fluorescence barrier filter, where the primary and secondary fluorescences are filtered.

The secondary fluorescence emitted from points in the focal plane are focused as a

confocal point at a detector pinhole. Secondary fluorescence coming from outside of

the focal plane is not confocal with the pinhole, and forms airy disks in the plane of the

aperture. As a result, most of this fluorescence does not pass through the pinhole, and

the photomultiplier detector collecting the light coming out of the pinhole receives only

a fraction of it. The two pinholes are made confocal with a point from the specimen

by adjusting the focus of the microscope. The aperture of the pinhole positioned

directly in front of the photomultiplier can usually be modulated to adjust optical

section thickness (Inoué 2006).

4.4 Methods and materials

This section presents the methods used to visualise the choriocapillaris using CD31

and UEA-I. CD31 is a widely used endothelial cell marker expressed in vascular en-

dothelium, including in the outer choroidal vessels and the choriocapillaris (Hasegawa

et al. 2007, Baba et al. 2009, Lutty et al. 2010). UEA-I is a lectin, and has been pre-

viously used in the choroidal vasculature by Mullins et al. (2011). A double-labelled

immunostaining for UEA-I and ↵SMA is also described. All the steps described in

the methods were carried out at room temperature (about 21�C).

4.4.1 Origin of the human tissue

The following methods were performed on samples taken from five different human

eyes. All tissue came from the Moorfields Eye Hospital (MEH) biobank, and were

obtained under ethics approval. After removing the cornea, the eyes were fixed in 4%

paraformaldehyde (PFA) 24 to 50 hours post mortem and kept in saline in a fridge at

4�C. The eyes selected did not present any pathologies. The characteristics of each

sample are described in table 4.2.
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Patient Eye Age Region Sampled
A Left 82 Posterior pole and equator
B Right 64 Submacular area
C Right 57 Submacular area
D Right 41 Optic nerve to periphery
E Right 72 Optic nerve to periphery

(d, e)(b, c)(a)

Table 4.2: Characteristics of the eyes selected for immunostaining (table) and
schematic of the approximate regions sampled for each eye. Samples from patient
A were collected in the posterior pole nasal to the macula and in the periphery. Sam-
ples from patients B and C were collected in the submacular area. Samples from
patients D and E extend from the optic nerve head to the periphery and contain the
submacular area.

4.4.2 Tissue dissection and preparation

IHC was performed on either circular 5mm punches or larger portions of dissected

tissue (see table 4.2). The selected eyes were dissected by making an incision a few

centimetres anteriorly to the equator, at the level of the ciliary body. A circular cut

around the eye cup was made, and the iris and the lens were removed. Then, the

retina was either left in the eyecup or gently pulled out and disposed of, and the eye

was sliced in two vertically in a plane passing through the optic nerve. The retina was

usually left when circular punches were taken, as it is easier to identify the macular

area in the retina than it is in the choroid. IHC using CD31 was only carried out on

5mm punches.

Imaging of the choroid and more particularly of the choriocapillaris in whole

mounts can be difficult because of the pigmentation of the RPE, which acts as a

filter to the light coming from the microscope. Different methods have been used

in the literature to circumvent this limitation. The filter effect of the pigments can

be reduced by bleaching the tissue (Ashton 1952, Wybar 1954b, Wybar 1954a). The

RPE can also be removed using chemical reagents such as ethylenediaminetetraacetic
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acid (EDTA) and gently swabbing the remaining cells (McLeod & Lutty 1994). Tor-

czynski & Tso (1976) used the enzyme trypsin and surgical dissection to remove the

RPE from Bruch’s membrane. Lengyel et al. (2004) left the tissue in phosphate buffer

saline (PBS) until the RPE detached from Bruch’s membrane, however the tissue had

not been previously fixed.

In the process of staining for vascular and perivascular markers, different methods

to remove the RPE were attempted. A combination of trypsin and EDTA proved

successful in detaching the RPE from Bruch’s membrane. Depending on the size of

the sample, a simple incubation with trypsin + EDTA was often enough to detach

most of the RPE. When it proved more difficult to remove, the incubation time with

trypsin + EDTA was increased, and the tissue was gently brushed.

4.4.3 Fluochromes and imaging

The fluorochromes employed for detection in simple and double-labelled IHC are fluo-

rescein isothiocyanate (FITC) and tetramethylrhodamine (TRITC), which were used

to visualise respectively blood vessels and perivascular mural cells. The excitation

and emission peak wavelengths of FITC are respectively 495 and 519nm, so it emits

in the green channel. The excitation and emission peak wavelengths of TRITC are

respectively 557 and 576nm, and it therefore emits in the far red channel.

Water immersion objectives were used (⇥10 and ⇥40). A drop of water was placed

on the slide before imaging. The tissue was systematically imaged from the retinal

side, with the choriocapillaris on top.

4.4.4 Immunostaining for CD31

After dissecting the eye, a circular portion measuring 5mm in diameter was collected

using a biopsy punch and the region, where the sample was extracted, was noted.

The retina was then detached from the sample and disposed of. The sample was put

in 1ml of PBS (PBS low phosphate concentrate, VWR International Ltd, UK, Cat#

437117K, 100ml of concentrate into 900ml deionised H
2

O) in the well of a 24 well

plate, which was then placed on a plate shaker for 10 minutes.

The punch was placed on a slide with the choroid facing upwards, and 500µl of

0.5% trypsin + EDTA (Life Technologies Ltd, UK, Cat# 15400054) was pipetted on

the tissue, which was then left for 15 minutes. The tissue was thereafter put in PBS
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and the plate on a plate shaker for 10 minutes. The tissue was then placed on a slide,

under a dissection microscope, and the RPE was gently brushed. If patches of RPE

remained, the whole procedure was repeated until the RPE was completely removed.

The choroid was subsequently detached from the sclera and put in a well contain-

ing 1ml of 2% PFA (32% paraformaldehyde concentrate aqueous solution, Electron

Microscopy Sciences, USA, Cat# 15714-S, 3ml of concentrate in 47ml PBS to dilute

to 2%) for 10 min. The tissue was then washed by putting it in another well contain-

ing 1ml of PBS, placing it on a plate shaker for 10 minutes, then pipetting out the

PBS and pipetting another millilitre of PBS back into the well. This washing step

was repeated three times.

After being washed, the tissue was inserted into a clean glass vial containing 500µl

of target retrieval solution (Dako, Denmark, Code: S1700) for antigen retrieval. The

vial was placed in a water bath preheated at approximately 40�C for 30 minutes and

thereafter left for cooling at room temperature for 20 minutes. Once cooled, the

sample was inserted into a well containing 1ml of PBS, and washed three times as

previously described.

The tissue was then transferred into a clean well containing 1ml Real antibody

diluent (Dako, Denmark, Code: S2022), to which 50µl of normal horse serum (Vector

Laboratories, USA, Cat# S-2000) was added to obtain a 1:20 dilution. The plate

was covered and left on a plate shaker for one hour at room temperature. The well

was thereafter emptied, and 1ml of Real antibody diluent was added followed by 25µl

of monoclonal mouse anti-human CD31 (Dako, Denmark, Code M0823) to obtain

a 1:40 dilution. The plate was thereafter left on a plate shaker overnight at room

temperature.

The next day, the sample was inserted into a clean well containing 1ml of PBS

and washed three times as previously described. It was then transferred to a clean

well containing 1ml of PBS, to which 40µL of fluorescent horse anti-mouse antibody

(Vector Laboratories, USA, Cat # FI-2100) was subsequently added to obtain a con-

centration of 20µg.ml�1. The plate was then covered with foil, and placed on a plate

shaker for two hours.

The sample was then washed three times, with respectively 30 minutes between the

first two washes and the last one lasting one hour. The sample was thereafter carefully

placed on a whole mounting slide. Two drops of Vectashield mounting medium (Vector
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Laboratories, USA, Cat # H-1200) were poured on top of the samples, and a protective

lid was then carefully placed on the slide. The sample was analysed on a confocal

microscope.

4.4.5 Immunostaining for UEA-I

The selection of the eye, the removal of the RPE and subsequent fixation were carried

out as previously described. After washing the sample three times in PBS, it was

placed in the clean well of a 24 well plate, where 1ml of PBS had previously been

inserted. 3µl of FITC-labelled UEA-1(Vector Laboratories, USA, Cat # FL-1061)

was pipetted into the well. A lid was placed on the plate and it was covered with foil.

The plate was left for incubation on a plate shaker for one hour.

The sample was then washed three times, with respectively 30 minutes between

the first two washes and the last one lasting one hour. The sample was thereafter

mounted on a slide and analysed as previously described.

4.4.6 Double-labelled immunostaining for UEA-I and ↵SMA

This method was performed on both 5mm punches and larger portions of tissues. The

quantity of reagents and antibodies used depended on the amount of diluent required

to cover the tissue in the well plates. In the following description, only dilutions are

specified. Indicative quantities can be found in table 4.3.

5mm Punch 1⇥ 2.5cm Sample
Well plate 24 well plate 12 well plate

PBS/Trypsin+EDTA/2% PFA/TBS per well 1ml 3ml
Normal goat serum 50µl 150µl

Anti ↵SMA antibody 5µl 15µl
TRITC-labelled goat anti-mouse antibody 2µl 6µl

FITC-labelled UEA-I 3µl 9µl

Table 4.3: Quantities of reagents and antibodies used for different sizes of tissue.

The selection of the eye, the removal of the RPE and subsequent fixation were

carried out as previously described. The sample was washed three times in PBS

and placed in the clean well of a well plate, where PBS had previously been inserted.

Blocking was carried out with normal goat serum (Invitrogen, USA, Cat# PCN5000),

which was inserted into the well to obtain a 1 : 20 dilution. The plate was covered

and left on a plate shaker for 2 hours.
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The well was thereafter emptied, and PBS was pipetted in. Mouse monoclonal

anti-↵SMA antibody (Dako, Denmark, Code: M0851) was inserted into the well to

obtain a 1 : 200 dilution. The plate was then covered and left on a plate shaker

overnight.

The next day, the sample was washed three times as previously described and

placed in a clean well containing PBS. It was then incubated with a TRITC-labelled

goat anti-mouse antibody (Invitrogen, USA, Cat# T-2762), which was inserted into

the well to obtain a 1 : 500 dilution. The plate was then covered with foil, and left

for incubation for 2 hours. The tissue was thereafter put in a clean well and washed

three times in PBS with 30 minutes between each washes.

The sample was subsequently inserted into a clean well containing PBS, to which

FITC-labelled UEA-1 was added. The plate was then covered with foil and left for

incubation for 1 hour on a plate shaker.

The tissue was thereafter placed in a clean well, and washed three times with

PBS, with respectively 10, 30 and 60 minutes between each washes. It was then

inserted into a clean well, and the same procedure was followed using tris buffered

saline (TBS). The sample was finally mounted and imaged as previously described.

4.5 Results

4.5.1 Inter-patient morphological variability upon dissection

The selected eyes were all dissected using a dissecting microscope, and significant vari-

ations were observed between samples. Once the retina was removed, larger choroidal

vessels were visible with a naked eye despite the RPE. The vortex vein system was

also clear to see. The long PCAs were evident, and they displayed a patient-specific

morphology. In one patient, the arteries formed a serpentine pattern, while in another

they were straight and thick, and had to be dissected out of the choroid to make the

tissue flat. Differences in the level of pigmentation of the RPE and choroid were also

observed. With the RPE removed, the smaller feeding and draining vessels from the

inner choroid could be seen. They appeared white and highly irregular. In some cases,

the points of connection between some of them and the choriocapillaris could be seen

to be approximately circular. This was only observed from about 1cm radially from

the optic nerve head, where the pigmentation of the choroid was comparatively lower.
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4.5.2 Immunostaining for CD31

The choriocapillaris and the vessels from Sattler’s and Haller’s layers stained strongly

and uniformly for CD31 (see figures 4.1 and 4.2). The septae did not, and the back-

ground signal was very low. Remnants of RPE could be observed on top of the tissue

(see figures 4.1c and 4.2a), however they did not affect the visibility of the underlying

vasculature. The heat-induced antigen retrieval step affected the tissue in two differ-

ent ways. First, because of the heating process, the tissue shrunk and sometimes lost

its elasticity, which made it more difficult to mount. It also affected the flatness of

the tissue, which was as a result more difficult to visualise.

4.5.3 Immunostaining for UEA-I

UEA-I stained continuously and strongly across all the layers of the choroidal vascu-

lature, with a very low background signal (see figures 4.3, 4.4, 4.5, 4.6, 4.7 and 4.8).

Since the method did not involve any pre-treatment of the tissue, it stayed relatively

flat upon mounting and could be imaged over larger portions of tissue more readily.

As a result, UEA-I was preferred to CD31 to image the choroidal vasculature system-

atically. UEA-I stained consistently in all samples. In some cases, the visualisation of

the deeper choroidal vessels was more difficult in the most pigmented regions. It was

also impeded by the decrease in luminosity when imaging deeper within the tissue.

In patients D and E, autofluorescent spots could be seen at the choriocapillaris level

in the green channel; however, these did not affect the visualisation of the plexus.

4.5.4 Morphology of the choroidal vasculature over the eye

The choriocapillaris forms a continuous, segmented and highly anastomosing mesh-

work of vessels over the region extending from the optic nerve to the equator. This

can be observed in the submacular choriocapillaris on figure 4.3(a) and 4.5(a), in the

region temporal to the macula extending from the border of the macular area to a few

millimetres from the equator in figure 4.6(a) and at the equator in figure 4.8. A small

number of gaps in the meshwork could sometimes be observed, however these did

not display any characteristic pattern. The observation of the plexus over extended

portions of tissue (see figures 4.3a, 4.6a and 4.8) revealed that any particular region

could not be demarcated and examined separately from the rest of the choriocapil-

laris. Each arbitrarily defined region is connected to the rest of the choriocapillaris
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Figure 4.1: Portion of the choroid from patient A at the posterior pole (a, b, c) and in
the periphery (d) immunostained for CD31 and seen at a ⇥10 magnification. Images
(a), (b) and (c) correspond to successive depths within the tissue, from the capillaries
in (a) to larger vessels in (c). The choriocapillaris is visible on top of the feeding and
draining vessels from the inner and outer choroid. Remnants of RPE are visible on
top of the capillaries in (d).
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Figure 4.2: Three-dimensional reconstruction of a portion of choroid from patient
A immunostained for CD31 seen from the retinal side (a), the scleral side (b) and
transversely (c) at a ⇥40 magnification. The images were colour coded with respect
to the distance from the innermost plane of the capillaries. A venule is seen travelling
under the plane of the capillaries (a, b), bifurcating (b) and inserting into the plane of
the choriocapillaris at approximately a right angle.
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Figure 4.3: Punch of the submacular choriocapillaris (a) and inner choroid (b) from
patient C immunostained for UEA-I and seen at a ⇥10 magnification.
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Figure 4.4: Punch of the submacular inner (a) and outer (b) choroid from patient C
immunostained for UEA-I and seen at a ⇥10 magnification.
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Figure 4.5: Portion of submacular choroid from patient B immunostained for UEA-I
(⇥10). Capillaries in (a) form a continuous meshwork. Image (b) was taken under
the plane of the capillaries. Remnants of capillaries can be seen. Round openings can
be observed at the point of connection between choroidal vessels and choriocapillaris.
A venule (blue arrow) and an arteriole (red arrow) are highlighted.
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Figure 4.6: Portion of choroid at the posterior pole from patient D immunostained
for UEA-I (green channel) and ↵SMA (red channel) seen at a ⇥10 magnification.
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Figure 4.7: Three-dimensional reconstruction of a portion of choroid in the posterior
pole from patient D immunostained for UEA-I seen from (a) the retinal side, (b) the
scleral side, (c) transversely and (d) from the scleral side (⇥40). The images were
colour coded with respect to the distance from the innermost plane of the capillaries.
A venule is seen travelling under the plane of the capillaries (a, b), changing direction
(b) and inserting into the plane of the choriocapillaris at a right angle. Constricted
capillary segments are highlighted in (a) (white arrows).
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Figure 4.8: Portion of choroid in the periphery from patient D immunostained for
UEA-I and ↵SMA seen at a ⇥10 magnification (maximum intensity projection). An
arteriole (red arrow) and a venule (blue arrow) inserting into the plane of the chori-
capillaris are highlighted.
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not only through the continuity of the plexus, but also through the vessels servicing

it, as some of the larger choroidal vessels that these vessels emerge from run all the

way from the optic nerve to the equator. The submacular area corresponds to the

region, where the vascularity is maximal (see figure 4.3 and 4.4).

The density of the choriocapillaris, which corresponds to the vascular volume frac-

tion occupied by capillaries with respect to the septae, varies over the eye globe, but

also between individuals. Over the eye globe, there is an increase in the size of the

septae further from the macula (see figure 4.6a). They become more elongated and

wider towards the periphery (figure 4.8). In regions with a smaller volume fraction,

the visualisation of the underlying choroidal anatomy and relative arrangement of

arteriolar and venular openings is easier. It is much more difficult to examine these

arrangements in the macular region because of the density of the choriocapillaris

(figure 4.3a). Locally, significant variations in the size and shape of the septae (see

figure 4.5a and 4.7a) and in the capillary diameter (see figures 4.2c and 4.7c) are

observed. Therefore, the vascular volume fraction can vary significantly even locally

depending on the region sampled. Another interesting characteristic of the capillar-

ies can be observed in figure 4.7(a), where highly constricted capillary segments can

be seen (white arrows). Similarly, extensions of capillary segments on symmetrical

sides of some septal posts can be observed. Inter-patient variations in the density of

the choriocapillaris were observed in different regions of the eye. In the macula, the

choriocapillaris appeared denser in the patient aged 72 compared with the patients

aged 57 and 41. The pattern of variation of the vascular volume fraction over the eye

globe also varied between individuals. In the patient aged 41, the choriocapillaris was

at its densest in the macular area, and the vascular volume fraction was significantly

lower in the vicinity of the optic nerve head. In comparison, in the patient aged

72, the choriocapillaris appeared much denser over the whole tissue, but also seemed

uniformly dense between the optic nerve head and the macular area.

At the posterior pole, every servicing vessel inserts into the plane of the choriocap-

illaris at a right angle (figures 4.2b, 4.7b), and no "in-the-plane" openings are observed.

Vessels from the outer part of the choroid are highly erratic, and bifurcations before

insertion into the choriocapillaris are frequent (see figures 4.2, 4.3b, 4.5b and 4.6b, c).

The trajectory of larger vessels is mostly non-linear, and serpentine trajectories are

frequent (figure 4.4). The number of vessels servicing the choriocapillaris is maximal
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in the macular area, and steadily decreases further from it. At approximately 1cm

from the optic nerve head, the density of the plexus has dropped enough for the pat-

tern of insertion of the servicing vessels to be more readily visible. Capillaries seem to

radiate from inner choroidal vessels inserting at approximately a right angle relative

to the plane of the plexus (see figure 4.1d).

Close to the equator (see figure 4.8), the morphology of the choriocapillaris pro-

gressively changes into a more tubular pattern with characteristics similar to the

posterior pole. Servicing vessels travel under the plane of the plexus, branch into ves-

sels entering the choriocapillaris at a right angle, and as they terminate, insert into

the plane of the choriocapillaris and radiate into capillary segments (see figure 4.8b).

Further from the equator, the morphology of the choroidal vasculature becomes more

irregular, with no clear demarcation between capillary bed and servicing vessels.

4.5.5 Double-labelled immunostaining for UEA-I and ↵SMA

The double-labelled immunostaining for UEA-I and ↵SMA was performed on samples

from patients C, D and E. ↵SMA stained positively in all samples. A negative control

was performed with a portion of tissue from patient C (see Appendix A). It did not

display any backgroud fluorescence in the red channel. ↵SMA is expressed extensively

at every level of the vasculature and in every region of the eye (figure 4.9). The level

of expression declines from the larger vessels to the capillaries. In larger vessels, it is

expressed by relatively densely organised perivascular mural cells lining up the vessel

wall. In smaller vessels, the expression is more patchy, and the perivascular cells

expressing it are less densely organised. Finally, it is expressed quite extensively in

the choriocapillaris, predominantly on the scleral side of capillaries (see figure 4.9a

and 4.10b). It seems to be expressed by specific components of the cell rather than

the whole cell. Often, cellular components expressing ↵SMA seem to radiate from

servicing vessels inserting into the plexus.

4.5.6 Differentiation between arteries and veins

Significant differences in endothelial cell morphology on arterial and venous walls

were observed. In arteries and arterioles, endothelial cells display a characteristically

elongated pattern. This can be seen in figure 4.11(c), where an artery surrounded by

↵SMA positive perivascular mural cells is visible. In veins and venules, endothelial
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Figure 4.9: Double-labelled immunostaining for ↵SMA (red channel) and UEA-
I (green channel) in (a) the submacular choriocapillaris, (b) the submacular inner
choroid, (c) the peripapillary inner and outer choroid and (d) the peripheral inner and
outer choroid. Arterial (red arrows) and venous (blue arrows) vessels both express
↵SMA, however, different levels of expression are observed. In (a), autofluorescence
from erythrocytes can be observed in the red channel.
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Figure 4.10: Double-labelled immunostaining for ↵SMA (red channel) and UEA-
I (green channel) of a portion of choroid at the posterior pole from patient C. The
tissue was imaged at increasing depths starting from the plane of the capillaries (a) and
ending at the plane under the plane of the choriocapillaris (d), where servicing vessels
inserting into the capillary bed can be seen (c, d). ↵SMA is expressed by perivascular
mural cells selectively located on the scleral side of capillaries. Its expression over the
capillary bed is discontinuous

115



cells display a characteristically polygonal pattern. These patterns are visible in both

CD31 (figure 4.11a) and UEA-I (figure 4.11b) staining. At high magnification, arteries

and arterioles appear with a characteristic linear pattern on their surface, while veins

and venules have a smoother wall (figure 4.11e).

The expression of ↵SMA does not constitute a strict enough criterion to differenti-

ate between arterioles and venules as it is expressed in perivascular mural cells lining

both types of vessels. It is not sufficient either to differentiate between larger choroidal

vessels. However, the fluorescence of ↵SMA is much stronger on arteries than veins.

Paired with the morphological analysis of blood vessels, it allows to discriminate be-

tween them. In capillaries and venules, ↵SMA expression is discontinuous, and the

morphology of perivascular mural cells is different from arteries.

In the posterior pole, the transition from larger veins to terminal venules is much

less progressive than between arteries and terminal arterioles. Small branches emerge

from larger vessels (see figure 4.11d, e) and often do not branch until entering the

choriocapillaris. The angle between daughter vessels and larger choroidal vessels at

a bifurcation is often close to 90�. In contrast, arteries behave more like a vascular

tree, with ever smaller segments branching until entering the choriocapillaris. At

bifurcations, the angle between two daughter vessels is usually small. Finally, since

the SPCAs and the vortex veins have different points of insertion and exit into and out

of the eye, arteries and veins can often be seen travelling and branching in opposite

directions.

4.5.7 Relative arrangement of arteriolar and venular openings

The points of connection between inner choroidal vessels and the choriocapillaris ap-

pear as round or oval openings located under the plane of the capillaries (see figures

4.3b, 4.5b). Imaging at different depths is required to make them easier to identify,

as they are not visible on images taken above the plane in which these connections

occur (see for instance figures 4.3a, 4.5a). Arteriolar and venular openings can be

identified either by examining the morphology of the endothelial cells of arterioles

and venules inserting into the choriocapillaris, or by identifying the nature of larger

choroidal arteries and veins and following their daughter vessels until they insert into

the choriocapillaris.

Figure 4.12 shows the distribution of arteriolar and venular openings over portions
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Figure 4.11: Differentiation between arterial (red arrows) and venous (blue arrows)
vessels. Arterial endothelial cells are characteristically elongated (b, c), while venous
endothelial cells have a polygonal pattern (a, b). Arterioles and venules can also be
recognised by examining the levels of ↵SMA expression (c) and by following daughter
vessels from larger choroidal vessels (d, e).
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of the submacular area, posterior pole and periphery. Venular openings seem to cluster

around groups of arteriolar openings. From the table in figure 4.12, a steep decrease

in the concentration of openings is observed from the macular area to the periphery.

4.6 Discussion

The methods described in this chapter allowed for the visualisation of the choroidal

vasculature in different regions of the eye globe, and for the quantification of some

aspects of its anatomy. The aim of this section is to discuss the results of this study.

4.6.1 Impact of the tissue processing on the different immunos-
tainings

Since the eyes were already fixed, there was little control over the tissue used in the

experiments. Any type of fixation induces a certain degree of distortion, which is

either the result of shrinkage or swelling of cells or extracellular tissue (Mortensen &

Brown 2003). When fixed in formaldehyde, tissue shrinkage is however minimal (Fox

et al. 1995), so that the impact of fixation on the morphology of the choroidal vascu-

lature is not likely to be significant. Other important effects of tissue fixation include

crosslinking of proteins and antigen masking (Shi et al. 1997), for which demasking

methods have to be developed (Shi et al. 1997, Mortensen & Brown 2003). The op-

timisation of these methods is crucial to avoid digestion of the tissue or background

staining.

Antigen retrieval was necessary for the CD31 stain, and it was carried out in

accordance with the antibody datasheet. It affected the tissue in several ways. As a

result of the heating process, significant shrinkage of the tissue occurred. The impact

on the blood vessel morphology was not clear. From figure 4.2(c), capillaries stained

for CD31 are between 15 and 20µm thick and measure between 20 and 40µm in

width. This is within the range of diameters for capillaries stained for UEA-I (figure

4.7), which are up to 10µm thick and measure between 11 and 42µm in width, and

consistent with measurements taken from the literature (see table 2.6). The heating

also distorted the tissue significantly, and as a result it was difficult to keep flat. This

considerably impeded the imaging of the choriocapillaris, and only small portions of

the punch could be imaged clearly. Staining was attempted without the heat-induced
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Region of Arteriolar Venular Total Number Total Concentration
the Eye Openings Openings of Openings (mm�2)

Macular area (A) 33 41 74 37.22
Posterior pole (D) 73 59 132 23.46

Periphery (D) 16 19 35 3.88

Figure 4.12: Distribution of arteriolar (red dots) and venular (blue dots) openings
over a portion of choriocapillaris in the submacular area (a) (patient B), periphery
(b) (patient D) and posterior pole (c) (patient D).
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antigen retrieval. Capillaries did not stain and feeding and draining vessels stained

sparsely and discontinuously. Only larger vessels from the outer part of the choroid

stained strongly.

Since this distortion could be avoided by using UEA-I, which did not require any

further processing of the tissue, it was preferred to CD31. However, tissue fixation

induced an unpredictable variability in the quality of the stainings for UEA-I. These

include the autofluorescence observed in the green channel for two of the tissues

stained for UEA-I.

4.6.2 Imaging of the tissue

Confocal microscopy allows for high-resolution images at several depth inside tissue,

making three-dimensional reconstructions possible. However, it also has limitations,

which have in some cases impeded the good visualisation of the choroidal vasculature.

Perhaps the most restricting one pertains to the maximum depth that it is possible

to image. Confocal microscopy is limited by optical penetration and signal-to-noise

ratio (Nwaneshiudu et al. 2012), which respectively decrease and increase as the depth

increases. Even though the melanin present in the choroidal tissue may have increased

the contrast in the images (Rajadhyaksha et al. 1995), the limited optical penetration

made the visualisation of larger vessels in the outermost choroid difficult in some

patients. Longer wavelengths can be used to improve on this limitation (Rajadhyaksha

et al. 1995).

To obtain images from large portions of tissue, the domain imaged was subdivided

into overlapping tiles, which were then independently imaged at different depths,

and then stitched together in post-processing. Since the tissue was most of the time

slightly tilted, some distortion in the final images could sometimes be seen. This did

not affect the ability to track blood vessels at the different levels of the choroidal

vasculature as their tubular morphology and their general direction made them easy

to identify from one tile to the other.

4.6.3 Discrimination between arteries and veins

The nature of large and intermediate vessels was inferred from the morphology of

the endothelial cells lining their respective walls, the level of expression of ↵SMA in

the perivascular mural cells surrounding them and from morphological considerations,
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such as the size of the vessels and their relation with local vascular patterns such as

the direction of larger parent vessels and the geometry of the bifurcation between

parent and daughter vessels. Used on its own, each of these criteria is not sufficient

to distinguish between arteries and veins. IHC studies carried out on the human

vortex veins system showed that endothelial cells and their nuclei display significant

variations in morphology (Yu et al. 2014), and it is therefore necessary to associate

different criteria to determine the nature of each vessel. The same group of criteria

were used by Garron (1963) to characterise the different segments of the venous part of

microcirculatory systems. Yu et al. (2014) identified the nature of intermediate vessels

from the larger vessels they branch from. Endothelial cell morphology was used to

identify arterial and venous vessels in vascular casts studies (Olver & McCartney 1989,

Fryczkowski et al. 1991). Under electron microscopy, the nuclei of arterial endothelial

cells appear elongated, and a deep furrowing pattern is observed. In veins, endothelial

cell nuclei are oval and display prominent nucleolar pits. Their wall is smooth and

lacks elongated grooves (Olver & McCartney 1989).

This method was limited by the fact that the samples had to be large enough and

imaged deep enough to follow intermediate vessels branching from larger ones, and

that often a high magnification was necessary to observe the morphology of endothelial

cells. The distinction between arteries and veins could be made more straightforward

by using arterial and venous specific markers. Ephrin-B2 is an Eph family transmem-

brane ligand expressed specifically in arterial endothelial cells in development and in

adults (Wang et al. 1998, Gale et al. 2001). Conversely, Eph-B4, which is a receptor

for ephrin-B2, marks specifically veins but not arteries (Wang et al. 1998). A double

stain for UEA-I and for a mouse monoclonal anti-human ephrin-B2 antibody (Merk

Millipore, USA, Cat# MABC127) was attempted, however it was unsuccessful. This

could be caused by the fixation of the tissue, and an appropriate antigen retrieval has

to be determined. Immunostaining for Eph-B4 has not been attempted.

4.6.4 Organisation of large and intermediate vessels

The choroidal vasculature presents significant geographical anatomical variations over

the eye. The macular area corresponds to the region, where the concentration of ves-

sels servicing the choriocapillaris is maximal (Araki 1976, Amalric 1983, Fryczkowski

et al. 1991, Fryczkowski 1994), hence the maximal fluorescence of CD31 and UEA-I
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observed in this area at high magnification. Further from the macula, the concentra-

tion of vessels servicing the choriocapillaris decreases steadily, which is supported by

the data from figure 4.12 and by data from the literature (Amalric 1983, Fryczkowski

et al. 1991, Fryczkowski 1994). The distinction between Haller’s and Sattler’s layers is

not so readily observable. Intermediate vessels are often seen travelling from the out-

ermost choroid to the choriocapillaris perpendicularly to the plane of the tissue, and

larger vessels are often in the same plane as smaller vessels. This was reported in the

macular area, where the choroidal vasculature was described as displaying erratic arte-

rial branchings and branches with unequal in length (Wybar 1954a, Wybar 1954b, Ring

& Fujino 1967, Araki 1976, Shimizu & Ujiie 1978).

Arteries and arterioles form a tree-like topology, whereby larger vessels branch into

progressively smaller vascular segments. The angle between any two vessels emerging

from a bifurcation is usually small. This characteristic is likely to allow for an even

repartition of the components of blood in each daughter vessels (Pries et al. 1996).

