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ABSTRACT

The principal aim of the research was to validate and develop a non-invasive multispectral
imaging technique of measuring oxygen saturation in retinal and choroidal vasculature. The
Image replicating imaging spectrometer (IRIS) snapshot multispectral fundus camera used for

retinal imaging, and image analysis protocols used to perform oximetry are described.

In vitro and in vivo validation of oximetry techniques was performed. For in vitro validation
an artificial eye containing blood at varying oxygenation was used. For in vivo validation the
pig was used as an animal model. The calculated oxygen saturation was compared to blood

gas analysis (gold standard) results and was found to be in close agreement.

Retinal oximetry was performed on healthy human subjects. The average oxygen saturation
value (£ SD) for retinal arterioles and venules were 96.08% = 1.9% and 68.04% + 2.1%,

respectively.

The application of retinal oximetry technique was explored by conducting human hypoxia
trials, in which the effect of acute mild hypoxia on retinal oxygenation and autoregulation
was assessed on healthy human subjects. Hypoxic exposure resulted in a decline in both
retinal arterial and venous saturation, as well as a significant increase in retinal vessel calibre,

suggesting an autoregulatory response.

This thesis also explored the possibility of exploiting fundus reflections to measure the
choroidal oxygenation non-invasively. Fundus reflection intensity at two wavelengths, 780
nm and 800 nm (oxygen sensitive and isosbestic) were used to calculate intensity ratio (R),
which is directly proportional to the blood oxygenation. A pilot study on 10 healthy humans
was conducted. Fundus reflection was recorded at room air (normoxia) and 15% inspired
oxygen (mild hypoxia). A significant reduction (P < 0.001) in intensity ratio was observed

during hypoxia.
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Chapter 1

Introduction

1.1. Introduction
This chapter describes anatomy, structure and blood supply of the retina and eye. It also
describes in detail some retinal pathologies and retinal oxygenation in health and diseases.

An overview of existing retinal oximetry techniques is also given.

1.2. Human Eye

The human eye is an extremely specialised photoreceptive organ. It processes light energy
from the environment in specialised nerve cells located in the retina. These cells are called
rods and cones, and they produce signals that are relayed to the optic nerve and then to the

brain, where the information is processed and interpreted as vision.

1.2.1. Structure of Eye
The eye is roughly a sphere that is 2.5 cm in diameter. The eye is made up of three basic
layers known as tunics. They are the fibrous (corneoscleral) outer coat, the uvea or uveal tract

(composed of choroid, ciliary body and iris) and the inner neural layer (retina).
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Figure 1.1: The structure of eye [1].

The space between the lens and the cornea is known as the anterior chamber, which is filled
with a clear, watery fluid called aqueous humour. The main function of the aqueous humour
is to supply nutrients to avascular ocular tissues; posterior cornea, trabecular meshwork as
well as the lens. The region between the lens and the iris is the posterior chamber where
aqueous humour is produced by the ciliary processes. The space between the lens and the
retina is called the vitreous humour or vitreous body filled with a thick, gel like substance.
The vitreous humour helps to keep retina in place by pressing it against the choroid. It
accounts for about 80% of the volume of the eye. It also maintains the shape of the eye and
contains phagocytic cells that remove blood and other debris to provide unobstructed
transmission of light.



1.2.2. Retina
The retina (Figure 1.2) is approximately 0.5 mm thick and lines the back of the eye. It is the
primary visual receptive tissue consisting of two basic layers: the inner layer is the

neurosensory retina with the outer layer comprised of the retinal pigment epithelium (RPE).

Human retina

Figure 1.2: Human retina [2].

The retina is a complex, layered structure of interconnected neurons. Photoreceptor cells are a
type of retinal neuron which are responsible for the absorption of photons of light. These cells
occupy the retinal layer farthest from the incoming light. In the center of the retina is the
optic nerve (Figure. 1.2), that appears as an oval white area measuring approximately 3 mmz2,
From the center of the optic nerve radiate the major blood vessels of the retina. Area near the
optic disc is called macula and is also known as yellow spot. The centre of macula is the

fovea which is an oval-shaped, blood-vessel-free reddish spot.
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Figure 1.3: Cellular organisation of retina [1].

