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Abstract 
 

Purpose:  To improve our understanding of the human capillary microvasculature by 

determining correlations between the location of neuronal subcellular compartments 

and the morphometric features of regional capillary networks in the layered retina.  To 

detect if patients with cardiovascular comorbidities but no clinically detectable retinal 

disease demonstrate quantitative alterations to capillary networks. To determine 

whether speckle variance optical coherence tomography can be used as a clinical 

diagnostic tool by accurately providing qualitative and quantitative information 

regarding capillary networks in the human retina.  

Methods: The first experiment involved studying the retinal capillary networks in 17 

healthy human donor eyes. A specific location, the perifoveal region located 2 mm 

nasal to the fovea was studied. Micropipette technology was used to cannulate the 

central retinal artery and label the retinal microcirculation using a phalloidin perfusate. 

Confocal scanning laser microscopy was used for capillary imaging. Antibodies 

including gamma-synuclein, goalpha and parvalbumin antibodies were also used to co-

localize the nerve fibre layer (NFL), retinal ganglion cell layer (RGCL), inner 

plexiform layer (IPL) and inner nuclear layer (INL) to capillary networks.  Capillary 

diameter, capillary loop area and capillary density were measured between networks.  

For the second experiment, comparisons were made between 10 eyes from patients 

with systemic vascular comorbidities and the 17 control eyes utilized in the first 

experiment. All eyes were absent of clinically evident ocular disease. Identical micro-

cannulation techniques were used to label the retinal microvasculature and the same 

perifoveal region was studied. Two- and three-dimensional image reconstructions were 

used to perform quantitative measurements of individual capillary networks within the 

perifovea. Parameters measured included capillary diameter, capillary loop area, 

capillary loop length, capillary density and capillary surface area. 

For experiment three, imaging comparisons were made between 9 live human subjects 

and 8 human donor eyes.  A prototype speckle variance optical coherence tomography 

(svOCT) system was used to generate en face retinal capillary networks.  Capillary 

networks corresponding to the NFL, RGCL, IPL and INL were identified based on 
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morphometric features. Confocal scanning laser microscopy was used for capillary 

imaging of histology specimens.  Capillary diameter and density measurements were 

compared between imaging techniques and within svOCT derived networks in the 

perifovea.    

Results: In the first experiment studying perifoveal capillary networks of healthy 

human donors, it was found that capillary networks in the human perifovea are 

morphometrically heterogeneous.  Four capillary networks were identified in the retinal 

layers corresponding to: (1) NFL (2) RGCL and superficial portion of IPL (3) Deep 

portion of IPL and superficial portion of INL (4) Deep portion of INL.  Laminar 

configurations were present in NFL and deep INL networks.  Remaining networks 

demonstrated three-dimensional configurations.  Capillary density was greatest in the 

networks serving the IPL (P < 0.015).  Capillary loop area was smallest in the two 

innermost networks (P < 0.003). There was no difference in capillary diameter between 

networks (P = 0.715). 

In the second experiment comparing capillary networks in patients with vascular 

comorbidities to healthy eyes, capillary diameter was found to be increased in both the 

RGC and sIPL capillary networks (P = 0.005). Capillary loop area and capillary loop 

length was reduced in all capillary networks in patients with vascular comorbidities (all 

P < 0.020) except the deep capillary network of the INL (P = 0.863). Capillary density 

was reduced in the NFL capillary network in patients with vascular comorbidities (P = 

0.033). There was no difference in the relative occupied capillary surface area between 

control and diseased eyes (all P > 0.061). 

In the third experiment comparing imaging techniques, svOCT imaging of the retina 

was demonstrated to accurately delineate all orders of retinal microvasculature. 

Capillary networks were noted to be morphometrically similar in images derived from 

svOCT and histological techniques.  Capillary diameter was uniformly increased in all 

svOCT derived capillary network measurements (all P < 0.001). There was no 

difference in capillary density between svOCT and histology techniques (P > 0.094). 

Conclusions: The experiments outlined in this thesis provides insight into the capillary 

networks of the human perifovea and changes which may occur in the context of 

disease.  It highlights how morphometric features of regional capillary networks likely 
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serve a critical role in supporting neuronal homeostasis and that characteristics of 

perifoveal capillary networks are non-uniformly altered in patients with vascular 

comorbidities.  The results of this study also suggest that svOCT imaging allows 

accurate morphometric assessment of individual networks in the perifovea and that this 

technique may allow the early detection and understanding of vascular-mechanisms in 

retinal ischaemic diseases. 
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Chapter 1.0: Introduction 
 

1.1 Background 

Retinal vascular diseases are a major cause of visual morbidity worldwide yet there 

remains only limited knowledge regarding quantitative aspects of human retinal 

capillary micro-anatomy and structure.1-3   Such quantitative information would be 

pertinent in predicting capillary perfusion as a function of the human cardiovascular 

system.  Histological studies involving non-human primates have revealed that retinal 

capillaries demonstrate a multi-laminar morphology with a sheet like superficial 

capillary layer and separate, elaborate three-dimensional deep capillary networks.4, 5  

However, the human and primate retinal capillary structure are fundamentally distinct 

and it is for this reason that the sequence of pathogenic changes in retinal vascular 

diseases, such as diabetic retinopathy, are vastly different between the two species.6, 7   

In order to improve our understanding of cellular mechanisms underlying human retinal 

vascular diseases it is imperative that we have a thorough documentation of normal 

human capillary micro-architecture.   

The capacity of the retina to partition light stimuli into a series of complex visual 

signals, prior to cortical transmission, is largely attributed to the layered organization of 

its neuronal populations.8   Each neuronal population involved in visual processing has 

distinct metabolic demands with significant disparity in the rate of oxygen consumption 

between retinal layers.9, 10   It is expected that the distribution of capillary networks 

within the retina correlate with the metabolic demands of soma, dendrites and 

synapses– neuronal layers with the greatest energy demand may have the greatest 

capillary supply.11   Few studies however have aimed to validate this hypothesis.   

Unlike other regions in the central nervous system, the retinal circulation must achieve 

neuronal nutrition without compromising the optical properties of the pathway 

transmitting light to the photoreceptor layer in the outer retina.12   Increases in neuronal 

energy demand cannot therefore be compensated by a simple increase in capillary 

number.  It is likely that retinal capillary networks are morphometrically adapted in 

order that the balance between cellular nutrition and optical clarity can be achieved.  In 
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other organs, microcirculatory adaptive mechanisms that serve to satisfy the unique 

metabolic demands of distinct cell populations include modifications in capillary 

diameter,13-21  inter-capillary distance,13  capillary density13, 18, 20, 21 and the area 

bounded by capillary loops.22  Similar capillary network adaptations may be present in 

the human retina. 

Capillary endothelia facilitate the exchange of nutrients and toxic wastes between 

neurons and supporting glia.23-25   By doing so they perform a critical role in 

modulating retinal homeostasis.  Cardiovascular comorbidities have the potential to 

alter the blood-retina barrier  and are therefore considered important risk factors for 

retinal disease.26-28   However, it is unknown if the quantitative characteristics of retinal 

capillary networks are altered before disease-induced alterations to the blood-retina 

barrier become clinically manifest.  Such knowledge is important as it may permit the 

application of emerging state-of-the-art technology to image capillary networks and 

thus detect early retinal disease.29  Furthermore, because break down of the blood-

retinal barrier results in vasogenic oedema and neural tissue damage with resultant loss 

of vision,30  the clinical application of such histo-pathological knowledge could be of 

major benefit in the prevention of vision loss.  Understanding capillary network 

changes in patients with cardiovascular comorbidities may provide valuable insights 

into pathogenic mechanisms that underlie retinal vascular diseases. 

The experiments outlined in this thesis attempt to document qualitative and quantitative 

aspects of human capillary micro-architecture in the perifoveal region. This work will 

significantly improve our understanding of normal human retinal anatomy and provide 

the basis for understanding important sight-threatening diseases such as diabetic 

retinopathy and age related macular degeneration.  In particular, changes in the 

presence of cardiovascular comorbidities, which may precede the development of 

clinically manifest ocular disease, are studied. Comparisons between our histological 

techniques and speckle variance optical coherence tomography (svOCT) as a non 

invasive imaging technique are also examined closely. 
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Chapter 1 provides background information about the perifoveal region of the retina 

and current understandings of capillary microvascular anatomy. Previous investigations 

that have demonstrated important relationships between retinal vascular characteristics 

and cardiovascular morbidity are discussed. The principles of modern retinal vascular  

detection methods are explained with an emphasis on microperfusion fixation 

techniques and optical coherence tomography. 

Chapter 2 outlines an experiment in which perfusion- based labeling techniques, 

utilizing micropipette cannulation of the central retinal artery and targeted antibodies, 

are used to accurately label the human retinal circulation. Immunolabelling and 

microscopy techniques are coupled with this perfusion methodology to perform 

detailed analyses of capillary network relationships in the human perifovea.  

Chapter 3 outlines an experiment in which the same perfusion-based labelling 

techniques are employed with two- and three-dimensional image analysis techniques to 

document peri-foveal capillary network changes in patients with a history of 

cardiovascular morbidity but no clinically detectable retinal disease.  We also 

determine if capillary networks are selectively or uniformly altered by cardiovascular 

morbidity.   

Chapter 4 outlines an in-vivo experiment in which a modern svOCT technique is used 

to image the perifoveal capillaries. Qualitative and quantitative aspects of human 

capillary microvasculature derived from the svOCT technique are compared to 

histological measurements.   

Chapter 5 is a general discussion of the conclusions of this research and how findings 

may allow clinico-histological correlation with modern imaging devices to aid in the 

early detection of retinal vascular disease.    
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1.2 The Retina  

1.2.1 Retinal Histology  
 

The vertebrate neuro-retina is a light sensitive layer of tissue, lining the inner surface of 

the eye with an average thickness of only 300 µm.31  It consists of 10 distinct layers 

running from inner (closest to vitreous body) to outer retina (Figure 1) which allows 

transmission of photoreceptive information towards the optic nerve32 :   

1. Inner limiting membrane- boundary between retina and vitreous formed by 
basement membrane of Muller cells and supporting astrocytes 
 

2. Nerve Fibre layer - formed by retinal ganglion cell axons to form optic nerve  
 

3. Ganglion Cell layer- cell body or soma of retinal ganglion cells and displaced 
amacrine cells  
 

4. Inner plexiform layer- synapse between bipolar cell axons and retinal ganglion 
cell dendrites. Laterally connecting amacrine cell input is present.   
 

5. Inner nuclear layer- cell body of bipolar cells, amacrine, horizontal and 
displaced ganglion cells  
 

6. Outer plexiform layer- synapse between rod spherules, cone pedicules with 
bipolar and horizontal cell dendrites  
 

7. Outer nuclear layer- cell bodies of rod and cone cells 
 

8. External limiting membrane- junctional complexes (zonula adherens) between 
rods, cones and Muller cells  
 

9. Photoreceptor layer inner segments  
 

10. Photoreceptor layer outer segments- with (9), collectively contain rod and cones 
which represent the light-sensitive elements of the retina 

In addition, retinal health is supported by glial cells and retinal pigment epithelium- a 
nonsensory layer of cuboidal cells which extend between the optic disk and ora serrata. 
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Figure 1: The Human Retina  
 

Hematoxylin & Eosin stain cross section of the human retina demonstrating the 

histological layers. ILM (Inner limiting membrane). RNFL (Retinal nerve fiber layer). 

IPL (Inner plexiform layer). INL (Inner nuclear layer). OPL (Outer plexiform layer). 

ONL (Outer nuclear layer). RPE (Retinal pigment epithelium). The choroid and sclera 

are also visible. (Adapted from Deltagen Histology Atlas, 2006. Available from: 

http://www.deltagen.com/target/histologyatlas/HistologyAtlas.html) 



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 19 
 
 
 
 
1.2.2 Retinal Coupling Physiology: The Microenvironment   

Capillary- neuronal relationships have been the subject of extensive investigation 

within the human central nervous system.24, 25, 33, 34  A particular pattern that is 

recognized is that blood supply and degree of capillarization is adjusted to the 

metabolic demands of regional tissue.25, 35-37  Half the intercapillary distance represents 

the maximal distance which oxygen must travel by diffusion to supply tissues. In 

selected regions of rabbit brains, pattern of distribution of blood flow were closely 

correlated with that of capillary density along with a positive correlation to cytochrome 

oxidase activity.21, 38  Close correlations have been shown among blood flow, glucose 

utilization and capillary density in the brain in adult primates.39  In squirrel monkey 

retina, the nerve fiber layer was noted to be contributing more to total vascularity than 

would be predicted based on tissue thickness or volume measurements.4   

Similarly, the primate retina is expected to exhibit variation in vascularity across 

neuronal layers that reflect local variations in metabolic demand. The study of these 

patterns in humans could therefore be of interest in establishing the metabolic 

requirements of certain neuronal layers and modifications in both physiological and 

pathological states. The study of local variations in blood supply and quantitative 

changes in the microarchitecture may also help to explain differential vulnerability of 

certain neurons in different disorders and have significant implication for physiological 

studies of neural function.    
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1.2.3 Retinal Capillary Morphometry  
 

Retinal processing of the spatial and temporal properties of the visual stimulus results 

in a remarkably intricate axonal signal that demands a disproportionately high volume 

of cortical representation, relative to organ size, for sensory interpretation.40   It is 

estimated that 90% of all sensory information integrated by the brain are of visual 

origin and approximately one third of the brain’s volume is devoted to visual 

processing. 41, 42   A complex system of microvascular networks are required to satisfy 

the energy demands necessary for pre-cortical retinal processing.43   To date, there 

remains a paucity of information concerning the structure and location of capillary 

networks that support human retinal function.  Such information may be critical for 

understanding vascular mechanisms involved in retinal homeostasis and disease.   

The capacity of the retina to partition the visual stimulus into a series of complex 

psychophysical signals, prior to cortical transmission, is largely attributed to the layered 

organisation of neuronal populations.44   Each neuron involved in visual processing has 

distinct metabolic demands which translates to a significant disparity in the rate of 

oxygen consumption between retinal layers.  There is overwhelming evidence to 

suggest that the organization of the microvasculature plays a critical role in satisfying 

the energy demands of neuronal elements, however it remains unclear if retinal 

capillary morphometry is regionally adapted as a consequence of intra-retinal variation 

in neuronal function.4, 5    

The morphometric organization of the retinal circulation is constrained by the optical 

properties of the eye.  Unlike other regions in the central nervous system, the retinal 

circulation must achieve neuronal nutrition without compromising the optical 

properties of the pathway transmitting light to the photoreceptor layer in the outer 

retina - an increase in neuronal energy demand cannot therefore be compensated by a 

simple increase in capillary number. Several studies, involving non-ocular 

microvascular systems, have demonstrated important correlations between regional 

homeostatic activity and capillary network morphometry.  Previously reported 

microcirculatory adaptive mechanisms that serve to satisfy the unique metabolic 

demands of varying cell populations include modifications in capillary diameter13-20, 45 , 
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inter-capillary distance13 , capillary density14, 18, 20, 21, 45, 46  and the area bounded by 

capillary loops22 .  It is possible that similar vascular adaptations maintain the balance 

between cellular nutrition and optical clarity in the human retina. 

 

1.2.4 Previous Studies of the Retinal Microvasculature 
 

The microcirculation of the retina has been a subject of extensive investigation owing 

to its importance in retinal health and disease.47  However, due to limitations in 

imaging techniques, the precise connections between microvascular layers of the 

human retina remains unknown.48  Given that the choroid, under normal atmospheric 

conditions is only able to supply a small proportion of the oxygen needs of the inner 

retina, it was postulated that an intricate capillary network provided by the retinal 

circulation would be needed in order to support this region.49, 50   

Using a modified benzidine-staining method for delineating vessels, Michaelson's 

classic 1954 anatomical dissertation titled 'Retinal circulation in man and animals' 

marked the beginning of a period of rapid expansion in our knowledge about the retinal 

circulation.51  In this work, an emphasis was placed on a laminar distribution of 

capillaries in the retina. Pioneering studies subsequently performed by Snodderly in 

squirrel monkey retinas involved the study of vascular patterns in whole mount 

preparations which identified regional variations in the vascular network with 

topography of the fovea.4, 5  However, structural and functional differences between 

experimental animals and humans were noted to exist and comprehensive studies of 

human retinal microvasculature were hindered by the difficulty of obtaining and 

preparing human tissue.52  Human retinas undergo rapid postmortem deterioration with 

changes including swelling, distortion and fragmentation.53  Additionally, lab methods 

were restricted to studying the architecture through techniques such as trypsin digest 

which are noted to alter the three dimensional arrangement of tissue.54  Colloidal iron 

and vascular corrosion casts were also employed but are subject to pressure artefact and 

do not allow for optical sectioning.55, 56  

More recent studies have utilized confocal microscopy to delineate the three-

dimensional angioarchitecture of the mouse retina, describing the three dimensional 
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arrangement as a series of 'capillary hammocks' between major retinal arteries and 

veins.57  Immunofluorescent staining techniques combined with confocal imaging of 

the capillary networks have allowed a qualitative analysis of separate retinal capillary 

plexuses.21  However, the complex three dimensional microvascular arrangement of the 

retinal capillaries and their quantitative properties have not been fully determined due 

to limitations in resolution capabilities to date.  