In comparison, small venules are often seen emerging from a main large vein at a

larger angle (see figure 4.11). This is consistent with a collecting function, with blood

travelling from smaller vessels and draining into larger ones.

4.6.5 Relative arrangement of arteriolar and venular openings

Arteriolar and venular openings have not previously been mapped in the human (or

animal) choriocapillaris. Figure 4.12 shows that they appear in clusters of two or more.

Within each cluster, openings form the end points of vessels either branching out of a

common intermediate vessel (sometimes, as in figure 4.2, the separation into openings

occurs a few micrometers from the plane of the choriocapillaris) or originating from

different intermediate vessels. If instead of the openings the terminal intermediate

vessels giving rise to each cluster of openings are mapped, then the arrangement

of arteriolar supplies and venular drainages is reminiscent of anatomical lobules first

described by Torczynski & Tso (1976) and later discussed by Krey (1981), Yoneya et al.

(1983), Yoneya & Tso (1987), Fryczkowski et al. (1989), Olver (1990), Fryczkowski

et al. (1991), Fryczkowski (1994) and Zang (1994), whereby single arterioles feeding

the plexus are surrounded by a ring of venules draining it. This arrangement is

however not systematic as clusters of openings may arise from different intermediate

servicing vessels. Furthermore, a clear demarcation physically delineating lobules,
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as seen in the schematic from figure 2.17, was not observed, as the plexus forms

a continuous meshwork throughout. This suggests that the term "lobule" is not

appropriate as it would require the presence of physical boundaries between vascular

segments, which were not observed in any of the samples.

Openings are more relevant to the description of the blood flow in the choriocap-

illaris as they constitute the inlets and outlets of the flow. Confocal microscopy gives

a clear advantage here, as a view of the plane under the capillaries is necessary to

observe them. On flat preparations (Torczynski & Tso 1976, Yoneya et al. 1983), the

three-dimensionality of the choroidal vasculature is difficult to comprehend, and the

numerous bifurcations are hard to see. For instance, figure 4.8 corresponds to the

maximal intensity projection of images taken at different depths, and as such is to

some extend representative of what a flat preparation of this sample would look like.

Larger vessels seem to insert into the plane of the choriocapillaris, when in fact most

of them insert at a right angle relative to the plane of the capillaries. Furthermore,

the numerous points of insertion of these vessels are difficult to see, and without the

view at different depths inside the tissue, it would not have been possible to identify

and map them. Another possible way of mapping them would have been to image

the choroid from the scleral side, which is the only way openings could be visualised

on corrosion casts. However, the decrease in the luminosity as the tissue is imaged

deeper may have impeded their visualisation.

The ratio between arteriolar and venular connections with the choriocapillaris was

in favour of venular openings in the periphery and submacular area. Over an extended

portion of tissue from the posterior pole, arteriolar openings were more numerous.

The ratio between arteriolar and venular openings has seldom been investigated in

the literature. The ratio of arterioles to venules was found to vary between 3/1 in the

macular area and 1/5 in the periphery (Yoneya & Tso 1987, Fryczkowski et al. 1991,

Fryczkowski 1994), however, this range does not necessarily provide any indication

of the actual number of openings of each kind. Arterioles and venules often branch

out into two to four short terminal segments (see figure 4.2) to form clusters, so

that an arteriole or a venule may give rise to more than one connection with the

choriocapillaris. Fryczkowski et al. (1991) described a region located beneath the

macula and around the disc, where arteriolar openings outnumbered venular ones

by 3/1. This regions was not observed. In order to improve the accuracy of the
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measurements from figure 4.12 and to minimise sampling biases, more samples need

to be examined.

4.6.6 Density of the choriocapillaris

Capillaries from the choriocapillaris are densely organised throughout the posterior

pole, and are separated by septae that vary locally and geographically in size and

shape. The overall size of the septae seems to increase gradually over the posterior

pole towards the equator (see figure 4.6 and 4.8). The vascular volume fraction (or

density) of the choriocapillaris displays significant variations over the eye globe and

between patients, which has previously been reported by Ramrattan et al. (1994). The

data highlighted significant variations between all age groups, but also that the density

of the choriocapillaris was not systematically higher in younger patients compared to

older ones (see figure 2.13). Here, the choriocapillaris of the patient aged 72 was

markedly denser than in the 41 year old patient. The data from the literature are

limited by the fact that the description of the density of the choriocapillaris is either

qualitative (in which case the size of the region sampled is not mentioned) or averaged.

Local variations in the size of the septae, as seen in figure 4.5(a) have been reported

by Fryczkowski et al. (1991). Dense regions can often be seen in the proximity of

regions with a comparatively lower capillary density regardless of the region imaged.

Finally, the difference in the pattern of variation of the density of the choriocapillaris

over the eye between patients has not been reported.

In all samples, thin capillary segments could be seen (see figures 4.2 and 4.7).

These may correspond to receding capillary segments. The density of the chorio-

capillaris decreases with age (Ramrattan et al. 1994), and these segments could well

correspond to ghost vessels precursors or in formation, as observed on sections of the

choriocapillaris (Mullins et al. 2011). Ghost vessels, which were investigated in rela-

tion to AMD, are remnants of vessels characterised by the persistence of the basement

membrane of receded capillary segments despite the absence of functional endothelial

cells. A possible way of testing if the thin capillary segments observed in the present

study correspond to ghost vessels in formation would be to perform a staining for col-

lagen IV, which is found primarily in the basal lamina of blood vessels (Khoshnoodi

et al. 2008). A double staining for UEA-I and type IV collagen was attempted using a

mouse anti-human collagen IV monoclonal Antibody (AbD Serotec, UK, Cat# 2150-
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0121). The staining did not succeed, most probably because of the lack of control

over the fixation of the tissue, and the need for antigen retrieval. The morphology

of the constricted segment seen in figure 4.7 and the young age of the patient (41

years old), in which the sample was taken, also suggests that it could well correspond

to a forming capillary segment. A staining for tip cell markers would be a first step

towards testing this hypothesis. This has not been attempted yet.

4.6.7 ↵SMA expression

Choroidal vessels express ↵SMA at every level of the vasculature. The overall mor-

phology and distribution of ↵SMA positive perivascular mural cells is consistent with

the description provided in the literature. In larger arteries, circumferentially ori-

ented ↵SMA positive perivascular mural cells are densely organised and demonstrate

complete vascular coverage (see figures 4.9c and 4.12c). As arteries branch into arte-

rioles, the pattern of expression becomes less dense and ↵SMA positive cells are more

sparsely distributed (see figure 4.12c). In the choriocapillaris, ↵SMA positive cells

are selectively located on the scleral side of the capillaries, and horizontally sparsely

distributed (Chan-Ling et al. 2011a, Condren et al. 2013). In venules and veins, gaps

in ↵SMA expression are observed (Chan-Ling et al. 2011a).

The analysis did not allow for a definitive identification of the perivascular mu-

ral cells expressing ↵SMA, however, the morphology and distribution of the ↵SMA

positive cells lining arterial walls suggest that they may be SMCs. In the chorio-

capillaris, the mural cells expressing ↵SMA are likely to be pericytes (Spitznas &

Reale 1975, Sellheyer & Spitznas 1988, Chan-Ling et al. 2011a). Some subtypes of

pericytes in the choriocapillaris (Chan-Ling et al. 2011a) and in other tissues (Skalli

et al. 1988) are known to express ↵SMA. A triple labelled immunostaining for UEA-I,

↵SMA and NG2 would constitute a first step towards confirming that these cells are

indeed pericytes (Chan-Ling et al. 2011a, Condren et al. 2013). A double-labelled

immunostaining for UEA-I and a rabbit anti-NG2 polyclonal antibody (Bioss USA,

Cat# bs-5829R-Cy5) was attempted, however it was unsuccessful. This could be

caused by the fixation of the tissue, and an appropriate antigen retrieval may have to

be developed.

The function of ↵SMA positive cells in the choriocapillaris remains unclear (Wolter

1956, Condren et al. 2013), however some of them demonstrate vasoconstrictory con-
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tractile movement (Condren et al. 2013). Without further investigation, one can only

speculate on the relationship between the pattern of expression of ↵SMA and the level

of vasoregulation across the choroidal vasculature, which may decrease from larger to

intermediate arteries to capillaries. However, other types of vasoregulation need to

be considered, such as autonomic regulation, which was proven to be extensive in the

choroidal vasculature (Alm 1977, Nilson 1996, Luksh et al. 2000).

4.6.8 Relationship between choriocapillaris anatomy and phys-
iology

In the posterior pole, blood enters the choriocapillaris at the points of connection

between arterioles and the plexus at a right angle relative to the plane of the capillaries.

Blood then flows in the plane of the choriocapillaris. It exits the plexus through

venular openings formed at the connection between the capillary bed and venules.

Outside of the choriocapillaris, it is possible to follow the path taken by blood as the

topology of arterioles, arteries, veins and venules largely follows that of a vascular

tree. From the optic nerve head to the equator, once blood enters the choriocapillaris,

it is impossible to infer the path that it takes solely from the anatomy of the vascular

bed. Figure 4.13 shows possible paths that blood could follow between arteriolar

100µm

(a)

100µm

(b)

Figure 4.13: Examples of trajectories that blood may follow between arteriolar and
venular openings. Any arteriolar opening is connected to any venular opening through
the continuity of the plexus (a). A vast number of possible paths exist between any
two arteriolar and venular openings (b).

and venular openings. Because of the continuity of the plexus any two arteriolar and
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venular openings can be connected through capillary segments, as shown in figure

4.13(a). Between any two arbitrarily chosen arteriolar and venular openings, a large

number of possible trajectories exist (see figure 4.13b).

Blood entering the choriocapillaris through an arteriolar opening can be thought

to be evacuated by neighbouring venular openings, however without more knowledge

on the hæmodynamics of the choriocapillaris, this is not necessarily the case. The

difficulty in inferring the path taken by blood in the choriocapillaris comes from

the high redundancy of the capillaries. These anatomical observations appear to be

somehow incompatible with the angiographic description of the blood flow through

the choriocapillaris (figure 2.16) (Weiter & Ernest 1974, Hayreh 1974c, Hayreh 1975b,

Flower 1993, Flower et al. 1995, Hirata et al. 2004), and the historical controversy

between anatomists and physiologists (Hayreh 1981b) can clearly not be resolved

solely through anatomical investigations.

Because of the apparent inconsistency between angiographic and anatomical de-

scriptions, a thorough understanding of the choriocapillaris physiology has yet to be

developed. This is partly caused by the complexity of the choriocapillaris anatomy,

and by the unusual nature of angiographic observations. It is unlikely that this un-

derstanding will be develop without using physical principles to describe the blood

flow. As a result, it is necessary to build a mathematical framework, in which the

functional properties of the choriocapillaris arising from its unique anatomy can be

investigated. This is the purpose of the next chapter.

4.7 Conclusion

This chapter demonstrates that every level of the choroidal vasculature can be imaged

and some of its characteristics quantified using IHC and confocal microscopy. The

methods developed also allow for the visualisation of essential cellular components

involved in the regulation of the blood flow and the analysis of their spatial arrange-

ment around blood vessels. The main limitation of the observations described here

pertains to the small number and size of the samples examined. Only five eyes were

investigated, and only portions of them were examined. It was sufficient to notice

some inter-patient variability in the anatomy of the choroidal vasculature, however,

in order to generalise some of the observations, more patients and larger samples must

be investigated.
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The choroidal vasculature forms an incredibly complex vascular bed. Blood flows

in larger arteries crossing the sclera and inserting into the outer part of the choroid

in the vicinity of the optic nerve head travel under the plane of the innermost chori-

ocapillaris and branch into ever smaller segments, which in turn ramify into terminal

arterioles inserting in the choriocapillaris. It then flows in the plane of the chorio-

capillaris, until it is drained by venules draining into large choroidal veins eventually

merging with one of the vortex veins. The concentration of vessels inserting into

the choriocapillaris is maximal in the macular area, and decreases towards the equa-

torial region. The trajectory and general behaviour of arterial and venous vessels

is extremely complicated. Bifurcations, trifurcations, erratic branchings and sudden

changes of direction make the organisation of these vessels difficult to comprehend.

Towards the periphery, most of the vessels servicing the choriocapillaris insert

into the plexus at a right angle, however, some of them can also insert in the plane

of the choriocapillaris. In this region, the density of the choriocapillaris is less, and

capillaries form tubular patterns between arteriolar and venular connections. As a

result, the path that blood follows between arteriolar and venular openings can be to

some extend inferred from the anatomy.

At the posterior pole, terminal arterioles and draining venules connect to the chori-

ocapillaris at approximately a right angle. The connection between these vessels and

the choriocapillaris is easy to visualise on a confocal microscope, as they form round

openings under the plane of the capillaries. Once blood leaves an arteriolar opening,

the trajectory that it follows to reach a venular one is difficult to infer solely from the

anatomy. Because of the density and the redundancy of the choriocapillaris, a large

number of paths can be drawn between any arteriolar and venular opening. There-

fore, without information on the hæmodynamics of the vascular bed the path that

blood follows cannot be extracted, and the relationship between angiographic data

and anatomy cannot be clarified. In order to infer the blood flow dynamics in the

choriocapillaris from the anatomy of the plexus, it is necessary to use physical princi-

ples, and to develop a mathematical model of the blood flow inspired by anatomical

observations from this chapter. It is the purpose of the next chapter.
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Chapter 5

Mathematical model formulation

5.1 Introduction

The purpose of this chapter is to set down a mathematical framework to analyse

the blood flow and pressure dynamics in the choriocapillaris as a first step towards

understanding its physiology. The analysis is therefore restricted to the blood flow and

other features of the choriocapillaris, such as capillary filtration, are not considered.

The analysis of the choriocapillaris anatomy carried out in Chapter 4 revealed that

the choriocapillaris topology is complex, and that the functional organisation of the

plexus cannot be inferred from its anatomy without using a mathematical description

of the flow. The choriocapillaris is formed by a continuous, highly redundant and

segmented meshwork of capillaries serviced by vessels inserting into the plane of the

plexus at a right angle.

The mathematical modelling of the blood flow through the choricoapillaris has

only been attempted once by Flower et al. (2001) in order to determine the effect

of photocoagulation on the blood flow through the plexus and in a choroidal neovas-

cularisation. The choriocapillaris was modelled as an infinite thin layer of uniform

thickness with periodic cross-bridging fibres. The vascular volume fraction and the

position of the feeding arterioles and draining venules were extracted from the corro-

sion cast of a portion of submacular choriocapillaris. As a result of the high vascular

volume fraction a two-dimensional porous medium approximation was applied. The

drag coefficient and the Darcy permeability of the approximate model were deter-

mined using the results from Tsay & Weinbaum (1991). The two diagnostic tools

used in this model were the blood pressure and velocity field. Being restricted to a

patient-specific anatomy, the model presented significant limitations. The effect of a
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variation in the vascular density of the choriocapillaris and in the average distance

or ratio between arterioles and venules were not incorporated. Moreover, the cap-

illary bed is continuous and intrinsically bounded, a fact that was overlooked when

modelling it as an infinite medium.

In this chapter, the capillary bed is modelled as a continuum. The choriocapil-

laris is modelled as a horizontally bounded thin channel, where the upper and lower

surfaces correspond to planar parallel membranes. The septae are modelled as cylin-

ders of constant diameter randomly distributed between the membranes according

to a uniform probability distribution. Feeding and draining vessels are modelled as

inlets and outlets connecting at the lower surface of the channel perpendicularly to

the plane of the choriocapillaris. The axial height of the channel is much smaller than

its width. The Reynolds number for the flow is of the order of 10�1 so that the flow

is viscously dominated, and this approximation is applied. The flow is simplified by

approximating the geometry as a thin parallel-walled gap or Hele-Shaw cell, where

the height of the channel is much smaller than the diameter of the cylinders and the

component of the blood flow perpendicular to the plates is neglected.

The slow flow of an incompressible viscous fluid around cylindrical bodies con-

fined between two parallel plates has attracted considerable interest in a variety of

fields. Hele-Shaw (1898) was the first to observe that the streamlines of a viscous

fluid flowing around cylindrical obstacles emulated the lines of forces around metallic

cylinders placed in a dielectric medium in a magnetic field. This observation found

mathematical ground with Stokes, who proved that the full Stokes flow equations

describing the flow can be replaced by the potential flow equation everywhere ex-

cept for within a boundary layer region at the cylinders. Thompson (1968) later

showed that this boundary layer has a width O(h), where h is the width of the gap

between the plates, and that within this boundary layer the perpendicular compo-

nent of the fluid velocity cannot be neglected. Later, Balsa (1998) showed that this

boundary layer contains a streamwise vorticity generated at the cylinder and channel

walls. The extensive application of Hele-Shaw flows in a variety of physiology-related

problems led to further advances in their analysis. Larger ratios between width and

cylinder diameter were investigated to model the blood flow around septal posts in

pulmonary alveoli (Lee & Fung 1969, Tsay & Weinbaum 1991). The modelling of

the flow across microvessel walls led to the analysis of the Stokes flow through pe-
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riodic orifices (Zheng & Weinbaum 1994). The physiological flow in capillaries was

modelled as a flow through a wavy-walled channel lined with a poroelastic layer by

(Wei et al. 2003), while (Feng & Weinbaum 2000) developed a generalised lubrication

theory applicable to highly compressible porous media in order to characterise the

mechanical interactions between erythrocytes and endothelial glycocalyx. In most

studies, the Hele-Shaw analysis was carried out under the assumption of uniform

flows. In the present work, the flow is set by radial inlets and outlets and is as a

result non-uniform. Radial flows have so far mostly been studied in the context of

radial fingering in free boundaries (Richardson 1972, Paterson 1981).

In this chapter, an appropriate model with suitable closure is first selected, and

a geometry consistent with the anatomy of the choriocapillaris is built. Methods for

solving the system of equations and diagnostic tools are thereafter proposed.

5.2 Rheological properties of blood

In this section, the rheological properties of blood are described. Simplifications for

its mechanical properties are thereafter proposed.

5.2.1 Viscosity

Blood is a biphasic fluid composed of a plasma suspension of cells (see table 5.1).

Plasma accounts for 55% of the blood volume and is mostly made of water. Erythro-

cytes account for 99% of the cellular components of blood and are the main determi-

nant of its mechanical properties. They are the principal mean of systemic delivery of

oxygen from the lung to tissue and participate in the removal of carbon dioxide from

the tissue to the lungs. The mechanical properties of human erythrocytes are well

Cellular Component Fraction in whole blood Diameter
Erythrocyte 99% 6.2� 8.2µm
Leukocyte < 1% 7� 15µm
Platelet < 1% 2� 3µm

Table 5.1: Cellular components of blood.

characterised. The erythrocyte cytoplasm is a Newtonian fluid surrounded by a thin

viscoelastic membrane composed of a lipid bilayer and a protein cytoskeleton. With

an elastic shear and a bending modulus of respectively 0.006 and 1.8⇥10�12dyn.cm�1,
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the membrane can shear and bend easily, although it is resistant to area changes (the

modulus of isotropic dilation is of the order of 500dyn.cm�1). Erythrocytes are there-

fore highly deformable and can pass through capillaries having a diameter smaller

than the diameter of an unstressed cell (Shalak 1976, Hochmuth & Waugh 1987).

Blood has shear thinning properties and a finite yield stress, which are particularly

important in microvascular beds, where the flow is viscously dominated. Under low

shear, attractive forces appear between erythrocytes due to plasma proteins, which

results in the aggregation of erythrocytes into rouleaux, clumps or even continuous

networks at very low shear rate (Brooks et al. 1970). In capillary tubes measuring less

that 300µm in diameter blood is subject to a high shear. Erythrocytes migrate radially

and align with the flow, and their membrane rotates around their cytoplasmic core,

which leads to a reduction of frictional losses (Brooks et al. 1970). This is associated

with the formation of a thin plasma layer adjacent to the vessel wall (see figure 5.1)

(Fahraeus 1929, Brooks et al. 1970, Fournier 2007).

Plasma Layer

H
S

H
S

H < H
S

Figure 5.1: Schematic of the Fahræus effect in a microvessel. The radial migration of
erythrocytes is associated with the formation of a plasma layer adjacent to the vessel
wall. In capillaries, the average velocity of erythrocytes is higher than that of the
plasma, which causes a reduction of the hæmatrocrit H compared to the systemic
circulation (H

S

). Reproduced and modified from Fournier (2007).

As a result of the deformation and aggregation properties of RBCs, the macro-

scopic rheological properties of blood are largely influenced by the volume concentra-

tion of erythrocytes in blood, which is called hæmatocrit (H). In capillary tubes, the

in vitro apparent blood viscosity is a function of H (H = 45% in normal conditions),

the plasma viscosity (which depends on the protein content of blood, µ
plasma

) and the

temperature (T ). At high shear, the distribution of hæmatrocrit over capillary tubes

is non-uniform but axisymmetric, and the average velocity of RBCs is higher than that

of plasma. This results in a reduction of the hæmatrocrit compared to the systemic

circulation, a phenomenon called Fahræus effect (see figure 5.1). This in turns leads to
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an increase in the apparent blood viscosity and to a reduction of the flow resistance,

a phenomenon known as the Fahræus-Lindqvist effect (Fahraeus 1929). The same

behaviour is observed in vivo, although the viscosity of blood is higher in microvessels

measuring 4 to 30µm in diameter when compared with the in vitro viscosity measured

in capillary tubes of the same diameter. This is caused by differences in hæmatocrit,

which is four times higher in blood vessels measuring 10µm in diameter than in their

glass tube counterparts. Overall flow resistance is also much higher in vivo, and may

be the result of interactions between blood components and blood vessel walls (Pries

et al. 1994).

Even though blood is not a Newtonian fluid, it macroscopically displays a New-

tonian behaviour at high shear rate (�̇ > 100s�1) (Replogle et al. 1967). Pries et al.

(1994) proposed an empirical formula to calculate the apparent in vivo viscosity of

blood in microvessels based on experiments carried out in glass tubes and in the rat

mesentery:

µ
vivo

= µ
plasma
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, (5.2.1)

where D is the vessel diameter expressed in µm and µ
0.45

is the effective viscosity of

blood flowing through the vessel for a fixed H = 0.45. µ
0.45

is a function of the vessel

diameter, and is expressed as:

µ
0.45

= 6 e�0.085D + 3.2� 2.44 e�0.06D

0.645
. (5.2.2)

C describes the dependence of the viscosity on hæmatocrit and is given by:

C = (0.8 + e�0.075D)

✓
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1
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◆
+

1

1 + 10�11D12

(5.2.3)

The relation between viscosity and hæmatocrit is linear for diameters smaller than

7µm, and strongly non linear for diameters larger than 8µm.

5.2.2 Density

If ⇢
B

is the density of blood, then:

⇢
B

=

P
i

m
iP

i

V
i

, (5.2.4)
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where m
i

and V
i

are respectively the mass and volume of each protein or solvent,

such as water. Plasma has a weak influence on blood density; therefore hæmatocrit

is its most important determinant. The density of blood in capillaries measuring less

than 300µm in diameter is 1040g.l�1, which is lower than the density of arterial blood

(1050g.l�1). This difference is due to the Fahræus-Lindqvist effect (Moser et al. 1988).

Blood density has also a strong dependence on the temperature T . This dependence

is described by the cubic coefficient of thermal expansion �
c

, which characterises the

propensity of blood to change its volume with temperature (Hinghofer-Szalkay 1985,

Hinghofer-Szalkay et al. 1988). It is defined as:

�
c

=
1

V

dV

dT
= � 1

⇢
B

d⇢
B

dT
, (5.2.5)

where V is the volume of blood. At constant body temperature, �
c

is independent

of H (Albrecht et al. 1979). Another factor, which may affect local blood density, is

capillary filtration. Capillary filtration, which is favoured by blood pressure, leads to a

change in the composition of blood and therefore to an increase in its density (Kenner

et al. 1977, Hinghofer-Szalkay 1986). At constant temperature and hæmatrocrit, if

the content of blood does not change then its density stays constant.

5.2.3 Hæmatocrit distribution over extended vascular beds

The previous sections have shown that hæmatocrit is the most important determinant

of the viscosity and density of blood. Given the size and complexity of most vascu-

lar networks, it is crucial to assess the uniformity of the distribution of RBCs over

extended microvascular beds. The hæmatrocit of any vessel segment is determined

by the number of erythrocytes entering it after a diverging bifurcation. The parti-

tion of RBCs at diverging bifurcations between parent and daughter vessels is not

always symmetrical, therefore the hæmatocrit distribution over microvascular beds is

likely to be asymmetric and heterogeneous. The radial migration of RBCs upstream

of a bifurcation may lead to a phase separation at the bifurcation. This may cause

the cell-poor marginal fluid layers of the feeding vessel to be skimmed by the smaller

daughter vessel of the bifurcation, a phenomenon known as plasma skimming. Smaller

daughter vessels are therefore likely to have a lower hæmatocrit than larger ones. An-

other important consequence of this phase separation pertains to the differences in

blood velocities in the daughter vessels of a given bifurcations. Since RBCs have a
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finite size, a fraction of them is bound to travel along the dividing stream surface of

separation between the flow compartments entering each daughter branch of a bifur-

cation. The balance of fluid forces at the branch point is the main determinant of the

path blood cells follow. Because of the partial separation of solid and liquid phases

at bifurcations, the daughter vessels with the fastest blood velocity tends to gather

most of the RBCs (Pries et al. 1996).

Since choriocapillaris vessels measure more than 12µm in diameter, red cell screen-

ing has a minimal effect on the distribution of RBCs over the plexus (Pries et al. 1981).

In the normal rat choriocapillaris, RBCs do not show any preferential flow into cap-

illaries with higher velocities. Erythrocyte flux averages 217 ± 247 RBC per second,

with a 11 to 1400 RBC per second range (Braun et al. 2009). RBC mean velocity

varies between 1.06 - 1.11mm.s�1 (Wajer et al. 2000, Braun et al. 2009). The complex-

ity of the choriocapillaris angioarchitecture (choriocapillaris vessels are not formed by

simple bifurcations) suggests that the distribution of RBCs within the plexus is more

difficult to map compared with other capillary beds.

5.2.4 Conclusion

The mean shear rate in rat mesentery capillaries was found to be approximately

103± 166s�1 by Pries et al. (1994), who also stressed the lack of clear dependence of

the blood viscosity to shear rate in their experimentations. Here, since the analysis

of the blood flow is carried out at the mesoscale, only the macroscopic properties

of blood are considered. Blood is modelled as a Newtonian fluid with a corrected

viscosity calculated from equation (5.2.1). Local variations in hæmatocrit are not

incorporated into the model, and H is averaged over the flow domain. It is taken to be

equal to the hæmatocrit of blood leaving the choriocapillaris in rat choroidal venules,

which was measured at 15 - 20% (Braun et al. 1997). This value is slightly higher

than the hæmatocrit measured in venules from the cat mesentery (8 - 10%) (Lipowsky

et al. 1980). Variations in temperature are assumed to have a minimal effect on blood

viscosity. In equation (5.2.1), the temperature is taken to be a constant. The capillary

diameter is averaged over portions of the choriocapillaris. Based on these simplifying

assumptions, the dynamic viscosity of blood is taken to be constant and equal to

µ
B

= 2⇥ 10�3N.s.m�2. Filtration is not incorporated into the model, and the density

of blood is taken to be constant and equal to ⇢
B

= 1040g.l�1 (Moser et al. 1988).
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A list of physiological parameters along with typical values is provided in table 5.2

5.3 Geometry

Following the study of the rheological properties of blood, blood in the choriocapillaris

is treated as a single-phased Newtonian fluid with constant density and corrected con-

stant viscosity. Since the choriocapillaris is a largely passive vascular bed, the blood

flow is determined by the architecture of the vascular bed, the pressure differences

between arteriolar and venular openings and the resistance of each capillary segment

to flow. In this section, the relevance of a discrete or continuum approach to model

the vascular bed is first discussed. The geometry for the model is thereafter described

and justified.

5.3.1 Discrete versus continuum model

In the literature, modelling approaches vary according to the type of vasculature

considered and the availability of blood vessel reconstruction tools. They are usually

adapted to the main interest of the study. The network model developed by Guibert

et al. (2010) to study the blood flow through cortical gray matter of primate brain was

based on a detailed description of the topology of the microvasculature made accessible

by 3D synchrotron microtomography. Boas et al. (2008) and Reichold et al. (2009)

used a resistor network model to investigate the vasculature and oxygen response to

neuronal activity in the brain. They privileged this method to eliminate the need for

a detailed knowledge of the morphology of the microvasculature, although it did not

allow for the investigation of the state of perfusion of the capillary bed. Erbertseder

et al. (2012) adopted a mixed method to model transport in the lungs, whereby larger

tractable feeding and draining vessels are modelled as a vascular network and the

capillary bed is modelled as a continuum. More generally, Wang & Deisboeck (2008),

who reviewed the advantages and disadvantages of discrete and continuous models,

stressed that if inspired by biological facts, discrete networks allow for analyses at

lower scales but are limited to rather small number of constituents due mostly to

computational costs. Continuum models translate phenomena at a collective scale

with better computational cost efficiency but lack the detailed description that discrete

networks offer. Discrete models are usually suitable to the vascular system because the
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topology of a tree-like network can be mapped onto the anatomy, although capillary

beds are more difficult to model using this approach because the organisation of

capillaries may be too complex and as a result intractable for computation.

The basic network topologies are point-to-point, bus, ring, star, tree and mesh (see

figure 5.2); the arrangement of choriocapillaris vessels is closest to a mesh. Anatomi-

cally, the choriocapillaris forms a highly redundant capillary bed. As a result, any two

points are connected by a variety of paths punctuated by several erratic branching

and merging between segments of capillaries (see figure 4.13b). If each diverging or

converging bifurcation is treated as a node, then each node is the point of connection

of at least three capillary segments. Within this mesh, paths may be extremely com-

plicated and may include tortuous vessels, loops, trifurcations, dead ends and shunts.

The volume fraction occupied by capillaries varies between 0.5 and 0.75 (Ramrattan

et al. 1994, Spraul et al. 1999, Spraul et al. 2002); therefore choriocapillaris vessels are

very densely organised. Since there is no overlap between any two capillary segments,

possible paths between any two points can be equivalently inferred from the shape

and length of capillary segments and the geometry of their respective connections, or

by the position, size and shape of the septae. The diameter of the capillaries, their

respective position and distribution can be solely inferred from the distribution of the

septae.

(a)

(b) (c)

(d)
(e)

(f)

Figure 5.2: Schematic of the basic network topologies: line (a), ring (b), star (c), tree
(d), mesh (e) and bus (f).

Functionally, the blood flow in the choriocapillaris is set by the pressure differences

between arterioles and venules supplying and draining the plexus (Flower et al. 1995).

137



Only a maximum of one path connects any two point, which is entirely determined by

the distribution of pressure gradients within the choriocapillaris. Another important

feature of the arrangement of choriocapillaris vessels is that it does not display any

obvious regularity. Vessels and septae diameters vary considerably over the smallest

portions of the choriocapillaris, sometimes even along a single capillary segment.

The aim of the present study is to provide a description of the blood flow in

the choriocapillaris at the mesoscale. Given the high vascular volume fraction, the

redundancy of the blood vessels and the important variability in the arrangement of

the capillaries and septae, a continuum approach for the geometry is chosen. The

choriocapillaris is modelled as a continuum, where the flow is directed by randomly

distributed septae. Since the volume fraction of the septae, which equals one minus

the density of the choriocapillaris, varies over the eye, and rather than the capillary or

septae diameter correlates with age (Ramrattan et al. 1994), it is used as a parameter

in the definition of the geometry and denoted �, with 0.25  �  0.5.