There are two types of photoreceptor cells in retina, called rods and cones. The retina
contains about 120 million rod cells and 6 million cone cells. Their distribution over the
retina (Figure. 1.4) is not uniform with the cones present at a low density throughout the
retina, with a high concentration in foveal region, whereas rods are present at high
concentration throughout most of the retina, with a sharp decline in the fovea. Cones are
adapted for photopic (daytime) and colour vision. There are three types of cones: one
containing visual pigment most sensitive to blue light, one that is sensitive to green light, and
one that is most sensitive to long wavelengths that include red and yellow light. The rods are
extremely sensitive to light but provide very low spatial resolution, whereas the cones are

comparatively insensitive to light but have very high spatial resolution.
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Figure 1.4: The distribution of rods and cones in human retina in the left eye [1].

1.2.3. The Choroid

The choroid is highly vascular, dark brown tissue located between retina and sclera. The main
function of the choroid is to supply oxygen and nutrients to the outer retina. Histologically,
the choroid can be divided into five layers; Bruch's membrane, the choroiocapillaris, the two
vascular layers (Haller's and Sattler's), and the suprachoroid (Figure 1.5)[3]. The average
thickness of choroid is approximately 400 um [4] and its thickness is affected by diurnal
variations [5], intraocular pressure (IOP) [6] , refractive state of the eye[7] and the blood flow

variations [8].
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Figure 1.5: A diagram of different layers of choroid [9].

The choriocapillaris is a highly anastomosed network of capillaries, apposed to Bruch's
membrane[10], and is thickest at the fovea (10 um), thinning to about 7 um in the periphery.
The main vascular region of the choroid consists of the outer Haller's layer and the inner
Sattler's layer. The Haller's layer consists of large blood vessels and the inner Sattler's layer
consists of medium and small arteries and arterioles that feed the capillary network, and

veins.

1.3. Blood Supply to the Retina

The retina has high oxygen demand and to meet this high metabolic requirement it is supplied
by two vascular systems: the retinal circulation and the choroidal circulation [11]. The
choroid supplies the outer layers of the retina including the photoreceptors. The inner layers
of the retina including the retinal ganglion cells are supplied by the retinal vessels.
Approximately 65% of the oxygen consumed by the retina is delivered by the choroid.
Retinal and choroidal blood vessels are both supplied from the ophthalmic artery, which in
turn is a branch of the internal carotid artery (see Figure 1.6).
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Figure 1.6: The blood supply of the eye. The ophthalmic artery (OA) arises from the internal
carotid artery (ICA) and supplies the eye. Central retinal artery (CRA) and ciliary artery (CA)
are the branches of ophthalmic artery which supplies to retina and choroid. SPCA (short

posterior ciliary artery) [12].

The ophthalmic artery branches into central retinal artery and ciliary arteries. The central
retinal artery constitutes the retinal vasculature; it enters the optic disc and branches into four
intra-retinal arterioles (Figure 1.7) namely superior, inferior, nasal, and temporal retinal
arterioles. These arterioles further bifurcate to form smaller arteriole branches and eventually
feed into the capillary bed [13].
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supply to the retina and choroid. Drawings by Dave Schumick from [14].

Retinal capillaries are 5-7 pum in diameter and are organised into two layer network[13], in
the nerve fibre layer and the deeper layer in the inner nuclear layer. Retinal capillaries are
more profuse in the macula and spreads across the peripheral retina and are absent in the
fovea superficial layer located and capillary free zone across arterioles and venules [15]. The
fovea being devoid of retinal capillaries is supplied by choroidal circulation[16], the retina in
this region, being very thin facilitates oxygenation from the choroid. The retinal venules
collect the deoxygenated blood from the arteriolar capillary network, follows same course as
retinal arterioles and drain into central retinal vein. The central retinal vein leaves the eye via

the optic disc.