 

1.2.5 Current Understanding of Retinal Microvasculature  
 

Unlike a three dimensional network of capillaries that is found in most other organs, the 

markedly lamellar structure of the retina renders its capillary networks largely two- 

dimensional. The major branches of the retinal artery runs peripherally from the optic 

nerve head with successive divisions of the vessel remaining at a superficial level 

within the nerve fibre layer.58  At this point, studies of the retinal circulation have 

identified two distinct capillary beds subserving the inner retina. One of these capillary 

beds, the superficial group, continues on the vitreal layers to serve the nerve 

fibre/ganglion cell layers with a deeper group running at a steeper angle to a deeper 

level where it is related to the inner nuclear and plexiform layers. There is a distinctive 

difference in vascular pattern, mesh density, and presence or absence of larger vessels 

noted between the two layers.59  Specifically, the superficial plexus closely 

approximates the larger vessels with a more complex capillary distribution and higher 

density compared to a mostly planar distribution of the deeper network. Anastomotic 

capillaries run from superficial to deep networks, and capillaries, which may run for 

part of its course in one layer, may change to the other.  

This pattern is modified in thicker parts of the retina with the superficial layer becomes 

increasingly more three dimensional, rendering up to four capillary layers noted around 

the macular region and optic disc.5  Iwasaki and Inomata were able to show striking 

regional variations in capillary lamination within the human perifovea according to 

thickness of the ganglion cell layer.60  This is consistent with subsequent studies 

showing that the density of capillary volume is known to change in different regions of 

the retina with a rise in percentage of retinal area occupied by capillaries noted as a 
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function of increasing eccentricity from the foveal avascular zone.5  The notion that 

some capillary planes may have a denser network than others and vary depending on 

retinal region implies that retinal blood flow might be preferentially distributed to 

certain retinal layers. Such information may confer a deeper understanding of neuronal 

activity in both physiological and dysfunctional states. 

 

1.2.6  Current Understanding of Oxygen Demand in the Retina 
 

Given that there is a delicate balance between oxygen supply and consumption in the 

retina which places it at particular risk for ischaemic damage, the ability to understand 

the different metabolic requirements of different cell types may offer insights into 

differential vulnerability in these pathological processes. Vulnerability to ischaemic 

damage in the retina stems from a need to balance the density of capillaries and 

corresponding oxygen diffusion distances with interference of light pathways. This 

results in an average pO2 that is low (20mmHg)  relative to other organs of the body.61-

66  Furthermore, the energy demands of the retina on a per gram basis have been 

described as higher than that of the brain with the majority supplied from oxidative 

metabolism coupled to ATP synthesis.  

Several attempts have been made to understand the oxygen requirements of different 

retinal subcompartments. Krogh's oxygen diffusion models and conceptualization that 

rate of utilization of oxygen is a vital determinant to tissue distribution is particularly 

applicable to the structurally complex networks of the inner retina. Through these 

calculations, the inner retina is noted to have a high oxygen extraction fraction 

indicating a relatively sparse retinal vasculature given its high oxygen consumption 

rate.65   

The retina has a highly layered structure with spatially separated vascular components. 

Thus, the retina is particularly amenable to the measurement of intraretinal oxygen 

distribution to predict the environment in particular retinal layers. Experimental models 

produced by Yu et al have been generated to calculate these different oxygen 

consumption rates in different layers of the inner retina and has highlighted the 

intraretinal oxygen environment in a range of species (Figure 2).67-71  In rat retina, such 
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models have provided insights into oxygen metabolism within living retina. 

Specifically, there are three zones of dominant oxygen consumption identified in this 

species, namely the inner plexiform layer, outer plexiform layer and inner segments of 

the photoreceptors.69  Relatively consistent minimum levels of oxygen delivered to the 

inner plexiform layer reflects the relatively high oxygen demand requirements of 

synaptic activity. This is supported by different studies which have analyzed the 

cerebral oxidative capacity in monkey retinas via the surrogate measure of cytochrome 

oxidase histochemistry.71  Specifically, this enzyme which exists in the inner membrane 

of mitochondria indicates distribution of mitochondria in the human retina 

corresponding to denser staining patterns approximating inner plexiform and ganglion 

cell layers.72-76   

Retinal blood vessels are capable of adaptive structural change in response to varying 

conditions and functional demands. In response to systemic hyperoxia, oxygen 

regulatory mechanisms which act to dampen the high oxygen environment within the 

inner retina have been established. Specifically, measurement of intraretinal oxygen 

environments have noted muted oxygen responses stemming from an increase in 

oxygen consumption from inner and outer plexiform layers.10  The importance of such 

regulatory mechanisms controlling oxygen levels in the inner retina is difficult to 

determine but has implications on processes such as laser photocoagulation which 

involve alteration of the intraretinal oxygen environment.77  From an architectural 

standpoint, this would also suggest the need for a well adapted deep capillary plexus 

which would be projected to supply oxygen to the metabolically active inner plexiform 

layer, and to a lesser extent, the outer plexiform layer and photoreceptors. 

These findings illustrate that oxygen metabolism of inner retinal subcompartments is 

complex.49  The notion that powerful oxygen regulating mechanisms are present 

indicates that a controlled oxygen environment is critical in the maintenance of retinal 

health. Inferences drawn from these studies may also suggest which layers are most 

vulnerable to hypoxic injury.  
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Figure 2: Oxygen Demand in Retinal Subcompartments 

A diagram showing oxygen tension in the inferior rat retina correlated with a perfusion-
fixed histological cross section. Magnification x 590. This allows correlation of the 
oxygen profile with anatomical subcompartments. (Adapted from Yu et al, 1994)  
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1.2.7 The Retina as a Surrogate Measure of Vascular Health  
 

Capillary microvasculature is fundamental to the maintenance of neuronal health as the 

primary site of nutrient supply and removal of metabolic waste products.78  Changes in 

capillary density and alterations in vessel diameter may result in increased vascular 

resistance.78  Capillary changes in the aging human cerebral cortex include an increased 

mean capillary diameter and volume, increased length of capillaries per unit volume,  a 

decreased specific surface area and a reduced mean intercapillary distance. Burns et al 

also noted changes in cerebral capillary morphology with age including a larger mean 

capillary diameter due to loss of endothelial cells and subsequent elongation and 

thinning of remaining cells.13  This was noted to correlate with a thinning of the 

capillary wall suggesting an increased vulnerability to mechanical damage with 

implications for distributions of pressure and wall shear stress in remaining 

microvessels. Transport and exchange capability of oxygen would be expected to 

decline through such changes in the microvasculature architecture.  

Due to the delicate balance between oxygen supply and demand which places the retina 

at particular risk of ischaemic damage, numerous studies have explored the relationship 

between abnormalities in the retinal microvasculature and systemic vascular diseases.79-

85  Retinal vascular network structure may be adversely altered by diabetes mellitus, 

atherosclerosis and high blood pressure. The presence of chronic hypertension is the 

most important systemic risk factor for development of both retinal artery and vein 

occlusions.86-88 Chapman et al showed narrowing of bifurcation angles and an increase 

of the length/diameter ratio of individual vessels within a hypertensive model of a 

retinal arterial tree, resulting in potentially detrimental flow patterns.89, 90  Conversely, 

various epidemiological studies have shown that retinal vascular changes are predictive 

of cardiovascular morbidity with a reduced retinal arteriolar caliber associated with an 

increased risk of coronary artery disease. This  suggests a complex interplay between 

micro- and macro-vascular disease states.82  

Chronic hypertension leads to retinal arteriolar narrowing and arteriovenous nicking as 

a reflection of impaired vasomotor tone, whilst retinal haemorrhages, microaneurysms 

and cotton wool spots represent early small-vessel arteriosclerosis and retinal 
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ischaemia.91, 92  Early changes in diabetic retinopathy include thickening of the 

endothelial basement membrane, disruptions in blood flow, loss of mural cells and 

genesis of acellular capillaries. With disease progression, endothelial apoptosis and 

capillary rarefaction lead to a hypoxic inner retina with attempted compensation via 

pathologic angiogenesis.28, 93-96  Precursor anatomic alterations in the capillary 

microvasculature before such clinical ocular disease is evident remain unknown. Such 

changes, which may manifest as morphological differences in vascular caliber and 

tortuosity measurements may reflect deviations from an optimal design principle and 

represent the earliest change of impaired microcirculatory transport. The added notion 

that different vascular disorders seem to preferentially affect superficial or deeper 

capillary plexuses with hypertensive alterations mainly arising in superficial nerve fibre 

layer capillaries is of interest.97   

Systemically, abnormalities of the retinal circulation not only indicate retinal 

dysfunction and disease but may also reflect impaired peripheral circulation, useful as a 

biological model to explore the relationship of microcirculatory disease to the 

development of cardiovascular disorders. Ophthalmic signs of retinopathy such as 

microaneurym, retinal haemorrhage and soft exudates, and biomarkers of 

microvascular injury stemming from hypertension and other vascular comorbidities 

have also been associated with increased coronary vascular disease mortality.98-100  

Histopathologic studies have showed that in patients with retinal vascular alterations, 

64% would have concomitant renal vascular changes and 90% would demonstrate 

cerebral vascular changes.101, 102  Thus, surrogate assessment of systemic vascular 

health through imaging of the retinal vasculature is possible and may indicate the 

vascular status of various organs beyond the eye.  
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1.2.8 The Perifoveal Region   
 

An important anatomical landmark of the retina is the macula.  Within this, the foveala 

is an avascular region of the retina containing exclusively cone cells, upon which the 

fovea is centered spanning 2500 microns in diameter.  The parafovea incorporates the 

surrounding intermediate region where ganglion cell layers are composed of more than 

five rows of retinal ganglion cells, with the perifovea, in turn encapsulating a region 

with the outermost edge located 2750 microns from the centre of the fovea.103  

Collectively, these regions consist of multiple retinal layers that are encapsulated by the 

macula lutea that appears clinically as a yellow rim of tissue in the central retina 

representing the area where vision is sharpest.32, 104     

The optic disc is located nasal to the fovea. Thus, ganglion cell fibers arising from the 

temporal retina must avoid the macula by anatomically separating to enter the optic 

disc at either the superior or inferior pole. Conversely, those arising from the nasal 

aspect of the fovea can travel uninterrupted directly to the disc as the papillomacular 

bundle.105, 106   

The perifoveal region is histologically characterised by approximately four rows of 

retinal ganglion cell nuclei and five to seven rows of nuclei in the inner and outer 

nuclear layers.32  Nerve fibre layer thickness in the perifoveal macula-papillary bundle 

is also greater than most other parts of the macula correlating to an increased capillary 

volume in this region. The perifoveal region is an area of interest due to its high density 

of axons carrying information from the central retina, the difficultly in access and 

labelling by traditional staining methods and previous studies showing that this region 

is the most densely vascularized region of the retina.47, 107  For this thesis, the perifovea 

and the inner retinal layers corresponding to this region were studied.  
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1.3 Optical Vascular Detection Methods 
 

The retinal circulation demonstrates an absolute end-arterial system without 

anastomotic supply.  The delicate balance of oxygen supply and consumption in the 

retina makes the retina particularly vulnerable to ischaemic injury.108  As such, the risk 

of irreversible damage follows acute ischaemia, with the presence of capillary drop out 

underlying the pathological process of various retinal vascular diseases including 

central retinal vein occlusion and diabetic retinopathy.109, 110   Furthermore, there is 

mounting evidence that quantitative characteristics of retinal capillary networks are 

selectively altered and may occur early in such ischaemic disease processes.  Thus, the 

ability for the early detection of capillary changes is paramount so that pathogenic 

mechanisms leading to ischaemia may be identified and addressed. 

The human retina is routinely imaged using a variety of different techniques. Each 

modality offers distinct advantages and are divided into techniques requiring tissue 

label- fluorescein angiography and microperfusion fixation staining as opposed to label 

free techniques- fundus photography, scanning laser ophthalmoscopy, adaptive optics 

and optical coherence tomography.111-113  Imaging of the retinal capillaries is difficult 

because of their small size and arrangement in multiple planes. Thus techniques must 

have high spatial resolution to directly image microscopic vasculature structures such 

as capillaries and arterioles.114  Understanding pathogenesis of diseases at a subclinical 

stage paves way for early detection and treatment.115  Such retinal imaging modalities 

have been developed to allow a more objective and precise assessment of retinal 

vascular changes over time, translating to better diagnosis and monitoring of retinal 

disease outcomes in clinical practice. Expanding interest in imaging has been 

associated with an increase in publications utilizing this technology for clinical 

application.112     
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1.3.1 Fundus Fluorescein Angiography 
 

Fundus fluorescein angiography (FA) is the current gold standard technique used in 

clinical practice for the examination of the retinal and choroidal circulation.116, 117  It 

has a broad clinical application in the management of retinal vascular diseases and 

involves intravenous administration of a fluorescein dye with an angiogram obtained by 

photographing the fluorescence emitted after light excitation of the retina.118  Normal 

circulatory filling is evaluated over time with pathological changes characterized by the 

presence of either hyper- or hypo-fluorescence.  

Previous studies have showed that meaningful and reliable analysis of capillary 

morphology and density in multi-layered capillary network regions via FA is 

suboptimal (Figure 3). Detail of the retina is noted to decline proportionally with 

distance away from the fovea avascular zone with major limitations including a high 

background noise to signal ratio. FA provides a wide-field view of the 

microvasculature with limitations in transverse and axial resolution by ocular 

monochromatic aberrations.119  Additionally, administration of fluorescein carries the 

risk of severe adverse effects including a small but significant risk of anaphylaxis and 

death.120  As such, although it accurately delineates large and medium-caliber retinal 

vessels, this techniques' ability to allow reproducible delineation of architecture at the 

capillary level is limited.  
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Figure 3: Fluorescein Angiogram Image  

Fluorescein angiogram image demonstrates variability in ability to distinguish capillary 
detail against background fluorescence in a healthy young subject.  
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1.3.2 Microperfusion Fixation Staining  and Confocal Microscopy 
 

Confocal microscopy utilizes point illumination and the addition of a spatial pinhole in 

an optically conjugate plane to eliminate out-of-focus signals (Figure 4). In doing so, 

this optical technique provides for exquisite axial and lateral resolution.121  However, 

this technique is mainly limited to the ex vivo examination of tissue which has been 

excised, preserved and histologically stained with or without the use of fluorescent 

markers.122  Drawbacks limiting the use of this technology in the clinical setting 

include its relatively slow speed of data acquisition and safety issues regarding the 

necessity of fluorescent dye. Given that much of the light from sample fluorescence is 

blocked by the pinhole, decreased signal intensity, particularly at deeper planes means 

restriction of depth penetration to less than 400µm.123   

Confocal microscopy has been successfully applied in microperfused and flat-mounted 

retinal preparations which have given valuable information regarding cellular layers 

and spatial relationships between microvasculature, neurons and glia in the human 

retina.47  Three dimensional information at the cellular level and quantitative 

information regarding capillary meshwork density at different layers have been 

possible.  High resolution depth resolved topographic images have been achieved with 

in vivo systems. Technology that permits in vivo confocal scanning of the rat retina has 

been developed, but few studies have validated this technique for the reliable 

identification of capillary detail in human subjects.124, 125   
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Figure 4: Confocal microscope 

A schematic of a confocal microscope set up demonstrating how addition of a confocal 

detector pinhole reduces out of focus light, thereby resulting in better image contrast 

and resolution. (Adapted from Department of Bioimaging, John Innes Centre, 2007. 