The septae diameter varies between 3 and 24µm over the eye (Hogan & Feeney

1961, Torczynski & Tso 1976), and is therefore much smaller that the average distance

between arterioles and venules (see table 5.2). Since the flow is directed by the septae,

they are modelled as filled volumes, or equivalently as extrusions within the contin-

uum. A minimal distance constraint between these extrusions is imposed to allow for

the fluid motion. The septae displays a high variability in shape, and little data is

available on their average number and distribution. Here, their position is randomised

and drawn from a uniform distribution with preset minimal distance (Poisson-disk dis-

tribution, Appendix B.2). The analysis is further simplified by modelling the septae

as cylinders of constant radius a. The void volume fraction � satisfies:

� = n
V
c

V
T

, (5.3.1)

where n is the total number of cylinders, V
c

their respective volume and V
T

the volume

of the choriocapillaris domain.

5.3.2 Planar approximation and continuity of the plexus

The blood vessels forming the choriocapillaris are not only redundant, but also seg-

mented, as there is no overlap between capillary segments (Oyster 1999). This means

that at any point of the choriocapillaris, the flow domain is transversely limited to
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Parameter Notation Typical Value Reference
Blood dynamic viscosity µ

B

2⇥ 10�3N.s.m�2 Pries et al. (1994)

Blood density ⇢
B

1.040⇥ 103kg.m�3 Moser et al. (1988)

Flow rate at the ith inlet/outlet Q
i

⇠ ±10�13m3.s�1 Estimated

Flower et al. (1995)
Blood velocity u 0.5� 2.5⇥ 10�3m.s�1 Takasu et al. (2000)

Zhu et al. (2006)

Yoneya & Tso (1987)
Fryczkowski et al. (1991)

Arteriolo-venular distance L 400� 800µm Fryczkowski (1994)
Hirata et al. (2004)

Fujiwara et al. (2007)

Yoneya & Tso (1987)
Ratio of arterioles to venules ⌧ ⇠ 3/1� 1/5 Fryczkowski et al. (1991)

Fryczkowski (1994)

Choriocapillaris thickness h 10� 30µm Curcio et al. (2011)

Capillary diameter 15� 20µm Fryczkowski (1994)

Cylinder/septae radii a 3� 24µm Fryczkowski et al. (1988)

Ramrattan et al. (1994)
Void volume fraction � 0.25� 0.5 Spraul et al. (1999)

Spraul et al. (2002)

Torczynski & Tso (1976)
Radius of inlets and outlets d 10� 25µm Fryczkowski et al. (1991)

Fryczkowski (1994)

Pressure at the inlets p
+

6.75kPa Mäepa (1992)

Pressure at the outlets p� 3.03kPa Mäepa (1992)

Table 5.2: List of physiological parameters characterising the geometry and fluid
properties of the choriocapillaris. The flow rate at arterioles was estimated from the
average capillary blood velocity and the radius of inlets.

139



the thickness of a blood vessel. Capillaries are characteristically wide and flat, and

their width can be up to six times larger than their thickness. They are anteriorly

delineated by Bruch’s membrane and posteriorly by their basement membrane. The

distance between Bruch’s membrane and the outer capillary basement membrane cor-

responds to the choriocapillaris thickness, which varies between 10 and 30µm over the

eye (Curcio et al. 2011). Therefore, assuming that the eye can to a first approxima-

tion be modelled as a ball, the choriocapillaris forms a concentric layer of capillaries

enclosed by two membranes separated by a minimum distance h. Over limited por-

tions, this roughly spherical layer can be approximated to a plane. Here, the two

membranes are assumed to be parallel, and therefore the flow domain is taken to be

approximately planar. As a result, the choriocapillaris is modelled as a long and thin

channel of width h, which for simplicity is taken to be constant. Over the channel,

randomly placed cylinders of constant diameter model the septae (see figure 5.3).

The nature of the horizontal boundaries of the channel needs to be determined.

Anatomically, the choriocapillaris forms a continuous meshwork extending from the

optic nerve to the ora serrata; therefore, on the scale of the eye it is bounded. Locally,

the choriocapillaris is not anatomically bounded. However, since the flow is set by the

pressure differences between the vessels from the inner choroid servicing the plexus,

the flow within any portion of the choriocapillaris may be affected by inlets and outlets

located outside of the portion considered. These are long range effects, and the way

they affect the flow dynamics within a portion of the plexus depends on its size. For

a large enough number of inlets and outlets distributed on the domain following a

uniform distribution (see next section), long range effects only have an impact at the

borders of the domain. Towards the centre of the domain, their impact on the flow is

minimal. For non-uniform distributions, long range effects may be non-negligible as

some areas of the flow domain may not contain any inlet or outlet. An infinite channel

approximation is not suitable as it would require a periodicity in the distribution of

inlets and outlets, and would therefore further constrain the geometry.

As a result, whether considered over the eye or locally, the choriocapillaris is

modelled as a horizontally bounded channel containing a minimum number of inlets

and outlets. For simplicity, the channel is taken to be circular, with a diameter D.

The flow domain is denoted ⌦.
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5.3.3 Inlets and outlets

The choriocapillaris is supplied by the terminal arteries from the anterior, long and

short posterior ciliary arteries and drained by venules emptying in the vortex veins

(Hogan et al. 1971, Hayreh 1974f, Hayreh 1975b). These vessels form a complex vas-

cular tree. They travel parallel to the plane of the choriocapillaris, branch extensively

and ultimately insert into the capillary bed at a right angle (Salzman 1912, Shimizu

& Ujiie 1976, Shimizu & Ujiie 1981, Fryczkowski & Sherman 1988, Fryczkowski 1994).

The transition from larger vessel to capillary is abrupt, erratic (branches of unequal

length and T-shape branchings are common) (Wybar 1954a, Wybar 1954b, Ring &

Fujino 1967, Araki 1976, Shimizu & Ujiie 1978), and marked by focal vascular constric-

tions rather than the gradual narrowing through arterioles and venules found in other

vasculatures (Shimizu & Ujiie 1976). The complexity of the inner and outer choroid is

not considered here. The only part of the choroidal vasculature incorporated into the

model is the connection between feeding and draining vessels and the choriocapillaris.

The vast majority of these connections occur at approximately a right angle relative

to the plane of the capillaries (Fryczkowski 1994). Therefore the vessels servicing the

choriocapillaris are modelled as inlets and outlet connecting at the lower surface of

the channel perpendicularly to the plane of the capillaries (see figure 5.3). Arteriolar

and venular openings measure between 20 and 100µm in diameter, and their shape

varies significantly (Krey 1981, Shimizu & Ujiie 1981, Yoneya et al. 1983, Yoneya &

Tso 1987, Fryczkowski 1994). Here, the openings are taken to be circular. In order

to reduce the number of parameters of the model, their respective radii, denoted d, is

taken to be constant and equal.

The arrangement of these openings over the choriocapillaris displays a certain

regularity, however it has yet to be fully defined. Arterioles have been reported to

be encircled by rings of collecting venules (Torczynski & Tso 1976), although varia-

tions have been observed (Krey 1981, Yoneya & Tso 1987, Fryczkowski et al. 1991,

Fryczkowski 1994, McLeod & Lutty 1994). During the embryonic development of the

human choroidal vasculature, vessels from the outer choroid seem to connect to the

choriocapillaris at the boundaries between capillary domains developing in parallel.

Here, the distribution of arteriolar and venular openings is randomised. They are

assumed to be separated by a minimum distance L
min

. The array of inlets and out-

lets is generated following a uniform distribution over the flow domain, and therefore
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Figure 5.3: Schematic of the geometry for the model of the choriocapillaris.

follows a Poisson-disk distribution.

Finally, the ratio of arteriolar to venular openings, denoted ⌧ , varies over the eye

between approximately 3/1 and 1/5. This parameter is taken to be a variable of the

geometry.

5.3.4 Discussion and conclusion

The choriocapillaris is modelled as a horizontally bounded channel, where the upper

and lower surfaces correspond to parallel membranes. The septae are modelled as

cylinders of constant diameter randomly distributed over the channel following a
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Poisson-disk distribution. Arterioles and venules feeding and draining the plexus

are modelled as a set of randomly distributed inlets and outlets connecting to the

channel at its lower surface perpendicularly to its plane. The geometry over a portion

of the choriocapillaris is entirely described by the void volume fraction �, the minimal

arteriolo-venular distance L
min

and the average ratio of arterioles to venules ⇢ (see

table 5.2), which vary significantly over the eye globe.

This model is an idealisation of the choriocapillaris architecture, and as such

presents some limitations. By modelling the septae as cylinders of constant diameter,

local variations in their shape and diameter are not considered. By assuming that the

choriocapillaris thickness is constant, local variations in the capillary thickness are

not incorporated. These variations may play a role in the choriocapillaris blood flow

dynamics. A local constriction or expansion in the thickness of a capillary may for

instance lead to an increase or decrease in the blood velocity. Similarly, the elasticity

of the capillary wall is not incorporated into the model. Since the vessels servicing

the choriocapillaris are modelled as inlets and outlets connecting to the channel at a

right angle, in-the-plane openings are not considered.

To alleviate these limitations, a systematic reconstruction of the capillary bed on

a patient basis would be required. However, it would not allow for the more general

analysis at the mesoscale set out here. This approach is a first step towards under-

standing better the physiology of the choriocapillaris, and the fundamental aspects of

the choriocapillaris architecture have been preserved. They include the characteristic

flatness and segmentation of the capillaries, the redundancy of the blood vessels, the

geometry of the connection between servicing vessels and the vascular bed and the

variations in the density of the choriocapillaris, average distance and ratio between

arteriolar and venular openings. Furthermore, the present approach allows for more

flexibility in that each of these fundamental parameter may be varied to investigate

their effect on the flow properties.

5.4 Fluid model

Having decided on a geometry, the next question concerns the way the flow is to be

described. In this section, a model for the flow is discussed. The time dependence of

the blood flow is first investigated, and the equations for the flow thereafter described.
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5.4.1 Viscous versus inertial effects

At each beat, the heart sends a pulse through the arteries. As a result, the blood flow

through the circulatory system is pulsatile (Keener & Sneyd 2009). As blood travels

through ever smaller vascular segments, the pulsatility of the flow dampens. In the

microcirculation, the Reynolds number (Re) is usually smaller than unity (and can

be as small as 0.001 in the smallest capillary segments), therefore the flow is viscously

dominated and fluid inertia is totally negligible. The Womersley parameter, which

measures inertial effects due to pulsatility against viscous effects, is also smaller than

1. As a result, inertial effects are too small to disturb the balance between pres-

sure gradients and viscous forces that are the main determinant of the flow patterns

(Lighthill 1972), and the flow is almost steady.

In the subfoveal choroidal vasculature, the blood flow is pulsatile (Flower 1993).

However, the pulsatile component of the flow accounts for less than 11.2% of the

average choroidal blood flow. It is not apparent when considering blood volume

(Longo et al. 2004), although variation between individual and sometimes with the

device used are observed. Riva, Cranstoun, Grunwald & Petri (1994) suggested that

the upper limit of this pulsatility is approximately 20% of the averaged choroidal

blood flow.

Over the human choriocapillaris, assuming that the average distance between ar-

teriolar and venular openings is L ⇠ 500µm, that the density and viscosity of blood

are respectively ⇢
B

= 1.040⇥103kg.m�3 and µ
B

= 2⇥10�3N.s.m�2 and that a charac-

teristic velocity is v ⇠ 1⇥ 10�3m.s�1 (see table 5.2), Reynold’s number is of the order

of 10�1. Therefore, the flow is viscously dominated and the inertial effects associated

with the pulsatility of blood can be neglected. In the rest of this analysis, the flow is

assumed to be in a steady state. Furthermore, for simplicity, gravitational effects are

not considered.

5.4.2 Equations describing the flow

The conservation of momentum for a fluid particle travelling at a velocity u requires:

⇢ (u ·r)u = r · T , (5.4.1)
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where ⇢ is the density of the fluid and T the stress tensor. To solve equation (5.4.1)

requires a closure between the stress tensor T and the properties of the flow. The

stress tensor can be decomposed into an isotropic part and a part depending on the

motion of the fluid:

T = �pI + ⌧ , (5.4.2)

where p is the hydrodynamic pressure directed inwards, I the unity tensor and ⌧ the

viscous stress tensor, which depends on fluid motion. For incompressible Newtonian

fluids:

⌧ =
µ

2

�rT

u+ru

T

�
, (5.4.3)

where µ is the dynamic viscosity. From the previous discussion, the viscosity and

density of blood are constant, which leads to the final formulation of the momentum

equation:

⇢ (u ·r)u = �rp+ µr2

u. (5.4.4)

The conservation of mass is expressed as:

r · u = 0. (5.4.5)

5.4.3 Boundary conditions

The system of equations (5.4.4) and (5.4.5) is closed by imposing a no-slip boundary

condition at the fixed walls and a kinematic boundary conditions at the inlets and

outlets. The flow is set by randomly distributed inlets and outlets that are perpen-

dicular to the plane of the capillaries. They are labelled i = 1, 2, ..., N , where N is the

total number of vessels servicing the choriocapillaris. The number of inlets is noted

N
+

, the number of outlets N�. Each of these vessels has a volumetric flow rate Q
i

;

Q
i

> 0 for an inlet and Q
i

< 0 for an outlet. The inflow at the inlets is assumed to

be uniform and axisymmetric. The following boundary condition is applied:

u =
Q

i

⇡d
i

2

ẑ, (5.4.6)

where d
i

is the radius of the inlet. The pressure at the outlets is constant, which

for simplicity is taken to be zero. On the surface of the cylinders and on the walls

enclosing the flow domain (lower plane z = 0, upper plane z = h and side walls), a
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kinematic condition is applied, i.e.

u · n̂ = 0, (5.4.7)

where n̂ is a unit vector perpendicular to the surface.

5.4.4 Lubrication approximation

In this section, a simplification of the equations for the flow is sought by cross-

sectionally averaging the momentum equation. The term ⇢ (u ·r)u from equation

(5.4.4) corresponds to the inertia of the fluid, while the term µr2

u corresponds to the

viscous effects. In the viscous term, the derivative along the z-direction dominates,

while in the inertial term the variations in the plane of the channel dominate. As a

result, these two terms scale respectively to

⇢ (u ·r)u ⇠ ⇢v2/L, µr2

u ⇠ µv/h2. (5.4.8)

The ratio between inertial and viscous terms therefore scales to:

⇢vL

µ

h2

L2

= Re

✓
h

L

◆
2

. (5.4.9)

In the choriocapillaris, Re(h/L)2 ⇠ 10�5, which is significantly lower than unity. The

momentum equation can therefore be simplified by keeping the dominant terms only;

it reduces to (Reynolds 1886):

�r
h

p+ µ
@2u

@z2
= 0, (5.4.10)

where

r
h

=

✓
@

@x
,
@

@y
, 0

◆
. (5.4.11)

The pressure p is a function of (x, y) only. By imposing u = 0 at z = 0 and z = h,

equation (5.4.10) is integrated to:

u =
(z2 � zh)

2µ
r

h

p. (5.4.12)
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The continuity of mass is imposed by integrating (5.4.5) over the thickness of the

channel h. Using the Leibniz integral rule:

Z
h

0

r · udz = r ·
Z

h

0

udz (5.4.13)

=
1

2µ
r ·
Z

h

0

(z2 � zh)r
h

pdz = 0. (5.4.14)

Since p is only a function of (x, y) and h is constant, equation (5.4.14) becomes:

h3

12µ
r2

h

p = 0 ) r2

h

p = 0. (5.4.15)

Therefore, the pressure satisfies Laplace’s equation. Defining the average local velocity

in the plane of the choriocapillaris as

u

h

=
1

h

Z
h

0

udz.(1, 1, 0), (5.4.16)

the integration of equation (5.4.10) over the thickness h yields:

u

h

= � h2

12µ
r

h

p = �K

µ
r

h

p, (5.4.17)

where K = h2/12 is the permeability characterising the flow between parallel plates.

At the inlets, a radial source flow is imposed, and the velocity u

h

satisfies:
Z

ˆ

#i

u
h

dd✓ = q
i

, (5.4.18)

where q
i

= Q
i

/h is the area flux into the flow domain, i = 1, 2, ..., N , and #̂
i

is a

subset of [0, 2⇡], which corresponds to the portion of the inlet that is within ⌦. If the

inlet is fully contained within the flow domain, then the integral is taken over [0, 2⇡].

As a result, the inlet boundary condition (5.4.6) becomes:

u

h

=
q
i

#̂
i

d
i

r̂

i

, (5.4.19)

where r̂

i

is the unit radial vector; on the outlets p = 0 is applied. On the surface of

the cylinders, the following kinematic boundary condition is applied:

u

h

· n̂ = 0, (5.4.20)
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where n̂ is the normal to the surface of the septae. Within a distance O(h) of the edge

of the posts and the inlets and outlets the flow is out of the plane of the choriocapillaris.

The impact on the global flow is minimal.

5.4.5 Non-dimensionalisation

All the lengths are scaled relative to the diameter of the domain D, and non-dimensional

measures are written with a tilde. The ratio of the inlet diameter to the diameter of

the domain d/D = d̃ is kept constant for all the calculations. The conservation of

mass requires:
N

+X

i=1

qi>0

q
i

=
N�X

j=1

qj<0

q
j

. (5.4.21)

The flow rate at inlets and outlets is normalised by the sum of respectively the flow

rates at the inlets and at the outlets, so that:

N

+X

i=1

q̃i>0

q̃
i

= 1 (5.4.22)

N�X

j=1

q̃j<0

q̃
j

= �1. (5.4.23)

By denoting:

qtot =
1

N
+

N

+X

i=1

qi>0

q
i

(5.4.24)

the average flow rate for all the inlets, the velocity u

h

is made dimensionless with

respect to Ū = qtot/D. The pressure p is made dimensionless with respect to the

characteristic viscous stress µ
B

ŪD/K. Noting ũ

h

the non-dimensional average local

velocity and p̃ the non-dimensional pressure the equations for the flow (5.4.15) and

(5.4.17) become

ũ

h

= �r̃
h

p̃, (5.4.25)

r̃2

h

p̃ = 0. (5.4.26)
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5.5 Methods of resolution

When considered on the domain described in figure 5.3, the equations for the flow

(5.4.25) and (5.4.26) do not admit any analytical solutions. In this section, a numerical

approach that allows to approximate the solutions is described. Since it is useful to

consider the case in which the posts are absent from the domain (� = 0), methods to

solve the equations analytically when � = 0 are therefore detailed.

5.5.1 Numerical resolution

The Galerkin finite element method (FEM) provides an approximation of the Navier-

Stokes equations in finite dimensional subspaces of ⌦ consisting of piecewise polyno-

mial functions. It provides high computational flexibility and rigorous error analysis,

and is implemented here to approximate the solution to equation (5.4.26). In Chapter

6, this method is also used to numerically approximate the advection-diffusion equa-

tion. The following description is based on (Zienkiewicz et al. 2005) and (Nicolle 2009).

Let L be an operator and T the unknown function solution of the general partial

differential equation

L(T ) = 0 (5.5.1)

satisfied in the domain ⌦. The approximate solution to T , noted T̄ , and calculated

on N nodes is represented by a term of series of basis functions of ⌦:

T ⇡ T̄ =
NX

i=1

a
i

N
i

(x). (5.5.2)

The approximate solution is entirely determined by the value of the coefficients a
i

.

The residual error due to the approximation of the partial differential equation is:

R = L(T̄ ) (5.5.3)

Under the method of weighted residuals the unknown coefficients a
i

must be calculated

to satisfy
R
⌦

w
i

(x)Rd⌦ = 0, 1  i  N and w
i

are specified weighting functions. In

the Galerkin method the weighting functions are taken to be the basis functions N
i

.

The coefficients a
j

must as a result be chosen so that:
Z

⌦

N
i

L(T̄ )d⌦ = 0 (5.5.4)

149



x1

x2

k

i

j
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) and the velocity field

u

h
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2

) on a triangular partition ⌦
e

of the total domain ⌦. Consider the triangle

shown in figure 5.4, the linear shape functions are:
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where
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and the area of the triangle is

A =

�������

1 x
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x
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x
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�������
. (5.5.9)

If the vector [N ] is defined as [N ] = [N
i

,N
j

,N
k

], the gradient vectors of the linear

shape functions are :

b =
@[N ]

@x
1

=
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[b

i

, b
j

, b
k
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@[N ]

@x
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]. (5.5.10)
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Introducing the Dirichlet boundary condition

p = p̄ on �
p

, (5.5.11)

and the Neumann condition

u
i

= � @p

@x
i

= ū
i

on �
u

, (5.5.12)

the assembled system of equations is

NX

l=1

a
l

�
ml

+ f
m

= 0, for m = 1, ..., n� r, (5.5.13)

where r is the number of nodes appearing in the approximation to the Dirichlet

boundary condition, f
m

is computed from the elements as:

f e

m

=

Z

�

e
u

N
m

ū
i

d�, (5.5.14)

and �
ml

is assembled from element contributions �e

ml

with

�e

ml

=

Z

⌦e

@N
m

@x
i

@N
l

@x
i

d⌦. (5.5.15)

The approximate solution is obtained by solving the linear system of equation (5.5.13).

The code used was validated against the analytical solution described in Section 7.4.1

(see figure 7.8).

5.5.2 Analytical method when � = 0

When no cylinders are present, the equations for the flow can be solved analytically

using complex analysis. The aim of this section is to summarise the properties of har-

monic functions used for the resolution of Laplace’s equation (5.4.26). In the following

description, R2 is identified with the complex plane C, with the correspondence:

w = (x, y) ! z = x+ iy = rei', (5.5.16)

where r and ' are respectively the modulus and argument of z. The complex functions

considered are assumed to be defined on the simply connected subdomain ⌦ of the

complex plan C.
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Since the pressure p̃ satisfies Laplace’s equation on C, it is harmonic on C and is

therefore the real part of a complex harmonic function �, i.e.

�(z) = �p(x, y) + i (x, y) = �(x, y) + i (x, y) (5.5.17)

where � = �p̃ is the velocity potential and  is the streamfunction (the level curves

of  are the streamlines of the flow). Since � is harmonic, both � and  are harmonic.

In particular, � and  satisfy:

@�

@x
= �@ 

@y
,
@�

@y
=
@ 

@x
. (5.5.18)

Obtaining a solution for p̃ is equivalent to solving for the complex potential �. If

ũ

h

= (u(x, y), v(x, y)), then the complex velocity �(z) satisfies:

�(z) = u(x, y)� iv(x, y), (5.5.19)

which can be obtained by differentiating �, i.e.

�(z) = �d�

dz
. (5.5.20)

In order to obtain an analytical solution for the flow when � = 0, inlets and

outlets are modelled respectively as point sources and points sinks. A fluid emerging

or disappearing at a constant rate from a source or a sink located at z = z
i

2 ⌦ with

a rate of emission k
i

, k
i

> 0 for a source and k
i

< 0 for a sink, creates the complex

potential:

�
i

(z) = k
i

log(z � z
i

) = log
⇥
(z � z

i

)ki
⇤

(5.5.21)

where log is the complex logarithm. Here, the strength k
i

is related to the flow rate

q̃
i

by:

k
i

=
q̃
i

#̂
i

d̃
i

. (5.5.22)

As a result of the linearity of Laplace’s equation, the potential created by a set of

sources and sinks corresponds to the sum of the potential created by each of them.

For a given distribution, these relations are therefore sufficient to calculate � and

deduce the velocity field �.
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5.6 Diagnostic tools

After developing methods to solve the equations for the flow (5.4.25) and (5.4.26), it

is crucial to define a set of diagnostic tools to assess the characteristics of the blood

flow and further the understanding of the physiology of the choriocapillaris.

5.6.1 Pressure drop

Since the blood flow in the choriocapillaris is primarily set by the pressure differences

between arteriolar and venular openings, the pressure drop between an inlet, where

a fluid element emerges, and an outlet, where the same fluid element leaves the flow

domain, is critical to characterise the flow. It provides a metric of the perfusion over

portions of the vascular bed. Furthermore, blood pressure drives capillary filtration

(Kenner et al. 1977, Hinghofer-Szalkay 1986), and even though filtration is not ex-

plicitly modelled, the pressure drop is likely to be an indicator of it. The variations

observed in the anatomy of the choriocapillaris and during angiography may well be

the result of an adaptation of the anatomy to variations in pressure drop over the eye.

Therefore, it could be a determinant of the local architecture of the capillary bed,

and is as a result important to assess. Here, the pressure drop between an inlet i and

an outlet j is defined as an average over the inlet surface minus an average over the

outlet surface, i.e.

�p̃
ij

=
1

S̃
i

Z

Inlet

p̃
i

dS̃
i

� 1

S̃
j

Z

Outlet

p̃
j

dS̃
j

(5.6.1)

where S̃
i

and S̃
j

denote respectively the inlet and outlet surfaces. If at the outlet

p̃
j

= 0 is imposed, then the pressure drop reduces to an average over the inlet surface.

5.6.2 Residence time

The residence or travel time describes the time spent by a fluid particle, released

at an inlet, in the choriocapillaris. It provides a metric for the transport of corpus-

cles, among which erythrocytes, the main oxygen carriers, and nutrients critical to

endothelial cell function. It also provides an indication of the homogeneity of this

transport, and is a measure of the blood renewal rate, which could be impaired in the

pathogenesis of AMD and DR. Here, the residence time of a fluid particle released at

an angle ✓ from the ith inlet surface and advected to an outlet by the velocity field

153



ũ
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|ũ
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| , (5.6.2)

where the integral is taken along a streamline S̃. The average residence time can be

estimated from the average of all the travel time of particles released on the inlet.It

is defined as:
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i
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ˆ
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�T̃
i

(✓)d✓. (5.6.3)

In order to assess the magnitude of the residence time distribution, the root of the

mean square of the residence time distribution, expressed as
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ˆ
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i
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2

d✓, (5.6.4)

is used.

5.7 Discussion and conclusion

In this chapter, a model of the choriocapillaris was developed based on a literature

search and direct visualisation of the plexus in Chapter 4. Following the rheological

analysis of blood, blood is modelled as a Newtonian fluid with corrected constant

viscosity. The choriocapillaris is modelled as a channel of constant thickness. The

septae are modelled as cylinders of constant diameter placed over the flow domain

with their axis parallel to the axis of the channel following a Poisson-disk distribution.

The vessels servicing the choriocapillaris are modelled as inlets and outlets connected

to the lower surface of the channel at a right angle relative to the plane of the capil-

laries. The flow is viscously dominated, and is described by the steady Navier-Stokes

equations, which are simplified by applying a lubrication approximation, and the flow

is investigated in two dimensions. Analytical methods are used to solve the equations

for the flow when � = 0. When cylinders are present, numerical methods based on

the finite element method are used to approximate the solutions. The pressure distri-

bution, pressure drop between inlets and outlets, and the fluid particle residence time

are the diagnostic tools used to analyse the properties of the flow.

This model represents an idealisation of the physiology of the capillary bed, and

as such presents some limitations. The model is restricted to the blood flow through

the choriocapillaris; therefore other physiological characteristics of the choroidal vas-
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culature are not included. Movements from blood vessels to tissue, such as filtration

and reabsorption, are not modelled. Despite being supported by the high vascular

fraction and the segmentation of the capillaries, the continuum approach deprives this

analysis from some aspects of the interactions between blood and capillary walls. The

endothelium, which is located between the flowing blood and the vessel walls, me-

chanically responds to the two types of forces it is subject to. The first one is directed

perpendicularly to the vessel wall and is caused by blood pressure. The second one

is caused by shear stress and shear forces in the direction tangential to the flow. The

endothelium can also be indirectly influenced by modifications in the concentration

of chemical compounds regulating its biology in blood. Since it is responsible for the

physiological control of lumen diameter and the regulation of vascular permeability,

and is involved in vasoregulation, these responses are likely to affect blood flow locally

(Davies 1995). In capillaries, little data are available on the effect of this regulation

on the bulk flow. It can be assumed that over extended portions of the choriocapil-

laris they are negligible. Since pericytes are sparsely distributed over the plexus, it is

likely that they also have a limited impact on the flow dynamics at the mesoscale. A

local model, defined at the scale of a capillary segment, would be more adequate to

consider shear- and perivascular cell signalling with endothelial cells.

Another important limitation pertains to the two-dimensional analysis of the res-

idence time. The fluid residence time defined here only provides a metric of the

transport of corpuscles. The travel time and distribution of weakly diffusive tracer

species depend critically on the three-dimensionality of the flow and the presence of

recirculating regions in the vicinity of the cylinders, which are a consequence of the

low Reynolds number. Moreover, the cylinders represent a boundary between vascu-

lature and tissue and may as such involve diffusion across their surfaces. To alleviate

these limitations, the full advection-diffusion equations would need to be considered

to fully describe the passive transport of solutes.

Despite these limitations, the approach described in the present work constitutes

a first step towards understanding better the biology and physiology of the chori-

ocapillaris and the metabolite delivery system to the photoreceptors. The varying

parameters of the geometry are the void volume fraction �, the minimal distance

between inlets and outlets L
min

and their ratio ⌧ . The model is flexible enough to be

applied to different regions of the eye, where either of these parameters can vary. As
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a result, the framework set down in this chapter allows for the analysis of the effect of

each of these parameters on the flow dynamics. This is a strength of the model, as it

makes it possible to identify possible functional explanations for some features of the

anatomy of this capillary bed. In the next chapter, flow visualisation techniques are

developed to investigate, within the framework set down in this chapter, the linkage

between choriocapillaris architecture and angiographic observations.
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Chapter 6

Visualisation and analysis of the

blood flow and passive transport

6.1 Introduction

The purpose of this chapter is to develop a framework to visualise the blood flow and

the transport of a passive solute in the choriocapillaris model described in Chapter

5 and to demonstrate the linkage between choriocapillaris anatomy and angiographic

observations. Chapter 4 has shown that the choriocapillaris forms a continuous mesh-

work of capillaries, however angiographic data suggest that functionally, the flow is

segmented (Weiter & Ernest 1974, Hayreh 1974c, Hayreh 1975b, Flower 1993, Flower

et al. 1995, Hirata et al. 2004). Functional lobules are filled from the centre, and

drained from the periphery. Anatomical evidence of this functional segmentation has

historically been hard to find, which led to ongoing controversy well illustrated in

Hayreh (1981b). The concept of anatomical lobule was put forward by anatomists,

who saw in the relative arrangement of arterioles and venules servicing the choriocap-

illaris a segmental organisation despite the continuity of the capillary bed (Torczynski

& Tso 1976). However, they were never fully defined, and the denomination has been

rather loosely used. Some found that anatomical lobules had an arteriole at their

centres (Torczynski & Tso 1976), while others supported that the central opening was

venular (Krey 1981, Fryczkowski et al. 1991, McLeod & Lutty 1994). The existence

of anatomical lobules in the submacular choroid has also been questioned (Shimizu

& Ujiie 1978, Fryczkowski 1994). Several attempts have been made at linking these

anatomical entities to functional lobules, however, they led to oppositions between

anatomists and physiologists. In a last attempt at linking them, Fryczkowski (1994)
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suggested that functional lobules are delineated by functional barriers between the ar-

terial and venous part of the capillaries, which correspond to the boundaries observed

on angiograms.