The posterior ciliary, which branches from ophthalmic artery, constitutes the choroidal
circulation. The choroid can be divided into five layers; Bruch's membrane, suprachoroidea
and three vascular layers of choriocapillaries, Sattler's layer and Haller's layer. Haller's layer
comprises of large arteries and veins and Sattler's layer includes medium and small arterioles
which supplies to the choriocapillaries [13]. A network of vortex veins drains blood from the

choroid which then merges into ophthalmic vein [17].



The retinal blood flow is characterised by a low perfusion rate (approx 40-80 ul/min), a high
vascular resistance, a high oxygen extraction and accordingly a high arteriovenous oxygen
extraction (30-35%). On the other hand, the choroid shows the highest perfusion rate per
gram tissue of all vascular beds within the human body (approximately 1,200-2,000 pl/min),
a low vascular resistance, a low oxygen extraction and a low arteriovenous oxygen
extraction. Oxygen saturation in retinal arterioles and venules in healthy volunteers is found
to be about 92-97% and 58-65% [18, 19]. This suggests that the arteriovenous oxygen
saturation difference in retinal circulation is about 30%, whilst in the choroid it is found to be
about 3% [20].

Whereas autoregulatory processes exist in retinal blood vessels there is a limited degree of
autoregulation in choroidal blood vessels [21-23]. Autoregulation of blood flow, through
metabolic regulation, can be defined as the capacity of an organ or tissue to regulate its blood
supply according to its metabolic need [23-25]. Whereas the retinal circulation is sensitive to
changes in blood oxygenation, the choroid appears to be unresponsive to variations in oxygen
availability [26, 27]. Retinal autoregulation of blood flow is the result of the interaction of
myogenic and metabolic mechanisms via the release of vasoactive substances and adaptation
of the vascular tone of arterioles and capillaries [25]. The retina can respond to physiological
variations in perfusion pressure, blood gases, intraocular pressure, and as well as to visual
stimulation like flicker stimulation and light/dark transition. Hypoxia induces vasodilation of
retinal vessels, which increases retinal blood flow[28-34]; a response that can also be
observed in the cerebral circulation [35, 36]. The retinal circulation can actively autoregulate
the blood flow for a wide range of perfusion pressure [37-39]. Retinal blood flow has been
reported to increase during visual stimulation such as light/dark transition[40, 41] and flicker
stimulation [21, 42-44].

Choroidal circulation is insensitive to change in partial pressure of oxygen but reacts towards
changes in partial pressure of CO. [26, 27]. Choroidal circulation reacts in exactly the
opposite way to retinal circulation when exposed to light/dark transition. Studies reported that
there is a decrease in choroidal flow in dark, and the flow increased when it was exposed to
light [45, 46]. Flicker stimulation has no effect on choroidal blood flow [47].



1.4. Retinal Pathologies

1.4.1. Diabetic Retinopathy

Diabetic retinopathy is an ocular complication associated with both type I and type Il diabetes
mellitus [48]. Diabetic retinopathy (DR) is a prime cause of blindness in developed countries.
Diabetes is one of the leading causes of blindness in people of working age in the UK [49].
According to a recent study there are 4,200 people in England who are blind due to diabetic
retinopathy and this number increases by 1,280 each year [50]. DR is characterised by
hyperglycaemia, basement membrane thickening[51], pericyte loss, microaneurysms, intra
retinal microvascular anomalies[52] and preretinal neovascularisation [53, 54]. It advances
slowly from an early stage to an advanced vision threatening stage and is classed into early,
middle and advanced levels.

Hyperglycaemia seems to be a key factor in the aetiology of diabetic retinopathy.
Hyperglycaemia is linked with a variety of biological consequences identified in the
progression of diabetic retinopathy such as glucose transport, basement membrane
thickening, pericyte loss, blood characteristics [55]. Studies in animal models such as the
streptozotocin rat suggest that long-term hyperglycaemia is essential to evoke changes to the
retinal vasculature[56]. Vascular endothelial growth factor (VEGF) plays an early role in the
onset of diabetic retinopathy. VEGF is clearly elevated in retinal tissues of patients with
diabetes [57, 58]. VEGF is a strong angiogenic factor capable of stimulating endothelial cells
to degrade extracellular eye matrix, migrate, proliferate and form tubes [59, 60]. Recent
studies show that it also acts as a survival factor for newly formed vessels [61].