Available from: jic.ac.uk/microscopy/more/T5_8.htm)     
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1.3.3 Scanning Laser Ophthalmoscopy 
 

Scanning laser ophthalmoscopy (SLO) utilizes a small spot of low energy collimated 

laser light directed through the pupil, capturing reflections from its surrounds within the 

pupil boundary to create an image.126-128  Point by point successive illumination of the 

retina is made in combination with a scanning system that allows a large area of fundus 

to be imaged. Images are collated via appropriate software and a raster scan is 

generated. Adaptation of a confocal technique with addition of a pinhole to this system 

eliminates light beyond the plane of focus to minimize scatter and increase axial 

resolution of the imaging plane. The output of the photo detecting technique is recorded 

and displayed as a mean image of several sampling frames. In combination with 

adaptive optics (see below), high imaging speed and adaptations to accommodate for 

minor lateral physical changes such as eye movement have been integrated.129  This 

technique has been utilized with digital imaging analysis techniques to visualize and 

quantify macular networks of capillaries as well as measure flow velocities within 

them.127  The Heidelberg Retina Tomograph (HRT, Heidelberg Engineering, 

Dossenheim, Germany) is a commercially available confocal SLO system applied to 

receive three-dimensional images of the retinal surface in vivo. It has successful 

applications in the structural analysis of both the optic disc and peripapillary retinal 

nerve fiber layers in glaucomatous eye disease.130, 131   

 

 1.3.4 Adaptive Optics 
 

Adaptive optics (AO) is a technique applied in retinal imaging to decrease in vivo 

optical aberrations and improve microscopic resolution.129  Distinct from being a 

standalone vascular detection method, it refers to technology adapted to improve the 

performance of optical systems. It was first envisioned in 1953 and was originally 

developed for astronomical telescopes to decrease atmospheric aberrations on the 

creation of wavefront distortions.132, 133   

AO systems are composed of three principle components including a deformable mirror 

that compensates for measured aberrations, a wave front sensor which detects 
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monochromatic wavefront aberrations and specialized software to facilitate interaction 

and dynamic adjustment. It is combined with other imaging modalities such as fundus 

cameras, SLO and OCT to improve lateral resolution capabilities to the order of 2 

µm.129  The availability of commercial systems has dramatically increased the clinical 

utility of these other imaging modalities with AO-SLO detection of retinal 

microvascular damages reflecting presence of microaneurysms, increased FAZ size and 

capillary dropout in patients with diabetes mellitus.134, 135   AO-OCT could be the 

desirable imaging modality in the future offering better axial resolution and sensitivity 

to weak reflections compared to AO-SLO systems.112    

 

1.3.5 Optical Coherence Tomography 
 

First reported in 1991, optical coherence tomography (OCT) has widespread use in the 

modern clinical setting with the ability to provide cross-sectional information of the 

vitreoretinal interface and optic nerve head.114  The principles behind this technique are 

analogous to how sound waves are utilized in ultrasonography, instead using light 

waves to obtain a reflectivity profile of tissue and visualization of structures at all 

levels of the retina. Low coherence interferometric detection of backscattered photons 

is used. Specifically, shorter light wavelengths permit imaging at higher resolution and 

are measured indirectly via an optical technique in which signal carrying light returning 

from the eye interferes with emitted light that has travelled a known path length. The 

original standard OCT is a time-domain technique as depth information is acquired as a 

sequence of samples, over time.  

Modern improvements to the OCT technique include the development of spectral 

domain-OCT which allows for a faster acquisition of data, higher resolution and 

sensitivity.136  Increased signal to noise performance is secondary to a reduction in 

detection bandwidth required in this modification. Additional functional extensions 

including speckle variance techniques which provide further biological information that 

is uniquely suited to visualize tissue at the microcirculation level. Portability, relative 

affordability and increasing spatial resolution have allowed recent groups to visualize 
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microvasculature as well as quantify physiological blood flow through detection of 

speckle spatial frequencies in OCT intensity.137  

Speckle variance optical coherence tomography (svOCT) is an imaging modality that is 

gaining increasing popularity for the study of retinal vascular anatomy and disease138 ,  

along with other label-free OCT based flow contrast techniques.139-141  svOCT is a non-

invasive technique based on red blood cell movement that is capable of providing real-

time angiographic information about retinal capillary networks without the 

administration of intravenous dye.142, 143   For these reasons, svOCT is potentially an 

attractive tool with a myriad of clinical applications.   
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Chapter 2.0: Quantitative Morphometry of Perifoveal Capillary 
Networks in the Human Retina 
 

2.1 Introduction 

To our knowledge, there have not been any studies that have quantified or delineated 

the morphometric characteristics of capillary networks in the human perifovea relative 

to retinal layers.  Our laboratory has developed novel perfusion-based labelling 

techniques, utilising micropipette cannulation of the central retinal artery and targeted 

antibodies, to accurately label the human retinal circulation.47, 144, 145   We have also 

coupled immunolabelling and microscopy techniques with this perfusion methodology 

to perform detailed analyses of intercellular relationships in the human macula.146   The 

present experiment employs previously validated state-of-the-art technology to quantify 

the morphometric features of capillary networks in a specialised region of the retina.  

The perifoveal retina, located between the optic disk and fovea, is examined.32   The 

region corresponding to the maculo-papillary bundle is analysed due to a relative 

increase in nerve fibre layer (NFL) and retinal ganglion cell (RGC) thickness within 

this region.147   The aim of this study is to improve our understanding of vascular 

mechanisms that support retinal homeostasis.    

2.2 Methods 

This study was approved by the human research ethics committee at The University of 

Western Australia.  All human tissue was handled according to the tenets of the 

Declaration of Helsinki. 

2.2.1 Human Donor Eyes 
 

A total of 17 human eyes from 14 donors were used for this study.  All eyes were 

obtained from the Lions Eye Bank of Western Australia (Lions Eye Institute, Western 

Australia) after removal of corneal buttons for transplantation.  Donor eyes used for 

this research had no documented history of eye disease.  The demographic data and 

medical co-morbidities of each donor are presented in Table 1. 
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Patient 
ID Sex Age Eye 

Co-morbid 
conditions 

Time to 
perfusion (hrs) 

A M 32 L MVA 20 
B M 23 L Suicide 22 
C M 53 L MVA 14 
D M 66 R+L Colon Cancer 15 
E M 22 L Suicide 15 
F M 27 L MVA 8 
G M 59 R+L Melanoma 12 
H M 39 L Bacterial Endocarditis 20 
I M 68 R COPD 11 
J# M 60 L Prostate Cancer 18 
K# M 65 R Cardiomyopathy 6.5 
L# F 64 L Short illness 5 
M# M 72 R Drowning  15 
N▲ M 60  R+L Alzheimers Disease  2.5  

 

Table 1 – Donor demographic details.  Age (years), sex (M = male or F = female), 

cause of death and time to perfusion for each eye donor is provided.  Donor eyes that 

were flat mounted for co-localisation studies are designated (#) and those that were 

sectioned transversely for co-localisation studies are designated (▲).  MVA = motor 

vehicle accident, COPD = chronic obstructive pulmonary disease



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 39 
 
 

2.2.2 Tissue Preparation 
 

Our previously reported technique of central retinal artery cannulation, microvascular 

fixation and targeted endothelial cell labelling was used for this work (Figure 5).146  

Briefly, the central retinal artery was cannulated using a glass micropipette and the 

retinal circulation perfused with a mixture of oxygenated Ringer’s solution and 1% 

bovine serum albumin.  After the 20-minute Ringer’s wash the retinal circulation was 

perfusion-fixed using a solution of 4% paraformaldehyde in 0.1 M phosphate buffer.  

0.1% Triton-X-100 in 0.1 M phosphate-buffered solution was then used to aid in the 

permeabilisation of endothelial cell membranes. Detergent was removed from the 

retinal circulation by perfusion with 0.1M phosphate buffer solution.  Endothelial 

microfilaments and nuclei were labelled over 2 hours by perfusion with a solution 

comprising of phalloidin conjugated to Alexa Fluor 546 (30 U; A22283; Invitrogen, 

Carlsbad, CA) and bisbenzimide (H 33258; 1.2 µg/mL; Sigma-Aldrich, St. Louis, MO).  

Residual label was cleared from the vasculature by further perfusion with 0.1 M 

phosphate buffer.  Eye cups were immersion fixed in 4% paraformaldehyde overnight 

prior to dissection.  The posterior globe was dissected at the equator to allow viewing 

of the posterior retina.  Relaxing radial incisions were used to permit retinal flat 

mounting.   
 

2.2.3 Immunolabelling 
 

To aid co-localization between capillary networks and retinal layers further 

immunolabelling was performed in 4 post-perfused flat mount sections and 2 transverse 

retinal sections. In 2 flat mount sections, the relationship between capillary networks, 

the NFL and RGCL was explored by incubating the retina with rabbit monoclonal γ-

synuclein antibody148 (Abcam ab55424, 1:200) followed by incubation with goat anti-

rabbit antibody conjugated with Alexa Fluor 488 (Invitrogen A-11008, 1:200).   In 2 

flat mount sections, the relationship between capillary networks, bipolar cells and 

horizontal cells were explored using mouse-Goα antibody149 (Millipore MAB3073; 

1:200) and rabbit Parvalbumin antibody150 (Swant PV 25;1:500) respectively. Goat 

anti-mouse conjugated with Alexa Fluor 488 and anti-rabbit antibodies conjugated with 

Alexa Fluor 633 were used for secondary labelling.  All primary antibodies were 

incubated for 3 days followed by overnight incubation of secondary antibodies.  
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Figure 5: Microcannulation of the Central Retinal Artery 

Micropipette technology was used to cannulate the central retinal artery for perfusion, 
fixation and immunolabelling of various retinal structures.   
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Transverse retinal sections used for co-localization studies were of 12 µm thickness and 

were prepared from regions that were used for flat mount confocal microscopy studies.  

Transverse retinal sections were immunolabelled with γ-synuclein antibody148 (Abcam 

ab55424, 1:200), Goα antibody149 (Millipore MAB3073; 1:200) and parvalbumin 

antibody150 (Swant PV 25;1:500).  Lectin-TRITC151 (Sigma L5266, 1:40) was also used 

to label blood vessels in transverse sections. 

 

2.2.4 Microscopy 
 

In all flat mount retinal specimens confocal microscopy images were acquired from the 

peri-foveal region - located 2 mm nasal to the center of the fovea (Figure 6).32  Wide-

field images were captured prior to confocal microscopy with the aid of a x4 dry lens 

(Plan NA 0.2; Nikon, Tokyo, Japan) and a fluorescent microscope (Eclipse E800; 

Nikon).  Wide-field images were used to accurately measure distances from the centre 

of the fovea prior to confocal scanning.  Confocal microscope images were captured 

using a Nikon C1 Confocal with EZ-C1 (v. 3.20) image acquisition software.  A x20 

dry objective lens (NA 0.4) was used for all scans.  Using a motorised stage, a series of 

Z stacks were captured for each specimen beginning from the vitreal surface, at the 

level of the inner limiting membrane, to the outer retina.  Each z-stack consisted of a 

depth of optical sections collected at 0.35 µm increments along the z-plane. 

 

Images of different wavelengths were acquired sequentially.  Visualisation of sections 

labelled with Alexa Fluor® 408 secondary antibody was achieved by laser excitation at 

a 405 nm line from an argon laser with emissions detected through a 450/35 nm band 

pass filter.  Visualisation of sections labelled with Alexa Fluor® 488 secondary 

antibody  was achieved by laser excitation at a 488 nm line from an argon laser with 

emissions detected through a 525/50 nm band pass filter.  Visualisation of sections 

labelled with Alexa Fluor® 564 secondary antibody  was achieved by laser excitation 

at a 545 nm line from an argon laser with emissions detected through a 595/40 nm band 

pass filter.  Visualisation of sections labelled with Alexa Fluor® 637 secondary 

antibody  was achieved by laser excitation at a 637 nm line from an argon laser with 

emissions detected through a 450/35 nm band pass filter. 
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Figure 6: Human perifovea   

Colour fundus (A) and corresponding Zeiss Cirrus high-definition ocular coherence 
tomography image (B) from a healthy subject illustrate the perifoveal region that was 
studied (fenestrated box).  Nerve fibre layer thickness in the perifoveal region 
(indicated by arrows) is greater than most other parts of the macula.  Toluidine blue 
stained section from a separate subject demonstrates normal perifoveal histology (C).  
This region has approximately four rows of retinal ganglion cell nuclei and five to 
seven rows of nuclei in the inner and outer nuclear layers.  OD = Optic Disk, NFL = 
Nerve Fibre Layer, RGCL = Retinal Ganglion Cell Layer, IPL = Inner Plexiform Layer 
and INL = Inner Nuclear Layer.  Scale bar in colour fundus and ocular coherence 
tomography image = 1000 µm.  Scale bar in toluidine blue histology = 50 µm.   
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2.2.5 Image Preparation 
 

ImagePro Plus (Media Cybernetics, Version 7.1) and Image J (version 1.43, National 

Institute of Health, USA, http:/rsb.info.nih.gov/ij) were used to quantify confocal 

microscope images. All images for the manuscript were prepared using Adobe 

Photoshop (version 12.1, Adobe Systems Inc.) and Adobe Illustrator CS5 (version 

12.1.0, Adobe Systems Inc.).  Confocal images in this manuscript were pseudo-

coloured using Look Up Tables available on ImageJ.   

 

2.2.6 Qualitative Differentiation of Capillary Networks 
 

Previous central nervous system studies have demonstrated that capillary networks 

within the brain, subserving distinct neuronal and glial populations, are characterised 

by unique cyto-architectural features.19, 20, 45, 152  Morphometric criteria previously 

defined by these structure-function histological studies were used to partition the retinal 

circulation into different capillary networks.   

A z stack of confocal images that only contained information derived from the vascular 

channel of each eye was viewed using an animation sequence on Image J and a 

capillary network was defined as being different when one of the following 

morphometric criteria was satisfied: 

• Alteration in projected direction and orientation of capillaries5, 19, 153   

• Alteration in capillary branching pattern5, 19  

• Reduced presence of capillaries within retinal tissue 

Qualitative division of the retinal circulation into different capillary networks was 

performed by 4 separate observers using the above criteria.  Each observer recorded the 

location of the first and final image slice, within the z stack, for each capillary network.  

Inter-observer correlation between the number and location of capillary networks were 

subsequently performed (described below). 

Following the division of z stacks into separate capillary networks, information 

acquired from remaining laser channels were merged with vascular channels and used 

to co-localize individual capillary networks with neuronal structures in the layered 

retina.  Specifically, capillary networks were localized in relation to nuclei, the nerve 
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fiber layer, ganglion cell layer, bipolar cells and horizontal cells.  Quadruple-labelled 

transverse retinal sections were also used to aid in co-localization studies.  

2.2.7 Morphometric Quantification of Capillary Networks 
 

Quantitative data from capillary networks were attained following z projection of all 

images between the first and final image slice for each network as determined above.  

Capillary morphometric measurements were performed using previously defined 

histologic parameters.15 ,22, 45  Manual tracing methods were used to attain the 

following quantitative measurements from each capillary network (Figure 7):   

• Capillary diameter - Defined as the perpendicular distance across the maximum 

chord axis of each vessel.  Each confocal image was partitioned into 9 equal 

regions (Fig. 7B) and measurements were obtained from each region to ensure 

representative sampling.  An average of 45 measurements was obtained from 

each image.  Capillaries were defined as vessels with an absence of smooth 

muscle cells with diameter less than 10 µm.19    

• Capillary loop area - Defined as the area circumscribed within visually enclosed 

capillary loops.22    

• Capillary density - Defined as percentage of the sample area occupied by 

capillary lumens.   

 

2.2.8 Statistical Analysis 
 

All data is expressed in terms of mean and standard error which were calculated using 

Sigmastat (Sigmastat, ver. 3.1; SPSS, Chicago, IL).  Multiple measurements from eyes 

with data taken from right and left eyes of the same individual were analyzed using R 

(R Foundation for Statistical Computing, Vienna, Austria).154  One-way analysis of 

variance (ANOVA) testing was performed to compare measurements between layers.  

The model used included “Right” or “Left” nested within “eye donor” as random 

effects using linear mixed modeling to test measurement differences between retinal 

layers154 . The assignment of donor as a random effect was used to account for the 

effects of intra-“eye” correlation and similarly “Right” and “Left” to account for right 

and left eye correlation.  
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Figure 7: Methodology for Quantification of Capillary Networks  

Representative Z-projected confocal microscope image of the deep inner nuclear layer 
network (A) and a corresponding manually traced image (B) illustrates the vascular 
parameters that were measured.  Vessel density (highlighted in red) was expressed as a 
percentage of total area.  Capillary loop area (highlighted in green) expressed as µm2 
and capillary diameter (blue marks) expressed as µm were also measured.  Each image 
was divided into 9 equal portions (fenestrated lines) and capillary diameter 
measurements were obtained from each region.  Scale bar = 100 µm.   
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2.2.9 Inter-observer Correlation and Measurement Reproducibility  
 

To assess inter-observer variation in distinguishing capillary networks, four masked 

observers were asked to identify stack numbers for the beginning and end of each 

morphometrically distinct capillary network in five eye specimens. Two-way ANOVA 

was performed modeling stack number with observer and layer to see if observer 

accounted for any variation in first or last stack number identified.   

Twelve capillary microvasculature images derived from three different specimens were 

quantified on three separate occasions, each at least 1 week apart, by the same masked 

observer who performed all the data analyses.  Capillary diameter, capillary loop area 

and capillary density were quantified for each image.  Two-way ANOVA was used to 

assess the effect of day of measurement and capillary network layer on each of the 

capillary morphometric parameters with eye donor as a random effect. “Right” or 

“Left” was not considered because only one eye from each eye donor was used. 
 