In this chapter, we demonstrate that this conceptual duality between anatomi-

cal and functional lobule is not necessary to characterise the segmental nature of the

blood flow through the choriocapillaris, and that the functional segmentation observed

on angiograms is a direct consequence of the topology of the choroidal vasculature.

Unless specified, � is taken to be zero. The blood flow is investigated using flow

visualisation techniques and the Poincaré-Bendixson theory. In order to satisfy mass

conservation without making any assumption concerning the regularity of the respec-

tive arrangement of inlets and outlets, the flow is considered over the Riemann sphere.

Inlets and outlets are modelled as respectively point sources and sinks. The Riemann

sphere is identified with the extended complex plane, and the equations for the flow

(5.4.15) and (5.4.10) are solved using the elements of complex analysis described in

Chapter 5.

As a result of the correspondence between potential flow theory and electrostatics,

this problem to some extent finds a similarity with Thompson’s problem, which is to

determine the distribution of a number of electrons positioned on the unit sphere and

repelling each other with a force given by Coulomb’s law minimising the potential

energy of the configuration (Thomson 1904, Cohn & Kumar 2006). Planar source

flows (Saffman & Taylor 1958, Richardson 1972, Paterson 1981, Entov et al. 1993) or

flows set by multipoles (Qing & Fei-Ran 2001, Qasaimeh et al. 2011) in Hele-Shaw

configurations have mostly been investigated with free boundaries. Qasaimeh et al.

(2011) studied a two dimensional microfluidic quadrupole analytically and experimen-

tally. The fluid was simultaneously injected and aspired from two pairs of opposing

apertures so that a stagnation point was located at the centre of the quadrupole.

Their analysis showed that a stationary floating concentration gradient formed at the

stagnation point.

After solving the equations for the flow for � = 0, the segmental nature of the

flow field is described and visualised. A numerical model for the transport of a pas-

sive scalar is thereafter developed in order to simulate the transport of a dye during

angiography. The transport at the boundaries between segments of the flow is then

investigated. The flow and passive transport are thenvisualised when cylinders are
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present (� 6= 0).

6.2 Analytical resolution for � = 0

The aim of this section is to develop an analytical framework, in which the flow field

created by a distribution of sources and sinks can be analysed and visualised. From

Chapter 5, the flow must be investigated over a bounded domain. A way of satisfying

this condition is to consider the equations for the flow over the Riemann sphere, which

is described in the first section. Analytical expressions for the pressure and velocity

field over this surface are thereafter formulated. The visualisation of the flow field is

restricted to two distributions of inlets and outlets, which are discussed in the last

section.

6.2.1 Definition of the Riemann sphere

The boundedness of the choriocapillaris topology has been discussed in Section 5.3.2.

At the scale of the eye, the choriocapillaris is bounded anatomically at the ora serrata

and at the optic nerve head, but locally, it is not anatomically bounded. As a result of

mass conservation, the mass flux entering the choriocapillaris is equal to the mass flux

exiting it. This mass conservation must be satisfied globally. Mathematically, this

can be achieved by placing the inlets and outlets of the flow on the surface of a sphere

(which approximately mimics the shape of the retina). In the following description,

R2 is identified to the complex plane C, with the correspondence:

w = (x, y) ! z = x+ iy = rei✓, (6.2.1)

where r and ✓ are respectively the modulus and argument of z. The equations for the

flow are considered over the Riemann sphere S
2

. One way of defining it is to consider

the unit sphere x2 + y2 + z2 = 1 in R3. Let NP = (0, 0, 1) be its north pole. For

any point M(a
s

, b
s

, c
s

) 2 S
2

other than NP, the line connecting NP and M intersects

the xy-plane at a point P (x, y, 0). This correspondence is given by a stereographic
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projection or Möbius map F expressed as:

z = F(a
s

, b
s

, c
s

) =
a
s

+ ib
s

1� c
s

, (6.2.2)

(a
s

, b
s

, c
s

) = F�1(z) =
(2x, 2y, x2 + y2 � 1)

1 + x2 + y2
. (6.2.3)

Noting Ĉ = C [ {1} the extended complex plane, the function:

F̂ :

8
><

>:

S
2

! Ĉ
(a

s

, b
s

, c
s

) ! z = x+ iy

(0, 0, 1) ! 1
(6.2.4)

forms a bijection between S
2

and Ĉ, and defines S
2

as the Riemann sphere. An impor-

tant property of F̂ is that it is conformal. Therefore, the flow in S
2

is also described

by Laplace’s equation. Moreover, since S
2

and Ĉ are topologically equivalent, a res-

olution of the equations of the flow on either domain is equivalent to a resolution on

the other one.

6.2.2 Analytical resolution

From Section 5.5.2, the complex potential created by a distribution of distinct inlets

and outlets located at z = z
i

is:

�(z) =
NX

i=1

k
i

log(z � z
i

), (6.2.5)

where k
i

is the strength per unit length of the ith inlet or outlet; k
i

> 0 for an inlet

and k
i

< 0 for an outlet. The strength k
i

is linked to the flow rate q
i

= Q
i

/h by

k
i

=
q
i

2⇡d
i

, (6.2.6)

where d
i

is the radius of the ith inlet or outlet, which is here taken to be the same for

each or them. By mass conservation, the inlet volumetric flux is required to be the

same as the outlet volumetric flux, i.e.

NX

i=1

k
i

= 0. (6.2.7)
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The consequence is that the far field flow is dipolar. One inlet or outlet is placed at

infinity. The complex velocity field is obtained by derivating equation (6.2.5):

�(z) = �
NX

i=1

k
i

z � z
i

. (6.2.8)

On Ĉ, � is defined at each of its poles (where it takes an infinite value), and is therefore

a continuous function.

6.2.3 Nature and distribution of inlets and outlets

So far, no assumptions have been made on the arrangement of inlets and outlets.

The flow patterns are examined for a set of distributions described by the number of

inlets N
+

, the number of outlets N�, the minimal distance between any two inlets or

outlets and their ratio ⌧ . Here, N
+

and N� correspond to the number of arteriolar and

venular openings. As discussed in Chapters 2 and 4, these numbers have seen little

investigation. Most of the data available consists of arteriole and venule counts, which

do not necessarily coincide with N
+

and N�. Nevertheless, geographical variations

in the ratio between arterioles and venules servicing the choriocapillaris provides an

indication of the range of ⌧ . Assuming that ⌧ approximately coincides with the ratio

between arterioles and venules over the eye, ⌧ decreases from approximately 5/1 in the

macula to 1/4 in the periphery (Amalric 1983, Fryczkowski et al. 1991, Fryczkowski

1994). In the posterior pole, ⌧ varies approximately between 1/2 and 1/5 (Fryczkowski

et al. 1991, Fryczkowski 1994). In the submacular choroid, the ratio varies between

3/1 and 5/1 (Amalric 1983, Fryczkowski et al. 1991, Fryczkowski 1994).

The effect of a variation in N
+

, N� and ⌧ on the flow dynamics is here investigated,

and two organisations based on Poisson-disk distributions (see Appendix B.2) are

examined. In the first one, the distribution of inlets and outlets is taken to follow

a uniform distribution over the flow domain. This organisation is equivalent to the

assumption that during the embryonic development of the choroidal vasculature, any

part of a portion of the choriocapillaris has an equal chance of receiving either an

arteriolar or a venular opening. The number of inlets and outlets are linked to ⌧ by

⌧ =
N

+

N�
, (6.2.9)

therefore, if N = N
+

+N�, the number of sources and sinks can be determined using
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(a) (b)

Figure 6.1: Distribution of inlets (red dots) and outlets (blue dots) generated through
(a) a Poisson-disk distribution or (b) a Voronoi partition of the disk (delineated with
dashed lines). In (a), (N, ⌧) = (42, 1/2). In (b), (N

+

, N�) = (25, 34); the inlets cor-
respond to the generators of the Voronoi partition, while the inlets form the vertices.
In both distributions, a source is placed at infinity.

the following relations:

N� =
1

⌧ + 1
N (6.2.10)

N
+

=
⌧

⌧ + 1
N. (6.2.11)

The couplet (N, ⌧) is as a result sufficient to determine N
+

and N� as long as N

is a multiple of ⌧ + 1 if ⌧ � 1, and 1 + 1/⌧ if ⌧ < 1. Once the array of openings

generated, the nature of each opening (source or sink) is set by a random permutation

of (1, ..., N) (see figure 6.1a).

Since the relative arrangement of arterioles and venules displays a certain degree of

regularity, another random but more regular organisation is considered. Anatomically

and functionally, venular openings have been reported to be circumferentially placed

around a central arteriolar one (Salzman 1912, Hayreh 1974c, Torczynski & Tso 1976).

As a result, the second configuration considered here is the one created by a random

tessellation of the flow field (Stoyan et al. 1995). The partition of the flow domain

follows a Voronoi diagram, whose generators are randomly placed over the flow domain

following a Poisson-disk distribution. Each generator is thereafter either taken to be

a source or a sink, and the vertices of the partition are taken to be of opposite

nature (respectively either sinks or sources, see figure 6.1b). This distribution may

be consistent with the partition of the choriocapillaris observed during embryonic
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development (see Section 2.4.2), however, the relative distribution of arteriolar and

venular openings may result from a different process. Since the number of vertices of

the Voronoi diagram cannot be set, only N
+

or N� (depending on the nature assigned

to the generators of the partition) can be prescribed prior to the generation of the

distribution. When more convenient, the couplet (N
+

, N�) is preferred to (N, ⌧) to

described the distribution.

For both configurations, the strength of each source and sink is either taken to be

equal respectively to 1/N
+

and 1/N�, or is randomised and satisfies:

N

+X

i=1

k
i

= 1, k
i

⇠ U ]0, 1] (6.2.12)

N�X

j=1

k
j

= �1, k
j

⇠ U [�1, 0[, (6.2.13)

where U is a uniform distribution. To satisfy this condition, each k
i

is generated

randomly, and then normalised by the sum of all the strengths. The Voronoi partition

of the plane was generated using predefined functions in Matlab (Mathworks, USA).

6.3 Segmentation of the flow field

In this section, the flow field is analysed using topological methods based on dynamical

systems and Poincaré-Bendixson theory.

6.3.1 Introduction to the Poincaré-Bendixson theory

Poincaré-Bendixson theory constitutes a framework to analyse the behaviour of so-

lutions of ordinary differential equations and deals with the problem of existence of

periodic orbits and critical points without solving them explicitly. The mathematical

definition of an orbit (or trajectory), as formulated by Poincaré (who called them

characteristics), corresponds to a curve (x, dx/dt) in the plane parameterised by the

time variable t. The Poincaré-Bendixson theory was initiated by Poincaré in a series

of four papers (Poincaré 1881, Poincaré 1882, Poincaré 1885, Poincaré 1886). At a

time when the focus was on finding methods to solve differential equations, Poincaré

was the first to try and draw a geometric picture of the trajectories of a system de-

scribed by one in order to reach a better understanding of the physical phenomena

described by the equation. The other important aspect of Poincaré’s work relates
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to the existence and classification of singular points. He restricted his study to the

systems
dx

dt
= f(x), (6.3.1)

where f is analytic. In many cases he focused on autonomous systems of the type:

dx

X
=

dy

Y
, (6.3.2)

for X and Y each polynomials in both x and y. He also described the qualitative

behaviour of a flow in the vicinity of an isolated critical point for flows given by an

analytic function. In a continuation of Poincaré’s work, Bendixson (1901) considered

the planar systems
dx

dt
= X(x, y),

dy

dt
= Y (x, y) (6.3.3)

with the much weaker assumptions that X, Y , @X/@x and @Y/@y are continuous

within subdomains of the plane. His analysis led to significant advancements in the

description of orbits and singular points, and was rather geometrical compared to

Poincaré’s analytical work. In particular, Bendixson considered the division of the

neighbourhood of a critical point into sectors, which are defined as open regions of

the phase plane, separated by suitably defined separatrices. The Poincaré-Bendixson

theory saw significant generalisations over time, with for instance the characterisation

of limit sets with an infinite number of critical points (Solntzev 1945) and unbounded

limit sets (Vinograd 1949, Vinograd 1952).

Here, we are interested in analysing the trajectories of the system described by

equation (6.2.8), which corresponds to a complex rational vector field, on Ĉ. The

general geometric description of plane autonomous systems with complex rational

vector fields was carried out by Benzinger (1991), and the following analysis is based

on his results.

6.3.2 Definitions and terminology

The definitions and terminology detailed here are adapted from Benzinger (1991),

Perko (2001) and Broughan & Barnett (2003). From equation (6.2.8), the complex

velocity � satisfies on Ĉ:

�(z) =
dz

dt
= R(z), (6.3.4)
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where R is a complex rational function. It can be written

R(z) = �p(z)

q(z)
, (6.3.5)

where p and q are polynomials with no common factors. R does not have any depen-

dence on time t, therefore the system is called autonomous.

Through each point z
0

2 Ĉ, there is a unique solution �(z
0

, t) of the system (6.3.4)

with �(z
0

, 0) = z
0

, which exists on an open interval of values of t called the maximal

domain of existence. This solution can be regarded as a mapping

t ! �(z
0

, t), (6.3.6)

which is called a trajectory, or an orbit. The ensemble of orbits is called a holomorphic

flow. A phase portrait corresponds to a graphical representation of a subset of the

orbits. Here, since equation (6.3.4) can be rewritten

dz = R(z)dt, (6.3.7)

R points in the direction of change and corresponds to the direction field. Therefore

the trajectories of this system coincide with the streamlines of the flow (Flegg 1974).

An important aspect of the characterisation of the flow field is the identification

and classification of singular points. The zeros of R are equilibrium solutions. The

poles of R are called critical points. If in the vicinity of a singular point z
s

there

are trajectories, which tend to the point in both positive and negative time, then z
s

is a saddle point (figure 6.2a). If in the neighbourhood of z
s

every solution curve

other than z
s

is a closed curve with the zero in its interior, then z
s

is a centre (figure

6.2b) . A singular point z
s

is called stable if there is a neighbourhood such that every

trajectory with initial points in this neighbourhood tends to z
s

in positive time if

t ! 1. Similarly, it is called unstable if there is a neighbourhood such that every

trajectory with initial points in this neighbourhood tends to z
s

in negative time if

t ! �1. If there is a neighbourhood of a singular point z
s

such that every trajectory

tends to z
s

with a well-defined tangent in either positive or negative time, then z
s

is

called a node (figure 6.2c). In particular, the sources and sinks of the flow correspond

to nodes of the flow field (Flegg 1974, Hunt et al. 1978). It is a focus if every orbit in

the vicinity of z
s

tends to z
s

by circulating an infinite number of time around it.
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(a) (b) (c)

(d) (e) (f)

Figure 6.2: Schematic of trajectories in the neighbourhood of (a) a saddle point (or
crosspoint), (b) a centre and (c) a node (here a source). Definition sketch of (d)
hyperbolic, (e) parabolic and (f) elliptic sectors.

A trajectory is said to be periodic or closed if it comes back to the initial (or any)

point after a finite time interval. An isolated periodic orbit having a neighbourhood

containing no other periodic orbits is called a limit cycle. In the vicinity of a singular

point z
s

, the solution curves approaching z
s

divide the neighbourhood of z
s

into a

finite number of open regions called sectors. Three kinds of sectors are possible, and

are defined in figure 6.2(d, e, f). If each trajectory of a sector emerges or tends to the

investigated critical point, then the sector is said to be elliptic. If the boundaries of

the sector are asymptotes to the trajectories from the sector considered centred on

the singular point then it is hyperbolic.

Each singular point on a topological surface is associated with an integer called

index and denoted � (see Flegg (1974), page 56 for a general method to determine it).

For a node (source or sink), � = 1. For a saddle point, � = �1 (Flegg 1974). Finally,

the Euler-Poincaré characteristic of a topological space is a topological invariant, a

number, which describes the shape or structure of the space considered regardless of

the way it is bent (Flegg 1974, Perko 2001).

Different definitions for separatrices have been proposed (Perko 2001, Broughan

2003a, Broughan 2003b, Broughan & Barnett 2003), and most of them are applicable

to rational vector fields. Here, the more commonly used definition proposed by Perko

(2001) is applied. A separatrix is either a zero of the system, a limit cycle, or a
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trajectory, which lies on the boundary of a hyperbolic sector.

6.3.3 Characterisation of singular points

The first step to describe the flow field is to identify and characterise singular points.

The N sources and sinks distributed on the domain are singular points and correspond

to nodes of the flow field (Flegg 1974, Hunt et al. 1978). The only type of singular

points that can be introduced in the flow field as a result of the presence of sources

and sinks are saddle points. The number of saddle points can be determined by

considering the Euler-Poincaré characteristic, noted e, of the surface and the index of

each singular points, which are linked by the following relation (Flegg 1974):

NX

i=1

�
n

�
sX

i=1

�
s

= e, (6.3.8)

where �
n

and �
s

are the index of respectively nodes and saddle points and s is the

number of saddle points, here unknown. For the Riemann sphere, e = 2. Since �
n

= 1

and �
s

= �1, the number of saddle points is:

s = N � 2. (6.3.9)

For N = 2, there are no saddle points. For the Euclidian plane, e = 0, and the

number of saddle points is equal to the number of sources and sinks. If N is very

large, then globally, the difference between the Riemann sphere and the Euclidian

plane is negligible.

The behaviour of R in the vicinity of these singular points can be obtained by

categorising the critical and equilibrium solutions of R. To do so, it is handy to

use the expressions of p and q, which are determined by writting R under the same

denominator, i.e.

p =
NX

i=1

k
i

NY

j=1

j 6=i

(z � z
j

), (6.3.10)

q =
NY

i=1

(z � z
i

). (6.3.11)

One source or sink is placed at z = 1. Since each of the point sources and point sinks

are distinct, each of them are roots of q, and their respective coordinates are poles of
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R, i.e.

R(z
i

) = 1, for i = 1, ..., N. (6.3.12)

At each of the point sources or sink, the velocity is infinite. Therefore, the sources

and sinks of the flow are critical points, and correspond to the N nodes of the system.

The zeros of R correspond to the zeros of its numerator p, and can be obtained by

solving R(z) = 0 or equivalently p(z) = 0. To prove that these zeros correspond to the

saddle points of the system, it is necessary to determine their number. From equation

(6.3.10), p has a degree of at most N � 1. The coefficient in front of the factor of

highest degree can be calculated from equation (6.3.10), and p can be decomposed

into:

p(z) =

 
NX

i=1

k
i

!
zN�1 + p

0

(z), (6.3.13)

where p
0

is a complex polynomial of degree N � 2. Since by mass conservations

(equation 6.2.7):
NX

i=1

k
i

= 0, (6.3.14)

p is in fact a complex polynomial of degree N � 2, which therefore only admits N � 2

zeros. As a result, R admits N � 2 equilibrium solutions, which correspond to the

N � 2 saddle points determined earlier. These points are stagnation points of the

flow, and satisfy:

R(z
j

) = 0, for j = 1, ..., N � 2. (6.3.15)

6.3.4 Decomposition of the flow field into invariant subsets

Figure 6.3 represents the streamlines (or trajectories) of the flow for a set of sources

and sinks (one of them placed at infinity) of equal strengths distributed on a lattice.

Since the system is described by a rational vector field, the extended complex plane

is decomposed into a finite number of open sets, which are each invariant under the

system (6.3.4). The trajectories of each subset are either all periodic, or all converge

in forward and backward time to equilibrium solutions. There are no limit cycles

(Benzinger 1991). Here, each subset is composed of the set of trajectories connecting

two nodes, a source and a sink. Therefore, the trajectories forming each subset are

periodic. Furthermore, since each subset corresponds to the set of trajectories con-

necting a source and a sink, each source is formally associated with a finite number
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(a) (b)

Figure 6.3: Streamlines of the flow field for a distribution of sources and sinks or-
ganised in a lattice, apart from one sink, which was placed at infinity. Figure (b)
corresponds to the central portion of (a). The red and blue dots correspond respec-
tively to sources and sinks, and the stars to stagnation points. In (a), each sector of
the flow field corresponds to the set of trajectories connecting a source and a sink.
In (b), the stagnation points of the flow correspond to saddle points. The separation
streamlines, which connect sources and sinks to stagnation points, correspond to the
asymptotes of the set of streamlines forming each sectors (arrows in b).

of sinks, and therefore with a finite number of adjacent subsets.

The complement of the open sets consists of a finite number of trajectories, for

which the flow is not analytic in at least one direction (Benzinger 1991). Here, the

complement of the sets (added as a series of connected black lines on figure 6.3) is

formed by the asymptotes of the trajectories of each subset. At the stagnation points,

the open subsets form hyperbolic sectors. These asymptotes connect a saddle point

to two nodes of the flow field, which here correspond to a source and a sink, and

satisfy the definition of a separatrix. The velocity in the direction perpendicular to

the separatrices is zero, and the flow is analytic only in the direction parallel to the

separatrices.

The separatrices delineating the hyperbolic sectors correspond to the separation

streamlines of the flow. The flow field generated by any distribution of sources and

sinks over Ĉ and described by equation (6.2.8) is necessarily segmented. The flow

field contains two types of streamlines, which either connects a source and a sink or

a source, a stagnation point and a sink. Each independent subset is composed of the

former type of streamlines connecting a source and a sink.
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Figure 6.4: Streamlines of the flow field for the distribution of sources and sinks from
figure 6.3. Each of the subsets associated with an inlet can be formally merged to
form a subset of the flow field, which contains all the possible trajectories of a fluid
particle released at the inlet.

6.3.5 Definition of inlet-associated subset

An important consequence of this analysis is that each source is connected to a finite

number of sinks. This follows from the finiteness of the number of subsets. The fluid

entering the flow domain through an inlet i exits the flow field through a finite number

of outlets, which are connected to each other by separatrices of the flow field. These

separatrices, which join a series of outlets separated by one and only one stagnation

point, enclose the inlet. A stagnation point located on a separatrice between two

outlets corresponds to the point of separation of the streamlines coming from the

source i and joining either outlets (see figure 6.4).

The set of separatrices enclosing an inlet i delineate the subset of the flow domain,

where all the possible trajectories of a fluid particle released at the inlet are contained.

This domain corresponds to the union of all the subsets associated with one inlet, as

defined in the previous section, and the separatrices delineating them. The extended

complex plane can therefore be formally partitioned into a finite number of adjacent

subsets consisting of all the trajectories that a fluid particle released from a given

inlet can take, and delineated by separatrices connecting the outlets through which

these fluid particles exit the flow domain and stagnation points. This partition is
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relevant here as it allows for a description of each inlet in term of area of influence

relative to neighbouring inlets, and is handier when considering the passive transport

of a fluorescent dye in the choriocapillaris.

In the subsequent analysis, this formal partition is privileged. The subsets of the

flow associated with an inlets are labelled U
i

, where i corresponds to the label of the

inlet.

6.3.6 Conclusion

The flow field described by equation (6.2.8) is topologically segmented. It is de-

composed into a finite number of open subsets, which contain the set of trajectories

connecting a source and a sink. The subsets are separated by separation streamlines,

which form asymptotes of the flow domain. In the next section, the flow field is visu-

alised for different configurations of sources and sinks, and investigated in relation to

the choriocapillaris.

6.4 Visualisation of the flow field

In this section, the flow created by two different distributions of sources and sinks is

visualised in order to investigate the effect of a variation in the flow rate and distribu-

tion of arteriolar and venular openings and their ratio in the choriocapillaris. Figures

6.5, 6.6, 6.7, and 6.8 show the streamlines of the flow for two random configurations.

In figures 6.5 and 6.6, the distribution of inlets and outlets follows a Poisson-disk dis-

tribution. In figures 6.7 and 6.8, the distribution is the result of a Voronoi partition

generated from randomly distributed outlets (figures 6.7a,c and 6.8a,c) or inlets (fig-

ures 6.7b,d and 6.8b,d). The strength of each source and sink is either set to 1/N
+

and

1/N� (figure 6.5 and 6.7) or randomised (figure 6.6 and 6.8) as previously described.

The position of the stagnation points was determined by solving �(z) = 0 numerically.

The separatrices of the flow field were computed by calculating the limit streamlines

starting and ending at the stagnation points.

From the analysis carried out in Section 6.3.6, each subset U
i

is composed of all

the streamlines going from the ith inlet to a finite set of outlets. This reflects the

temporality of the flow, which emerges from inlets and exits the flow domain through

outlets. If the velocity field is reversed, then the dual segmentation of the flow field is
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(a)

(b) (c)

(d) (e)

Figure 6.5: Streamlines of the flow for five random distributions of N = 48 inlets and
outlets satisfying (a) ⌧ = 1, (b) ⌧ = 2, (d) ⌧ = 3, (c) ⌧ = 1/2, (e) ⌧ = 1/3. The
separatrices of the flow (plain lines) and stagnation points (⇤) are plotted in black.
The strength of each source and sink is respectively 1/N

+

and 1/N�.
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(a)

(b) (c)

(d) (e)

Figure 6.6: Streamlines of the flow for five random distributions of N = 48 inlets
and outlets satisfying (a) ⌧ = 1, (b) ⌧ = 2, (d) ⌧ = 3, (c) ⌧ = 1/2, (e) ⌧ = 1/3 (for
the same distribution as figure 6.5). The separatrices of the flow (plain lines) and
stagnation points (⇤) are plotted in black. The strength of the sources and sinks is
randomised.
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(a) (b)

(c) (d)

Figure 6.7: Streamlines of the flow for four Voronoi partitions, with (a) (N
+

, N�) =
(36, 24), (b) (24, 37), (c) (80, 48), (d) (48, 77). The separatrices of the flow (plain lines)
and stagnation points (⇤) are plotted in black. The strength of each source and sink
is respectively 1/N

+

and 1/N�.
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(a) (b)

(c) (d)

Figure 6.8: Streamlines of the flow for four Voronoi partitions, with (a) (N
+

, N�) =
(36, 24), (b) (24, 37), (c) (80, 48), (d) (48, 77) (for the same distribution as figure 6.7).
The separatrices of the flow (plain lines) and stagnation points (⇤) are plotted in
black. The strength of the sources and sinks is randomised.
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(a) (b)

(c) (d)

Figure 6.9: Streamlines of the flow for four Voronoi partitions, with (a, c) (N
+

, N�) =
(24, 39) and (b, d) (N

+

, N�) = (24, 36). The separatrices of the flow (plain lines) and
stagnation points (⇤) are plotted in black. The dual separatrices of the flow field,
obtained with ��, are plotted in magenta. In (c, d), the strength of the sources and
sinks is randomised.
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Figure 6.10: Number of inlets draining each subset in the configurations from (a, c, e)
figures 6.7a and 6.8a and (b, d, f) figures 6.7b and 6.8b. In (c, d) the strength of each
source and sink is respectively 1/N

+

and 1/N�. In (e, f), the strength of the sources
and sinks is randomised. The number labelling each subset in (a) and (b) coincides
with the numbers in (c, e) and (d, f) respectively. The number of outlets forming the
initial Voronoi partition of the flow domain (dashed lines in c,d,e,f) is also indicated.
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obtained, with nodes initially defined as outlets located at the centre of each subset

(see figure 6.9). Functionally, blood entering the choriocapillaris always does so at an

arteriolar opening. It then travels in the plane of the choriocapillaris, and is drained

through venular openings. This occurs regardless of the relative position of arteriolar

and venular openings or their ratios. In figures 6.7(a) and 6.7(c), the shape of most

of the subsets is triangular. This results from the distribution of the inlets. The dual

partition of a Voronoi tessellation is a Delaunay triangulation. Each inlet corresponds

to the vertex of a Voronoi polygon, and is therefore the centre of a Delaunay triangle.

A comparison between non randomised (figure 6.5, 6.7) and randomised (figure

6.6, 6.8) strengths for each configuration reveals that the shape of each subset is

not only a function of the distribution of inlets and outlets, but also of the relative

strength of each source and sink. The number of outlets draining each subset for the

configurations from figures 6.7(a), 6.8(a), 6.7(b) and 6.8(b) is plotted in figure 6.10.

A comparison between non-randomised and randomised strengths shows that the

number of outlets per subset varies with the relative flow rate of each inlet and outlet.

When the strength is not randomised, the number of outlets per subset almost always

coincides with the number of vertices of the Voronoi or Delaunay partition centred

on the inlet. The subsets, where the two numbers do not coincide are located on the

outskirt of the domain, where boundary effects are important. A comparison between

figures 6.10(c, e) and 6.10(d, f) shows that the surface area of each subset also varies

significantly between non-randomised and randomised strengths.

As a result, the blood flow in the choriocapillaris is segmented independently of

the relative distribution between arteriolar and venular openings or their ratio. The

shape and surface area of each subset is a function of the flow rate at arteriolar and

venular openings and the distribution of arteriolar and venular insertions. In the next

section, the consequence of this segmentation on the transport of a fluorescent dye is

investigated.

6.5 Model of the transport of a fluorescent dye

In Section 6.3.6, it was shown that as a result of the architecture of the choriocapillaris,

the flow field is segmented and is decomposed into a finite number of subsets. At the

boundaries between these segments lie separatrices, in the neighbourhood of which the

velocity in the direction perpendicular to the separatrices tends to zero. In this section,
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the impact of this segmentation on the transport of a passive scalar is investigated.

The aim is to demonstrate that the segmentation observed during dye angiography

results from the segmentation of the blood flow, and as a result from the topology of

the choriocapillaris. To do so, it is necessary to determine the transport properties of

a dye through the vasculature. Based on this analysis, a numerical model is developed

6.5.1 Ocular dye angiography

Angiography is a medical imaging technique to visualise blood vessels and organs of

the human body. It involves the injection of a light sensitive intravenous indicator

in the general vasculature. Under appropriate excitation, blood vessels or organs

containing the solute become apparent and can therefore be imaged. Fluorescent dye

angiography is a particular type of angiography to visualise the ocular vasculature,

which involves the imaging of a fluorescent intravenous component travelling through

ocular vessels. Under illumination at a dye-specific wavelength, the dye present in the

vasculature fluoresces and emits light at a wavelength different from the one used for

excitation. This signal or images are then captured by an optical system placed close

to the cornea.

The intravenous indicators most commonly used to visualise ocular vessels and

blood flow are sodium fluorescein and ICG. First described by Fox & Wood (1960),

ICG angiography has been widely used for cardiac flow studies. It was first ap-

plied to the visualisation of the fundus in owl monkey by Kogure et al. (1970). ICG

is highly protein bound, which means that it is usually preserved during the first

cycle of circulation and is therefore considered as suitable for quantitation (Fox &

Wood 1960, Landsman et al. 1976, Owens 1996, Desmettre et al. 2000). Furthermore,

it does not readily leak from blood vessels (including fenestrated ones) or bind to

their walls so that the fluorescence arises from the flowing blood (Owens 1996). ICG

angiography is particularly pertinent to the visualisation of the choroidal vasculature

as it absorbs and reflects in near-infrared portions of the light spectrum (at respec-

tively 805 and 835nm), which penetrate the RPE and choroidal pigment more readily

(Flower 1993, Owens 1996). The main limitation of ICG is that it has a fluorescence of

only 4% compared to sodium fluorescein (Hochheimer & D’Anna 1978). Sodium fluo-

rescein was first introduced by MacLean & Maumenee (1960) to observe the fundus of

patients, and the first successful photographs of the passage of the dye through retinal

179



vessels was obtained by Novotny & Alvis (1961). Sodium fluorescein is 80% protein

bound. The remaining 20% are prone to diffusion across vessels walls, in particular in

fenestrated vessels. In the choriocapillaris, diffusion in the extravascular space tends

to obscure details of the underlying choroidal vasculature and limits the tracking of

the dye (Flower 1980, Owens 1996). Fluorescein absorbs and reflects light respec-

tively near 490 and 520nm (Hochheimer & D’Anna 1978), which means that part of

the excitation light is scattered by the RPE (Owens 1996). A high concentration is

usually required to visualise the progression of the dye through the choriocapillaris

(Hayreh 1974e). Because of the high velocity of the choriocapillaris blood flow, flu-

orescein angiography has often required a reduction of the ocular blood flow, mostly

through the artificial elevation of the IOP (Hayreh 1974e, Flower 1993). As a result,

Flower (1993) and Flower et al. (1995) questioned the reliability of fluorescein an-

giography compared to ICG angiography, which does not require non-physiological

conditions to obtain satisfactory images.