The microvascular abnormalities and capillary damage in DR eventually leads to poor
distribution of blood, which results in retinal tissue hypoxia. It is still not well understood
whether microvascular damage leads to tissue hypoxia or tissue hypoxia occurs before any
microvascular damage. Diabetic retina with only few microaneurysms present was also
found to be hypoxic [62]. Hyperoxia has been demonstrated to reverse some effects of DR,

emphasising the importance of hypoxia in the pathogenesis of DR [63].

1.4.2. Glaucoma
Glaucoma is an optic neuropathy of unknown aetiology which is characterised by structural
change in optic nerve and visual field defects [64]. Glaucoma is one of the leading causes of

blindness in the western world. Increased intraocular pressure (IOP) is one of the main risk
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factor for glaucoma. Impaired ocular blood flow regulation is gaining popularity as other
major risk factor for glaucoma[65] as many patients with glaucoma have normal or low IOP
[64]. Till date the accepted form of treatment for glaucoma remains IOP reduction as it not
only reduces mechanical pressures but may also increase blood flow [65]. The effect of
intraocular pressure on glaucoma can be attributed to mechanical stress[66] and also
explained via the effects of intraocular pressure on ocular blood flow [23]. In retina, the
difference between arterial and venous pressure is the perfusion pressure. In the eye, the
venous pressure is roughly equal to the intraocular pressure [67], hence a high intraocular
pressure with a low systemic blood pressure will result in reduced blood flow[68] and in turn
to hypoxia in the retinal tissue. However relation between ocular perfusion pressure and
blood flow in the eye is complex [23]. Studies also suggest evidence of hypoxia in the optic
nerve head and in the retina in glaucomatous eye [69]. Many population based studies have
shown that low ocular perfusion pressure is a risk factor for prevalence, incidence and

progression of glaucoma [70, 71].

1.4.3. Retinal VVascular Occlusion

Retinal vascular obstructive disease is a condition where an obstruction in the blood vessels
of the retina occurs. The retinal occlusions can be broadly divided into artery occlusion or
vein occlusion. Retinal vein occlusions are much common than artery occlusion. Both retinal
arterial and venular occlusions can be further sub-divided into central occlusion or branch

occlusion, depending on the site.

1.4.3.1. Central Retinal Vein Occlusion (CRVO)

Central retinal vein occlusion is a common retinal vascular disorder which presents with
sudden onset of vision loss and characterised by retinal hemorrhages, tortuous retinal veins,
cotton-wool spots, macular edema, and optic disc edema [72]. Central retinal vein occlusion
is caused as a result of a thrombus in the central retinal vein. CRVO results in retinal
ischemia, hypoxia and neovascularisation. The incidence of CRVO increases with age,
hypertension, cardiovascular diseases, diabetes, high 10P and history of glaucoma [73, 74].
There is a reduced blood flow in the retina in patients with CRVO [75]. Reduction in blood
flow to the retina as result of CRVO affects the inner retinal oxygenation [76]. Currently, the
treatment for CRVO includes laser photocoagulation, systemic steroids, anticoagulants,
antiplatlet drugs [77]. Except for laser photocoagulation, there is no clear evidence that any
other treatment is effective in CRVO [78].
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1.4.3.2. Central Retinal Artery Occlusion

Central retinal artery occlusion (CRAO) is the occlusion of the central retinal artery which
results in vision loss. CRAO is the ocular equivalent to the cerebral stroke [79]. The most
common cause of CRAO is an embolus blocking the retinal artery[80], or could also caused
by an occlusive thrombus at the level immediately posterior to the lamina cribrosa [81].
CRAO generally affects older patients over 60 years of age[82] and the incidence of disease
is associated with atherosclerosis, systemic hypertension and diabetes [83]. The symptoms of
CRAO are usually sudden, painless dramatic loss of vision, although some vision can be
improved within a few hours of the initial onset [84]. A study on a primate animal model
demonstrated no permanent damage to retina by ischemia up to about 97 min due to retinal
artery occlusion [85]. The study also showed that long CRAO and ischemia resulted in more

extensive and irreversible damage to retina.