2.3 Results 

2.3.1 Eye donors 
 

The mean age of donors was 50.71 ± 4.84 years (age range, 22 – 72 years).  We 

examined 6 right eyes and 11 left eyes from a total of 13 male and 1 female donors.  

The average post mortem time before eyes were perfused was 13.14 ± 3.51 hours. 

   

2.3.2 General 
 

All orders of retinal microvasculature were clearly labelled after perfusion labelling via 

the central retinal artery.  Endothelial cells and nuclei were clearly identified following 

excitation with separate laser channels.  Immersion immunolabelling of flat-mount and 

transverse retinal sections, post-perfusion, also allowed identification of capillaries 

relative to the NFL, RGCL, inner plexiform layer (IPL) and inner nuclear layer (INL).  

Transverse retinal sections (Figure 8), from the region of interest, demonstrated a well 

delineated NFL, RGCL, IPL and INL.  In the perifoveal region the RGCL 

demonstrated several strata of cell bodies (Fig. 6C). 
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Figure 8: Co-localization of Capillary Networks within Retinal Layers   

Triple- (A) and quadruple-labelled (B) transverse retinal sections demonstrate the 
relationship between capillary networks and nerve fibre layer (NFL), retinal ganglion 
cell layer (RGCL), inner plexiform layer (IPL) and inner nuclear layer (INL).  
Endothelial cells are labelled with Phalloidin, nuclei are labelled with Hoescht, RGCL 
and NFL are labelled with γ-synuclein.  Goα and Parvalbumin were used to label 
Bipolar and Horizontal cells, respectively.  Four capillary networks (fenestrated red 
brackets) were identified in the inner retina.  Scale bar = 50 µm.  
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2.3.3 Qualitative study of retinal capillary networks 
 

Four morphologically varied retinal capillary networks were consistently reported by 

the four observers (summary Fig. 8).  The morphometric features of each capillary 

network were as follows: 

• Nerve Fibre Layer (NFL) network (Fig. 9) – Characterised by long capillary 

segments that were predominantly oriented parallel to the direction of retinal 

ganglion cell axons.  A small number of shorter capillary segments, that 

interconnected long radial capillaries, were also seen in this network.  

Interconnecting capillaries were oriented either diagonal or orthogonal to long 

segments.   

• Retinal Ganglion Cell and Superficial Inner Plexiform Layer (RGCL/sIPL) 

network (Fig. 10) – Characterised by a dense meshwork of three dimensional 

vessels that were arranged in a lattice pattern with reduced inter-capillary 

spaces.  Capillaries in this network demonstrated looping hairpin turns that 

projected vertically.   There was also close approximation between RGCL 

capillaries and the larger retinal vessels.      

• Deep Inner Plexiform and Superficial Inner Nuclear Layer (dIPL/sINL) network 

(Fig. 11) – Capillaries in this network comprised of vertical and oblique 

segments that resulted in an irregularly shaped loop configuration.  Capillaries 

in this network demonstrated great tortuosity. 

• Deep Inner Nuclear Layer (dINL) Network (Fig. 12) – Capillaries in this 

network were arranged in a one-dimensional laminar configuration.  Capillaries 

ran a linear trajectory with little tortuosity. 

2.3.4 Quantitative Characteristics of the Nerve Fibre Layer Network (NFL)  
 

Mean capillary diameter in the NFL network was 8.30 ± 0.07 µm (n = 347).  A total of 

84 capillary loops were measured with a mean area of 4940.31 ± 529.38 µm2.  

Capillary density in the NFL network was 17.37 ± 0.99%.  NFL capillary 

measurements from donors are presented in Table 2. 
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2.3.5 Quantitative Characteristics of the Retinal Ganglion Cell and Superficial 
Inner Plexiform Layer network (RGC/sIPL) 
 

Mean capillary diameter in the RGCL/sIPL network was 8.29 ± 0.07 µm (n = 304).  A 

total of 102 capillary loops were measured with a mean area of 3954.04 ± 505.30 µm2.  

Capillary density in the RGCL/sIPL network was 22.32 ± 0.99%.  RGCL/sIPL 

capillary measurements from donors are presented in Table 2. 

2.3.6 Quantitative Characteristics of the Deep Inner Plexiform and Superficial 
Inner Nuclear Layer network (dIPL/sINL) 
 

Mean capillary diameter in the dIPL/sINL network was 8.25 ± 0.07 µm (n = 325).  A 

total of 63 capillary loops were measured with a mean area of 5424.03 ± 602.72 µm2.  

Capillary density in the dIPL/sINL network was 19.56 ± 0.99%.  dIPL/sINL network 

capillary measurements from donors are presented in Table 2. 

2.3.7 Quantitative Characteristics of the Deep Inner Nuclear Layer Network 
(dINL) 
 

Mean capillary diameter in the dINL network was 8.26 ± 0.07 µm (n = 372).  A total of 

66 capillary loops were measured with a mean area of 6866.52 ± 584.58 µm2.  

Capillary density in the dINL was 17.95 ± 0.99%.  dINL capillary measurements from 

donors are presented in Table 2. 
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Table 2 – Quantitative capillary network data for donors.  Mean capillary diameter, capillary loop area and capillary density measurements 

for each individual donor eye are provided.  SE = Standard error.  NFL = Nerve Fibre Layer, RGCL = Retinal Ganglion Cell Layer, sIPL = 

superficial Inner Plexiform Layer, dIPL = deep Inner Plexiform Layer, sINL = superficial Inner Nuclear Layer and dINL = deep Inner 

Nuclear Layer. 

Specimen Capillary diameter (µm) Capillary loop area (µm2) Capillary density (%) 
  NFL RGCL/sIPL dIPL/sINL dINL NFL RGCL/sIPL dIPL/sINL dINL NFL RGCL/sIPL dIPL/sINL dINL 
A 8.6 8.1 8.5 7.6 2462.5 4823.8 9397.2 15593.1 15.0 23.4 16.5 14.7 
B 8.1 7.8 6.5 7.4 7494.5 1814.7 0.0 4841.8 14.8 25.3 14.4 18.9 
C 8.3 8.8 8.8 9.0 4684.0 8754.2 3436.5 4169.8 18.6 16.8 20.4 17.6 
D 8.4 8.3 8.7 9.2 5394.9 2826.6 7461.2 6307.3 22.4 26.0 24.6 24.2 
D 8.8 8.0 8.3 7.5 6987.6 2782.1 2354.3 4562.3 20.2 34.6 25.0 21.7 
E 8.6 8.8 8.1 8.1 5959.9 6000.8 8412.4 7158.17 22.0 16.2 14.1 15.2 
F 7.9 8.3 8.4 8.9 3543.7 5318.5 5401.9 7326.5 10.5 21.1 20.7 18.9 
G 7.9 8.3 8.2 8.5 5688.8 0.0 9063.6 9813.8 19.2 19.6 19.7 15.2 
H 8.7 8.6 8.1 8.4 3789.6 6234.2 4472.2 0.0 17.4 16.8 15.0 12.6 
I 7.6 8.3 8.8 8.4 1645.9 5622.6 3219.5 4371.5 14.8 21.2 23.1 21.3 
J 8.2 7.3 8.4 8.0 4788.9 3500.3 3979.8 8799.2 16.3 24.6 21.7 17.2 

Mean 8.30    8.29      8.25   
8.26 4940.31 3954.04 5424.03 6866.52     17.37 22.32 19.56 17.95 

SE 0.07    0.07      0.07   
0.07 529.38 505.30 602.72 584.58     0.99 0.99 0.99 0.99 
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Figure 9: Nerve Fibre layer Capillary Network   

Endothelial cells (labelled with phalloidin) stain red, nuclei (labelled with Hoescht) 
stain blue and NFL axons (labelled with Anti-γ-synuclein) stain green.  Confocal 
capillary images captured from a single laser channel (A) demonstrate that the 
trajectory of a large number of capillaries parallel axons in the nerve fibre layer.  
Merged images (B) demonstrate a paucity of nuclei within this network.    Capillary 
images from a separate donor (C) merged with a stain specific for retinal ganglion cell 
axons (D) demonstrate co-localization of this network with the nerve fibre layer of the 
retina.  Scale bar = 100 µm.  
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Figure 10: Ganglion Cell layer/superficial Inner Nuclear layer 
Network   

Endothelial cells (labelled with phalloidin) stain red, nuclei (labelled with Hoescht) 
stain blue and retinal ganglion cells (labelled with Anti-γ-synuclein) stain green.  
Confocal capillary images captured from a single laser channel (A) demonstrate the 
complex capillary configuration in this network.  The proximity of capillaries to larger 
order arterioles and veins in this network is also demonstrated.  Merged images (B) 
demonstrate a high concentration of nuclei within this network.  Capillary images from 
a separate donor (C) merged with a stain specific for retinal ganglion cell nuclei (D) 
demonstrate co-localization of this network with the ganglion cell layer of the retina.  
Scale bar = 100 µm. 
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Figure 11: Deep Inner Plexiform layer/superficial Inner Nuclear layer 
Network   
 
Endothelial cells (labelled with phalloidin) stain red, nuclei (labelled with Hoescht) 
stain blue, bipolar cells and their cell processes (labelled with Goα) stain green. 
Confocal capillary images captured from a single laser channel (A) demonstrate the 
irregularly shaped loop configuration of capillaries in this network.  Merged images (B) 
demonstrate a high concentration of nuclei within this network.  Capillary images from 
a separate donor (C) merged with bipolar cell markers (D) demonstrate the intimate 
relationship of capillaries to processes of bipolar cells which co-localize this network 
with the inner plexiform layer of the retina.  Scale bar = 100 µm. 
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Figure 12: Deep Inner Nuclear layer Network   
 
Endothelial cells (labelled with phalloidin) stain red, nuclei (labelled with Hoescht) 
stain blue, bipolar cells (labelled with Goα) stain green.  Confocal capillary images 
captured from a single laser channel (A) demonstrate the planar configuration of 
capillaries in this network.  Merged images (B) demonstrate a high concentration of 
nuclei in the region of this network.  Capillary images from a separate donor (C) 
merged with Bipolar cell markers (D) demonstrate a lower concentration of nuclei in 
comparison to the superficial INL network.  Scale bar = 100 µm. 
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2.3.8 Morphometric Comparisons Between Networks 
 

There was no difference in capillary diameter between networks (P = 0.715).  Capillary 

loop area was smallest in the RGCL/sIPL network and was significantly smaller than 

the dIPL/sINL network (P = 0.028) and dINL network (P < 0.003) but not the NFL 

network (P > 0.050).  There was no difference in capillary loop area between 

dIPL/sINL and dINL networks (P = 0.088) and also between NFL and dIPL/sINL (P = 

0.632) and dINL networks (P = 0.107).  

Capillary density was greatest in the RGCL/sIPL network and was significantly greater 

than the NFL network (P = 0.015) and dINL (P = 0.004).  There was no difference in 

capillary density between RGCL/sIPL network and dIPL/sINL networks (P = 0.074), 

dIPL/sINL and dINL (P = 0.069), NFL and dIPL/sINL (P = 0.179) and also NFL and 

dINL networks (P = 0.689). 

 

2.3.9 Inter-observer Correlation and Measurement Reproducibility 
 

The assignment of first and last stack numbers, to define capillary networks, was not 

different between the four observers (P = 0.999).  Analysis of measurement 

reproducibility did not reveal a significant difference in capillary diameter 

measurement between the 3 measurement days (P = 0.836).  There was also no 

significant difference between the 3 measurement days for capillary loop area (P = 

0.976) and capillary density measurements (P = 0.549). 
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2.4  Discussion 

The major findings from this study are: (1) Capillary networks in the human perifovea 

demonstrate morphometric variation according to retinal layer. (2) Capillary density 

varies between retinal layers and is greatest in the RGCL/sIPL and dIPL/sINL 

networks. (3) Capillary loop area is smallest in the two innermost networks. (4) There 

is no difference in capillary diameter between the layers of the retina. 

The perifovea is a specialised region of the human eye that is histologically and 

functionally distinct in comparison to other portions of the retina.32  Unlike the 

peripheral retina, which is comprised of only a single row of ganglion cells, the nasal 

perifovea is characterised by 4-5 rows of retinal ganglion cells.32  Additionally, the 

nerve fibre layer in the perifovea is thicker than in other parts of the macula.155  The 

macula-papillary bundle traverses the perifovea and is the conduit through which a 

large quantity of pre-cortically processed retinal information is transmitted to the brain.  

Consequently, diseases that preferentially affect the macula-papillary bundle result in 

devastating visual morbidity.  Understanding the structure of capillary networks serving 

the perifovea may provide insights into vascular-mediated mechanisms that satisfy the 

metabolic demands of this region. 

The present study identified four morphometrically different capillary networks within 

the human perifovea.  This finding was verified by four masked, independent 

observers.  The innermost and outermost networks, situated in the NFL and deep 

portion of the INL respectively, demonstrated a laminar, one-dimensional 

configuration.  Capillary networks in the NFL were also observed to project parallel to 

the trajectory of retinal ganglion cell axons and resembled the microcirculation 

described in skeletal muscle where capillaries are oriented parallel to the direction of 

muscle fibres.156   Interconnecting, orthogonally-oriented anastamoses are also seen in 

the NFL, similar to skeletal muscle capillary systems.156    In contrast, the capillary 

networks located in the RGCL/sIPL and dIPL/sINL demonstrated a tortuous, three-

dimensional architecture that resembled the voroni tessellation described in cortical 

capillary beds.157  The variation in retinal capillary network morphology identified in 

the present study demonstrates important parallels to the human cerebral cortex where 

the microcirculation is also altered according to neuronal layer.158-160  
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 Unlike the brain, the retina is readily accessible for investigating the physiological 

behaviour of subcellular components within distinct neuronal layers.  Using oxygen 

sensitive microelectrode techniques, intra-retinal oxygen distribution and oxygen 

uptake in different cellular layers has been quantified during physiological and non-

physiological states.49, 50, 63, 71, 77, 161-165  These previous studies have identified three 

distinct regions of high oxygen uptake: (1) The inner segment of photoreceptors. (2) 

The inner plexiform layer. (3) The outer plexiform layer.10, 49, 69  The relationship, and 

proximity, between each region of high oxygen uptake and the local microcirculation 

however is vastly different.  Detailed studies have shown that photoreceptors, including 

their nuclei, the high energy-consuming inner segments and the photosensitive outer 

segments, lie within the avascular layers of the retina.166  Oxygen and nutrient supplies 

to photoreceptors are completely dependent upon diffusion mechanisms from choroidal 

and deep retinal vascular beds. Although oxygen tension in the choroid is high, oxygen 

tension at the level of the inner segments is paradoxically low.10  In contrast, the inner 

half of the retina is supported by a sparse distribution of retinal vessels with significant 

disparities in oxygen levels between inner retinal layers.10  The present study identifies 

important relationships between neuronal sub-compartments and regional capillary 

network morphometry and may be important for understanding vascular-mediated 

mechanisms that account for the heterogeneous oxygen profile across the inner retina.  

It may also identify vascular-mediated mechanisms that permit momentary variations 

in neuronal metabolic demands to be satisfied.49, 71  Retinal glia are likely to play a 

critical role in modulating changes in regional blood supply consequent to variations in 

neuronal demands.167  

Investigating how retinal capillary network topography is coupled with regional 

neuronal demands is important for understanding physiological mechanisms that 

support retinal homeostasis.  The present study demonstrates that the inner plexiform 

layer is supported by two capillary networks - situated in the inner and outer boundaries 

of the IPL.  Capillary density is greatest in these networks, relative to other retinal 

layers, suggesting that the energy demands of neuronal arborisations are high.  The 

three-dimensional organisations of these networks most likely serve to increase oxygen 

delivery and waste removal within the IPL.152, 168  It was surprising that the central 

portion of the IPL was relatively devoid of vasculature, however this region is known 
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to have considerable Muller cell support.169  We speculate that Muller cells play a vital 

role in supporting neuronal homeostasis in the mid-portion of the IPL by transporting 

nutrients from adjacent capillary networks to the dense arborisations in this region.  

The importance of the glia-neuron-vascular unit in retinal health and disease has been 

extensively documented.170  In addition to Muller cells, the pattern of mitochondrial 

distribution is also expected to sustain metabolically active retinal layers that have a 

scant capillary circulation.171  

Inter-capillary areas bear important relationships to oxygen diffusion properties and it 

is postulated that decreasing inter-capillary areas result in decreased oxygen diffusion 

times22  – the net effect being increased ATP production.  Capillary loop area was 

lowest in NFL and RGCL/sIPL networks suggesting that oxygen diffusion may be an 

important mechanism by which neuronal function is supported in these layers.  The 

significant differences in capillary loop area between the two networks that serve the 

IPL also suggests that the process of oxygen diffusion plays a disparate role in 

supporting the inner and outer portions of the IPL.  Mean capillary diameter is also 

known to influence the rate of capillary oxygen exchange.172   Unlike studies in intra-

cortical capillary networks173 we did not detect significant differences between 

perifoveal capillary network diameters. 