Using either sodium fluorescein or ICG, satisfactory results cannot be obtained

without the right combination of a good and fast enough fundus camera, the right

filters, the dilatation of the pupil and the timely injection of the dye. Without the

right combination of these parameters, detrimental distortions in the images can be

introduced (Hayreh 1974e). Moreover, since fundus photography corresponds to the

projection of a curved surface (such as the retina or choroid) on a flat surface, there

may be discrepancies between observation and fundus images. In particular, fundus

images may be sensitive to the distance and angle between the axis going from the

optic nerve head to the centre of the cornea and the position of the camera. Despite

the limitations inherent to either method, they are both routinely used by clinicians

to diagnose and treat retinal diseases.

In order to set down a framework, in which the transport of a fluorescent dye in

the choriocapillaris can be investigated, it is necessary to clarify how fluorescent dyes

travel through the circulatory system. Even though angiography is used to describe

the blood flow, the transport of a dye through a vasculature does not necessarily co-

incide with it. Rather than describing the flow, angiography describes the transport

of a soluble species in blood. It may be sufficient to visualise blood vessels, how-

ever, as seen with ICG and fluorescein, hæmodynamic measurements must take into

account possible discrepancies between the transport of the dye and the blood flow.
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The correspondence between the transport of a dye and the blood flow depends on

the properties of the dye. Any intravenous indicator is transported in the circula-

tion through advection, diffusion and sometimes reaction with other solutes. In the

cases of ICG and sodium fluorescein, reaction with other solutes is assumed to be

negligible. Furthermore, the evolution of the fluorescence intensity of ICG (Benson

& Kues 1978, van den Biesen et al. 1995, Mordon et al. 1998, Maarek et al. 2001)

and fluorescein (Schauenstein et al. 1978) with their respective concentration in whole

blood is quasi-linear below a maximal concentration. Above this critical concentra-

tion, the fluorescence intensity decreases linearly. Here, only the concentration of the

dye is investigated. Its concentration in whole blood is taken to be within the range,

for which fluorescence intensity increases linearly with its concentration. Therefore,

fluorescence can be straightforwardly inferred from the dye concentration.

6.5.2 Model for the transport of a passive scalar

Sodium fluorescein, ICG, and any intravenous indicator considered to be suitable for

angiography are passively transported in the choroidal vasculature, either as a soluble

species or by binding to plasma proteins. Dyes are therefore modelled as non-reactive

passive scalars of constant diffusivity. Their distribution over a section of capillary is

assumed to be axisymmetric, and they are advected by the velocity field u.

The transport of a passive scalar characterised by a mass concentration C and

a constant diffusivity D independent of C is described by the advection-diffusion

equation:

@C

@t
+r · (uC) = Dr2C, (6.5.1)

where u is the velocity field. Here, the advection-diffusion equation is considered in

two dimensions, with:

C
h

=
1

h

Z
h

0

Cdz. (6.5.2)

Using the notations from Section 5.4.4, the advection-diffusion equation becomes:

@C
h

@t
+r

h

· (u
h

C
h

) = Dr2

h

C
h

(6.5.3)

The boundary conditions for the flow are as described in Sections 5.4.3 and 6.2.2,

however, the boundary conditions for the advection-diffusion equation must be spec-

181



ified. This requires general considerations on the transport of a dye in the systemic

circulation after injection. The dye is injected as a bolus of concentration C
max

. After

injection, it travels through blood vessels. The behaviour of the bolus at bifurcations

is not investigated here, however it is assumed that it subdivides into one bolus per

daughter vessel, which propagate in a similar manner. Within any fixed vessel seg-

ment, the concentration of the dye in blood approximately follows the shape and

characteristics described in figure 6.11. At a time t
0

, the concentration of the dye in

blood goes from 0 to C
0

. This concentration stays constant until the time t
1

, at which

the concentration goes from C
0

to 0. Therefore, for a fixed blood vessel segment, the
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Figure 6.11: Schematic of the idealised dye concentration profile in a fixed blood
vessel. The profile corresponds to a double Heaviside H.

evolution of C with time follows a double Heaviside H. As the bolus reaches the chori-

ocapillaris, it is likely to have dampened significantly and to have a different width.

The final shape of the concentration profile at the arteriolar openings is complex, and

is likely to be a function of a large number of anatomical and dynamic parameters

characterising the blood flow between the point of injection and the choriocapillaris.

Here, it is assumed that the concentration profile follows the description from figure

6.11. This assumption is supported by the description provided by Hayreh (1974e).
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As a result, a time-dependent boundary condition is imposed at the inlets, i.e.:

C
inlet

(t) = C
0

(H(t� t
0

)�H(t� t
1

)) , (6.5.4)

where t
0

6= t
1

. For simplicity, t
0

is taken to be zero, so that the width of C
inlet

corresponds to �t = t
1

. Over the rest of the domain, C
h

(t = 0) = 0.

The equations for the flow are made dimensionless as described in Section 5.4.5.

The concentration is made dimensionless with respect to the concentration of the bolus

at the arteriolar openings C
0

. Time is scaled relative to the width of the bolus �t.

The advection-diffusion equation and the boundary condition at the inlets become:

@C̃
h

@ t̃
+ r̃

h

· (ũ
h

C̃
h

) =
1

Pe
r̃2

h

C̃
h

, (6.5.5)

C̃
inlet

(t̃) = H(t̃)�H(t̃� 1), (6.5.6)

where Pe = ŪD/D corresponds to the Péclet number, which describes the rate of

advection over the rate of diffusion of the solute. Regions where diffusion dominates

over advection are characterised by a small Péclet number. Conversely, a large Péclet

number is characteristic of an advection-dominated transport. Since little information

is available in the literature on the actual diffusivity of ICG or fluorescein in whole

blood, the transport of the passive scalar is described exclusively in term of Péclet

number. Since the diffusivity D and the size of the domain are kept constant, the

Péclet number is entirely determined by the velocity field. Since the blood flow in

the choriocapillaris is high, it is assumed that the Péclet number is relatively large

(Pe � 100).

For consistency with the description from Hayreh (1974e), 0  t̃ < 1 is referred to

as the filling phase of the passive scalar, while t̃ � 1 is called the draining phase. The

advection-diffusion equation is solved by applying the numerical method described in

Section 5.5.1 using the velocity field described in Section 6.2.2. The numerical code

was validated by Nicolle et al. (2015).

6.5.3 Visualisation of the transport of a passive scalar

Figures 6.12, 6.13 and figures 6.14, 6.15 show respectively the draining and filling

phases of a passive scalar for the distributions from figures 6.5(a) and 6.7(d) at Pe =

200. In each figure, the separatrices of the flow field are added as a series of connected
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black lines.

At the earlier stages of the filling phase, the passive scalar fills the domain si-

multaneously from each inlet, which are as a result all enclosed by a disk of roughly

uniform concentration C̃
h

= 1 (figures 6.12a and 6.14a). At the outskirt of each disk,

a gradient of concentration appears, with a progressive decrease from C̃
h

= 1 within

the disk to C̃
h

= 0 outside of it. As the passive scalar progresses, what were initially

disks progressively turn into different shapes, which are round but display significant

variability across the different subsets of the flow field (figures 6.12b, c and 6.14b, c).

When the passive scalar reaches outlets of the flow field, a mosaic of shapes appear

(figures 6.12d, e and 6.14d, e). However, because of differences in the filling time of

each subset (figures 6.12d and 6.14d), outlets are reached at different times. When

adjacent subsets have a similar filling time, boundaries with a lower concentration,

which coincide with separatrices of the flow field, can be observed. Within these

adjacent domains, the concentration is uniform and equal to C̃
h

= 1. At the bound-

aries between these domains, there is a gradient of concentration with a progressive

decrease from C̃
h

= 1 within the subset to C̃
h

< 1 outside of it. This is ultimately

observed for all of the subsets. For subsets characterised by a prolonged filling time,

the low concentration boundary appears at a later stage of the filling phase (figures

6.12e and 6.14e). As the filling phase proceeds, these boundaries progressively fade,

until the domain is fully filled (figures 6.12f and 6.14f).

The draining phase of the passive scalar is symmetrical to the filling phase. As the

passive scalar travels away from the inlets, round disks characterised by a concentra-

tion C̃
h

= 0 within their domain and a gradient of concentration at their boundaries

are visible (figures 6.13a and 6.15a). These shapes then evolve into the same shapes

described during the filling phase, with C̃
h

= 0 within the domains and a gradient

of concentration at their boundaries (figures 6.13b, c and 6.15b, c). The boundaries

between subsets observed in figures 6.12d, e and 6.14d, e correspond to regions, where

the draining of the passive scalar is prolonged. As a result, the concentration satisfies

C̃
h

< 1 in these areas, while it is C̃
h

= 0 everywhere else (figures 6.13d, e and 6.15d, e).

These boundaries progressively fade. The subsets with a prolonged filling time also

have a prolonged draining time. As the draining phase draws to an end, the dye is

fully evacuated and the boundaries between subsets completely fade. The regions of

high concentration in the outskirt of the flow domain seen in figure 6.13(e, f) and
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Figure 6.12: Concentration distribution during the filling phase of a passive scalar at
(a) t̃ = 0.01, (b) t̃ = 0.04, (c) t̃ = 0.08, (d) t̃ = 0.23, (e) t̃ = 0.43 and (f) t̃ = 0.8, for
the distribution described in figure 6.5(a) at Pe = 200. The separatrices of the flow
field are added as a series of connected black lines.
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Figure 6.13: Concentration distribution during the draining phase of a passive scalar
at (a) t̃ = 1.01, (b) t̃ = 1.04, (c) t̃ = 1.08, (d) t̃ = 1.23, (e) t̃ = 1.43 and (f) t̃ = 1.8,
for the distribution described in figure 6.5(a) at Pe = 200. The separatrices of the
flow field are added as a series of connected black lines.
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Figure 6.14: Concentration distribution during the filling of a passive scalar at (a)
t̃ = 0.003, (b) t̃ = 0.04, (c) t̃ = 0.1, (d) t̃ = 0.18, (e) t̃ = 0.32 and (f) t̃ = 0.66, for the
distribution described in figure 6.7(d) at Pe = 200. The separatrices of the flow field
are added as a series of connected black lines.
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Figure 6.15: Concentration distribution during the draining phase of a passive scalar
at (a) t̃ = 1.003, (b) t̃ = 1.04, (c) t̃ = 1.1, (d) t̃ = 1.18, (e) t̃ = 1.32 and (f) t̃ = 1.66,
for the distribution described in figure 6.7(d) at Pe = 200. The separatrices of the
flow field are added as a series of connected black lines.
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6.15(e, f) correspond to regions, where the flow velocity is comparatively slower. The

draining of the dye therefore mostly occurs through diffusion, and takes much longer

than in the rest of the flow field.

The segmentation of the transport of a passive scalar is apparent during both

filling and draining phases. The boundaries between adjacent subsets correspond to

regions with prolonged filling and draining times, and coincide with the separatrices

of the flow field. These areas form minimums and maximums of the concentration

distribution during respectively the filling and draining phases. This analysis shows

that the segmentation of the flow can be demonstrated by filling and draining the

flow field with a passive scalar.

6.5.4 Linkage with fluorescent dye angiography

The observations made in this section coincide with angiographic examinations of the

choriocapillaris. During the filling phase, as the concentration of the passive scalar is

maximal within each subset of the flow field, a lower concentration is observed at the

separatrices of the flow field. During angiography, these regions would comparatively

fluoresce less. A mosaic of highly fluorescent patches would therefore be delineated

by areas showing a decreased fluorescence. During the draining phase, the opposite

occurs, and a mosaic of non-fluorescent areas delineated by highly fluorescent regions

would be seen. This is consistent with descriptions from the literature (Weiter &

Ernest 1974, Hayreh 1974c, Hayreh 1975b, Flower 1993, Flower et al. 1995, Hirata

et al. 2004) and the images from figure 2.16. This further strengthens the model

of the choricapillaris developed and analysed here. Also, this suggests that physical

boundaries are not necessary to observe a segmentation of the transport of a fluores-

cent dye in the choriocapillaris. The passive transport at the separatrices of the flow

field is further characterised in the next section.

6.6 Characterisation of the passive transport at the

separatrices of the flow field

The aim of this section is to demonstrate that the separatrices of the flow field corre-

spond to regions, where the transport of a passive scalar occurs dominantly through

diffusion, and therefore that they consist of areas, where this transport is compar-
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atively slower. To do so, it is useful to perform a Péclet number analysis of the

transport field. A scale analysis is thereafter carried out to identify the parameters,

which determine the width of the dominantly diffusive regions.

6.6.1 Péclet number distribution

The segmentation of the mass transport can be observed in figures 6.12, 6.13 and

figures 6.14, 6.15, and results from the presence of regions in the flow field, where

the filling or draining of a passive scalar is prolonged. These regions coincide with

separatrices of the flow field, where the velocity in the direction perpendicular to the

separatrices is zero. This can be seen in figure 6.16(c, e), which correspond to the

two components of the velocity field for a distribution of sources and sinks organised

in a lattice. The strength of each source and sink is taken to be respectively 1/N
+

and 1/N�. The separatrices of the flow field are added as a series of connected black

lines. At the boundary between adjacent subsets, the component of the velocity

perpendicular to the separatrix changes sign, and is zero on the separatrix. The other

component of the velocity is non-zero.

Because of the disparity between the components of the velocity field and the

heterogeneity in the instant velocity observed in figure 6.16, a Péclet number analysis

based on an averaged velocity or on Ū is not informative. Instead, the distribution of

the Péclet number needs to be considered. Without loss of generality, the following

analysis is carried out for the distribution shown in figure 6.16. The Péclet numbers

for the instant velocity and the velocities in the x̃ and ỹ directions are defined as:

Pe
i

=
ŪD
D

|ũh|= Pe|ũh|, (6.6.1)

Pek =
ŪD
D

|ũh · x̃|= Pe|ũh · x̃|, (6.6.2)

Pe? =
ŪD
D

|ũh · ỹ|= Pe|ũh · ỹ|. (6.6.3)

For more complex flow fields, Pek and Pe? would need to be defined in the neigh-

bourhood of a boundary between subsets, and be calculated with the velocity in the

directions respectively parallel and perpendicular to the separatrix. Here, since the

sources and sinks are organised in a lattice, these directions correspond to x and y.

Furthermore, since Ū , D and D are constant, the behaviour of Pe
i

, Pek and Pe? is

entirely determined by the dimensionless velocity field ũh.
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Figure 6.16: Concentration distribution for t̃ < 1 (a) and distribution of (b) the instant
velocity field, (c) the velocity in the direction perpendicular to the separatrices, (d)
the velocity in the direction parallel to the separatrices of the flow field and (e, f) their
respective absolute values for inlets and outlets organised in a lattice. One source is
placed at infinity. The strength of each source and sink is equal respectively to 1/N

+

and 1/N�. The separatrices of the flow field are plotted as a series of connected black
lines.
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From figures 6.16(d, f), the separatrices delineating the central subset correspond

to regions, where either Pe? ⌧ 1 or Pek ⌧ 1, and therefore to areas, where diffusion is

dominant in at least one direction. In this configuration, the direction is perpendicular

to the separatrices. Pe? (or Pek) is also very small in areas parallel to a separatrice

and passing through sources. However, from figure 6.16(a), these regions are not

characterised by a prolonged filling time. In the next section, a scale analysis in the

vicinity of a separatrix is carried out to identify the parameters, which determine the

width of the boundaries between functional lobules.

6.6.2 Scale analysis in the neighbourhood of a separatrix

In this section, the transport of a passive scalar is investigated in the vicinity of

a separatrix. The width w of the region, denoted Y , where diffusion is dominant

in one direction and the concentration profile in the direction perpendicular to the

separatrix are of specific interest. Figure 6.17 shows the concentration distribution

in a rectangle enclosing a separatrix at different time points of the filling phase for

a distribution of sources and sinks organised in a lattice (see figure 6.17a). The

concentration profile at different sections of the domain is plotted in figure 6.18. The

filling of the passive dye consists of three separate phases. During the first phase

(figures 6.17 and 6.18c, t̃  0.2), the dye is transported from the inlet to the outlet

dominantly through advection. The concentration at the separatrix is close to zero,

and the concentration profile perpendicularly to the separatrix displays significant

variations in the x̃ direction. Once the dye has reached the outlets, a second phase

begins (figure 6.17 and 6.18c, 0.2  t̃  0.3). At this stage, the width of Y is

approximately uniform (figure 6.17c). At the oulets, the comparatively larger radial

velocity leads to a thinning of w. Near the stagnation point, changes to w are minimal.

At the end of the second phase, w stabilises along the separatrix. This marks the

beginning of the third phase (figure 6.17 and 6.18c, t̃ � 0.3), during which Y does

not change significantly. As w stays constant, the concentration of the dye along the

x̃ direction is uniform (figure 6.18c) and the concentration within Y slowly increases.

This is caused by the quasi-steady state diffusion from the region surrounding Y ,

where C
h

= 1, which causes the gradual homogenisation characteristic of the late

filling phase. Since the first two phases involve advection, their timescale is much

shorter than the last one. Therefore, in the course of an angiogram, the width of
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Figure 6.17: Evolution of the concentration distribution of a passive scalar in the
vicinity of a separatrix of the flow field during a filling phase (b) within the rectangle
delineated in (a), for a distribution of sources and sinks organised in a lattice.
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(C̃
h
−

C̃
0 h
)/
(C̃

0 h
−

C̃
1 h
)

 

 

x̃/∆x̃ = 0.2
x̃/∆x̃ = 0.3
x̃/∆x̃ = 0.4
x̃/∆x̃ = 0.5
x̃/∆x̃ = 0.6
x̃/∆x̃ = 0.7
x̃/∆x̃ = 0.8

t̃
1

t̃
2!8

(a)

(c)

(b)
t̃
1

0.14
t̃
2

0.19
t̃
3

0.225
t̃
4

0.28
t̃
5

0.33
t̃
6

0.375
t̃
7

0.78
t̃
8

0.96

Figure 6.18: Evolution of the concentration at the vicinity of a separatrix of the flow
field during the filling phase as a function of the distance from the separatrix ỹ/�ỹ
(c). The concentration is plotted at different distances from the stagnation point
x̃/�x̃ (see sketch a), and at different time points (see table b). C̃0
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Figure 6.19: Streamlines for a stagnation point flow. The stagnation point is placed
at the origin. The axis y = 0 corresponds to a separatrix of the flow.

the boundaries observed between functional lobules correspond to w measured in the

quasi-steady phase described here.

The scale of the width w of Y may be approximated by performing a scale analysis

in the vicinity of the separatrix during the third step of the filling phase. Close to

the separatrix, the flow can be modelled by a stagnation point flow. For the purpose

of this analysis, the stagnation point is placed at the origin. The components of the

velocity u

h

= (u
x

, u
y

) satisfy:

u
x

= �x, u
y

= ��y, (6.6.4)

where � is a constant. The separatrix coincides with the axis y = 0 (see figure 6.19).

Under these assumptions, the advection-diffusion equation describing the transport

of a passive scalar is:

@C
h

@t
+ �x

@C
h

@x
� �y

@C
h

@y
= D

✓
@2C

h

@x2

+
@2C

h

@y2

◆
. (6.6.5)

In the vicinity of the separatrix and away from the stagnation point, the transport in

the x direction is dominantly advective. Diffusion in the x direction is therefore small
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compared to the y direction, i.e.:
����
@2C

h

@x2

����⌧
����
@2C

h

@y2

���� , (6.6.6)

and equation (6.6.5) can be rewritten:

@C
h

@t
+ �x

@C
h

@x
� �y

@C
h

@y
= D

@2C
h

@y2
. (6.6.7)

During the last phase of the filling phase, the transport of the dye occurs in a quasi-

steady state; therefore the first term in equation 6.6.7 can be neglected. Furthermore,

the gradient of concentration in the y direction is much larger than in the x direction

(see figure 6.17). Since |x/y| is bounded:
����x
@C

h

@x

����⌧
����y
@C

h

@y

���� . (6.6.8)

As a result, only the derivatives in y remain in equation (6.6.7). It leads to y2 ⇠ D

�

,

and therefore

w ⇠
s

D

�
. (6.6.9)

The scale of w is therefore dependent on the diffusivity of the passive scalar and the

frequency �. The value of � is determined by the distribution of inlets and outlets and

their respective flow rates, and varies over the flow domain. Close to a sink, the fluid

velocity scales to u
h

⇠ q�/r, where r is the radial distance from the sink. Therefore,

� satisfies:

� ⇠ q�
Lr

, (6.6.10)

where L a characteristic length of the domain. As a result, the frequency increases

as the distance from the outlet decreases, which leads to a reduction of the width

w. This explains the thinning of Y close to the outlets once the passive scalar has

reached it.

6.6.3 Conclusion

In the vicinity of the separatrices of the flow, the Péclet number in the direction

perpendicular to the flow velocity is significantly smaller than in the direction parallel

to the flow. As a result, diffusion dominates in the direction perpendicular to the

separatrix. The width of the boundaries between functional lobules is determined
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by the diffusivity of the passive scalar and the frequency of the flow �, which is a

function of the flow rate at the inlet. The analysis shows that the width of the

boundary between functional lobules scales to
p
D/�.

6.7 Visualisation of the passive transport when � 6= 0

The aim of this section is to visualise the transport a passive scalar when � 6= 0.

When cylinders are present, analytical approaches to describe the properties of the

flow and passive transport are limited, but numerical methods can be applied. Figure

6.20, 6.21 and figures 6.22, 6.23 show the filling and draining phases of a passive

scalar for the distribution of arterioles and venules from respectively figures 6.5(a)

and 6.7(d) at Pe = 200 in the presence of a random distribution of cylinders. The

cylinder distribution and the boundary conditions for the flow are as described in

Section 5.4.4 and 5.4.5. In addition to the boundary conditions for the concentration

field described in Section 6.5.2, a no-flux condition is applied on the surface of the

cylinders, i.e.:

r̃
h

C̃
h

· n̂
i

= 0, (6.7.1)

where n̂

i

is a vector perpendicular to the surface of the ith cylinder. In angiographic

terms, this means that the dye does not cross the blood vessel walls. The equations for

the flow and the advection-diffusion equation were solved using the methods described

in Section 5.5.1. A representative mesh of the flow domains used for the resolution of

the equation can be found in Appendix C.

The first important observation is that even when cylinders are present, the trans-

port of a passive scalar appears segmented. At the early stages of the filling phase,

approximately round areas of high concentration surround the inlets. As the passive

scalar progresses towards the outlets of the flow field, the shape of these areas evolves,

and the concentration profile at their edges is affected by the presence of cylinders.

Towards the end of the filling phase, as C̃
h

= 1 over most of the flow field, areas,

where the filling of the dye is prolonged can be observed delineating regions of high

concentration. The concentration profile at these boundaries is also affected by the

distribution of cylinders. These boundaries fade after some time, and the concentra-

tion distribution is eventually uniformly equal to 1 over the flow domain. During the

draining phase, the symmetrical behaviour is observed. Regions of low concentration
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Figure 6.20: Concentration distribution during the filling phase of a passive scalar at
(a) t̃ = 0.01, (b) t̃ = 0.04, (c) t̃ = 0.08, (d) t̃ = 0.23, (e) t̃ = 0.43 and (f) t̃ = 0.8, for
the distribution described in figure 6.5(a) at Pe = 200 when cylinders are present.
The separatrices of the flow field obtained for � = 0 are added as a series of connected
black lines.
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Figure 6.21: Concentration distribution during the draining phase of a passive scalar
at (a) t̃ = 1.01, (b) t̃ = 1.04, (c) t̃ = 1.08, (d) t̃ = 1.23, (e) t̃ = 1.43 and (f) t̃ = 1.8,
for the distribution described in figure 6.5(a) at Pe = 200 when cylinders are present.
The separatrices of the flow field obtained for � = 0 are added as a series of connected
black lines.
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Figure 6.22: Concentration distribution during the filling of a passive scalar at (a)
t̃ = 0.003, (b) t̃ = 0.04, (c) t̃ = 0.1, (d) t̃ = 0.18, (e) t̃ = 0.32 and (f) t̃ = 0.66, for the
distribution described in figure 6.7(d) at Pe = 200 when cylinders are present. The
separatrices of the flow field obtained for � = 0 are added as a series of connected
black lines.
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Figure 6.23: Concentration distribution during the draining phase of a passive scalar
at (a) t̃ = 1.003, (b) t̃ = 1.04, (c) t̃ = 1.1, (d) t̃ = 1.18, (e) t̃ = 1.32 and (f) t̃ = 1.66,
for the distribution described in figure 6.7(d) at Pe = 200 when cylinders are present.
The separatrices of the flow field obtained for � = 0 are added as a series of connected
black lines.
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surround inlets, and are separated by regions of high concentration. Towards the end

of the draining phase, a mosaic of regions at C̃
h

= 0 are delineated by regions with

non-zero concentrations, which have a prolonged draining time. After a sufficient

time, the passive scalar is fully drained, and the concentration is uniformly C̃
h

= 0.

When placed according to a uniform distribution, the cylinders do not introduce

any changes in the number of outlets draining the flow coming from each inlet. When

the flow rate at the inlets is kept constant, the location of the regions with a prolonged

filling and draining time when � 6= 0 roughly follows the separatrices of the flow field

obtained when � = 0. It is however difficult to link these observations to a topological

segmentation of the flow field. Because of the presence of cylinders, the analytical

expression of the velocity over the flow domain is not explicit. Furthermore, each

cylinder introduces two stagnation points, therefore the number and characteristics

of the singular points are different from the case in which � = 0. However, the

analysis carried out in Section 6.6.3 suggests that the regions of prolonged filling and

draining times observed when cylinders are present correspond to areas, where the

Péclet number is very small in one direction and large is the other one. This points

towards a heterogeneity in the transport of a passive scalar, as observed when � = 0.

It also allows for a formal segmentation of the flow domain into units separated by

regions with prolonged filling and draining times.

These observations also suggest that a sufficient resolution is necessary to visualise

choriocapillaris vessels through angiogaphy. Assuming that the dye does not cross the

vessel walls, the lack of fluorescence from the septae would be difficult to detect as

it may be obscured by the strong fluorescence coming from the capillaries. The use

of appropriate filters may improve the visualisation of the flow in individual capillary

segments.

The actual impact of the cylinders on the blood flow dynamics is difficult to assess

at the scale at which the present analysis is carried out. The velocity distribution has

a strong dependence on the distribution of sources and sinks and their respective flow

rates, so that large variations are observed. To alleviate this limitation, a local model

needs to be developed. It is the purpose of the next chapter.
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6.8 Discussion and conclusion

In this chapter, a general analysis of the properties of the flow and transport of a pas-

sive scalar in the model of the choriocapillaris was carried out under the assumptions

laid out in Chapter 5. An analytical framework was built to analyse and visualise the

flow field when � = 0. It was shown that as a result of the geometry, the flow is nec-

essarily segmented, and is decomposed into a finite number of open subsets separated

by separatrices, where the velocity in the direction perpendicular to the separatrice

is zero. This led to the definition of inlet-associated subsets, which are composed of

the subsets containing all the possible trajectories of fluid particles emerging from an

inlet. The visualisation of the flow field was carried out for different distributions of

inlets and outlets and varying flow rates and ratios of sources to sinks. It revealed an

important interrelationship between the distribution of inlets and outlets and their

relative flow rates in determining the shape and surface area of each subset of the flow

field. Numerical methods were developed to simulate the transport of a dye through

the choriocapillaris. This analysis showed that despite the absence of physical bound-

aries in the flow field, the transport of a passive scalar appeared segmented. Regions,

where the transport of a passive scalar is dominantly advective are enclosed by ar-

eas, where diffusion is dominant in the direction perpendicular to the flow. These

areas correspond to separatrices of the flow field. Because the velocity is zero in the

direction perpendicular to the separatrices, the transport of a passive scalar in this

direction is dominantly diffusive. Since diffusion is slower than advection, the neigh-

bourhood of the separatrices of the flow field have a prolonged filling and draining

time. This segmentation is also apparent when cylinders are present.

It is worth stressing that the analysis carried out in this chapter finds applications

in a variety of engineering fields. The relationship between flow field created by a

distribution of sources and sinks and passive transport has seen little investigation. An

interesting aspect of this chapter is that the method used to investigate the properties

of the passive transport was inspired by a method used routinely in ophthalmology

clinics. Qasaimeh et al. (2011) proved that in a quadrupole composed of two inlets

and two outlets, a gradient of concentration appeared in the vicinity of the stagnation

point. They however failed to observe that the separatrix of the flow corresponds to

a region, in which the transport in the direction perpendicular to the separatrix is

dominantly diffusive.
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This model represents an idealisation of the choriocapillaris, and as such presents

some limitations. The flow at arterioles and venules were assumed to be axisymmet-

ric, although the flow is likely to be privileged in some directions, depending on the

geometry of the insertions of arterioles and venules into the choriocapillaris. This

would have a significant impact on the topology of the flow field, as some regions

would be likely to be more perfused that other. However, this is difficult to investi-

gate without the actual reconstruction of the anatomy in these regions on a patient

basis. Another limitation pertains to the assumptions regarding the transport of a

dye from the point of injection in the general circulation to the choriocapillaris. The

concentration profile of the dye as it reaches arteriolar openings is likely to be more

complex than the description provided here. For more accuracy, the model for the

transport of a dye could be coupled with pharmacokinetics models available in the

literature (Weiss et al. 2006), which may be more accurate in describing the transport

of intravenous markers from the point of injection to the choriocapillaris.

This model is based on the fundamental characteristics of the choriocapillaris

described in the literature and Chapter 4, and as such offers a crucial perspective

on the dynamics of this capillary bed. In particular, the similarities between the

concentration distribution visualised in Section 6.5.3 and 6.7 and observations from

fluorescent dye angiography strengthen the model and the conclusions laid out here.

The present study demonstrates that physical boundaries are not necessary to obtain

a segmentation of the transport of a passive dye in the choriocapillaris. In fact, the

segmentation observed during angiography results from the geometry of the chori-

ocapillaris anatomy. The boundaries observed during fluorescent dye angiography

correspond to regions of the flow field, where the component of the velocity in at

least one direction is very small compared to the velocity in the other directions. The

surface area and shape of each subset of the passive transport are determined by the

pressure differences between arteriolar and venular openings. This is supported by

recent angiographic data, which shows that the boundaries between functional lobules

in the choriocapillaris is not set, and is rather a function of the hæmodynamics of the

capillary bed (Flower et al. 1995).