1.5. Motivation Behind Retinal Oximetry

Historically imaging of the fundus began more than one and a half century ago, when Charles
Babbage invented the first direct ophthalmoscope in 1845 [86, 87]. The credit for inventing
the modern ophthalmoscope goes to von Helmholtz, who independently reinvented it in 1851
[88]. Present day fundus cameras are based on the work of Helmholtz. Helmholtz
ophthalmoscope (figure 1.8) used a naked candle as the illumination source. Notable
improvements were made in the image quality by Gerloff [89] in 1891, who used flash

powder illumination, and by Dimmer[90] in 1899 who switched to carbon arc illumination.
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Figure 1.8: Early Model of Helmholtz ophthalmoscope, 1851 [91].

Figure 1.9: (A) Retinal photograph by Gerloff [89] and (B) Retinal photograph taken by

Dimmer’s fundus camera [90].

Since then, with the advancements in imaging and technology, retinal imaging became one of
the most important tools in diagnosing eye pathologies and preventing many blinding eye
diseases by early diagnosis. If one looks back at the very first attempt made to image the
retina, by the French physician Jean Mery [92], for which he immersed a live cat in water and
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demonstrated that, its retinal vessels are visible from the outside, to now, the whole field has
grown tremendously. With the introduction of new technologies like fluorescein angiography,
optical coherence tomography and spectral imaging, it is possible to not only look at the
structural features of retina but to assess its function as well. Non-invasive oximetry using

spectral imaging provides us with the tool to perform functional imaging of the retina.

Retinal tissue has a high oxygen demand and an adequate oxygen supply is required for
normal function [93, 94]. To meet this high oxygen demand the retina is supplied by two
circulations. Retinal blood supply is unique in feature because it supplies the whole of the
retina without obscuring or disturbing the vision. The retina can respond to physiological
variations in oxygen saturation; for example, reduced oxygen saturation can rapidly affect the
retinal metabolism triggering local vasodilatation, and increased blood flow [95]. Abnormal
retinal tissue oxygenation has been shown to contribute or associated with retinal diseases
such as, proliferative diabetic retinopathy, glaucoma, retinal vascular occlusion and
retinopathy of prematurity [63, 96]. Furthermore, tissue oxygen consumption is partly
reflected by the arterio-venous difference in oxygen saturation and may provide an objective

measure of disease severity in inner retinal disease, such as glaucoma [97].

Retinal oximetry represents a significant development in understanding the normal retinal
circulation and physiology as well as pathologies of vision threatening diseases like diabetic
retinopathy, glaucoma, vascular occlusions and other diseases.

1.5.1. Retinal Oxygenation in Health

As already described in the section above (Blood Supply to Retina) the retina has dual
circulation- choroidal and retinal. In healthy individuals oxygen saturation in retinal arterioles
and venules is found to be about 92-97% and 58-65% respectively [18, 19] with an
arteriovenous oxygen saturation difference of about 30%. The arteriovenous oxygen
saturation difference provides details of the oxygen consumption and metabolic activity of
the healthy retina. Retinal oxygenation and blood flow is altered in many diseases and in
light/dark transitions and in neural stimulus like flickering light.

The retinal oxygen consumption is increased in dark than in light [98]. Oxygen saturation in
retinal vessels is higher in dark than in light [99], as in the dark, photoreceptors in the outer
retina consume more oxygen [100, 101]. Similarly, Flicker light stimulation is known to

increase the metabolic demand of the inner retina [102-104]. Retinal venous oxygen
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saturation is increased by flicker light stimulation[105] along with retinal vessel diameters,

which indicates increased blood flow.