The purpose of this study was to identify major differences in capillary network 

morphometry between perifoveal layers.  Our experimental model of central artery 

cannulation and perfusion is best suited for such an investigation as it ensures reliable 

and complete labelling of the retinal microcirculation.  Confocal microscopy and 

immunohistochemical techniques developed in our laboratory also ensured accurate 

correlation of capillary-neuronal relationships.  Trypsin digestion174 and vascular 

casting175  techniques were previously used to study the retinal microcirculation 

however inadvertent tissue destruction consequent of these methodologies limited 

accurate delineation of such inter-relationships.   

The results of this study suggest that capillary network morphometry is coupled with 

neuronal demands in the human perifovea.  It also demonstrates that the correlation 

between neuronal metabolic activity and capillary network location is not exact.  The 

IPL is supported by capillary networks that are situated on the boundaries of this layer 
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and not within it.  Such organisation may have relevance for maintaining the optical 

properties of the eye.  The results of this study also indicate that complex cellular and 

subcellular mechanisms, other than capillary networks, including glial cells and 

mitochondria are important for supporting retinal homeostasis.  It is important to 

further investigate how these complex mechanisms are perturbed in ocular diseases as 

it may provide insights into pathophysiological processes involved in retinal vascular 

diseases.  Capillary network morphometry is altered with disease15 and it will therefore 

be important to perform similar morphometric studies using abnormal human eyes.  
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Chapter 3.0: Quantitative Changes in Perifoveal capillary 
networks in patients with vascular comorbidities 
 

3.1 Introduction 

Utilising novel micro-cannulation techniques developed in our laboratory we have 

previously quantified somecharacteristics of capillary networks that serve the retina.59, 

144, 145, 176, 177  This study had identified four different capillary networks in the normal 

human retina, with the quantitative and morphometric characteristics of each network 

varying with retinal depth and eccentricity.176, 177   

The present study employs two- and three-dimensional image analysis techniques to 

document perifoveal capillary network changes in patients with a history of 

cardiovascular morbidity but no clinically detectable retinal disease.  We also 

determine if capillary networks are selectively or uniformly altered by cardiovascular 

morbidity.  The purpose of this study is to investigate the consequence of 

cardiovascular morbidity on retinal capillary network morphometry, the results of 

which may allow clinico-histological correlation with modern imaging devices to aid in 

the early detection of retinal vascular disease.  As the retina is considered a window to 

the brain, findings in this study may also provide a valuable contribution to previous 

investigations that have demonstrated important relationships between retinal vascular 

characteristics and cardiovascular morbidity.80-85  

3.2 Methods 

This study was approved by the human research ethics committee at The University of 

Western Australia.  All human tissue was handled according to the tenets of the 

Declaration of Helsinki. 

3.2.1 Human Donor Eyes 
 

Human donor eyes used for this research were absent of clinically evident ocular 

disease.  Ocular disease in donor eyes was excluded using patient records, post mortem 

examination by an ophthalmologist and also examination of retinal flat mounts with a 
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fluorescent microscope after perfusion.  Specifically, examination of retinal flat mounts 

did not demonstrate the presence of microaneurysms, neovascular vessels, leakage, 

arterial/vein occlusions, vascular anomalies or areas of retina non-perfusion in donor 

eyes.  A total of 10 human eyes from 6 donors with vascular comorbidities and 17 

control eyes from 12 donors were used.  Most of the control eyes used in this report 

were also used in our previous publication.177  Additionally,  six control eyes from 4 

new donors were also used – 2 of these donors died from hanging (ages 15 and 19 

years) and the other 2 died from metastatic cancer (ages 67 and 73).  In this study, the 

group with cardiovascular comorbidities is referred to as the 'disease' group and eyes 

from control donors as the 'control' group.  Patients in the disease group suffered from 

one or more of the following vascular comorbid conditions: hypertension, congestive 

cardiac failure, dyslipidemia, atherosclerosis, atrial fibrillation or 

hypercholesterolaemia (Table 3).  All eyes were obtained from the Lions Eye Bank of 

Western Australia (Lions Eye Institute, Western Australia).  The demographic data and 

vascular co-morbidities of each donor are presented in Table 3. 

3.2.2 Tissue Preparation 
 

Our previously reported method of micro-cannulation and targeted perfusion based 

labelling techniques was utilized to label the retinal microvasculature. 59, 144, 145, 176, 177   

The central retinal artery was cannulated using a glass micropipette and the retinal 

circulation perfused for 20 minutes with a mixture of oxygenated Ringer’s solution and 

1% bovine serum albumin.  A solution of 4% paraformaldehyde in 0.1 M phosphate 

buffer was then used for perfusion-fixation with permeabilisation of endothelial cell 

membranes aided by a 0.1%Triton-X-100 in 0.1 M phosphate-buffered solution.  

Detergent was removed from the retinal circulation by perfusion with 0.1M phosphate 

buffer solution.  Endothelial microfilaments were labelled over 2 hours by perfusion 

with a solution comprising of either phalloidin conjugated to Alexa Fluor 546 (30 U; 

A22283; Invitrogen, Carlsbad, CA) or Lectin-TRITC1616 (Sigma L5266, 1:40).  

Nucleus labelling was achieved with bisbenzimide (1.2 µg/mL; Sigma-Aldrich, St. 

Louis, MO).  Residual label was cleared from the vasculature by further perfusion with 

0.1 M phosphate buffer.  Labelled specimens were immersion fixed in 4% 

paraformaldehyde overnight prior to dissection and flat mounting.   



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 62 
 
 
 
 
Patient 

ID Sex Age Eye 
Vascular 

Comorbidities Cause of death 
Time to 

perfusion (hrs) 

A F 56 R+L 

 
Hypercholesteraemia Renal transplant failure 8.5 

B M 65 R+L 
 

Hypertension 
Atherosclerosis 

ICH 14 

C M 64 L 
 

Hypertension MI 14 

D M 60 R+L 

 
 

Atrial Fibrillation 
Hypertension 
Heart Failure 

MI 8.5 

E M 64 L 
 

Hypertension 
Dyslipidaemia 

MI 22 

F M 79 R+L 

 
 

Hypertension 
Atherosclerosis 

 

ICH 15 

G M 32 L 
 
- MVA 20 

H M 23 L 
- 

Suicide 22 

I M 53 L 
- 

MVA 14 
 

J M 66 R+L - Metastatic Colon Cancer 15 
  

K M 22 L - Suicide 15 
 

L M 27 L - MVA 8 
 

M M 59 R+L - Melanoma 12 

N M 39 R+L 
- 

Bacterial Endocarditis 20 
 

O M 15 R+L - Hanging 22.5 
 

P M 19 R - Hanging 17 
 

Q M 67 L - Metastatic Lung Cancer 12 
 

R F 73 R - Metastatic Breast Cancer 15 
 

Table 3 – Donor demographic details.  Age (years), sex (M = male or F = female), eye 
(R= right or L = left), vascular comorbidities, cause of death and time to perfusion for 
each eye donor is provided. ICH = Intracranial haemorrhage. MI = Myocardial 
infarction.  
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3.2.3 Microscopy 
 

The perifoveal region, located 2 mm nasal to the center of the fovea, was imaged using 

confocal laser scanning microscopy.32  The region that was studied occupied an area of 

4.1 x 105 µm2.  The perifovea was examined because we had previously quantified the 

morphometric characteristics of capillary networks in this region in normal human eyes 

and thus were able to make direct and reliable comparisons with eyes from patients 

with cardiovascular comorbidities.177  The other reason the perifovea was analysed is 

because it is traversed by the macula-papillary bundle and thus plays a critical role in 

visual processing.  Furthermore, unlike the peripheral retina which is comprised of only 

a single row of ganglion cells, the nasal perifovea is characterised by 4-5 rows of 

retinal ganglion cells.32   Wide-field images utilizing a x4 dry lens (Plan NA 0.2; 

Nikon, Tokyo, Japan) and a fluorescence microscope (Eclipse E800; Nikon) were used 

to accurately measure distances from the centre of the fovea prior to confocal scanning.  

Confocal microscope images were captured using a Nikon C1 Confocal with EZ-C1 (v. 

3.20) image acquisition software.  A x20 dry objective lens (NA 0.4) was used for all 

scans.  Using a motorised stage, a series of Z stacks were captured for each specimen 

beginning from the vitreal surface at the level of the inner limiting membrane to the 

outer retina.  Each z-stack consisted of a depth of optical sections collected at 0.35 µm 

increments along the z-plane.  Visualisation of sections was achieved by sequential 

laser excitation at a 488-nm and 561-nm line from an argon laser with emissions 

detected through a 525/50-nm 595/40-nm band pass filter respectively.  

3.2.4 Image Preparation 
 

ImagePro Plus (Media Cybernetics, Version 7.1) and Image J (version 1.43, National 

Institute of Health, USA, http:/rsb.info.nih.gov/ij) software were used to quantify 

confocal microscope images.  All images for the manuscript were prepared using 

Adobe Photoshop (version 12.1, Adobe Systems Inc.) and Adobe Illustrator CS5 

(version 12.1.0, Adobe Systems Inc.).  Confocal images in this manuscript were 

pseudo-coloured using Look Up Tables available on ImageJ.   
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Three-dimensional (3-D) reconstruction of capillary networks was performed using 

Imaris software (Verision 7.4.2; Bitplane, Zurich, Switzerland).  To minimize artefacts 

caused by minor fluctuations in signal intensity, the dataset was refined by utilizing the 

Gaussian filter tool and background subtraction prior to 3-D reconstruction (both, Filter 

Width determined by the minimum capillary diameter within each confocal stack). 

3.2.5 Qualitative Differentiation of Capillary Networks 
 

Our previously defined morphometric criteria, that has been validated by inter-observer 

correlation studies, was used to partition the retinal circulation into separate capillary 

networks. 176, 177  Capillary branching patterns, trajectory andposition with respect to 

the nuclear layers were used to stratify the retinal circulation into separate networks.  

Qualitative studies were only performed on eyes from the disease group as we had 

previously reported the characteristics of different networks in normal eyes. 177  

3.2.6 Morphometric Quantification of Capillary Networks 
 

Our previously published methods were used to quantify the morphometric features of 

capillary networks in the disease group.177  Manual tracing methods using Image J 

software (version 1.43, National Institute of Health, USA, http:/rsb.info.nih.gov/ij) was 

employed to obtain capillary diameter, capillary loop area, capillary loop length and 

capillary density measurements from each network.19, 20, 45, 95, 152  Capillary loop area 

was defined as the area enclosed by regional capillaries that intersected to form a 

closed loop within a network.  The boundary of individual capillary loops in each 

network was determined by carefully scrolling through image slices within the stack.  

Three-dimensional image reconstructions (described below) were also used to 

accurately delineate the boundaries of capillary loops.  Once the boundaries of 

individual capillary loops were determined, the z-projected image of the stack was used 

to calculate the loop area.  Capillary loop length was measured as the maximal linear 

distance between inner vessel walls formed by enclosed capillary loops. This typically 

represented the distance between two opposing capillary loop apices on a z-projection.   

Capillary density was determined by calculating the percentage of the image that was 

occupied by capillary lumens.  Manual tracing techniques were used to determine the 



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 65 
 
 
 
 
area of the image occupied by capillary lumens.  Capillary density was determined by 

dividing this measurement by the total area of the image.  In some eyes, data was 

unable to be attained from all capillary networks due to limitations in image quality. 

Imaris statistics sum function was applied to three-dimensional image reconstructions 

to express the surface area of each capillary network as a proportion of the total surface 

area occupied by capillaries in the peri-foveal region.  This calculation was performed 

using eyes in the control and disease group and is referred to as the relative occupied 

capillary surface area.  

3.2.7 Statistical Analysis 
 

All data are expressed in terms of mean and standard error, which were calculated 

using R (R Foundation for Statistical Computing, Vienna, Austria).  The disease eye 

cohort data was initially analyzed followed by comparisons with control groups.  In the 

disease group analysis, capillary network layer, age and post-mortem time were 

assigned as covariates and morphometric measurements as the response variable. 

Multiple measurements from eyes, with data taken from right and left eyes of the same 

individual were analyzed with ‘‘Right’’ or ‘‘Left’’ eye nested within ‘‘eye donor’’, 

assigned as random effects to account for factor correlations.23 Analysis of covariance 

(ANCOVA) testing between four capillary networks generated three comparisons, thus 

a P value of <0.017 was considered significant.   

In the analysis comparing disease and control eye cohorts, we grouped measurements 

from a single capillary network.  Similarly, group (control or disease group), age and 

post-mortem time were assigned as covariates with morphometric measurements as the 

response variable. ‘Right’’ or ‘‘Left’’ eye nested within eye donor were assigned as 

random effects to account for factor correlations.154  For these comparisons, 

ANCOVA testing was performed with a P value of <0.050 considered significant. 
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3.3 Results 

3.3.1 Eye Donors 
 

The mean age of donors in the control group was 43.6 + 5.1 years (age range 15 to 73 

years).  We examined 5 right eyes and 12 left eyes from a total of 12 donors (10 male 

and 2 female).  The average postmortem time before eyes were perfused was 15.7 +1.3 

hours. 

The mean age of donors in the disease group was 64.8 +2.5 (age range 56 to 79 years).  

We examined 4 right eyes and 6 left eyes from a total of 6 donors (5 male and 1 

female).  The average postmortem time before eyes were perfused was 12.2 + 1.4 

hours.  There was a significant difference between the mean age of donor eyes (P = 

0.005). 

3.3.2 General 
 

All orders of retinal microvasculature were clearly identifiable by our perfusion 

labelling technique.  The position and morphology of separate capillary networks in 

disease eyes were similar to what we observed in control eyes.5, 6 We identified 4 

separate capillary networks in disease eyes corresponding to the following regions 

within the retina: 

1. The nerve fibre layer (NFL) 

2. The retinal ganglion cell/superficial inner plexiform layer (RGC/sIPL) 

3. The deep inner plexiform layer/superficial inner nuclear layer (dIPL/sINL)  

4. The deep inner nuclear layer (dINL) 

A total of 1348 capillary diameter and 315 capillary loop area measurements were 

made in control eyes. A total of 1547 capillary diameter and 280 capillary loop area 

measurements were performed in disease eyes.    
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3.3.3 Morphometric Characteristics of Capillary Networks in Disease Eyes 
 

Morphometric characteristics of the 4 different capillary networks in diseased eyes are 

shown in Figure 13.  

1.  NFL capillary network 

Capillaries of the NFL network were characterized by a predominance of capillary 

segments that were oriented parallel to the direction of retinal ganglion cell axons (Fig. 

13B).  Short interconnecting segments bridged these capillaries in a diagonal or 

perpendicular fashion. Mean capillary diameter in the NFL network was 8.64 ± 

0.06µm.  Mean capillary loop area was 2496.36 ± 713.48µm2.  Mean capillary loop 

length in the NFL network was 83.25 ± 17.14µm.  Capillary density in the NFL 

network was 12.78% ± 1.66%. Mean relative occupied capillary surface area was 

13.62% ± 2.31%.  NFL capillary measurements from donors are presented in Table 4. 

2.  RGC/sIPL capillary network 

Capillaries of the RGC/sIPL network were characterized by a dense meshwork of 3D 

vessels (Figure 13C).  Reduced inter-capillary distance was a predominant feature of 

this network with capillary segments demonstrating sharp diagonal and orthogonal 

branching patterns.  Mean capillary diameter in the RGCL/sIPL network was 8.93 ± 

0.07µm.  Mean capillary loop area was 1734.01 ± 141.66µm2.  Mean capillary loop 

length in the RGCL/sIPL network was 62.41 ± 3.10µm.  Capillary density in the 

RGCL/sIPL network was 25.46% ± 1.76%.  Mean relative occupied capillary surface 

area was 40.55% ± 4.44%.  RGCL/sIPL capillary measurements from donors are 

presented in Table 4. 

3.  dIPL/sINL capillary network 

Capillaries in the dIPL/sINL network were highly tortuous and demonstrated irregular 

shaped loop configurations (Figure 13D).  Mean capillary diameter in the dIPL/sINL 

network was 8.96 ± 0.06µm.  Mean capillary loop areas was 2813.66 ± 427.61µm2.  

Mean capillary loop length in the dIPL/sINL network was 73.86 ± 6.49µm.  Capillary 

density in the dIPL/sINL network was 17.77% ± 1.55%.  Mean relative occupied 
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capillary surface area was 19.35% ± 2.79%.  dIPL/sINL capillary measurements from 

donors are presented in Table 4. 