The term "lobule" is not suitable to describe the segmentation of the flow, as it

implies the presence of physical barriers between well-defined units. Regardless of

the ratio between arteriolar and venular insertions or the distribution of the septae,
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blood (and any fluorescent dye) always flows from one arteriolar to a venular open-

ing. Attempts at linking anatomical and functional lobules appear ill-founded. The

interrelationship between relative flow rate at arterioles and venules and the surface

area of the subsets of the flow shows that there is little correspondence between these

two conceptual entities. Without knowing more about the hæmodynamics of the

choriocapillaris, little can be inferred from the anatomy. Furthermore, discussions re-

garding the lobular nature of the choriocapillaris in some regions of the eye, including

in the sumacular area, were misconceived. As long at the choriocapillaris forms a

continuous plexus fed by arterioles and venules inserting into it at approximately a

right angle, the blood flow and passive transport is necessarily segmented regardless

of the relative distribution of arteriolar and venular openings. Finally, the definition

of functional lobules proposed by Fryczkowski (1994) is not suitable. It defines the

boundaries observed during angiography as functional barriers between arterial and

venous part of capillary segments, however it does not provide any ways of identifying

these regions. Regardless, the analysis carried out in this chapter shows that the

segmentation of the blood flow occurs even between two arteriolar openings, which

are in the neighbourhood of each other.

The analysis carried out in this chapter is limited by the size of the flow domain

and number of inlets and outlets, which must be considered to visualise the flow

field and passive transport. It is clear from the present study that the flow displays

heterogeneous local behaviours, which are a function of the relative distribution of

inlets, outlets and cylinders. This behaviour is difficult to capture over large flow

domains because the velocity and pressure distribution display significant variations.

Similarly, it is difficult to systematically investigate the effect of cylinders on the

flow. It is crucial to build a framework, in which the flow can be investigated locally,

to quantify the impact of the distribution of inlets and outlets and � on the flow

dynamics, and to examine them in relation to the geographical variations in the

choriocapillaris anatomy observed in Chapter 5. This would allow us to understand

some fundamental aspects of the choriocapillaris anatomy. For these reasons, it is

necessary to develop a local model of the blood flow. This is the purpose of the next

chapter.
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Chapter 7

Blood flow through a model of a

choriocapillaris functional lobule

7.1 Introduction

The purpose of this chapter is to set down a mathematical framework to investigate

choriocapillaris structure and function locally. This framework will allow us to exam-

ine the flow dynamics and advective transport at a smaller scale than in Chapter 6,

and to analyse the impact of the spatial variations in the choriocapillaris anatomy.

In Chapter 6, the nature of the boundaries between the vascular units observed in

angiograms of the choriocapillaris was determined, and it was proven that functional

lobules form the most elementary functionally independent elements of the blood

flow. The linkage between angiographic images and underlying anatomy was also

established. The shape of lobules is determined by the distribution of arterioles and

venules supplying and draining the plexus, their respective flow rate, and the distri-

bution and size of the septae. The flow visualisation techniques developed in Chapter

6 did not allow for a systematic investigation of the properties of the blood flow in

relation to the geographical variations of the choriocapillaris anatomy.

In this chapter, a model of a functional lobule is developed and analysed within

the framework set down in Chapter 5. Functional lobules, which are subsets of the

flow domain defined in Section 5.3.4, are modelled as tessellating polygonal prisms,

whose axial height is much smaller than their width. The septae are modelled as

cylinders of constant diameter placed with their axis parallel to the axis of the polyg-

onal prism and spanning its height that are randomly placed in the domain according

to a uniform probability distribution. The flow is driven by a single inlet with a pre-
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scribed radially outward flow placed within the prism and a zero pressure boundary

condition at the outlets, which are located at the vertices of the polygon. The flow

is investigated in two-dimensions, within the potential flow theory framework. The

pressure drop and the fluid particle residence time are the two diagnostic tools used

in this model. The concentration of arteriolar and venular openings, the average dis-

tance separating them, their ratio, and the vascular volume fraction are the spatially

varying characteristics of the choriocapillaris over the eye globe, therefore the pressure

drop and the residence time are calculated for a range of these parameters.

This chapter is structured as follows. In the first section, an appropriate model

with suitable closure is developed. The equations for the flow are then described, and

the geometrical consequences of the model are explored. An analytical solution and

asymptotic approximations are thereafter proposed for � = 0. The effect of the void

fraction on the pressure drop and residence time are then investigated numerically,

analytically, and within the Darwin Drift framework.

The content of this chapter, aside from Section 7.3.3, was published in (Zouache

et al. 2015).

7.2 Model Formulation

The present analysis is carried out within the framework set down in Chapter 5,

however, the geometry is restricted to a portion of the flow domain described in

Section 5.3.4. The aim of the following section is to describe and justify the geometry

of the model, and to adapt the defining equations for the flow and the diagnostic tools

to it.

7.2.1 Geometry

In order to build a model of a functional lobule, angiographic observations of the

choriocapillaris must be considered in the light of the analysis carried out in Chapter

6. Figure 7.1 shows the different phases of an angiogram taken from Hayreh (1974e).

Individual capillary segments cannot be discerned. As discussed in Sections 6.5.4 and

6.7, this is likely to be caused by the diffusion of the fluorescent dye across capillary

walls or fenestrations, or by the fact that the hypofluorescence of the septae is ob-

scured by the fluorescence of the capillaries. In figure 7.1(b), the boundaries between
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(a) (b) (c)

Figure 7.1: Fluorescein angiogram of the choriocapillaris taken from Hayreh (1974b)
(scale bars missing from the original publication). The fluorescent dye injected in the
general circulation begins to appear in the choriocapillaris in (a), revealing the func-
tional lobular organisation of the plexus. Each lobule is filled through the arteriolar
opening located at its centre. The number of lobules illuminated is maximal a few
seconds later, as shown in (b), where the boundaries between lobules were added as a
series of connected black lines. The dye is then evacuated through venular openings
located in the periphery of the lobules, as shown in (c).

functional lobules were highlighted as a series of connected black lines (the original

image can be found in figure 2.16). As discussed in Section 6.5.4, figure 7.1(b) may not

correspond to the exact functional segmentation of the choriocapillaris as individual

subsets may not fill synchronously. However, since the fluorescence is approximately

uniform and the width of the regions of hypofluorescence in figure 7.1(a) are relatively

stable over small clusters of lobules, it can be assumed that figure 7.1(b) is represen-

tative of the segmentation of the choriocapillaris imaged. Therefore, the series of

connected black lines in figure 7.1(b) approximately correspond to regions, where the

filling and draining times are prolonged. From the regularity of the boundaries over

small clusters of lobules, it can be inferred that the average filling time of each sub-

set is approximately uniform. Given the analysis from Sections 6.6.3 and 6.7, these

boundaries are assumed to approximately coincide with the separatrices of the flow

field, which connect outlets of the lobule to stagnations points (see figure 7.2a). Each

venule drains adjacent lobules so that functional lobular shapes tessellate.

From table 5.2, functional lobules form thin interfaces characterised by a span

400� 800µm and thickness of 10-30µm; their aspect ratio is high of the order of 0.01.

The separatrices of the flow are approximated by straight lines, therefore functional
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Figure 7.2: Schematic of (a) a functional lobule, (b) an idealised functional lobule and
(c) the triangular domain, over which the flow is investigated. The flow is studied in
an isosceles triangle ⌦ characterised by a vertex angle ! and a side length L. One inlet
and two outlets are placed at its vertices. The choriocapillaris septae are modelled by
cylinders of constant diameter 2a randomly distributed over the triangle. The area
flux into the triangular domain q is taken to be constant.
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lobules are modelled as polygonal prisms supplied by inlets and outlets connecting to

their lower surface perpendicularly to the plane of the capillaries (see figure 7.2b). As

described in Section 5.3.4, the septae are modelled as cylinders of constant diameter

2a randomly distributed over lobules following a uniform distribution. The regularity

of the edges observed in figure 2(b) suggests that the pressure at venules is relatively

stable over small clusters of lobules. As a result, the pressure at the outlets is taken

to be the same. The flow at the inlets and outlets is assumed to be uniform and

axisymmetric. This is an idealisation of the physiology, as the perfusion over lobules

may not be uniform, and different regions may not receive the same supply of blood.

These prisms can formally be decomposed into elementary tessellating triangular

prisms with a source at their vertex and a sink at the remaining two vertices (see figure

7.2c). Here, the blood flow is investigated in two dimensions over these elementary

triangular domains. To reduce the number of parameters, the analysis is restricted

to isosceles triangles. Since they represent portions of polygonal prisms, the velocity

over the triangle side walls is taken to be continuous, and a non-flux condition is

applied. The triangles are characterised by a vertex angle ! (when more convenient,

the angle at the base ↵ = ⇡/2� !/2 is used), and a side length L. As a result of the

variation in the lobular shapes over the choriocapillaris, ! varies over the eye globe.

The radius of the inlets and outlets d is taken to be the same. The fraction of the

lobular volume occupied by the cylinders coincides with the void fraction �, defined

here as:

� =
1

A
t

nX

i=1

A
i

, (7.2.1)

where A
i

is the area of each cylinder labelled i = 1, 2, ..., n and A
t

is the area of the

triangle minus the area taken by the inlets and outlets, i.e.

A
t

=
1

2

�
L2 sin 2↵� ⇡d2

�
=

1

2

�
L2 sin! � ⇡d2

�
. (7.2.2)

The cylinder array follows a Poisson-disk distribution, which is described in Appendix

B.2.
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7.2.2 Defining equations

The flow is described by the equations laid out in Section 5.4.4, i.e.

u

h

= �K

µ
r

h

p, (7.2.3)

r2

h

p = 0, (7.2.4)

where K = h2/12 is the permeability characterising the flow between parallel plates.

At the inlet, a radial source flow is imposed, and the velocity u

h

satisfies:

Z
!/2

�!/2
u
h

dd✓ = q, (7.2.5)

where q = Q/h is the area flux into the triangular domain. Denoting by Q
a

the flow

rate at the arteriole supplying the lobule, which is assumed to be axisymmetric, q

satisfies:

q =
Q

h
=
!Q

a

2⇡h
(7.2.6)

The present analysis is carried out using the flux q entering the triangular portion.

From equations (7.2.5), the inlet boundary condition is therefore:

u

h

=
q

!d
r̂, (7.2.7)

where r̂ is the unit radial vector; on the outlets p = 0 is applied. On the surface of

the posts, the kinematic boundary condition is applied:

u

h

· n̂ = 0, (7.2.8)

where n̂ is the normal to the surface of the cylinder. The velocity is continuous over

the boundaris between adjacent triangles, and a slip condition is applied, i.e.

@u
h

@n
· n̂ = 0. (7.2.9)

where n̂ is a unit vector perpendicular to the wall surface.

All the lengths are scaled relative to the half lobule span L, and non-dimensional

measures are written with a tilde. The ratio of the inlet and outlet diameter to the

lobule span is denoted d/L = � and is kept constant and equal to 0.032 (Torczynski

& Tso 1976, Fryczkowski et al. 1991, Fryczkowski 1994) for all the calculations. The
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velocity u

h

is made dimensionless with respect to the velocity of the emerging flow Ū =

q/L and the pressure p with respect to the characteristic viscous stress µŪL/K. By

denoting ũ

h

the dimensionless depth-averaged local velocity and p̃ the dimensionless

pressure, the equations for the flow (7.2.4) and (7.2.3) become:

ũ

h

= �r̃
h

p̃, (7.2.10)

r̃2

h

p̃ = 0. (7.2.11)

This system of equations is solved using the finite element method, which is described

in Section 5.5.1. This method requires meshing of the computational domain using the

software Gmsh (Geuzaine & Remacle 2009) with sufficient resolution for an accurate

solution.

7.2.3 Diagnostic tools

The diagnostic tools are as described in Section 5.6.2. The pressure drop is defined

as an average over the inlet surface, i.e.:

�p̃ =
1

S̃

Z

Inlet

p̃dS̃, (7.2.12)

where S̃ denotes the inlet surface.

The residence time of a fluid particle released at an angle ✓ from the inlet surface

and advected to an outlet by the velocity field ũ

h

is

�T̃ (✓) =

Z

˜

S

ds̃

|ũ
h

| , (7.2.13)

where the integral is taken along a streamline. As a result of the geometry, the domain

contains a saddle point characterised by a zero shear stress at the separation point

between the streamlines (Hunt et al. 1978). A stagnation streamline connects the inlet

to the saddle point. On the stagnation streamline, the fluid particle residence time is

infinite. It will be shown in Section 7.4.2 that adjacent to the stagnation streamline,

the residence time has a logarithmic dependence on the angle at the source ✓, and

that this singularity is integrable so that the average residence time, defined as

<T̃ >=
1

!

Z
!/2

�!/2
�T̃ (✓)d✓ (7.2.14)
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Figure 7.3: Schematic of (a) a square (P = 4), (b) an hexagonal (P = 6) and (c) an
octagonal (P = 8) functional lobule, where P is the number of sides of each polygon.

is finite and can be estimated from the average of all the travel times of particles re-

leased on the inlet. In order to assess the magnitude of the residence time distribution,

the root of the mean square of the residence time distribution, expressed as

<T̃ >
RMS

=

s
1

!

Z
!/2

�!/2

⇣
�T̃ (✓)� <T̃ >

⌘
2

d✓, (7.2.15)

is used.

7.3 Geometrical consequences of the model

Important geometrical consequences, which can be applied to estimate aspects of

the choriocapillaris anatomy from angiograms, can be drawn from approximating

functional lobules to a tessellation of polygons. Unless specified, the results from this

section do not require any assumption on the regularity of the polygons.

7.3.1 Determination of the ratio between inlet and outlets

Any arteriolar opening feeds one lobule only; however, since venular openings empty

adjacent subsets, only a portion of them participates in the draining of each lobule.

This contribution is described by the angle ↵
k

, represented in figure 7.3 on a set of

polygons. Within a polygonal lobule, the source corresponds to a node of the flow

field, but the sinks only count as the fraction of a node. If P is the number of sides

of the polygon, the number of nodes �
n

present within any polygonal lobule is:

�
n

=
1

2⇡

 
2⇡ +

PX

k=1

↵
k

!
(7.3.1)
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Between each outlet is a saddle point of the flow field. Within the domain delineated

by the lobule boundaries, the number of nodes and saddle points �
s

satisfy (Hunt

et al. 1978):

�
n

= �
s

. (7.3.2)

There is one saddle point for each side of the polygon. Since for each of these points

the angle subtended by the saddle point on the side of the lobule is ⇡, �
s

satisfies:

�
s

=
1

2⇡
P⇡ =

P
2

(7.3.3)

Combining equations (7.3.1) and (7.3.2) brings:

PX

k=1

↵
k

= (P � 2) ⇡. (7.3.4)

The ratio between arteriolar and venular openings is therefore:

⌧ = 1

,
1

2⇡

PX

k=1

↵
k

(7.3.5)

⌧ = 1

�P � 2

2
. (7.3.6)

The ratio between arteriolar and venular openings can therefore be estimated from

the number of sides of functional lobules.

7.3.2 Relationship between flow rate at arteriolar and venular
openings and their respective ratios

By mass conservation, the mass flux entering a lobule is equal to the mass flux exiting

it. As a result, within any functional lobule:
Z

V
r · ũdṼ =

Z

˜

S

ũ · n̂dS̃ = 0 (7.3.7)

= Q
+

� P � 2

2
Q�, (7.3.8)

where V is the volume of the polygonal prism, S̃ represents the surface of the inlets

and outlets, and Q
+

and Q� are the volumetric flow rate respectively entering and
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exiting the lobule. As a result, the ratio of arteriolar to venular openings satisfies:

⌧ =
2

P � 2
=

Q�

Q
+

. (7.3.9)

This relation provides a way of approximating the relative flow rate of arteriolar and

venular openings supplying and draining functional lobules, which is of fundamental

importance in the context of the choriocapillaris, where direct quantitative measure-

ments are difficult to obtain.

7.3.3 Relationship between ! and the ratio between inlet and
outlet

In the case, where functional lobules are modelled as regular polygons, the angle !

satisfies:

! =
2⇡

P . (7.3.10)

From (7.3.6), this relation can be rewritten:

! =
⌧

1 + ⌧
⇡. (7.3.11)

The angle ! therefore provides a description of the ratio between arteriolar and venular

openings.

7.4 Analytical results and approximate models for

� = 0

The aim of this section is to characterise the dependence of the flow, pressure drop

and residence time on the angle at the inlet ! for � = 0. A conformal mapping

is first described. The singularity in residence time in the vicinity of the stagnation

streamline is then characterised. Asymptotic approximations are thereafter developed

for both |!| ⌧ 1 and |⇡ � !| ⌧ 1.

7.4.1 Analytical resolution by conformal mapping

An analytical solution can be sought by mapping the potential created by one source

and two sinks located on the real axis onto a triangle (see figure 7.4). This requires

applying the Schwarz-Christoffel formula to the geometry described in figure 7.4. The
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idea behind the formula is that the derivative f 0 of a conformal transformation can be

decomposed as a product of canonical complex functions f
k

. As a result, the argument

of the derivative is the sum of the arguments of the canonical functions. Since the

argument of f 0 is a sum of constant jumps, f maps the real axis onto a polygon.

The following analysis is carried out on the complex plane, with the correspondence

w = (x, y) ! z = x + iy = rei✓, where r and ✓ are respectively the modulus and

argument of z. The conformal map of the upper half-complex plane D onto the

isosceles triangle ⌦ built by using the Schwartz-Christoffel formula is

f(z) = a
0

+ a
1

Z
z

(⇣ � z
1

)
↵
⇡�1 (⇣ � z

2

)
↵
⇡�1 d⇣, (7.4.1)

where a
0

and a
1

are two complex constants and the images of the points z
1

= 0 and

z
2

= 1 are the vertices w
1

= 0 and w
2

= 2 cos↵ of the triangle (see figure 7.4). The

third vertex w
3

is taken to be the image of the infinity on the real axis z
3

! 1. The

conformal map is

f(z) = 2 cos↵ I
⇣
z,
↵

⇡
,
↵

⇡

⌘
, (7.4.2)

where I is the regularised incomplete beta function (Nehari 1952). The map f is

analytic on D and admits an inverse function g = f�1, which maps the triangular

domain ⌦ back onto the transformed plane D. The inverse map g is expressed as

g(z) = I�1

⇣ z

2 cos↵
,
↵

⇡
,
↵

⇡

⌘
, (7.4.3)

where I�1 is the inverse regularised incomplete beta function.

Since the pressure p̃ satisfies Laplace’s equation, it is harmonic on the triangular

domains ⌦ and is the real part of a complex harmonic function �:

�(z) = �(x, y) + i (x, y) = �p̃(x, y) + i (x, y), (7.4.4)

where � is the complex pressure potential, � is the velocity potential and  is the

streamfunction. The complex potential � is calculated by conformally mapping the

potential, denoted �
D

, created by the sources and sinks located at the images z
i

=

g(w
i

) in D onto ⌦. The complex potential generated in D by a fluid emerging at a

rate per unit length k by a source located at z = z
3

and disappearing at the two sinks
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Figure 7.4: The Schwarz-Christoffel conformal map is calculated to transform the
triangular domain in (a) into the half plane in (b). In (b), the source of strength k,
sinks of strength �k/2 and representative streamlines are shown.

of equal strength k/2 located at z = 0 and z = 1 is

�
D

(z) = k log
z � z

3p
z(z � 1)

. (7.4.5)

The complex potential in the real plane obtained by mapping �
D

onto ⌦ is therefore:

�(z) = �
D

(g(z)) = k log
g(z)� z

3p
g(z)(g(z)� 1)

, (7.4.6)

or, using the analytical expression of g,
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The complex velocity is:
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where � is the beta function. Since I�1 is bounded on ⌦ for � > 0 the limit of � when

z
3

! 1 can be calculated:
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The value of k is determined by imposing the boundary condition at the inlet

Z
2⇡�↵

⇡+↵

|�(ei↵ + �ei✓)| d✓ =
Z

2⇡�↵

⇡+↵

|ũ
h

|
z=e

i↵
+�e

i✓ d✓. (7.4.10)

The right-hand side of equation (7.4.10) can be rewritten as

Z
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|ũ
h

|d✓ = 1

!

Z
2⇡�↵

⇡+↵

����
1

cos↵ + � cos ✓ + i(sin↵ + � sin ✓)

����d✓

=
2

!(1 + �)

✓
F

1

✓
⇡ � ↵

����
4�

(1 + �)2

◆
� F

1

✓
⇡

2

����
4�

(1 + �)2

◆◆
,

where F
1

is the elliptic integral of the first kind (Abramowitz & Stegun 1972). The

value of k is therefore
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The pressure p̃ over ⌦ is the real part of �, and is expressed as

p̃(x, y) = �k log
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The pressure drop is calculated by subtracting the average pressure over the inlet

and over an outlet. The streamfunction  is given by the argument of � so that the

residence time over a streamline is expressed as

�T̃ (✓) =
4 cos↵
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The complex potential � and the complex velocity � are calculated by numerically

inverting the complex incomplete normalised beta function using the Newton method,

which is described in Appendix D. The streamlines of the flow, the pressure field and

218



 

 

p̃

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 

 

|ũ
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the instant velocity field for two different values of ! are plotted in figure 7.5. They

show that the flow within the triangular domains forms a region of transition between

a dominantly source flow at the inlet and dominantly sink flows near the outlets. In

the vicinity of the stagnation point, the velocity profile becomes quasi-circular as the

streamlines separate.

The residence time distribution, plotted in figure 7.6(a), displays a strong depen-

dence on !. When |!/2 � ✓|⌧ 1 the flow is quasi-parallel, and the residence time

distribution is quasi-uniform, as shown by the cumulative density function (cdf) plot-

ted in figure 7.6(b,c). As the distance from the wall increases, the flow path elongates

(see figure 7.5a,b). The velocity of the fluid particle decreases in the regions closest

to the stagnation point, and the cdf increases exponentially. As |✓|! 0, the residence

time diverges. The characterisation of this singularity is sought in the next section.

7.4.2 Asymptotic analysis of the residence time close to the
stagnation point

As the fluid elements travelling along the longest streamlines approach the stagnation

point located at z = cos↵, the instant velocity |ũ
h

|! 0, which results in the disconti-

nuity in residence time observed in figure 7.6(a). This discontinuity can be analysed

by performing an asymptotic analysis of the residence time close to the stagnation

point. In this region the flow can be modelled by a stagnation point flow described

by the complex potential ⌘ and complex velocity ⌥:

⌘(z) = �(z � cos↵)2, ⌥(z) = 2�(z � cos↵) (7.4.14)

where � is a constant. The value of � can be calculated by considering equipotentials

of the instant velocity |�| close to the stagnation point. If |✏|⌧ 1 is the distance from

the stagnation point, and S
✏

is the equipotential going through ✏ (see figure 7.7a),

then the value for � is

� =

Z

S✏

|�(z)|ds

2
Z

S✏

|z � cos↵|ds
. (7.4.15)

In the limit where 0 < ✏ ⌧ 1 the equipotentials S
✏

are circular, so that the value for

� is

� =
1

2⇡✏

Z

S✏

|�(z)|ds. (7.4.16)
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Figure 7.7: Sketch of the system of coordinate used for the asymptotic analysis of
the residence time close to the stagnation point (a) and semi-logarithmic plot of the
residence time as a function of the angle at the inlet (b) for ↵ = ⇡/3. As ✓ ! 0 the
residence time diverges logarithmically.

Since |�| depends on !, � is a function of the geometry. In the vicinity of the stagna-

tion point it is more convenient to express the velocity using cylindrical coordinates

(r0,') centred on the stagnation point (see figure 7.7a). The following description

assumes that ✓ � 0, although the case ✓  0 is symmetrical. At a distance r0 = O(✏)

from the stagnation point, the radial and angular velocities are respectively:

ũ
r

= 2�r̃0 cos 2', ũ
'

= �2�r̃0 sin 2'. (7.4.17)

The residence time of the fluid elements in the vicinity of the stagnation point is

�T̃ =
1

2�

Z

 ✏

ds̃

r̃0
. (7.4.18)

The streamfunction for the flow

 (r̃0,') = �r̃02 sin 2' (7.4.19)

is symmetric relative to the axis ' = ⇡/4. As a result, the two intersections of the

streamline with the equipotential S
✏

are:

r̃0
1

=
✏0

sin
�
⇡

2

� '
� , r̃0

2

=
✏0

sin'
, (7.4.20)
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where ✏0 is the distance to the x and y axes. The residence time is therefore

�T̃ (') = � 1

2�

Z
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0
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dr̃0

r̃0
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◆
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◆◆
(7.4.21)

=
1

2�
log (tan') . (7.4.22)

The angle ' and the angle at the inlet ✓ are linked by

' =
⇡

2
� arctan

✓
� sin ✓

sin↵� � cos ✓

◆
, (7.4.23)

where � was taken to be strictly positive. The residence time can now be expressed

as a function of ✓; equation (7.4.22) becomes

�T̃ (✓) =
1

2�
log

✓
sin↵� � cos ✓

� sin ✓

◆
. (7.4.24)

As the streamlines get closer to the stagnation point ✓ ! 0, and �T̃ is expressed as

�T̃ (✓) =
1

2�
log

✓
sin↵

�
� 1

◆
� 1

2�
log ✓ � 2� + sin↵

12�(� � sin↵)
✓2 +O(✓3) (7.4.25)

The singularity in residence time at the stagnation streamline is to the first order

logarithmic in ✓ (see figure 7.7b) and its amplitude is dependent on ↵ and �. The

average residence time for �⇠  ✓  ⇠, where 0 < ⇠ ⌧ 1 satisfies

<T̃ >=
1

2!

Z
⇠

�⇠
�T̃ (✓)d✓ ⇠ ⇠

2�!
log

✓
sin↵

�
� 1

◆
� 1

4�!

Z
⇠

�⇠
log|✓|d✓. (7.4.26)

The limit of the first term as ⇠ ! 0 is zero. Since

Z
⇠

�⇠
log|✓|d✓ = 2⇠(log ⇠ � 1), (7.4.27)

the limit of the integral as ⇠ ! 0 is also zero. As a result, the singularity in residence

time is integrable, and the average residence time is finite.

The impact of the heterogeneity in the residence time distribution on the bulk

flow can be observed in figure 7.8, which shows the evolution of �p̃, < T̃ > and

<T̃ >
RMS

with !. The dispersion of the residence time distribution is introduced by

the stagnation point, therefore < T̃ >
RMS

is a measure of the relative impact of the

stagnation point on the bulk flow. The maximum in average residence time coincides
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with the minimum in pressure drop and with the maximum in <T̃ >
RMS

, obtained for

! = ⇡/2 (see section 7.5.3 for analytical proof). As |⇡/2 � !| decreases, the impact

of the stagnation point on the bulk flow increases. The next section describes the

behaviour of �p̃ and <T̃ > for small and large angles at the inlet.

7.4.3 Asymptotic approximation for narrow domains

For |!| ⌧ 1 and |⇡�!|⌧ 1, the stagnation point has a weak impact on the global flow

and the residence time distribution is close to a uniform distribution. An asymptotic

approximation for �p̃ and < T̃ > can be calculated by approximating the pressure

potential within ⌦ by the potential created by a source located at a unit distance

from an outlet. The flow is dominated by a source flow so that the radial velocity is

approximately

ũ
r

' 1

!r̃
, (7.4.28)

where r̃ is the radial distance from the source, with �  r̃  1��. Near the stagnation

point this approximation is not valid since |ũh| is greatly reduced and the residence

time increases. Using equation (7.2.11) and the boundary condition p̃ = 0 at the

outlet, the pressure potential is approximately

p̃ ' 1

!
log

✓
1� �

r̃

◆
, (7.4.29)

so that the pressure drop is expressed as:

�p̃ ' 1

!
log

1� �

�
. (7.4.30)

The residence time between the source and the outlet is

�T̃ '
Z

1��

�

dr̃

ũ
r

=
!

2

�
(1� �)2 � �2

�
. (7.4.31)

so that the average residence time is expressed as

<T̃ >=
1

!

Z
!/2

�!/2
�T̃d✓ ' !

2

�
(1� �)2 � �2

�
. (7.4.32)

When |⇡ � !|⌧ 1, |↵|⌧ 1, and the streamline pattern is similar to the case |!| ⌧ 1

so that

�p̃ ' �

2↵
log

1� �

�
, <T̃ >' ↵

�
(1� �)2 � �2

�
. (7.4.33)
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The asymptotic expressions for the dependence of the pressure drop and residence

time for varying values of ! are plotted in figure 7.8(a,b). They give good predictions

for small and wide angles at the source. Their accuracy decreases as the dispersion

in residence time introduced by the stagnation point increases.

7.5 Influence of the void volume fraction

The previous section described the dependence of the pressure drop and fluid residence

time on the angle at the inlet !. In this section, the effect of the void volume fraction

�, which varies between 0.25 and 0.5 over the eye, is investigated numerically and

analytically using Darwin’s (1953) drift framework, which provides means of quanti-

fying fluid particle transport and dispersion within the bounded domain ⌦. Initially

considered within unbounded domains, Darwin’s (1953) drift volume is defined as the

fluid parcel, which keeps a constant mass, permanently displaced as a result of the

progression of a material surface starting infinitely far from in front of a fixed body,

and swept infinitely far past the body. This volume, denoted D
f

, satisfies:

D
f

=

Z

A1

XdA = C
m

V , (7.5.1)
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where X is the fluid particle displacement, V is the body volume, A1 spans the entire

flow and C
m

is the added mass coefficient; C
m

= 1 for a cylinder (Darwin 1953).

Darwin’s (1953) proposition was further investigated by Lighthill (1956), Yih (1985),

Yih (1997), Benjamin (1986) and Eames et al. (1994). If the flow is bounded, a

return flow, or reflux, is also present. Eames et al. (2004) showed that in a bounded

rectangular channel, the fluid particle displacement field created by a distribution of

fixed bodies placed in a uniform flow has two components: a local drift contribution

X
d

close to the body, which decays rapidly away from the body and a non-local reflux

component X
r

, which decays slowly away from the body and depends on the far-field

boundary conditions. Darwin’s (1953) drift has to the best of our knowledge never

been investigated in a diverging channel. The Darwin (1953) drift framework is of

interest here because the drift volume is a determinant of the longitudinal dispersivity

induced by the cylinder array (Eames & Bush 1999), and is therefore a measure of

advective mixing. Furthermore, the average residence time < T̃ > is related to the

mean displacement X̄ through (Lighthill 1956):

<T̃ >=
1

Ū
+

X̄

Ū
. (7.5.2)

A schematic of the drift volume and reflux components in a diverging channel can be

found in figure 7.9(a). Figure 7.9(b) shows the residence time, calculated numerically,

for increasingly divergent channels and a single cylinder. The sharp increase in the

residence time observed in the neighbourhood of x/W
i

= 0 is caused by the local drift

contribution. As |x/W
i

| increases, < T̃ > decreases below the value that it would

take if the cylinder was absent (dashed lines). This is caused by the non-local reflux

component. Figure 7.9(b) shows that as the divergence of the channel increases, the

impact of both local and non-local reflux contributions on the residence time increases.

7.5.1 Numerical analysis

The pressure drop and the residence time were calculated over a range 0  �  0.62,

where the upper limit is determined by the packing fraction. Once the maximal void

fraction achievable was approximated through several simulations, random positions

for the cylinders for the maximal void fraction were generated. The diameter of the

cylinders was decrementally reduced to vary �.

The cylinders have a local and a bulk effect on the pressure and residence time.
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A comparison between figures 7.6(c,d) and 7.11(c,d) and figure 7.10(c,d) shows that

the cylinders lead to an overall increase in the pressure field. The pressure has a

more homogeneous distribution over the triangles, with less abrupt variations. The

fluid particle residence time decreases with � (figure 7.10e,f). A stagnation point

is located on the surface of each cylinder, which leads to a local divergence of the

residence time (figure 7.10e,f and 7.11e,f). The missing values in the residence time

distribution are due to the non-convergence of the streamline calculation for the fluid

particles entering the vicinity of these stagnations points. They correspond to a

local logarithmic divergence relative to the centre of the cylinder (Eames et al. 1994).

The local singularities in the residence time are determined by the position of the

cylinders. Therefore their distribution has an impact on the local behaviour of the

residence time.

The effect of the cylinders on the bulk flow is shown in figure 7.12. As � increases,

the fraction of the fluid domain is reduced. As a result, the pressure drop increases

(figure 7.12a), and the bulk flow velocity increases, which leads to a decrease in the

average residence time (figure 7.12b). In the next section, an asymptotic expression

for the evolution of �p̃ for small and wide angles at the inlet is sought.

7.5.2 Asymptotic analysis of the pressure drop for narrow do-
mains

When |!| ⌧ 1, the outlets are close and the stagnation point has a weak effect on

the global flow. The flow within the triangles can be modelled as a diverging channel

flow set by a uniform stream of velocity Ū at the inlet (see figure 7.9a). The pressure

is set to zero at the outlet. The case |⇡ � !| ⌧ 1 is symmetrical. The pressure drop

can be calculated by considering the drop in velocity potential � = �p̃ between the

inlet and the outlet of the diverging channel:

�� =
1

S̃
inlet

Z

Inlet

�dS =
1

S̃
inlet

Z

W

�n
x

dS, (7.5.3)

where W represents the boundaries of the diverging channel composed of the inlet,

outlet and side walls. The second term in equation (7.5.3) can be calculated by

considering the volume integral of r� over the volume of the channel deprived of

the volume of the bodies. The volume integral can be decomposed as the sum of the

contributions of the boundaries of the diverging channel W and of the N cylinders,
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labelled i = 1, 2, ..., N :

Z

W

�n
x

dS =

Z

Vt�Vc

r�dV �
NX

i=1

Z

Si

�n
x

dS
i

, (7.5.4)

where V
t

is the volume of the channel, V
c

is the total volume occupied by the cylinders

and S
i

is the surface of the ith body. The velocity near the body can be decomposed

as a sum of the near field and far field contributions, i.e.

� = Ū
Li(x� x

i

) + �
i

, (7.5.5)

where �
i

is the velocity potential created by the body and Ū
Li is the mean velocity

in the vicinity of the ith body. Close to the cylinder, the far field contribution of the

velocity potential is Z

Si

Ū
Li(x� x

i

)n
x

dS
i

= Ū
LiAc

, (7.5.6)

where A
c

is the cross-section of the body. The near field contribution �
i

includes the

interaction between bodies, and is mathematically composed of an infinite number of

dipoles within the body to satisfy the kinematic boundary condition (5.4.20). The

associated dipole moment µ
i

is determined by the added mass tensor. Since the bodies

are symmetrical about the mean flow, the far field contribution is determined by the

component of the dipole moment parallel to the mean flow, µ
i

= �(1 +C
m

)A
c

Ū/2⇡.

The near field contribution (Eames et al. (2004), appendix) is therefore:
Z

Si

�
i

n
x

dS =
1

2
(1 + C

m

)A
c

Ū
Li . (7.5.7)

Since Z

Vt�Vc

r�dV = �A
t

NX

i=1

Ū
Li , (7.5.8)

(7.5.4) becomes:

Z

W

�n
x

dS = �A
t

NX

i=1

Ū
Li �

✓
1 +

1

2
(1 + C

m

)

◆
A

c

NX

i=1

Ū
Li . (7.5.9)

The mean velocity in the vicinity of the bodies is Ū
Li = Ū/N so that equation (7.5.3)

becomes

�� = �A
t

Ū

S̃
inlet

✓
1 +

✓
1 +

1

2
(1 + C

m

)

◆
�

◆
. (7.5.10)
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Since ��(� = 0) = �A
t

Ū/S̃
inlet

, the pressure drop is

�p̃

�p̃(� = 0)
= 1 +

1

2
(3 + C

m

)�. (7.5.11)

This shows that the average pressure drop in narrow domains depends on the shape

of the avascular septae, which are characterised by the added-mass coefficient. The

approximate expressions for the pressure drop are plotted in figure 7.12. As the void

fraction increases the flow interactions between bodies cannot be neglected and the

approximation stops being valid.

7.5.3 Analytical expression for the average residence time

The average residence time satisfies:

<T̃ >=
1

� 

Z
 

2

 

1

�T̃d , (7.5.12)

where � =  
2

�  
1

is the difference of the streamfunction  over the inlet. As a

result,

<T̃ >=
1
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|ũ
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Z
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|ũ
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Z
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(7.5.13)

Since Z

At�Ac

dxdy = A
t

(1� �), (7.5.14)

then

<T̃ >=
A

t

q
(1� �), (7.5.15)

where q = � is the area flux into the domain. This expression provides an analytical

expression for <T̃ > when � = 0:

<T̃ > (� = 0) =

✓
sin!

2
� ⇡�2

2

◆
. (7.5.16)

The residence time of the geometry deprived of the bodies is a function of the area

of the flow domain and the area flux into the domain. This expression shows that

the average residence time is maximum for ! = ⇡/2, and is obtained when <T̃ >
RMS

is maximal (see figure 7.8b). In the case where |!|⌧ 1, a first-order expansion of
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Figure 7.12: Evolution of (a) the pressure drop �p̃/�p̃(� = 0) and (b) the residence
time < T̃ > / < T̃ > (� = 0) (calculated for 400 particles released at the inlet) with
the void volume fraction � for a fixed distribution of cylinders for a range of !. The
approximate and analytical expressions obtained for �p̃ and < T̃ > are plotted in
dashed lines.
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equation (7.5.16) yields:

<T̃ > (� = 0) =
!

2

✓
1� ⇡�2

!

◆
+O(!3) =

!

2

✓
1� �2

1� 2↵

⇡

◆
+O(!3). (7.5.17)

Since |!|⌧ 1, |1� 2↵/⇡|⌧ 1. An expansion to the first order brings:

<T̃ > (� = 0) =
!

2

�
1� �2

�
+O(!3). (7.5.18)

For � small, |(1� �)2 � 1|⌧ 1, so that to the first order expression (7.5.18) coincides

with the asymptotic expression (7.4.32). Expression (7.4.33) can be obtained through

a similar approach.

Equation (7.5.15) can be rewritten as:

<T̃ >

<T̃ > (� = 0)
= 1� �. (7.5.19)

This shows that the average residence time is independent of the mass coefficient C
m

,

and is therefore independent of the shape of the avascular septae. It is dependent on

their cross-sectional area, which blocks the flow and increases the average speed. No

assumptions were made on � so that equation (7.5.19) does not depend on � being

small. This result is a generalisation of the relation obtained by Eames et al. (2004)

for rectangular bounded flows, and characterises any bounded flow.

Equation (7.5.19) gives a good fit for all values of ! and � (see figure 7.12b). The

divergence of <T̃ > / <T̃ > (� = 0) from expression (7.5.19) is due to an increase in

the number of failed streamline calculations with �. This is caused by the reduction

of the space between cylinders as their diameter increases. For � approaching the

packing fraction (which is a function of the area of the triangle) portions of the triangle

become constricted. For |!| ⌧ 1 and |⇡�!| ⌧ 1 constriction occurs for smaller values

of �, and results in the closure of significant portions of the flow domain.

7.6 Discussion and conclusion

This chapter describes a theoretical model for the blood flow and corpuscle transport

within the boundaries of a functional lobule, reduced to a triangular portion. This

theoretical analysis sheds light on the interdependence of the pressure drop, the fluid

residence time, the relative distribution of inlets and outlets and the void volume
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fraction. An analytical resolution of the equations for the flow was developed in the

limit where the void fraction is small. The impact of the cylinders on the flow was

characterised using a numerical study and a Darwin (1953) drift analysis.

Based on our assumptions, this analysis suggests that the pressure drop and res-

idence time between inlets and outlets are set by the topology of the flow domain.

Close to the triangle walls the flow is a quasi-parallel flow characterised by a shorter

and quasi-uniform residence time. The flow close to the stagnation point is charac-

terised by a longer path and a prolonged residence time, diverging logarithmically

with the distance to the stagnation streamline. The angle at the inlet sets the relative

importance of each component on the pressure drop and average residence time. Al-

though the choricapillaris lacks autoregulation, evidence suggests that the blood flow

within the arteries servicing it is vasoregulated (Condren et al. 2013). The mural cells

involved in this regulation decrease in number and density as the primary arteries

branch out and travel parallel to the plane of the choriocapillaris, which may result

in a decreased regulation. Regardless of this regulation, our analysis shows that the

blood pressure drop and the average residence time can be modulated by modifying

the angle ! between arterioles and venules. This may explain the variations of ! over

the eye.

The avascular septae have two effects on the flow. As a result of the reduction of

the flow domain, the bulk flow velocity is increased, which results in a decrease of the

average residence time. The septae also lead to a local increase in the residence time

due to the stagnation region at the separation point of the streamlines on their surface.

The analysis carried within Darwin’s (1953) drift framework led to the formulation

of exact and approximate expressions for the pressure drop and average residence

time. The pressure drop has a dependence on the shape of the septae, and increases

quasi-linearly with the void fraction. The average residence time is independent of

the shape of the septae, and decreases linearly with the void fraction. Our model

suggests that the spatial variations in the void fraction over the eye may be a way of

locally tuning the pressure drop and average blood travel time in lobules.

A major consequence of the topology of the choriocapillaris is the non-uniformity

of the blood velocity and residence time over choriocapillaris lobules. This finding is

supported by the results from Zhu et al. (2006), who observed that the blood velocity

in the choriocapillaris varied locally between 0.5 and 2.5mm.s�1. The heterogeneity in
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fluid residence time in the choriocapillaris has to the best of our knowledge never been

emphasised. The heterogeneities described in this model could be partly responsible

for the strong geographical variation in susceptibility observed in AMD and DR.

Friedman et al. (1963) suggested that in AMD, there is a relationship between the

location of drusen and the choriocapillaris. They also observed that drusen tend

to appear close to venular openings, which in our model correspond to the regions

with the longest residence time. This relationship has not been further explored

quantitatively. In DR-DC, McLeod & Lutty (1994) similarly remarked that hard

drusen are generally observed in clusters selectively located near collecting venules.

As a novel way of describing the linkage between choriocapillaris structure and

function, this model may help in giving directions to the biological and clinical com-

munities in the collection of anatomical and physiological data. At present, measure-

ments are sparse and often inconsistent. Some of the parameters that were found to

be critical in our analysis, such as !, have simply never investigated by anatomists or

physiologists. While several in vivo measurements of the blood flow velocity in the

human choriocapillaris are available in the literature and show a satisfying level of

consistency, only one value for the pressure drop between an arteriolar and a venular

opening was found (see table 5.2). The value was measured in the rabbit eye using a

highly invasive micropuncture method, which was likely to have a non-negligible im-

pact on the pressure balance within the circulation. Furthermore, the measurements

were taken blindly over extended regions of the choriocapillaris (Mäepa 1992). Using

the commonly accepted value for the blood velocity in the human choriocapillaris and

the pressure drop from Mäepa (1992), the choriocapillaris permeability is of the order

of µQ
a

/h�p ⇠ 10�14m2. This value is much smaller than the one obtained with the

parallel-plate approximation K = h2/12 ⇠ 10�11m2. However because of a lack of

consistency in the data, the validity of this value is questionable.

The approach described in this chapter and in Chapter 6 constitute a first step

towards understanding better the biology and physiology of the choriocapillaris and

the metabolite delivery system to the photoreceptors. A strength of the model is

that they are flexible enough to incorporate spatial variations in the choriocapillaris

anatomy and physiology, and therefore to present possible functional explanations for

some aspects of the morphology of this capillary bed. These explanations are explored

and discussed in the next Chapter.
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Chapter 8

Importance for the diagnosis and

monitoring of pathologies of the back

of the eye

8.1 Introduction

The purpose of this chapter is to discuss the results from the theoretical analysis

carried out in Chapters 5, 6 and 7, to link them to the anatomical and physiological

descriptions of the choriocapillaris from Chapters 2 and 4 and to describe their impor-

tance in the diagnosis and monitoring of pathologies of the back of the eye. Following

an extensive literature search and direct visualisation of the plexus in Chapters 2

and 4, parameters fundamental to the anatomy and physiology of the choriocapillaris

were identified. This led to the formulation of a mathematical model for the blood

flow through this capillary bed in Chapter 5. It was shown in Chapter 6 that, based

on our assumptions, the flow in the choriocapillaris is necessarily segmented, and is

decomposed into a finite number of open invariant subsets. This in turn results in

a segmentation of the transport of a passive fluorescent dye, which is visible during

angiography of the choriocapillaris. A model of the blood flow in these functional

units was built in Chapter 7 to investigate the physiology of the choriocapillaris lo-

cally, and to analyse the impact of spatial anatomical variations on the pressure drop

and fluid residence time. The analysis showed that the relative position of arteriolar

and venular openings could be adjusted to minimise the pressure drop and maximise

the fluid particle residence time. Furthermore, the void volume fraction was found

to be a critical parameter in the local tuning of the pressure drop and fluid residence
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time. Finally, a fundamental relationship between fluid particle residence time, subset

surface area and flow rate at the arteriolar openings was proven.

In this chapter, the results described in Chapter 6 and 7 are used to demonstrate

how anatomical and hæmodynamic data can be extracted from fluorescent dye an-

giography. They are then applied to investigate the linkage between choriocapillaris

structure and function. Finally, the impact of some of the changes in choroidal physi-

ology and anatomy that may occur as a result of ageing or pathology on the dynamics

of the choriocapillaris is examined.

8.2 Interpretation of angiographic observations

The choriocapillaris is difficult to image in vivo, mostly because of the filtering effect

of the RPE. A relatively small number of methods have been described in the lit-

erature to quantify choriocapillaris blood flow (Zhu et al. 2006) and to visualise the

angioarchitecture of the choriocapillaris (Choi et al. 2013), however, they are mostly

restricted to the research community. Fundus angiography currently represents the

most widely available method to visualise the choroidal circulation, although its po-

tential to be used to prevent, diagnose and monitor pathologies of the choriocapillaris

has not yet been fully explored. The aim of this section is to demonstrate how, us-

ing results from the theoretical analysis carried out in Chapters 6 and 7, essential

information on the anatomy and physiology of the choriocapillaris can be extracted

from angiographic examinations. One of the most interesting applications is the in

silico simulation of the blood flow and passive transport in the choriocapillaris on a

patient-by-patient basis.

8.2.1 Distribution of arteriolar and venular openings

The distribution of arteriolar and venular openings is a valuable information to extract

from angiograms, as it can be used to detect arteriolar or venular occlusions, for

instance by comparing an angiographic examination to a reference angiogram captured

previously. It is also the first requirement for the in silico simulation of the blood flow

as arteriolar and venular openings represent the inlets and outlets of the simulated

flow field. Arteriolar openings coincide with the fluorescent spots resembling tiny

microaneurysms (Hayreh 1974e) observable at the earliest stages of an angiogram,
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and can therefore be easily identified.

(a) (b)

Figure 8.1: Distribution of arteriolar and venular openings (b) inferred from an an-
giogram taken from Hayreh (1974e) (shown in a).

From the visualisation of the transport of a passive dye in Sections 6.5.3 and 6.7,

it is in contrast more difficult to identify venular openings. This is caused by the

presence of regions with prolonged filling and draining times. At the later stages of

an angiogram, the draining of the dye is characterised by the fading of the fluorescence

intensity at the boundaries between functional lobules, and not by a disappearance

through singular points. A way of locating venular openings is to individually de-

lineate the edges of functional lobules, and to identify points, where at least 3 edges

meet. For polygonal tessellations, these points correspond to the vertices of the lob-

ules. An example can be found in figure 8.1, where the edges of functional lobules

were taken to be approximately linear. The method requires lobules to be sufficiently

regular for edges to be detected. Images from the literature suggest that they usually

are (Hayreh 1974e, Kiryu et al. 1994, Hirata et al. 2004)

It is important to emphasise that the accurate identification of arteriolar and

venular openings is conditioned by the quality and frame rate of the images collected.

A sufficient resolution is necessary to detect the boundaries between lobules. Another

important factor lies in the heterogeneity in their filling and draining times. The time

taken by a dye to fill or drain the vicinity of a separatrix has a dependence on the

distance separating arteriolar openings and their respective flow rates. Some edges

may fade quicker than others, and it is therefore crucial to have a sufficiently high

frame rate for sufficient a period of time to capture all of them.
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8.2.2 Ratio between arteriolar and venular openings

In Section 7.3.3, it was shown that within lobules, the ratio between arteriolar and

venular openings can be estimated by approximating functional lobules to tessellating

polygons. This was carried out on a fluorescein and an ICG angiogram taken from

the literature (see figure 8.2). The ratio ⌧ was calculated for each functional lobule
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Figure 8.2: Distribution of the ratio between arteriolar and venular openings per lobule
in (a) a fluorescein angiogram taken from Hayreh (1974e) and (b) a laser-targeted ICG
angiogram taken from Kiryu et al. (1994). In (b), the boundaries between functional
lobules were highlighted by the authors.

by counting the number of side of each polygon, and using the relation:

⌧ =
2

P � 2
. (8.2.1)

Figure 8.2 shows that 2/5  ⌧  2 for both samples.

An averaged value of ! can be obtained by assuming that the polygons are roughly

regular, in which case ! satisfies:

! =
⌧

1 + ⌧
⇡. (8.2.2)

The correspondence between ⌧ and !, which was drawn from this relation, is shown
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in table 8.1.

⌧ ! Regular polygon
2/5 2⇡/7 Heptagon
1/2 ⇡/3 Hexagon
2/3 2⇡/5 Pentagon
1 ⇡/2 Square
2 2⇡/3 Equilateral triangle

Table 8.1: Correspondence between ⌧ and ! for regular polygons.

The manual identification of individual functional lobules carried out in figure 8.2

may involve errors, which are difficult to assess on such a small number of samples.

In practice, it may be easier to identify lobules from series of images taken at different

stages of the angiogram with a sufficient frame rate and over a few heartbeats.

8.2.3 Pressure drop distribution

The pressure drop for any triangular portion of a lobule can be calculated by using

the relation:

�p =
6µ

B

!Q
a

⇡h3

�p̃, (8.2.3)

where Q
a

corresponds to the flow rate at the arteriolar opening, µ
B

is the blood

viscosity, h is the thickness of the choriocapillaris, ! can be measured on the angiogram

and �p̃ can be calculated analytically or using figure 7.7(a). Over small clusters of

lobules, the distribution of the pressure drop can be determined by measuring the

value for ! in each triangle forming the polygons of the tessellation. The dimensionless

pressure is likely to be sufficient to obtain a relative distribution of the pressure

drop, and to detect under-perfused areas. If the pressure is required in a dimensional

form, assuming that h is constant over small clusters of lobules, only Q
a

needs to be

determined. Methods to approximate it are described in the next section.

8.2.4 Flow rate at arteriolar and venular openings

From Section 7.5.3, the average residence time over a lobule satisfies:

<T >=
Ah

Q
a

, (8.2.4)

where A is the surface area of the lobule, Q
a

the volumetric flux entering the lobule and

h the thickness of the choriocapillaris. Importantly, this relation is general and does
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not require any assumptions regarding the shape or regularity of functional lobules.

It can therefore be applied to any of the subsets of the flow. It is here assumed that

the fluid residence time approximately coincides with the filling and draining times of

a passive dye. It is a reasonable assumption at the high Péclet number characterising

the transport in the choriocapillaris. However, further theoretical work is required to

determine the conditions, for which this assumption is correct.

Kiryu et al. (1994) showed that it is possible to measure the average dye residence

time through ocular angiography. They found it to be on average 118±26ms over ten

lobules located in the posterior pole. As a result, equation (8.2.4) gives access to the

flow rate Q
a

at individual arteriolar openings. This value is of fundamental importance

to the monitoring of arteriolar occlusions in the choroid, but also to estimate the

distribution of the pressure drop (see previous section). Finally, it allows for the in

silico simulation of the blood flow, which is described in the next section.

8.2.5 In silico simulation of the blood flow from angiographic
data

This section demonstrates how the blood flow and passive transport in the chori-

ocapillaris may be simulated using the model analysed in Chapters 6 and 7. The

methodology is applied to angiographic images taken from Hayreh (1974e), which

offer one of the highest resolution datasets to be found in the literature.

The location of venular openings has been determined in Section 8.2.1. The im-

ages provided by Hayreh (1974e) are unfortunately insufficient to identify arteriolar

openings with sufficient accuracy. However, since functional lobules create a partition

of the choriocapillaris, arteriolar openings may be assumed to lie at their geometrical

centre, or centroid. For non self-intersecting polygons delineated by n vertices with

coordinates (x
0

, y
0

), ..., (x
n�1

, y
n�1

), the coordinates of the centroid (c
x

, c
y

) are:

c
x

=
1

6A
n�1X

i=0

(x
i

+ x
i+1

)(x
i

y
i+1

� x
i+1

y
i

) (8.2.5)
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� x
i+1

y
i

), (8.2.6)

where A is the algebraic surface of the polygon. Under this assumption, the blood

flow at arteriolar openings is axisymmetric. The flow rate at arteriolar openings

242



can be estimated using equation (8.2.4). It can be assumed that over small clusters

of lobules, the perfusion rate is relatively uniform, which means that the average

residence time can be considered to be approximately constant. As a result, the flow

rate is entirely determined by the surface area of eah lobule A, which can be measured

on the angiogram.

Figures 8.3 and 8.4 show the filling and draining phases of the simulated an-

giogram. The pressure at the outlets is set to be zero, and a no-flux boundary con-

dition is applied at the circle enclosing the domain. The simulated angiograms show

a good degree of agreement with the originals. Since the boundary conditions for the

flow are now determined, it is possible to visualise the flow field, and to identify crit-

ical areas. Figure 8.5 shows the streamlines of the flow and the velocity distribution

for a small portion of the choriocapillaris.

The good agreement between the simulated and original angiograms shows that

despite the lack of hæmodynamic data, the flow and passive transport in the chorio-

capillaris can be relatively well approximated from even static angiographic data.

8.2.6 Conclusion

The methods described in this section allow for the extraction of structural and func-

tional data from dye angiography, which can then be used to simulate, visualise and

quantify the blood flow and passive transport in the choriocapillaris on a per patient

basis. The fluorescein angiogram taken from Hayreh (1974e) was reproduced in silico

by extracting geometrical features of the lobular pattern, and assuming that the arte-

riolar openings were located at the centroid of functional lobules. The segmentation

observed on the simulated angiogram is in good agreement with the original one. The

method also allow for the visualisation of the flow pattern over a small portion of

the angiogram, which help in identifying regions of comparatively lower perfusion.

The present methodology would be greatly enhanced if the position of arteriolar and

venular openings could be more precisely determined, and if the average dye residence

time was known. The knowledge of these parameters, which are accessible in vivo,

would open the way to absolute quantification of the arteriolar and venular flow rates

and pressure distributions in the choriocapillaris.

It is important to stress that this work requires physiological validation. Direct val-

idation of the flow dynamics in the choriocapillaris is difficult to obtain, however, the
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Figure 8.3: Computational simulation of a fluorescein angiogram taken from Hayreh
(1974e) (filling phase, shown in g) at Pe ⇠ 103. The position of the arteriolar and
venular openings and the flow rate at each arteriole were extracted from the original
angiogram. Images (a) to (f) correspond to increasing values of time.
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Figure 8.4: Computational simulation of a fluorescein angiogram taken from Hayreh
(1974e) (draining phase, shown in g) at Pe ⇠ 103. The position of the arteriolar and
venular openings and the flow rate at each arteriole were extracted from the original
angiogram. Images (a) to (f) correspond to increasing values of time.
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Figure 8.5: Simulated flow field and instant velocity distribution over a portion of a
fluorescein angiogram taken from Hayreh (1974e).

present analysis offers a set of methods to indirectly validate and further strengthen

the local and global models of the choriocapillaris. This can be achieved by compar-

ing the pattern of original and simulated angiograms. The location of regions with a

prolonged filling time may also be compared with the separatrices of the flow.

Since dye angiography represents the most widely available technique to visualise

the choroidal vasculature, the work detailed in this section is of fundamental impor-

tance. Following validation, it may provide new tools to assess the choriocapillaris

in health and disease. The mapping of the choriocapillaris blood flow to localised

pathologies of the back of the eye is of specific interest, as it may help investigate

their microvascular component.

8.3 Linkage between choriocapillaris structure and

function

The aim of this section is to discuss certain aspects of the choriocapillaris anatomy in

the light of the physical observations made in Chapters 6 and 7. Following an extensive

literature review in Chapter 2, the choriocapillaris is assumed to behave as a passive

capillary bed. The blood flow is entirely determined by the relative distribution of

inlets and outlets, their respective pressure, and the resistance of the septae, which
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are modelled as cylinders of constant diameter placed over the flow domain following

a uniform distribution. The flow and pressure at arteriolar openings is taken to be a

sole function of the inner and outer choroidal vasculatures. Functionally, this means

that the characteristics of the flow entering the choriocapillaris are entirely extrinsi-

cally determined, and that the choriocapillaris, as a passive capillary bed, adjusts to

these conditions. The model also assumes that feedback mechanisms between outer

retina and choroid are absent, so that the blood flow is entirely independent of retinal

metabolism.

The relationship between the model and the anatomy of the choriocapillaris is first

discussed. The importance of the local and geographical variations in � are thereafter

explored.

8.3.1 Relationship between the anatomy and the model

The model of the choriocapillaris described in the present work is based on an ide-

alisation of the plexus. It is important to stress that even though separatrices of

the flow or stagnation points occur in real fluids, they may not correspond to actual

lines and points contained within capillary segments because they may not be physi-

ologically sustainable. However, aspects of the morphology of the choriocapillaris are

reminiscent of these singularities. Some of them can be identified by considering the

distribution of arteriolar and venular openings and the likely path followed by blood

through capillary segments. In figure 8.6, some of the regions, where a separation of

the blood flow can be expected are highlighted (arrows). Similarly, some approximate

stagnation regions are indicated (white stars).

If hæmodynamic data were available to model the blood flow based on the dis-

tribution of arteriolar and venular openings from figure 8.6 (from Section 8.2.6, the

surface area of vascular segments observed during angiography would be sufficient),

it is expected that the stagnation points and separatrices of the flow field determined

at � = 0 correspond to regions, where capillary segments are crucially absent. In

capillary segments, in which the blood residence time is too long, it would not be

possible to sustain a sufficient turnover of nutrients to keep endothelial cells alive,

and they would most likely disappear. Similarly, stagnation regions are not physio-

logically viable. However, it is important to emphasise that in the neighbourhood of

these singularities, capillary segments are present and functional. This is supported
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Figure 8.6: Confocal microscopy of a portion of submacular choriocapillaris seen from
the retinal side. Regions of comparatively lower (white rectangles) and larger (black
rectangles) vascular density are highlighted. Areas reminiscent of regions of separation
of the blood flow (arrows) and stagnation point (*) are indicated.

by the existence of regions with comparatively prolonged filling and draining times

during angiography. An important question, which can be drawn from this discussion,

is that of the resilience of the capillary bed (or any capillary bed) to heterogeneities

in the blood flow and mass transport. There may for instance be a minimal residence

time (or pressure drop), below which capillary segments may begin to regress.

8.3.2 Importance of the local variations in �

Chapter 4 has shown that the size, shape and orientation of septal posts display signif-

icant local and geographical variations over the choriocapillaris. Figure 8.6 highlights
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regions of comparatively larger and smaller void fraction in a portion of human sub-

macular choriocapillaris. It is clear from the figure that the variations in density are

not related to the distribution or nature of openings. In the area labelled (b) for in-

stance, the density is among the largest although the rectangle only contains venular

openings. In the area labelled (c), arteriolar openings are more numerous.

A likely explanation for this local variation is that � is adjusted to homogenise

the pressure distribution. Chapter 7 showed that the pressure drop can be reduced

through a decrease in �. Similarly, the pressure drop can be increased by making �

larger. As blood entering the choriocapillaris travels from a region of high pressure to

areas of low pressure, a way of mechanically reducing the heterogeneity in the pressure

distribution and to adjust the overall pressure drop is to increase � in the regions of

low pressure, and to reduce it in the regions of high pressure. Other benefits include a

decrease in the blood residence time in the regions of high pressure, a decrease in the

areas of low pressure, and therefore an homogenisation of the travel time distribution.

The difference in sizes of the vessels servicing the choriocapillaris suggests that the

blood pressure varies significantly between them, and a mechanical way of adjusting

the pressure distribution in the plane of the choriocapillaris is to vary �.

Importantly, areas of high and low pressure may not coincide with respectively

arteriolar and venular connections. They are rather a function of the distribution of

arteriolar and venular supplies. For instance, the juxtaposition of several arteriolar

openings and a venular one would create a region of comparatively higher pressure

despite the presence of a venular connection. Regions containing clusters of arteriolar

or venular insertions can be reasonably assumed to correspond to areas respectively

of high and low pressure. In figure 8.6, the void fraction is usually comparatively

smaller in the neighbourhood of clusters of venular openings, and larger in the vicinity

of arteriolar ones.

Local variations in � may also be beneficial to the delivery of metabolites to the

outer retina. Under the assumption that the metabolite extraction is flow limited, in

the regions where the blood flow is comparatively faster, increasing the surface area

occupied by capillaries (and therefore decreasing �) constitutes a way of augment-

ing the overall amount of metabolites extracted. In the regions, where the flow is

comparatively slower, a decrease in the surface area occupied by blood vessels may

be compensated by the fact that more time is available for metabolites to diffuse.
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A model for the metabolite extraction in the choriocapillaris is however necessary to

support this.

This analysis suggests that the distribution of the cylinders in our model plays a

crucial role in the overall dynamics of the choriocapillaris, but also that cylinders of

constant diameter may not be the best option to model the position of the septae.

8.3.3 Importance of the geographical variations in �

The geographical variation in � may allow for the tuning of the pressure drop over the

eye. Most of the arterioles feeding the choriocapillaris in the posterior pole originate

from SPCAs crossing the sclera at the level of the optic nerve. These vessels travel

all the way to the periphery, therefore the average pressure at arteriolar openings is

likely to decrease steadily from the optic nerve head to the periphery. The blood flow

is therefore likely to be slower which, in line with the discussion from the previous

section, could be compensated for by increasing � further from the point of insertion

of the SPCAs.

Since the choriocapillaris develops largely independently from the outer retina, it is

unlikely that the decrease in � observed away from the macular area is caused by the

decrease in photoreceptor density over the eye. However, the decrease in surface area

associated with a decrease in � may be viable because of the drop in photoreceptor

density further from the macula.