4.  dINL capillary network 

Capillaries of the dINL network were characterized by a predominantly one 

dimensional laminar configuration where capillaries ran a trajectory with little 

tortuosity (Figure 13E). Mean capillary diameter in the dINL network was 9.10 ± 

0.07µm.  Mean capillary loop area was 6004.32 ± 526.20µm2.  Mean capillary loop 

length in the dINL network was 147.86 ± 9.46µm.  Capillary density in the dINL 

network was 21.55% ± 1.38%.  Mean relative occupied capillary surface area was 

26.48% ± 1.83%.  dINL capillary measurements from donors are presented in Table 4
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Figure 13: Perifoveal Capillary Networks in an eye with Vascular 
Comorbidities 

Three dimensional reconstruction of human perifoveal capillary networks in an eye 
with vascular comorbidities (A). Confocal capillary images captured from a single laser 
channel demonstrates the NFL network (B), RGC/sIPL network (C), dIPL/sINL 
network (D) and dINL network (E). Arrow indicates direction from vitread to sclerad 
surface. Scale bar = 100 µm.  
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Table 4 – Quantitative capillary network data for individual donors.  Mean capillary diameter, capillary loop area, capillary density and 

relative capillary surface area measurements for donor eyes is provided.  SE = Standard error.  NFL = Nerve Fibre Layer, RGCL = Retinal 

Ganglion Cell Layer, sIPL = superficial Inner Plexiform Layer, dIPL = deep Inner Plexiform Layer, sINL = superficial Inner Nuclear 

Layer and dINL = deep Inner Nuclear Layer. Data unable to be obtained is designated (-)

Specimen Capillary diameter (µm) Capillary loop area (µm2) Capillary density (%) 
Relative capillary  
surface area (%) 

  NFL RGCL/sIPL dIPL/sINL dINL NFL RGCL/sIPL dIPL/sINL dINL NFL RGCL/sIPL dIPL/sINL dINL NFL RGCL/sIPL dIPL/sINL dINL 
A 8.9 9.0 9.0 - 10164.8 1473.4 5453.3 - 17.7 29.5 22.8 - - - - - 

A 8.7 9.1 9.6 - 0.0 2513.5 4244.1 - 14.0 27.4 25.4 - - - - - 

B 8.6 9.0 8.2 8.6 1802.0 1308.7 3878.1 6287.1 21.2 23.1 14.8 20.4 22.8 30.5 21.5 25.1 
B 9.6 8.7 9.2 8.5 3041.8 1084.0 3794.5 5661.9 14.1 34.3 18.9 18.6 13.9 47.8 15.4 22.8 
C 6.8 8.1 8.8 - 2434.9 1551.8 3186.9 - 4.3 18.3 13.8 - - - - - 

D 8.6 9.4 9.4 9.7 623.9 1834.1 3420.0 5123.7 15.4 27.6 17.2 29.4 17.3 31.7 20.6 30.4 
D 9.1 8.9 9.0 9.9 0.0 1521.1 824.4 5793.9 14.6 28.2 18.1 29.8 10.5 55.8 13.4 20.3 
E 9.2 9.3 - - 0.0 5429.6 - - 12.6 14.9 - - - - - - 

F 8.3 8.6 8.6 8.8 3180.5 1967.6 0.0 11025.0 7.2 26.3 9.9 17.8 7.8 46.5 13.8 31.9 
F 9.1 8.8 8.8 9.0 1732.6 2606.0 1416.1 4038.5 6.7 24.8 18.9 21.2 9.4 30.9 31.4 28.2 

Mean 8.64 8.93 8.96 9.10 2496.36 1734.01 2813.66 6004.32 12.78 25.46 17.77 21.55 13.62 40.55 19.35 26.48 

SE 0.06 0.07 0.06 0.07 713.48 141.66 427.61 526.20 1.66 1.76 1.55 1.38 2.31 4.44 2.79 1.83 



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 71 
 
 
 
 

3.3.4 Comparisons between Capillary Networks in Disease Eyes 
 

Age was not associated with capillary diameter, loop area, loop length, density or 

occupied capillary surface area measurements in any of the control (P > 0.107) or 

disease networks (P > 0.172).  Thus, age was removed from our multivariate model for 

all subsequent comparisons.  Capillary diameter was smallest in the NFL network and 

was significantly smaller than the RGC/sIPL network (P = 0.001) and dIPL/sINL 

network (P = 0.002) but not the dINL network (P = 0.062).  There was no difference in 

capillary diameter between the RGC/sIPL network and dIPL/sINL network (P = 0.489).  

There was also no difference in capillary diameter between RGC/sIPLand dINL 

networks (P = 0.205). 

Capillary loop area was smallest in the RGC/sIPL network and was significantly 

smaller than in the dIPL/sINL and dINL networks (all; P< 0.003), but not the NFL 

network (P= 0.086). Capillary loop area was largest in the dINL network and was 

significantly larger than the NFL, RGCL/sIPL and dIPL/sINL networks (all P< 0.003).  

Capillary loop area was not significantly different between the NFL and dIPL/sINL 

networks (P = 0.738). 

Capillary loop length was largest in the dINL network and was significantly larger than 

the NFL, RGCL/sIPL and dIPL/sINL networks (all P< 0.003).  Capillary loop length 

was smallest in the RGC/sIPL network and was significantly smaller than the dINL (P< 

0.001), but not the NFL network  (P= 0.062) or dIPL/sINL network (P= 0.035). 

Capillary loop length was not significantly different between the NFL and dIPL/sINL 

networks (P = 0.292).  

Capillary density was smallest in the NFL network and was significantly smaller than 

the RGC/sIPL network (P = 0.001) and dINL network (P = 0.011), but not the 

dIPL/sINL network (P = 0.043).  Capillary density was significantly smaller in the 

dIPL/sINL network than in the RGC/sIPL network (P = 0.001).  There was no 

difference in capillary density between the dINL network and the RGC/sIPL network 

(P = 0.075) and dIPL/sINL network (P = 0.017).   
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Relative occupied capillary surface area was greatest in the RGCL/sIPL network and 

was significantly greater than in the NFL (P = 0.004) and dIPL/sINL(P = 0.012) 

network, but not in the dINL network(P = 0.038).  Relative occupied capillary surface 

area was significantly larger in the dINL than in the NFL (P = 0.010).  There was no 

difference in capillary surface area between the dIPL/sINL and the NFL (P = 0.152) or 

the dINL network (P = 0.055).  

 

3.3.5 Comparisons between Disease and Control Eyes  
 

Morphometric comparisons between control and disease eyes are displayed as bar-

charts in Figure 14. Morphometric comparisons between control and disease eyes for 

NFL, RGC/sIPL, dIPL/sINL and dINL networks are provided in Figure 15.  

Comparisons of the three-dimensional characteristics of these networks are provided in 

figure 16. 

1.  NFL capillary network 

There was no difference in NFL capillary diameter between disease and control groups 

(P = 0.469).  Capillary loop area (P = 0.020), capillary loop length (P = 0.009) and 

density (P = 0.033) was reduced in disease eyes (Figs. 15A, 15B and 16A) .  There was 

no difference in relative occupied capillary surface area between disease and control 

groups (P = 0.279).  

2.  RGC/sIPL capillary network 

Capillary diameter in the RGC/sIPL network in the disease group was greater than 

control eyes (P = 0.005).  Disease eyes had smaller capillary loop area (P = 0.001) and 

capillary loop lengths (P = 0.003) however there was no significant difference in 

capillary density (P = 0.271) between the two groups (Figs. 15C, 15D and 16B).  There 

was no difference in relative occupied capillary surface area between disease and 

control groups (P = 0.218).   

3.  dIPL/sINL capillary network 
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There was no difference in dIPL/sINL capillary diameter between disease and control 

groups (P = 0.065).   Disease eyes had smaller capillary loop areas (P = 0.008) and 

capillary loop lengths (P = 0.005) but there was no significant difference in capillary 

density (P = 0.173) between the two groups (Figs. 15E, 15F and 16C).  There was no 

difference in relative occupied capillary surface area between disease and control 

groups (P = 0.061).    

4.  dINL capillary network 

There was no difference in dINL capillary diameter between disease and control groups 

(P = 0.073).  There was no difference in capillary loop area (P = 0.863), capillary loop 

length (P = 0.444), capillary density (P = 0.075) and relative occupied capillary surface 

area (P = 0.440) between the two groups (Figs. 15G, 15H and 16D).    
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Figure 14: Quantitative Comparisons of Capillary Network 
Morphometry  

Comparisons between control and disease eyes for capillary diameter (A), capillary 
loop area (B), capillary density (C) and relative occupied capillary surface area (D) are 
presented. Mean ± standard error for each parameter is provided. * denotes a significant 
difference between control and disease eyes (P < 0.05). 
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Figure 15: Morphometric Comparisons between control and disease 
eyes 

NFL (A and B), RGC/sIPL (B and C), dIPL/sINL (E and F) and dINL (G and H) 
networks. Some capillary loops in each image are shaded in blue to allow comparison 
of capillary loop area between the two groups. Scale bar = 100 µm.   
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Figure 16: Comparison of Three-dimensional Capillary Network 
Morphometry between control and disease eyes   

There was no difference in relative occupied surface area between the two groups in the 
NFL network (A and B), RGC/sIPL network (C and D), dIPL/sINL network (E and F) 
and dINL network (G and H). Scale bar = 200 µm.     
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3.4  Discussion 

The major findings from this study are as follows: (1) Cardiovascular comorbidities 

induce alterations to capillary diameter, capillary loop area and capillary density 

measurements within the human perifovea.  (2) Capillary networks are altered in a non-

uniform manner by cardiovascular comorbidities.  Specifically, capillary diameter 

increased in the RGC/sIPL network.  Capillary loop length and capillary loop area 

decreased in all networks other than the deep INL network in patients with 

cardiovascular comorbidities.  Capillary density was reduced in the NFL network only. 

Capillary endothelia maintain intimate relationships with neurons and glia cells and 

thereby modulate retinal homeostasis.49, 146, 167, 178, 179  The morphometric organization 

and position of capillary networks, within the layered retina, is believed to correlate 

with the metabolic demands of regional neuronal subtypes.10, 49, 168, 173, 179-182 

Quantifiable parameters such as capillary loop area, capillary loop length, capillary 

density and capillary diameter convey vital information about the vasculogenic 

mechanisms that are involved in retinal nutrition.20, 45, 95, 152  Through the complex 

process of neurovascular coupling, capillary diameter is linked to mean erythrocyte 

transit time through a microcirculation and contributes to the tissue oxygen extraction 

fraction.181, 182  Similarly, capillary loop area and density measurements allow inference 

about diffusion mechanisms that are involved in satisfying regional energy demands.22, 

95, 168, 173, 183  

Cardiovascular comorbidities, including ischemic heart disease, hypertension, smoking 

and and hypercholesterolemia have been implicated in the pathogenesis of retinal 

vascular disease.80, 82, 84, 85, 98-100, 184, 185  Detailed histo-pathological studies have 

demonstrated alterations to endothelial tight junctions, basement membranes and mural 

cells in patients with cardiovascular disease.82, 83, 98  The net effect of these histological 

changes is the breakdown of the BRB.  Clinical manifestations of BRB perturbations 

include microaneurysms, exudates, haemorrhages, oedema and nerve fibre layer 

ischemia.85, 95, 186-188  When present in the macula or perifovea, these changes can result 

in rapid and irreversible vision loss.189  Although transverse histological investigations 

have been used to study circulatory changes in the eye,119, 190, 191  to our knowledge, 

two- and three-dimensional quantitative techniques have not been employed to quantify 
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disease-induced capillary network alteration in the human retina.  The chronological 

relationship between retinal capillary network alteration and endothelial dysfunction, 

whether it is antecedent or subsequent, has also not been explored.  This information 

may be important for understanding patho-physiological mechanisms involved in 

retinal vascular diseases.    

In this study, capillary loop area measurements were used to speculate upon the role of 

diffusion mechanisms in regional cellular nutrition.  Mathematical studies have shown 

that steady state oxygen diffusion in vascular networks with an arbitrary geometry can 

be modelled to a three-dimensional space.192-194   Therefore, although the two- and 

three-dimensional configuration of capillary loops were different between networks, it 

is likely that the functional properties of each loop with regards to oxygen diffusion are 

similar.  The present study demonstrated a decrease in capillary loop area in all retinal 

networks, other than the dINL, in patients with cardiovascular comorbidities.  

Decreasing intercapillary areas may result in decreased oxygen diffusion times and may 

therefore be an important compensatory mechanism by which the microcirculation 

ensures adequate cellular nutrition in early retinal disease.22, 95  The proximity of the 

deep inner nuclear layer to the outer retina, where the choroid is the predominant 

supplier of metabolic substrates,191   may have been the reason why capillary loop areas 

were not altered in this network. 

In the capillary network subserving the retinal ganglion cell and superficial inner 

plexiform layer, the mean diameter of capillaries in patients with cardiovascular 

comorbidities is increased.  These findings are similar to what has been described in 

cerebro-cortical models of hypoxia.193   In the parietal cortex, experimental hypoxia 

induces heterogeneous changes to capillary network flow and also an increase in red 

blood cell velocity.195  Disease-induced increases in capillary diameter are speculated 

to underlie these changes.196  Capillary diameter in the brain has also been shown to 

increase in hypercapnic hyperemia. 196  197, 198  The net effect of increasing capillary 

diameter is an increase in blood flow and thus improved tissue oxygenation.199  Such an 

increase in capillary diameter may explain, at least to some degree, the 'non-difference' 

in corresponding capillary density and occupied surface area measurements between 

disease and control eyes.  Patients with cardiovascular comorbidities may experience 
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some degree of retinal hypoxia relative to normal eyes.  We speculate that in the 

earliest stages of hypertension and other cardiovascular comorbid disorders, a 

compensatory increase in capillary diameter may be one means of satisfying neuronal 

demands in a relatively hypoxic environment before later clinical disease such as 

decreased arteriolar diameter becomes manifest.85  

The molecular basis for capillary network alteration in patients with cardiovascular 

comorbidities may be the upregulation of cytokines and growth factor gradients within 

the retina.83, 166, 200  Vascular endothelial growth factor is a major stimulator of 

endothelial movement and an important determinant of capillary network morphology 

in embryogenesis.201, 202  Other growth factors involved in vasculogenesis include 

fibroblast growth factor and transforming growth factor beta.203, 204  We speculate that 

upregulation of growth factors in the retina in patients with cardiovascular 

comorbidities, possibly due to hypoxia, may underlie the process of capillary network 

alteration.  Disease-induced VEGF expression in the retina is non-uniform, being 

predominantly expressed by Muller cells, endothelia, astrocytes, retinal pigment 

epithelium and retinal ganglion cells.205   The non-uniform pattern of capillary network 

alteration in patients with cardiovascular comorbidities may bear important correlations 

to the predominant cell type that is activated to produce VEGF in the presence of 

cardiovascular disease.  Further work, however, is required to explore these 

correlations. 

Micro-cannulation techniques employed in this study allowed the complete labelling of 

the retinal circulation and permitted us to reliably quantify the morphometric features 

of capillary networks in the perifovea.  The results of this study suggest that capillary 

network morphometry is altered before clinical signs of BRB breakdown are evident in 

patients with cardiovascular comorbidities.  Our previous study has compared the 

morphometric features of human retinal capillary networks between images derived 

from fluorescein angiography and post mortem histopathological slides.119  This 

previous study has shown that capillary details derived from fluorescein angiography 

and fundus photography is limited to the inner capillary networks with very little 

information concerning the deep networks being present in images derived by these 

modalities.  The density of capillary structures in fluorescein images is also 
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significantly lower than images derived from the same retinal eccentricity by confocal 

scanning laser microscopy techniques using post-mortem tissue.  Therefore, current 

imaging modalities that are employed in clinical practice do not allow a layered 

analysis of human capillary networks.119   However, the emergence of high penetration 

optical coherence tomography technology29  may permit non-invasive means of 

studying distinct capillary networks in the human eye and may be useful for the early 

detection of capillary alteration in patients with cardiovascular comorbidities.  

Application of such technologies to monitor the temporal sequence of capillary network 

alteration in at-risk patients may also allow the timely intervention of therapy.   

Although this experiment provides valuable information concerning the pathogenesis of 

retinal vascular disease there were several limitations of this study.  The sample size in 

this study was too small to separate the effects of individual vascular comorbid disease 

on capillary network morphometry.  The spectrum of systemic disease severity for each 

donor was also unknown.  Furthermore, if the sample size was larger, it would have 

been useful to compare the morphometric features of capillary networks between 

treated and untreated patients in the disease group.   

It is also possible that some of the control donors were suffering from undiagnosed 

vascular comorbidities at the time of death and this remains a limitation with all post 

mortem histopathological studies.  The findings of this study are also limited to one 

retinal eccentricity.  It is also possible that capillary network alteration is specific to the 

form of cardiovascular insult and retinal eccentricity.  The purpose of this study was to 

investigate the effects of cardiovascular risk factors on the retinal microcirculation and 

although there was no documented evidence of cardiovascular comorbidity in the 

control group, some of the patients in this group may not have been healthy at the time 

of death.  This in turn may have had some influence on the results of this study.  Other 

limitations of this study include the potential of post mortem alterations to vascular 

morphology and the long post mortem time, of greater than 12 hours, in 4 patients in 

the disease group. 
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Chapter 4.0: Validating the utility of speckle variance optical 
coherence tomography for quantitatively analysing human 
perifoveal capillary networks 
 

4.1 Introduction 

There remains a need for development of modern non invasive techniques that may 

provide meaningful and reliable imaging of capillary morphology and structure.111   

Speckle variance ocular coherence tomography (svOCT) represents a modern non-

invasive technique with increased imaging speed and performance that may provide 

retinal capillary information in real time.142, 143, 206   The amount of capillary detail that 

can be derived from individual retinal networks, however, remains unknown.  This 

experiment utilizes a custom-built svOCT device to qualitatively and quantitatively 

study the various capillary networks in the human perifovea.  A prototype speckle 

variance optical coherence tomography system based on a wavelength-swept source  

engine was used to generate en face images of retinal capillary networks.  This study 

aims to document qualitative and quantitative aspects of human capillary 

microvasculature derived from this svOCT technique compared to our previous 

histological data. Understanding the capillary detail that can be reliably extracted will 

form the basis for expansion of such techniques for clinical diagnostic and investigative 

purposes.   

In this report, we used a prototype svOCT device to quantitatively and qualitatively 

study perifoveal capillary networks in healthy human eyes.  We first illustrate how this 

device has the capacity to image and isolate distinct capillary networks in the perifovea.  

Quantitative measurements derived from this device are then validated by making 

comparisons between svOCT and age-matched histology data.  These results are used 

to illustrate the advantages and limitations of this device for studying retinal vascular 

diseases. 

 

 



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 82 
 
 
 
 
4.2 Methods 

This study was approved by the human research ethics committee at The University of 

Western Australia and The University of British Columbia.  All live-patient imaging 

was performed at the Eye Care Centre in Vancouver.  All human tissue was handled 

according to the tenets of the Declaration of Helsinki. 

4.2.1 Live Human Subjects 
 

17 eyes from 9 healthy human subjects, aged between 28 to 60 were imaged using 

svOCT.  In this study, the group from which speckle variance OCT measurements were 

made are referred to as the 'svOCT' group and eyes from the confocal microscopy 

images as the 'histology' group.   

4.2.2  Human Donor Eyes  
 

Eleven human eyes from 8 donors, aged between 22 and 66 were used for this study.  

Donor eyes used for this research had no documented history of eye disease.  All eyes 

were obtained from the Lions Eye Bank of Western Australia (Lions Eye Institute, 

Western Australia) after removal of corneal buttons for transplantation.  The donor eyes 

used in this report were also used in our previous publication.177   The demographic 

data of human subjects used for svOCT imaging and human eye donors for confocal 

microscopy are presented in Table 5. 

4.2.3  svOCT Imaging technique 
 

Speckle variance OCT images of human subjects were acquired from a graphics 

processing unit-accelerated svOCT clinical prototype.143   The details of the acquisition 

system have previously been published.207   In short, the OCT system was based on a 

1060nm swept-source with 100 kHz A-scan rate.  The axial resolution was ~ 6µm in 

tissue (based on the coherence length of the Axsun swept-source) and the lateral 

resolution was estimated to be ~8.5µm based on the Gaussian waist of the focused spot 

on the retina. Real time processing of the OCT intensity image data was performed 

using our open source GPU algorithm.208   The retinal region that was imaged was ~ 
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3mm nasal to the fovea, evaluated based on real-time volumetric OCT images (Figure 

17A).  For the speckle variance calculation, three repeat acquisitions at each B-scan 

location were acquired.  The scan area was sampled in a 300x300(x3) grid with a ~ 1x1 

mm field of view in 3.15 seconds (Figure 18).  En face visualization of the retinal 

microvasculature was processed and displayed in real-time using our open source GPU 

algorithm for svOCT.143     Scan dimensions were calibrated based on the eye length of 

each participant, measured using the Zeiss IOLMaster 500 (IOL master 500, Carl Zeiss, 

Jena, Germany).  Images were acquired from both eyes of 9 patients.      
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Patient 

ID Sex Age Eye 

A M 36 R+L 

B F 36 R+L 

C F 28 R+L 

D F 30 R+L 

E M 31 R+L 

F M 59 R+L 

G F 60 R+L 

H M 56 R+L 

I F 52 R 

 

Table 5 – Donor demographic details.  Human subjects used for this research had no 
documented medical comorbidities.  Age (years), sex (M = male or F = female), eye 
laterality (R = right or L = left)..
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Figure 17: Speckle Variance Optical Coherence Tomography derived Cross Section of the Human Perifovea  
 

Speckle variance optical coherence tomography (A) and a corresponding transverse confocal microscopy retinal section (B) from a healthy 
subject illustrate the various retinal layers in the perifoveal region. On the confocal image, endothelial cells are labelled with Phalloidin 
and nuclei are labelled with Hoescht antibody. Retinal layers corresponding to the nerve fibre layer (yellow), ganglion cell layer (green), 
inner nuclear layer (light blue) and outer nuclear layer (red) are clearly demarcated in each image. Capillary networks were co-localised 
within these retinal layers. Scale bar = 50 µm.
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Figure 18: Generation of Speckle Variance Optical Coherence Tomography Images  

Schematic demonstrating how speckle variance optical coherence tomography images were generated. Three repeat acquisitions at each B-
scan location were acquired.  The scan area was sampled in a 300x300(x3) grid with a ~ 1x1 mm field of view to generate volumetric data.  
En face visualization of the retinal microvasculature was processed and displayed in real-time using an open source GPU algorithm. 
(Adapted from Xu et al, 2014)   
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4.2.4 Tissue Preparation for Confocal Microscopy  
 

Our method of micro-cannulation and targeted perfusion based labelling techniques 

was utilized to label the retinal microvasculature in human donor eyes.47, 146   The 

central retinal artery was cannulated and the retinal circulation perfused for 20 minutes 

with a mixture of oxygenated Ringer’s solution and 1% bovine serum albumin.  

Fixation with a solution of 4% paraformaldehyde in 0.1 M phosphate buffer was 

followed by permeabilisation of endothelial cell membranes by a 0.1%Triton-X-100 in 

0.1 M phosphate-buffered solution.  Detergent was removed from the retinal circulation 

by perfusion with 0.1M phosphate buffer solution.   Endothelial microfilaments were 

labelled over 2 hours by perfusion with a solution comprising of either phalloidin 

conjugated to Alexa Fluor 546 (30 U; A22283; Invitrogen, Carlsbad, CA) or Lectin-

TRITC (Sigma L5266, 1:40).  Nuclei were labelled with bisbenzimide (1.2 µg/mL; 

Sigma-Aldrich, St. Louis, MO).  Residual label was cleared from the vasculature by 

further perfusion with 0.1 M phosphate buffer.  Labelled specimens were immersion 

fixed in 4% paraformaldehyde overnight prior to dissection and flat mounting.   

4.2.5 Confocal Microscopy techniques 
 

Images were captured from the retinal eccentricity that was located 2mm nasal to the 

center of the fovea (Figure 17B).  Confocal images were captured using a Nikon C1 

Confocal equipped with three lasers (wavelengths 408 nm, 488 nm and 561nm) and 

EZ-C1 (v. 3.20) image acquisition software.  Images of different wavelengths were 

acquired by sequential laser excitation.  A 20x dry objective lens (NA 0.4) was used for 

all scans capturing a 636.5 by 636.5µm region of interest.  Using a motorised stage, a 

series of z-stacks were captured for each specimen beginning from the vitreal surface, 

at the level of the inner limiting membrane, to the outer retina.  Each z-stack consisted 

of a depth of optical sections collected at 0.35 µm increments along the z-plane. 

4.2.6 Image Preparation 
 

ImagePro Plus (Media Cybernetics, Version 7.1) software was used to quantify 

confocal microscope images.  All images for the manuscript were prepared using 
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Adobe Photoshop (version 12.1, Adobe Systems Inc.) and Adobe Illustrator CS5 

(version 15.1.0, Adobe Systems Inc.).   

 

4.2.7 Qualitative Differentiation of Capillary Networks 
 

Our previously defined morphometric criteria, that has been validated by inter-observer 

correlation studies, was used to partition the retinal circulation into separate capillary 

networks.5, 19, 153, 177   Capillary branching patterns, trajectory and position respective to 

nuclear layers were used to stratify the retinal circulation into 4 separate networks 

corresponding to the following regions within the retina: 

1. The nerve fibre layer (NFL) 

2. The retinal ganglion cell/superficial inner plexiform layer (RGC/sIPL) 

3. The deep inner plexiform layer/superficial inner nuclear layer (dIPL/sINL)  

4. The deep inner nuclear layer (dINL) 

The svOCT images were processed using the GPU-accelerated program,143  and the 

retinal layers were automatically segmented using a 3D Graph Cut based segmentation 

tool implemented in Matlab.209   En face retinal network images were generated from 

the same 4 capillary networks using the morphometric criteria described above.  The en 

face retinal network images were generated by summing the svOCT data along the 

depth direction within each segmented retinal network.  A region of interest 

corresponding to 636.5µm by 636.5µm was cropped from en face images permitting 

direct comparison between svOCT and histology images. 

  



Thesis- Quantitative Analysis of Perifoveal Capillary Networks in the Human Retina 
By Dr Geoffrey Zhi Peng Chan  Page 89 
 
 
 
 
4.2.8 Morphometric Quantification of Capillary Networks 
 

Our previously published methods were used to quantify the morphometric features of 

capillary networks.177, 210   Quantitative data from capillary networks were attained 

following z projection of all images between the first and final image slice for each 

network.  Manual tracing methods using ImagePro Plus (Media Cybernetics, Version 

7.1) was employed to attain the following quantitative measurements from each 

capillary network (Fig. 19):   

• Capillary diameter- Defined as the perpendicular distance across the maximum 

chord axis of each vessel.  Each confocal image was partitioned into 9 equal 

regions (Fig. 19A) and measurements were obtained from each region to ensure 

representative sampling.  An average of 45 measurements was obtained from 

each image. 

• Capillary density- Reflected by measurements including number of vessel 

intersections per 100µm and intercapillary distance. A 3x3 grid consisting of 

two equally spaced horizontal and vertical perpendicular line segments was 

superimposed over images.  Manual counts of capillary intersections across the 

4 line segments covering a distance of 636.5µm were recorded (Fig. 19B) and 

expressed as an average number of capillary intersections per 100µm.  

Intercapillary distance was based on an average of 4 inter capillary distance 

measurements calculated by dividing line segment distance by number of vessel 

intersections. 

4.2.9  Statistical Analysis 
 

All data is expressed in terms of mean and standard error which were calculated using 

Sigmastat (Sigmastat, ver. 3.5; SPSS, Chicago, IL).  The svOCT cohort data was 

initially analyzed followed by comparisons with histology groups.  For these 

comparisons, T-testing was performed with a P value of < 0.050 considered significant.  

Similarly, Mann-Whitney rank sum test was utilized with a significant value of P < 

0.050 where normality failed.  SigmaPlot (Sigmaplot, ver. 12.0; Systat Software, Inc., 

San Jose, CA) was used to create the bar graphs that are presented in this manuscript.
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Figure 19: Methodology for Quantifying Capillary Network Morphometry  

Representative speckle variance optical coherence tomography en face images of the deep inner nuclear layer network are used to illustrate 
how capillary diameter (A) and capillary density measurements (B) were acquired.  Each image was first partitioned into a 3x3 grid (solid 
yellow lines).  Capillary diameter (red lines) was measured by determining the perpendicular distance across the maximum chord axis for 
each vessel.  Capillary density was calculated by determining the number of vessel intersections (red squares) per 100µm of line segment.  
Intercapillary distance was also used as an indice of capillary density. Scale bar = 100 µm.
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4.3 Results 

4.3.1 Demographics 

The mean age of subjects in the svOCT group was 43.11 ± 4.46 years.  We examined 9 

right eyes and 8 left eyes from a total of 9 subjects (4 male and 5 female). One eye was 

excluded due to significant motion artefact.  

The mean age of donors in the histology group was 40.12 ± 6.05 years.  We examined 

3 right and 8 left eyes from a total of 8 male donors.  There was no statistically 

significant difference between the mean age of svOCT and histology eyes (P = 0.630).  

4.3.2  Morphometric Comparisons Between svOCT and Confocal Eyes 
 

All  retinal microvascular networks were visualized with the svOCT imaging 

technique. Morphometric characteristics of the 4 different capillary networks between 

svOCT and histology techniques are shown in Figure 20.  Quantitative comparisons 

between svOCT and histology images are displayed as bar-charts in Figure 21.  

Although retinal ganglion cell axons could not be distinguished by this technique, NFL 

capillaries in the svOCT images were seen to be predominantly oriented parallel to one 

another as in our previous descriptions of this network.  svOCT-imaged capillaries of 

the RGC/sIPL network were closely approximated to the larger vessels and comprised 

a dense meshwork. svOCT-imaged capillaries of the dIPL/sINL network were 

associated with a prominent homogeneous back-scattered signal and ran a tortuous 

trajectory.  In contrast, the dINL was the most easily discernible network, comprised of 

a flat network of capillaries with large sloping capillaries in loop configurations.  

In general, the svOCT retinal layer images closely approximated those derived from 

histological techniques.  Across all svOCT-imaged retinal networks, background was 

noisier and capillary margins were less well defined.  
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Figure 20: Morphometric Comparisons between svOCT and Histology 
derived Images 

Representative images of NFL network (A and B), RGC/sIPL network (C and D), 
dIPL/sINL network (E and F) and dINL network (G and H) for eyes are provided. 
Scale bar = 100 µm.     
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Figure 21: Quantitative Comparisons of Capillary Network 
Morphometry  

Comparisons between speckle variance optical coherence tomography and histology 
images for capillary diameter (A), capillary intersections per 100µm (B) and 
intercapillary distance (C) are presented. Mean ± standard error for each parameter is 
provided. *denotes a significant difference between svOCT and histology eyes (P < 
0.050). 
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4.3.3 Quantitative Analysis of Capillary Diameter 
 

A total of 1760 capillary diameter measurements were made in histology eyes and 3060 

capillary diameter measurements were performed in svOCT eyes. 

The average capillary diameter for all networks in the svOCT and histology techniques 

was 10.05 ± 0.05 µm and 8.31 ± 0.06 µm respectively.  Mean capillary diameters for 

each retinal network for both svOCT and histology techniques are provided in Table 6.  

There was no difference in retinal network capillary diameter within the histology 

cohort (P > 0.216).  Within svOCT images, there was a significant difference between 

capillary network diameters between all networks (all P < 0.033) except the RGC/sIPL 

and dIPL/sINL network (P = 0.565).  Comparisons between svOCT and histology 

showed a significantly increased capillary diameter for all retinal networks (all P < 

0.001) as demonstrated in Figure 21A. 
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Table 6 - Quantitative retinal capillary network data acquired using svOCT and histology imaging techniques.   

Mean capillary diameter, number of vessel intersections per grid, number of capillary intersections per 100µm and intercapillary distance 

(ICD) with corresponding standard errors for each network is provided.  NFL = Nerve Fibre Layer, RGCL = Retinal Ganglion Cell Layer, 

sIPL = superficial Inner Plexiform Layer, dIPL = deep Inner Plexiform Layer, sINL = superficial Inner Nuclear Layer and dINL = deep 

Inner Nuclear Layer.  

 

 

  

Capillary Diameter 
(microns) 

No. Vessel 
Intersections per grid 

No. Capillary 
Intersections per 100µm ICD (microns) 

svOCT NFL 9.86 + 0.06 37.5 + 1.32 1.47 + 0.04 73.46 + 3.61 

 
RGCL/sIPL 10.01 + 0.05 38.47 + 1.49 1.51 + 0.04 70.94 + 3.43 

 
dIPL/sINL 9.98 + 0.05 41.12 + 1.04 1.62 + 0.03 64.31 + 1.71 

 
dINL 10.34 + 0.05 40.06 + 1.22 1.57 + 0.04 66.05 + 1.96 

   
 

 
 

Histology NFL 8.32 + 0.06 35.80 + 2.97 1.41 + 0.12 79.21 + 8.73 

 
RGCL/sIPL 8.28 + 0.07 40.80 + 1.93 1.60 + 0.08 65.60 + 2.89 

 
dIPL/sINL 8.33 + 0.06 38.4 + 2.46 1.51 + 0.10 71.56 + 5.09 

 
dINL 8.30 + 0.05 39.2 + 2.24 1.57 + 0.09 68.84 + 3.97 
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4.3.4 Quantitative Analysis of Capillary Density 
 

The average number of capillary intersections per 100µm for all networks in the 

svOCT and histology techniques was 1.54 ± 0.05µm and 1.51 ± 0.09µm respectively.  