8.3.4 Importance of the relative distribution of arteriolar and
venular openings

In our model, the relative distribution of arterioles and venules is described by the

parameter !. A way of mechanically compensating for the likely pressure drop and

flow rate along the vessels supplying the choriocapillaris is to vary the relative dis-

tribution of arteriolar and venular openings. In Section 7.4.3, it was shown that the

pressure drop and average residence time could be adjusted by modifying !. From

figure 7.8(a), taking ! = ⇡/2 as a reference, an increase or a decrease in ! leads

to an increase in the pressure drop. This means that under the assumptions of the

model, the pressure drop over a subset of the flow field could be maintained constant

following a decrease in the pressure at the arteriole feeding the subset by modifying

!. In particular, that would mean that ! would gradually become larger or smaller
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further from the point of insertion of the SPCAs. Functionally, this would correspond

to more elongated functional lobules further from the optic nerve head.

This is supported by angiographic data. Kiryu et al. (1994) and Hirata et al. (2004)

reported that functional lobules in the peripheral choriocapillaris are comparatively

more elongated. Anatomical lobules are also generally more elongated towards the

equator and periphery than at the posterior pole (Fryczkowski et al. 1991, Fryczkowski

1994). Interestingly, during development, the choriocapillaris displays a square-like

pattern in the posterior pole, and a more rhombic one towards the periphery (Heimann

1972). Whether these patterns are related to the arrangement of arteriolar and venular

openings has yet to be investigated. Since the formation of new connections between

choroidal intermediate vessels and choriocapillaris has not been reported in adult,

the relative arrangement of arteriolar and venular openings is likely to be set during

embryonic development.

8.3.5 Origin of the inter-patient variability

Chapter 4 highlighted significant inter-patient morphological variations in the choric-

ocapillaris anatomy, which can be partially explained by the linkage between chori-

ocapillaris anatomy and physiology laid out in the previous sections. Differences in

the density of the choriocapillaris over the eye globe between patients may be ex-

plained by variations in systemic blood pressure, and therefore in the blood pressure

at the arterioles supplying the choriocapillaris. The distribution of arteriolar and

venular openings may also be influenced by the differences in the hæmodynamics of

the choroidal vasculature during embryonic development.

8.3.6 Conclusion

Since the model of the choriocapillaris developed in the present work is based on

the fundamental characteristics of the choriocapillaris, it allows for the formulation

of possible functional explanations for some aspects of its anatomy. Results from

the theoretical analysis suggest that the local and geographical variations in the void

fraction may allow for more homogeneous pressure and residence time distributions.

The relative distribution of arteriolar and venular openings may be related to the

pressure at the arterioles feeding the plexus. This pressure is likely to vary over the

eye, which may explain the geographical differences in the relative arrangement of
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arteriolar and venular openings. Without physiological validation and further work,

these predictions remain hypothetical. They however underline new ways of under-

standing the choriocapillaris, and point to unexplored mechanisms in its development

and dynamics.

Interestingly, the variation in size, shape and orientation of the septal posts are

likely to be at the origin of the definition of anatomical lobules. In the vicinity

of an arteriolar or venular opening, the orientation of the septae is approximately

radial, which suggests that they align with the direction of the flow. This gives the

impression that capillaries radiate from openings. The plexus is also characterised by

important variations in the density of the capillaries. It is not unusual to see the largest

septal posts close to venular openings. This drop in density was perhaps mistaken for

anatomical demarcations between lobules. Figure 8.6 shows that the variation in the

density of the capillaries is not related to the distribution of arteriolar and venular

openings; however, the image corresponds to the submacular choriocapillaris, where

the existence of an anatomical lobular segmentation is subject to controversy.

It was in the present discussion assumed that the choriocapillaris has to adjust

to the flow conditions imposed by the inner and outer choroid. This assumption is

supported by the way the choroidal vasculature matures in the embryo, with the chori-

ocapillaris developing prior to inner and outer choroidal vessels, and the connections

between intermediate and capillary vessels occurring at later stages. The anatomical

arrangement of the capillaries in relation to the model analysed in Chapter 6 reveals

that the regions, where in all likelihood the flow is significantly reduced in term of

fluid residence time correspond to areas, where capillary segments are absent. This

is of fundamental importance, as it suggests that the model, following validation and

refinements, may to some extend be used to predict aspects of the anatomical or-

ganisation of the choriocapillaris, and to identify regions more sensitive to changes in

perfusion. The importance of this feature on the prevention, diagnosis and monitoring

of pathologies of the back of the eye is further discussed in the next section.

8.4 Structure and function in disease

AMD and DR are two of the most prevalent pathologies of the back of the eye, and

today, they represent a challenge to scientists and clinicians. In DR-DC, anatomical

changes in the choroidal vasculature have been reported, however, the importance
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of the choroid in the progression of the disease has been largely unexplored, mainly

because of the lack of methods to investigate choriocapillaris function (see Section

2.5.3). The dominant view is that AMD is a multifactorial disease, although the

chains of events leading to its onset and involved in its progression are still subject

to controversy. The role of the choroidal vasculature has been put forward in several

studies, but it has not yet been possible to link functional observations to morpho-

logical changes in the choriocapillaris. The purpose of this section is to demonstrate

how the model developed in the present work constitutes a framework, in which func-

tional and structural changes in the choroidal vasculature occurring as a result of a

pathology or ageing can be investigated in conjunction.

It is here assumed that the outer choroidal circulation forms a vascular tree. Dis-

ruptions of the flow at terminal arterioles, venules and arteries are first considered.

The effect of a reduction in vascular density is then discussed.

8.4.1 Arteriolar or venular occlusion

From the topological analysis carried out in Section 6.3.6 and 6.4, the loss of arteri-

olar or venular openings, which correspond to nodes of the flow field, results in the

disappearance of the same number of stagnation points of the flow field. Since the

number of stagnation points coincides with the number of lobule edges, this means

that an arteriolar or venular occlusion leads to a local resegmentation of the flow field.

This is illustrated in figure 8.7, which shows the effect of the loss of one arteriolar

or two venular openings in a distribution of sources and sinks initially organised in a

lattice on the flow field, pressure and velocity. In the present distribution, the loss of

an arteriolar opening creates a stagnation region, in which the pressure distribution

is almost uniform and the velocity close to zero. The central subset of the flow in

figure 8.7(a), which has 4 edges, is replaced by a subset having 6 edges. Its surface

area has increased, which means that the average residence time within the subset

is significantly longer. As a result of the loss of two adjacent venular openings, a

region of comparatively higher pressure appears. Within this area, the gradient of

the pressure is small, so that the velocity is close to zero. Similarly to the loss of an

arteriolar opening, the surface area of some of the subsets has increased, and therefore

the average residence time is prolonged. From Section 6.6.2, the decrease in the blood

velocity in these stagnation regions leads to an increase in the width of the boundary
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Figure 8.7: Sensitivity of the segmentation of the flow field, dimensionless pressure
(a, c, e) and instant velocity distribution (b, d, f) to the occlusion of (c, d) an arteriolar
and (e, f) two venular openings in a distribution of sources and sinks initially organised
in a lattice (a, b).
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between functional lobules in their vicinity.

During angiography, these stagnation regions would take comparatively longer to

fill and drain. The analysis of the geometric pattern displayed by the choriocapillaris

during angiography may help detect terminal arteriolar and venular occlusions. From

Section 8.2.6, the number of edges per lobule gives an indication of the ratio between

arteriolar and venular openings ⌧ . From the two angiograms analysed, the values for

⌧ appear to be within a limited range. Once the physiological range of ⌧ is determined

(for instance through cross-sectional analyses of angiograms from a pool of patients),

then a ⌧ outside of this range may be indicative of an occlusion.

This simple example illustrates how arteriolar and venular occlusions may be de-

tected, and their impact on the hæmodynamics of the choriocapillaris assessed. Since

arteriolar and venular openings are connected through the choroidal vascular tree, it

is likely that the occlusion of an arteriole or venule not only reduces the flow at one

or more arteriolar or venular openings, but also modifies the flow rate at other inlets

and outlets. This would lead to far more complex modifications in the choriocapillaris

blood flow (see for instance figure 6.10).

8.4.2 Reduction of the blood supply to the choriocapillaris

If the decrease in the blood supply to the choriocapillaris originates from the larger

arteries supplying the choroid, then it is likely to produce a reduction of the flow rate

at arteriolar openings either globally or within a cluster of lobules. Since the changes

in the flow rate would affect every arteriolar openings, it can be assumed that the

geometry of the subsets of the flow and their surface area would not change. The

changes in the pressure distribution and residence time can therefore be investigated

using the model of the blood flow through a functional lobule.

Delays in choroidal filling patterns (Pauleikhoff et al. 1999) associated with de-

creased velocities in the larger arteries supplying the choriocapillaris (Ciulla et al.

1999, Mendrinos & Pournaras 2009) have been reported in early AMD. From equa-

tion (8.2.4), a reduction in Q
a

(resulting from a reduction in the flow rate in larger

arteries) at constant surface area results in a decrease in the average residence time,

which may explain the prolonged choroidal filling patterns observed in early AMD.

The effect of a reduction in the flow rate to choriocapillaris functional lobules on the

residence time can be characterised analytically by expressing of �T and <T > as a
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function of the change in the flow rate q. Let q
0

be an area flux of reference at an

inlet. Then the current flow rate is expressed as

q = {q
0

(8.4.1)

where { is a positive constant characterising the change in the flux. The velocity field

satisfies

|u
h

|= {|u0

h

|, (8.4.2)

where u

0

h

is the velocity field set with q
0

. From equations (7.2.13), (7.2.14) and

(7.2.15), the residence time, average residence time and root of the mean square of

the residence time satisfy:

�T (✓) =
1

{�T 0(✓) (8.4.3)

<T >=
1

{ <T >0 (8.4.4)

<T >
RMS

=
1

{ <T >0

RMS

, (8.4.5)

where �T 0(✓), <T >0 and <T >0

RMS

are calculated with u

0

h

. These relations prove

that a decrease in the flow rate of a factor { < 1 leads to an increase in the residence

time distribution, average residence time and root of the mean square of the residence

time by a factor 1/{. The increase in <T >
RMS

describes an increase in the hetero-

geneity of the residence time distribution introduced by the stagnation point between

outlets. As a result, a decrease in q leads to a pronounced heterogeneity in < T >,

which would primarily affect the vicinity of the stagnation point and separatrices of

the flow. From Section 6.6.2, the width of the boundaries between lobules, where

diffusion is dominant, would also increase with a decline in q. This means that the

compensation of the heterogeneities in �T , which may normally be achieved through

diffusion, is disturbed. From equation 8.2.3, a reduction in q would also lead to a

decrease in the pressure drop. Therefore, the perfusion of the choriocapillaris would

be significantly reduced.

This analysis shows that a reduction in the blood supply to the choriocapillaris

results in a increase of the overall heterogeneity in the residence time and passive

transport. The areas, where these characteristics are prolonged in health, are the

first to be affected by the reduction in Q
a

. Capillaries located in the vicinity of these
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regions are likely to suffer from a significant decrease in metabolite turnover time,

which is likely to result in endothelial cell death and loss of vascular density. This is

further discussed in the next section.

8.4.3 Variations in vascular density

Both local and global reductions in the blood supply to the choriocapillaris alter

pressure and residence time distributions, and result in the development of stagnation

zones, where the residence time and passive transport are possibly pathologically

prolonged. This may lead to endothelial cell loss, and therefore to a decrease in the

overall vascular density of the choriocapillaris.

This result is consistent with the analysis from Section 7.5.3, which showed that

a reduction of the vascular volume fraction could compensate for a decrease in pres-

sure drop. It also provides an insight into the possible mechanisms responsible for

changes in choriocapillaris density. As the flow rate at arteriolar openings changes, the

metabolite turnover time in regions characterised by a prolonged residence time may

either increase or decrease, which may help the formation or regression of capillary

segments. Other mechanisms may be involved, such as shear-stress related signalling

or fluctuations in the concentration of growth factors secreted by the RPE.

Ramrattan et al. (1994) reported significant variations in choriocapillaris density

among every age group. The visualisation of the plexus carried out in Chapter 4

revealed the omnipresence of constricted capillary segments in a patient aged 41 (see

figure 4.7), which may well correspond to the ghost vessels described by Mullins et al.

(2011). The present analysis suggests that variations in vascular density may not be

pathological, but may rather be the result of changes in the hæmodynamics of the

choriocapillaris. However, there may be a threshold for the vascular volume fraction,

below which pathologies are likely to appear.

8.4.4 Conclusion

The present analysis demonstrates how the model may be used to explore choriocap-

illaris structure and function in disease, and to test current hypotheses regarding the

onset and progression of microvascular pathologies. A decrease in the blood supply

to the choriocapillaris, which may originate from arteriolar occlusions, a reduction of

the flow rate at larger arteries or from a systemic decline of the blood flow results
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in significant changes in the hæmodynamics of the plexus. Regions, where pathol-

ogy is the most likely to occur, correspond to areas with a prolonged residence time.

The heterogeneity of the blood flow in health may be responsible for the selective

localisation of inflammatory and degenerative diseases of the back of the eye.

8.5 Conclusion

This chapter demonstrates how results from the model may be used to understand

the relationship between choriocapillaris structure and function, and to investigate

how they evolve in ageing and disease. The first section showed that important phys-

iological and anatomical information characterising the choriocapillaris in individual

patients may be extracted from angiographic examinations. These data may then be

used to visualise the blood flow and passive transport patterns in silico, and there-

fore to identify regions of hypoperfusion. The importance of some aspects of the

choriocapillaris architecture was then discussed. The architecture of the choriocapil-

laris displays signs of adjustment to hæmodynamic conditions imposed by the outer

choroidal circulation. This is supported by the fact that the plexus is passive, and

that it develops largely independently from the outer choroidal vascular tree in the

embryo. The size, distribution and shape of the septae appear to be ways of tuning

the pressure distribution, pressure drop and residence time distribution to arteriolar

blood supply. Since the blood supply to the choriocapillaris is likely to present local

and spatial variability, this adjustment results in geographical variations in the chori-

ocapillaris density. The model was thereafter used to explore how choriocapillaris

structure and function evolve in disease. It was shown that arteriolar and venular

occlusions may be detected by extracting geometric features from angiographic ex-

aminations. The effect of a decrease in the blood supply to the choriocapillaris was

proved to lead to a significant increase in the heterogeneity of the residence time and

passive transport. The regions, where this heterogeneity is maximal in health, are

the first ones to be affected. As a result, the metabolite turnover time may become

critically low, which may result in endothelial cell death. Loss of vascular density is

a way of alleviating a decrease in the blood supply, however, it involves a trade-off in

the surface area covered by the capillaries, which may lead to pathologies of the back

of the eye.

The present analysis requires physiological validation, which is difficult to obtain
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by direct visualisation of the choriocapillaris. However, the methods described in Sec-

tion 8.2.6 provide a set of indirect methods to strengthen the model. Limited data are

available in the literature to support or challenge the findings described in this chap-

ter. This is partly caused by the novelty of this approach. The choroidal vasculature

has historically seen very little investigation as a system. Most of the understanding

of the choroid has been sought using a retina-centric approach, which, in the light

of the present work, does not appear to be adapted. Another important reason per-

tains to the fact that some of the results described in this chapter have simply never

been envisaged. Because of the complexity of the choriocapillaris architecture, a large

number of our findings would have been difficult to infer or apprehend without using

physical principles.
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Chapter 9

Conclusion and future work

As a result of the present work, a better and in many respects novel understanding of

choriocapillaris structure and function has been achieved. The choroid has historically

mostly been investigated in the context of the retina and has seldom been considered

on its own. It has as a result been poorly understood as a system. Several pathologies

of the back of the eye may involve pathology in the choroid, which may have been

overlooked because of an unadapted retina-centric approach. Because the chorioreti-

nal complex is so finely tuned, any pathological event affecting the choroid is bound

to affect the retina. But without a thorough knowledge of each of these subsystems, it

is almost impossible to capture the chain of events leading to pathology. The present

work represents a first step towards building a better knowledge of the choroid, and

as such may in fine lead to an integrated understanding of the chorioretinal complex.

Methods to visualise the choriocapillaris and quantify aspects of its anatomy were

developed in Chapter 4. The choriocapillaris forms a continuous meshwork of capil-

laries throughout the eye globe. The capillaries are densely organised, and separated

by avascular septal posts, which display significant local and geographical variations

in size and shape. The density of the plexus varies over the eye globe and between

patients. Perivascular mural cells expressing ↵SMA are omnipresent, including within

the choriocapillaris, where they are selectively located on the scleral side of the cap-

illary walls. Due to the complexity of the choriocapillaris architecture, it is difficult

to infer the path that blood follows from anatomical observations alone. This may

explain the ongoing controversies regarding the linkage between choriocapillaris struc-

ture and angiographic observations. It may also have hindered the understanding of

the geographical variations in choriocapillaris anatomy, and impeded the analysis of

the role of the plexus in the onset and progression of inflammatory and degenerative
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diseases of the back of the eye.

Physical principles were used investigate the linkage between choriocapillaris struc-

ture and function. A mathematical model for the blood flow was developed in Chapter

5. The choriocapillaris was modelled as a horizontally bounded channel, where the

upper and lower surfaces correspond to parallel planar membranes. The septae were

modelled as cylinders of constant diameter randomly distributed between the two

membranes following a uniform distribution. Arteriolar and venular insertions into

the choriocapillaris were modelled as inlets and outlets connected to the lower surface

of the channel perpendicularly. A lubrication approximation was applied, and the

flow was investigated in two dimensions within the potential flow theory.

In order to demonstrate the linkage between choriocapillaris architecture and the

lobular segmentation observed during angiography, flow and passive transport visu-

alisation techniques were developed in Chapter 6. The topological analysis of the

flow field when � = 0 showed that the flow is decomposed into a finite number of

invariant open subsets. The complement of the subsets is composed of separatrices

of the flow field, where the velocity in the direction perpendicular to the separatrices

is zero. The shape and surface area of each subset is a function of the distribution of

inlets and outlets and their respective flow rate. A numerical model for the transport

of a passive scalar was developed to model dye angiography. Within each subset the

transport is dominantly advective. At the separatrices of the flow field diffusion is

dominant in the direction perpendicular to the separatrices. As a result, the trans-

port in the vicinity of the separatrices is comparatively slower. The width of the

boundaries between lobules is determined by the flow rate at arteriolar openings and

by the diffusivity of the passive dye. This analysis showed that the segmentation of

the transport of a dye in the choriocapillaris observed during angiography does not

require any physical boundaries. Functional lobules are a direct result of the archi-

tecture of the choriocapillaris, and are perfectly compatible with the continuity of the

plexus. The concept of an anatomical lobule, which has been extensively debated

despite having no anatomical ground, is superfluous.

In Chapter 7, a model of a functional lobule was developed to investigate local

and geographical variations in the choriocapillaris anatomy. Functional lobules were

modelled as tessellating polygonal prisms, with an inlet within their domain and

outlets at their vertices. By symmetry, the analysis of the flow was restricted to a
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triangular prism, taken to be isosceles. It was shown that the void fraction and the

relative arrangement of arteriolar and venular openings were a determinant of the

pressure drop and residence time, and could be tuned to adapt to arteriolar supply.

A fundamental relationship between subset area, average residence time and flow rate

was thereafter proven.

In Chapter 8, the importance of these results in the diagnosis and monitoring

of pathologies of the back of the eye was explored. Based on the understanding of

the choriocapillaris acquired from Chapters 6 and 7, important features of the plexus

architecture and physiology may be extracted from angiographic observations. These

include the ratio of arteriolar and venular insertions, their respective flow rate, and

the pressure drop distribution. This data may then be used to simulate the blood

flow and passive transport in portions of the choriocapillaris on a per patient basis.

The model allowed for the formulation of possible functional explanations for some

of the geographical variations in the choriocapillaris anatomy. The local variations in

the size and shape of the septae may be a way of locally homogenising the pressure

distribution. Variations in size may also allow for the uniformisation of the blood

residence time. Spatial changes in the shape of functional lobules are likely to adjust

the pressure drop to a geographically varying arteriolar pressure. The model was then

applied to investigate the dynamics of the choriocapillaris in health and disease. As

a result of an arteriolar or venular occlusion or in the even of a decrease in the blood

supply to the choriocapillaris, the perfusion of segments of the choriocapillaris where

the residence time was initially prolonged significantly decreases. This may lead to

endothelial cell loss, and a reduction in choriocapillaris density, which is observed in

early AMD, DR-DC and ageing.

Further research is necessary to strengthen, challenge and maximise the reach of

the results of the present work. Some of the next steps to be taken are discussed in

the next sections.

9.1 Validation of the model

The segmentation of the transport of a passive scalar in the model of the choriocapil-

laris showed good agreement with angiographic observations, which strengthened the

legitimacy of the model. However, further physiological validation is required to apply

the results of the model to the general population. The first step in that direction con-
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sists of testing the idealised model of the choriocapillaris against actual reconstructed

portions of human choriocapillaris. Variations are observed in the angles that arteri-

olar and venular insertions form with the plane of the choriocapillaris, and the flow

at arteriolar and venular openings may not always be axisymmetric. Furthermore,

the characteristics of the septae display significant variations locally and globally. In

comparing the characteristics of the flow and diagnostic tools in a sufficient number of

idealised and reconstructed choriocapillaris, it may be possible to assess the accuracy

of the model, and to correct some of its predictions. Such an analysis should also

make it possible to investigate whether a network approach is more suitable to model

the choriocapillaris in the periphery. Finally, it may shed light on other fundamental

characteristics of the choriocapillaris architecture.

Physiological validation must also be sought. Direct visualisation and quantifica-

tion of the choriocapillaris in human is at present difficult to obtain. Only a small

number of angiograms of the choriocapillaris could be found in the literature, and the

resolution of most of them was insufficient. The model has shed light on the potential

of using dye angiography in the analysis of choriocapillaris structure and function,

and may as a result lead to further developments in the field of angiography. Laser-

targeted ICG angiography is the most promising method, as it allows for the collection

of high-resolution images and measurements of the average dye residence time. A way

of indirectly validating the model is to carry out a cross-sectional geometrical anal-

ysis of angiographic images collected in a pool of patients, and to compare in silico

angiograms to the real ones.

9.2 Three-dimensional model

The three-dimensionality of the choriocapillaris is essential to the analysis of the

passive transport. The residence time only provides a metric of the transport of a

passive scalar, as regions of recirculation may form in the vicinity of the cylinders.

These regions, which result from the low Reynold’s number, are not accounted for in

two-dimensions. Moreover, because of the high degree of variation in the diameter

of the septae, there might be areas in the choriocapillaris, where the lubrication

approximation does not hold. It is therefore essential to solve the Navier-Stokes

equations over the three-dimensional model of the choriocapillaris in order to quantify

the limits of the geometry, within which the lubrication approximation is valid.

263



9.3 Extend the model to metabolite transport and

delivery

The choriocapillaris displays remarkable flow and passive transport properties. In

order to assess how these properties affect the nutrient transport across the plexus, it

is necessary to develop a model for the transport of metabolites. Oxygen and glucose

are of specific interest, as they are essential to sustain the capillaries.

This will constitute a first step towards building an integrated model of the delivery

of metabolites to the outer retina. Current models are one dimensional only, and

assume that the supply from the choriocapillaris is constant. The present work shows

that the blood flow and passive transport are heterogeneous, and that as a result the

supply of metabolites is not likely to be homogeneous. Furthermore, the heterogeneity

of the transport increases with a reduction of the blood supply to the choriocapillaris,

which might impact on metabolite delivery.

9.4 Seek a better understanding of the outer choroidal

circulation

The flow at arteriolar and venular openings is largely determined by the outer choroidal

circulation. In order to improve the accuracy of the model, it is necessary to pair it

with a model of the outer choroidal circulation. Choroidal vessels display remarkable

anatomical characteristics, which are likely to impact on the choriocapillaris blood

flow. Understanding it better will require the systematic imaging of portions of hu-

man choroidal vasculature using the methods described in Chapter 4, and solving the

equation for the flow and transport over the reconstructed domains.

9.5 Evidence for the adaptation of the anatomy to

the blood flow dynamics

The model highlighted possible functional explanations for some of the anatomical

variations in choriocapillaris anatomy. Some of the future work will be dedicated to

finding evidence for changes in the choriocapillaris anatomy that may be related to

changes in the blood flow dynamics. Portions of human choroid dissected from a pool
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of patients will be stained for markers associated with regression and formation of

capillary segments such as collagen IV and Ki-67. Using the understanding drawn

from the model, the location of these segments in relation to the blood flow dynamics

in the choriocapillaris will be investigated. By quantifying the expression of these

markers in patients from different age groups, it may be possible to quantify the

changes in the choriocapillaris blood flow dynamics in ageing.

9.6 Application to engineering problems

Part of the future work will be dedicated to applying the model to improve current

solutions to engineering problems. The choriocapillaris has evolved into a remarkable

topology under geometrical and mass exchange constraints. Its location underneath

the retina prevents the scattering of light, and it supplies the most energically de-

manding tissue of the human body. Technologies involving mass and heat exchange

across a planar interface may be improved by drawing from the choriocapillaris topol-

ogy. The theoretical foundation set down in this thesis will be supplemented by an

experimental approach to assess the performance of a physical model inspired by the

choriocapillaris architecture.

265



Appendix A

Negative control for the

double-labelled immunostaining for

↵SMA and UEA-I

A negative control for the double-labelled immunostaining for UEA-I and ↵SMA was

performed on a portion of choroid dissected from patient C (see figure A.1). Every

step of the protocol described in Section 4.4.6 was followed except for the incubation

with the primary anti-↵SMA antibody.

200µm 50µm

(a) (b)

Figure A.1: Negative control for the double-labelled immunostaining for ↵SMA and
UEA-I at ⇥10 (a) and ⇥40 (b) magnifications (maximum intensity projection).

The gain in the red channel was set to a maximum. Only background fluorescence

and autofluorescence from red blood cells were detected.
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Appendix B

Generation of Poisson-disk

distributions

Poisson-disk distributions are composed of points drawn from a uniform distribution

and separated by a minimal distance. In this thesis, they were used to generate ar-

rays of non-overlapping cylinders, inlets or outlets over bounded domains. Methods to

generate them include rejection sampling (Feder 1980, Hinrichsen et al. 1986, Dick-

man et al. 1991, Osada et al. 2002), energy minimisation (Clarke & Wiley 1987,

Lubachevsky & Stillinger 1990, Xu et al. 2005, Desmond & Weeks 2009, Yazdchi

et al. 2012), Monte-Carlo (Chen & Papathanasiou 2006, Chen & Papathanasiou

2007, Chen & Papathanasiou 2008, Yazdchi et al. 2012) and molecular dynamics

(Luding 2008, Yazdchi et al. 2012) algorithms. For the purpose of the present work,

a rejection sampling algorithm was developed. Let a be the radius of the cylinders,

inlets or oulets to be generated, and �
min

the minimal distance between them. The

algorithm consists of sequentially drawing points p
i

from a uniform distribution, and

to test whether the distance between the newly drawn point and previously drawn

points satisfies the minimum distance condition, i.e.

�
min

+ 2a  dist(p
i

, p
j

), for 1  j  i� 1. (B.0.1)

If the condition is not satisfied, the point is not stored, and another point is drawn. If

it is, the point is stored, and a new point is drawn. The algorithm terminates when a

preset condition is reached. For inlets and outlets, this condition was a preset number

of points to be generated. For cylinders, the condition was a maximum void fraction.
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B.1 Over a disk

Let D be the disk diameter. Then any point

P = (r cos ✓, r sin ✓), (B.1.1)

where r ⇠ U [0,D/2] and ✓ ⇠ U [0, 2⇡] is uniformly generated within the disk. To

avoid constrictions between cylinders, inlets and outlets with the circle, points were

generated within a disk of diameter D � 2a.

B.2 Over a triangle

Only cylinder arrays were generated on triangles. If A, B and C are the vertices of

the triangle, then:

P = (1�p
r
1

)A+ (
p
r
1

(1� r
2

))B + r
2

p
r
1

C (B.2.1)

where r
1

, r
2

⇠ U [0, 1] is uniformly generated within ABC (Osada et al. 2002). If P is

within a distance �
min

+2a from any other point then it is rejected, and another point

is drawn. Another rejection criterion was introduced in order to avoid constrictions

between cylinders and the triangle boundaries. If the distance between a cylinder and

a side of the triangle is between a and �
min

+ a then it is rejected. If the centre

of the cylinder is at a distance smaller than a from the boundary - and therefore if

the cylinder intersects with it - then the point is stored (provided that it respects

the condition of minimal distance to other points) and the cylinder is "merged" with

the boundary by replacing the segment with it. Successful point are stored and the

algorithm repeated until the desired void volume fraction � is reached, or until the

convergence time set in the arguments is reached.

The void volume fraction � is set to one at the beginning of the algorithm. Let

A
t

be the area of the triangle ABC. If r
a

, r
b

and r
c

are the radii of the sources and

sinks at the vertices A, B and C respectively, then the area of the triangle is:

A
t

= a2 cos(↵) sin(↵)� ↵

2

�
r2
a

+ r2
b

�� ⇡ � 2↵

2
r2
c

(B.2.2)

At the iteration i, if the drawn cylinder f
i

does not intersect with any of the triangle
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sides, then:

�
i

= �
i�1

� ⇡a2

A
t

(B.2.3)

is the new void volume fraction. If f
i

intersects with one of the triangle sides, then at

the iteration i:

�
i

= �
i�1

� d2

8

✓
2a cos

✓
2�

d

◆
� sin

✓
2a cos(

2�

d

◆◆
(B.2.4)

where � is the distance between the centre of the cylinder and the side of the triangle

it intersects with. The void volume fraction � is reached with a tolerance set in the

arguments of the algorithm.
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Appendix C

Representative mesh of the flow

domain used for the numerical

resolution of the advection-diffusion

equation

Figure C.1 represents a portion of the mesh of the flow domain used to solve the

advection-diffusion equation in figures 6.20 and 6.21. It is representative of the mesh

used for figures 6.22 and 6.23. The cylinders with a comparatively smaller diameter

correspond to inlets or outlets.
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Figure C.1: Portion of the mesh of the flow domain for figures 6.20 and 6.21.
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Appendix D

Newton method to invert the complex

incomplete normalised beta function

If f is analytic on the complex plane and admits a solution to the equation

f(z) = 0 (D.0.1)

then the solution to (D.0.1) can be numerically approximated by using the Newton

method. Starting from z
0

close to the solution, the solution to (D.0.1) is approximated

by iteratively seeking the point z
i+1

closest to the intersection of the xy-plane and the

tangent plane of |f | at the point (z
i

, |f(z
i

)|) so that

z
i+1

= z
i

� f(z
i

)

f 0(z
i

)
. (D.0.2)

The inverse normalised complex incomplete beta function I�1

�
z

2 cos↵

, ↵
⇡

, ↵
⇡

�
is calcu-

lated over the triangular domain ⌦ = [0, 2 cos↵] ⇥ [0, sin↵] by applying the Newton

method to

f(z) = 2 cos↵ I
⇣
z,
↵

⇡
,
↵

⇡

⌘
� z. (D.0.3)

Since I is analytic on C and admits an inverse, f has a root that corresponds to

I�1

�
z

2 cos↵

, ↵
⇡

, ↵
⇡

�
. The initial guess z

0

is calculated as follows. Let z = x + iy be the

point, where I�1 needs to be evaluated. The Newton method method is sequentially

applied to the points z
j

= x + iy
j

, j = 1, ..., n (y
n

= y), with the initial guess

z
0,j+1

= z
j

, where z
0,0

is the value calculated on the real axis using the predefined

function betaincinv in Matlab.
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