Mean capillary intersections per 100µm for each retinal network for both svOCT and 

histology techniques are provided in Table 6.  Capillary intersections per 100µm was 

largest in the dIPL/sINL network on svOCT and was significantly larger than the NFL 

network (P = 0.038).  There was no difference in capillary intersections per 100µm 

between the NFL, RGC/sIPL and dINL networks (all P >0.155).  There were no 

differences in capillary intersections per 100µm between capillary networks in the 

histology specimens (all P > 0.196).  The number of capillary intersections per 100µm 

comparisons between svOCT and histology did not show a significant difference for all 

retinal networks (all P > 0.157). 

The intercapillary distances for all networks in the svOCT and histology techniques 

was 68.69 ± 2.67µm and 71.30 ± 5.17µm respectively.  Mean intercapillary distances 

for each retinal network for both svOCT and histology techniques are provided in Table 

6. Intercapillary distance was largest in the NFL network on svOCT and was 

significantly larger than the dIPL/sINL network (P = 0.029).  There was no difference 

in intercapillary distance between the NFL, RGC/sIPL and dINL networks (all P 

>0.080).  There were no differences in intercapillary distance between capillary 

networks in the histology specimens (all P > 0.177).  Intercapillary distance 

comparisons between svOCT and histology did not show a significant difference for all 

retinal networks (all P > 0.094). 
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4.4  Discussion 

 The major findings from this study are as follows: (1) Speckle variance optical 

coherence tomography has the capacity to delineate the morphometric characteristics of 

different capillary networks in the human perifovea.  (2) The morphological 

characteristics of capillary networks presented in svOCT images are highly comparable 

to age-matched histology images.  (3) Capillary diameter measurements in svOCT 

images are significantly greater than histological data for all networks.  (4) Capillary 

density measurements are not significantly different between svOCT and histological 

data for all networks. 

Retinal neurons in the human perifovea are nourished by four morphologically distinct 

capillary networks.177   We have previously shown that the anatomical configuration of 

each capillary network is altered in accordance with the unique metabolic demands of 

the regional neuronal milieu.  The vulnerability of these networks to systemic 

cardiovascular disease is not uniform.  Our prior work has provided evidence that 

hypertension and other cardiovascular co-morbidities induce selective alteration to 

capillary networks in the perifovea.210   Therefore, in addition to providing vital 

information about neurovascular coupling mechanisms that regulate retinal 

homeostasis, the study of capillary networks is important for our understanding of 

vascular patho-biology.  

Speckle variance OCT is a non-invasive imaging device that is gaining greater 

application in clinical medicine.138, 142   In ophthalmology, svOCT has been used to 

acquire real-time, flow contrast images of the macula and optic nerve head.143   A major 

advantage of svOCT is the ability to perform angiography without contrast 

administration.  This avoids many potential adverse effects that are commonly seen 

with fluorescein angiography.  The capability of svOCT to identify microvasculature 

by calculating interframe intensity variation of structural images overcomes Doppler 

angle limitation- the larger range of Doppler frequency shifts and increased spectral 

broadening as beam-flow measurement angle increases. This also makes it less user-

dependent than Doppler OCT techniques.138, 211, 212  The manner in which the svOCT 

data is collected and processed, repeat B-scans at the same location, also makes it more 

sensitive to detecting flow contrast in regions of low flow. Finally, the relatively fast 
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image acquisition and processing time and the capacity to provide real-time images that 

are immediately available to the clinician are other major advantages of svOCT. 

The application of svOCT technology to image the clinical manifestations of age 

related macular degeneration have previously been described, however to our 

knowledge, this is the first report to validate and quantitatively compare svOCT to 

histological data.213   Using our prototype svOCT device we were able to reliably image 

the various capillary networks in the perifovea.  Specifically, we were able to image the 

NFL network, the RGC/sIPL network, the dIPL/sINL network and the dINL network 

with great accuracy.  Capillaries in the NFL network were seen to run parallel to the 

direction of axons while capillaries in the dINL network demonstrated a planar 

configuration with multiple closed loops.  Capillaries in RGC/sIPL and dIPL/sINL 

networks were observed to have a tortuous trajectory and displayed a complex three-

dimensional configuration.  We found that the morphological characteristics of 

networks in svOCT images were highly comparable to our histological images. 

The mean capillary diameter was significantly greater in svOCT images compared to 

age-matched histological images for all networks.  This can be attributed to the 

difference in lateral resolution of the two imaging systems; the lateral point spread 

function (PSF) of the svOCT imaging beam can be modelled as a Gaussian with 1/e2 

radius of 17 µm, artificially broadening the measured width of the capillaries. This 

difference may also have been due to the effects of fixation artefact and shrinkage in 

histology specimens.214   Other plausible explanations for increased capillary diameter 

in svOCT images may be due to the dynamic effects of physiological variables such as 

blood pressure, tissue interstitial pressure and vessel wall elasticity acting upon 

capillary beds.215   These variables have been shown to influence the anatomical 

dimensions of live tissue.  Pericyte mediated reduction of capillary diameter has also 

been shown in the context of neuronal death to influence capillary diameter and this 

effect may also have resulted in smaller diameters in histological images.216  

Investigation of these potential physiological confounding factors with a high 

resolution svOCT system is left to future work. 

In this experiment we used the number of capillary intersections per 100μm and the 

inter-capillary distance as indices of capillary density.  Inter-capillary distance 
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measurements in the retina using svOCT closely approximated what has previously 

been reported in the human gray matter.217   The mean value of 68.69μm was 

significantly less than 123μm which is the reported value of inter-capillary distance in 

human white matter.218   Similar to our histology data, we found that capillary density 

in svOCT images was greatest in the network bordering the plexiform layer and least in 

the nerve fibre layer network.  When comparisons were made between svOCT and 

histology data we did not find a difference in capillary intersections per 100μm and 

inter-capillary distance for any network.  

This work validates the utility of our prototype svOCT for studying human perifoveal 

capillary networks but we acknowledge several limitations of this device.  Firstly, 

patient co-operation and steady fixation are essential for acquiring high quality images 

of capillary networks.  Although the image acquisition time was only 2.7 seconds it 

may not be possible for patients with significant visual disease to fixate for this period 

of time.  In these patients, motion artefacts may obscure important capillary detail.  

Modifications to this device with shorter image acquisition times136, 219  or the 

incorporation of motion tracking technology220, 221  may potentially overcome this 

limitation.  Secondly, the axial resolution of this device is 6 µm and the  lateral spatial 

resolution is 17µm.  The resolving capability of this device is therefore still not as 

precise as what is currently attainable histologically. Furthermore, the duration of an 

imaging session, speed of the OCT system, and lateral resolution combine to limit the 

field of view that can be acquired with this technique in a clinical setting.  
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Chapter 5.0: General Discussion 
 

The human retinal capillary circulation is a complex vascular network that must be 

architecturally designed to support neuronal layers without compromising the optical 

properties of the light transmitting pathway.12  Our histological studies of human retina 

have revealed variable morphology of capillary networks sub-serving distinct neuronal 

layers with disparate metabolic demands.  Multi-layered networks have been 

demonstrated with a laminar, one-dimensional configuration noted for the innermost 

and outermost networks in contrast to the tortuous, three-dimensional configurations 

supporting the high synaptic activity of the inner plexiform layer.176, 177  Such an 

arrangement is important considering that the high energy demands of the inner retina 

is supplied from a single central retinal artery, with a retinal circulation that must 

expand to supply an area greater than 1000 mm2.222   Maintaining capillary perfusion 

and regulatory capabilities through regional variations in vascular pattern and 

distribution ensures that the high density and functional requirements of the retinal 

neuronal populations are satisfied.   

The findings from our histological studies of healthy human perifoveal capillary 

microvasculature have established that four morphologically distinct capillary networks 

exist in this region with unique alterations suited to meet the metabolic demands of 

neuronal sub-compartments.177  Denser and more complex vascular networks sub-serve 

regions of higher oxygen consumption required for the high ATP synaptic activity of 

the plexiform layer.  

In our comparison between healthy eyes and those with cardiovascular co-morbidities, 

quantifiable alterations in retinal capillary networks were found to occur.  Specifically,  

reductions in capillary diameter and capillary density corresponded to increased oxygen 

diffusion distances, possibly stemming from capillary dropout and photoreceptor 

loss.210   Although in vivo studies have qualified such disease induced capillary 

network alterations in the human retina, to our knowledge, previously employed 

techniques have not been used to quantitatively analyse changes to human capillaries in 

their separate networks.  
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Our findings from the study of eyes with cardiovascular comorbidities also 

demonstrated that capillary networks of the perifovea are altered in a non-uniform 

manner with the presence of vascular comorbidities.  With the exception of the 

innermost retinal network, situated in the NFL, the diameter of capillaries increased. 

Partial occlusion of small capillaries and capillary rarefaction are involved in the 

pathophysiology of diabetes and the relatively smaller diameter of the NFL in patients 

with vascular comorbidities may highlight a particular susceptibility to such disease 

processes.  This study had identified differential vulnerability of networks in vascular-

mediated disease and it for this reason that the ability to resolve individual capillary 

networks is important. 

Previous studies note that retinal hypertensive alterations mainly arise from the 

superficial capillaries of the NFL.97  A smaller vessel diameter and findings of a 

decreased NFL network density in relation to other capillary networks may also 

contribute to a local increase in vascular resistance.  This suggests that alterations to 

perifoveal capillary blood flow may preferentially affect the NFL and may render this 

capillary network particularly susceptible to vascular insults.  We speculate that such 

changes in vascular topography may stem from dysregulation in cytokine and local 

growth factors which modulate capillary behaviour in retinal disease.83, 166, 200  In 

response to hyperglycaemia and ischaemia, paracrine expression of neurotrophic and 

angiogenic factors such as VEGF are upregulated.223  Other hypoxia induced molecular 

transcription factors such as platelet derived growth factor (PDGF), insulin-like growth 

factor 1(IGF-1), hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF) 

have also been implicated in abnormal vascularization.224  In rats, the overexpression of 

placental growth factor (rPGF-1) induced the dilation and increased tortuosity of retinal 

vessels, the formation of microaneuryms and vascular sprouts.203  Microvascular cell 

loss and progressive occlusion of capillaries results have been theorized to stem from 

the induction of growth factors such as transforming growth factor beta (TGFβ).  

Intercapillary areas, a reflection of the distance which oxygen and metabolites must 

travel by diffusion were reduced in all eyes with cardiovascular comorbidities except in 

the deepest capillary network of the inner nuclear layer.  Decreasing intercapillary areas 

result in decreased oxygen diffusion times, and we postulate that these morphological 
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alterations may represent compensatory mechanisms to factors limiting blood supply in 

systemic vascular conditions such as findings of reduced capillary blood flow 

velocities.  This remains in keeping with other studies where perifoveal intercapillary 

areas were significantly increased at baseline in patients with essential hypertension 

compared to healthy subjects.225  The deep inner nuclear layer capillary network may 

remain unchanged due to a relatively low oxygen demand in a region devoid of high 

metabolic synaptic activity.  Furthermore, the proximity of the dINL to the outer retina 

where the choroid is the predominant supplier of metabolic substrates may also mean 

that morphological alterations to compensate oxygen supply are not required until later 

disease stages.  Further work, however, is required to validate this hypothesis.   

Limitations of the studies involving confocal microscopy of perifoveal networks 

include the potential for postmortem artifact in influencing morphometric 

measurements, in particular capillary diameter findings which may be subject to 

postmortem induced vessel dilatation.  However, the effects of these mechanisms are 

expected to be equal in both health and disease.  In our study of disease, capillary 

networks are accounted for through  standardization with a control group that had 

identical times to perfusion.  Our sample size encompassed a wide variety of vascular 

comorbidities, constrained by the difficulty to obtain enough postmortem eyes to gather 

sufficient power to explore relationships with single vascular diseases.  These findings 

are limited to one retinal eccentricity and it is likely that the capillary networks of the 

peripheral retina may behave differently to the perifovea, reflecting a differing density 

of the retinal neuropile and corresponding metabolic requirements.    

The svOCT technique employed in the final study provided accurate in vivo 

information about distinct capillary networks in the human eye and permitted us to 

reliably quantify morphometric features of networks in the perifovea.  Similar 

appreciable morphometry and density measurements validate this technique with 

remarkable concordance despite a complex three dimensional microvascular structure 

reflecting a thick retinal ganglion cell and nerve fibre in the perifoveal region studied. 

High sensitive vascular detection down to the capillary level is possible and 

incorporation with relative depth information makes this an attractive tool to study the 

dynamic relationship between neuronal activity and surrounding blood vessels. Also, 
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the ability of this technique to overcome doppler angle makes it less user dependent 

than doppler optical coherence tomography techniques.  Significant movement artefact 

that can distort signal are improved by short data acquisition times.  However, limited 

resolution and depth of penetration limits its use in imaging of extensive microvascular 

systems.  Commercial availability and cost also restrict the use of this technique at 

present.114, 226-229  

Comparison of the svOCT derived images to histology identified uniformly larger 

capillary diameters in svOCT derived images.  Possible reasons for this include 

differences between fixed versus dynamic live specimens with an active process of 

dilation of capillaries proven in vivo in mouse cerebral cortex.216, 230  Other plausible 

explanations for increased capillary diameter may be the result of other physiological 

forces exerted in live specimens including fluctuations in blood pressure, tissue 

interstitial pressure and vessel wall tension or elasticity.215  Pericyte mediated reduction 

of capillary diameter has been shown in the context of neuronal death and may have 

resulted in smaller diameters derived from histology.216  Post hoc analysis found that 

the dIPL/sINL had the densest capillary network in contrast to significantly larger 

intercapillary distance measurements established in the NFL.  These results were 

consistent with our previous findings that density was greatest for networks bordering 

the plexiform layer and least in the nerve fibre layer.  Such capillary density 

information as a surrogate measure of capillary perfusion distance allows inferences to 

made regarding the metabolic activity of tissue and identification of alterations in tissue 

metabolic requirements in health and disease.  The knowledge that capillary changes 

may occur prior to development of ocular microvascular disease may aid in the 

application of such novel in vivo technology to image the retinal microcirculation231 

and allow earlier disease detection.228 

A difficult distinction between homogeneous back-scattered signal was particularly 

prominent in the RGC/sIPL and dIPL/sINL layers from the svOCT derived images 

which is likely shadow artefact from the complex three dimensional arrangements in 

these networks.  Techniques to enhance separation of structures from tissue background 

signal are being developed and it is likely this will improve resolution capabilities 

toward the future.114, 137, 141, 206  It is not clear whether regional variability in the 
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intensity of the blood vessel signal as well as subtle differences in capillary diameter 

along the trajectory of capillaries convey true information regarding haemodynamic 

blood flow.  Work remains to elucidate whether this technique is able to provide such 

information on blood flow physiology and functionality.  The foveal avascular zone 

may represent an attractive area for study of this potential correlation given the variable 

flow and relative decrease in retinal tissue thickness and complexity of the retinal 

network in this region.103, 232  

In summary, this thesis has furthered our understanding of the detailed qualitative and 

quantitative characteristics of the human perifoveal microvasculature.  We have 

detected and speculated on why changes to specific capillary networks may occur in 

isolation with certain disease states.  The results of this thesis also suggest that svOCT 

is a promising technique for the qualitative and quantitative assessment of capillary 

networks in the human retina by allowing for noninvasive, real-time high resolution 

volumetric imaging.   

In this thesis, we have proven that capillary networks may be distinguished within their 

distinct capillary networks in vivo and it will therefore be important to perform similar 

in vivo morphometric studies using abnormal human eyes.  These studies would be 

aimed at distinguishing whether quantitative measurements are sensitive in detecting 

early capillary changes in patients with retinal vascular disease such as capillary drop 

out associated with diabetic retinopathy.  Such early detection of changes in individual 

capillary networks in vivo would also allow for a temporal understanding of disease 

processes- whether capillary network changes precipitate or provide compensatory 

responses in retinal vascular disease may be elucidated.  Clinical utility could be 

extended beyond risk stratification to the quantification and response monitoring of 

capillary networks to various therapeutic modalities e.g anti-VEGF therapy.  Such in 

vivo information may validate the utility of this device for managing patients and prove 

revolutionary for stratifying patients into high-risk groups for retinal disease 

progression.  
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