In these diseases, retinal circulation does not properly respond to hypoxia, flicker stimulation
or dark adaptation [13, 23, 25]. Improved understanding of the retinal oxygenation and effect
of light/dark, flicker stimulation etc in healthy retina will improve our understanding of
retinal oxygenation and functions in normal healthy individuals, therefore provides a route to
developing an understanding of these disease mechanisms and potentially for clinical

diagnosis.
1.5.2. Retinal Oxygenation in Diseases

1.5.2.1. Retinal Oxygenation in Diabetic Retinopathy

Tissue hypoxia plays a vital role in the progression of diabetic retinopathy although exact
mechanism is yet to be known [63]. The very first attempt to measure retinal oxygenation in
patients with diabetes was by Hickam et al. in 1959 [106]. Since then many studies assessed
retinal oxygenation in diabetic retinopathy and found that venous oxygen saturation is
significantly higher in diabetic retinopathy as compared to normal healthy subjects [107-110].
Another study of retinal oxygenation in diabetic patients reported an increased arteriovenous
oxygen saturation difference in patients with diabetes [111]. The increased oxygen saturation
in retinal venules in diabetic retinopathy can be explained by poor distribution of oxygen by
capillaries, shunting of blood through preferential channels and bypassing non-perfused
capillaries in the capillary network [110]. This explanation also supports the role of hypoxia

in the progression of diabetic retinopathy.

Studies demonstrating benefits of supplemental oxygen in diabetic retinopathy by reporting
improved contrast sensitivity [112], improved colour vision defects [113], and improved rod

sensitivity [114] provides further evidence of role of hypoxia in diabetic retinopathy.

As described in section above (Retinal Oxygenation in Health), the retinal oxygen
consumption is increased in dark. Dark adaptation is altered in diabetic retina and during dark
adaptation diabetic retina becomes hypoxic and exacerbate the retinopathy, the effect can be
reversed by administration of oxygen [115]. Another study reported that prevention of dark
adaptation in diabetic retinopathy reversed or slowed the progression of diabetic retinopathy
when compared with untreated eye [116]. In diabetic patients, flicker responses of retinal

vessels are abnormally reduced [117-119]. The reduction in flicker response increased with
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the severity of retinopathy [117]. Another study reported increased venous saturation in
healthy control with flicker stimulation and this effect was less prominent in patients with
diabetic retinopathy [120].

Measurement of retinal oxygen saturation in diabetic retinopathy provides us with the
detailed information of amount of oxygen delivered to retina and the consumption. Thus by
monitoring arteriolar and venular oxygen saturation we can monitor the progression of the

different stages of the disease and plan effective course of treatment.

1.5.2.2. Retinal Oxygenation in Glaucoma

There is growing evidence in support of abnormal oxygenation and vascular hypothesis in the
pathogenesis of glaucoma [121]. When patients with glaucoma were treated with hyperbaric
oxygen, a treatment independent of IOP regulation, they showed improved visual field
outcomes when compared with the control [122]. Non-invasive retinal oximetry studies have
demonstrated that glaucomatous visual field defects are associated with increased venular
oxygen and decreased arteriovenous oxygen saturation difference in retinal oxygen saturation
[123-125]. The results from these studies suggest that retinal oxygen metabolism is affected
in the glaucoma and the decreased arteriovenous difference in severe glaucoma may be

related to lower oxygen consumption secondary to neuropathy [125].

The widely accepted form of treatment for glaucoma is by 10P reduction which works by
reducing mechanical pressures and as result increasing blood flow [65], which improves the
oxygenation in retina. More studies of retinal oximetry in glaucoma will help us understand
the disease progression. It will definitely be useful in monitoring of the disease if not

diagnosis.

1.5.2.3. Retinal Oxygenation in Retinal VVascular Occlusion

Retinal vascular occlusions (CRVO and CRAOQ) occur by blocked retinal vessels leading to
ischemia and tissue hypoxia. Treatment in form of scatter photocoagulation of ischemic
hypoxic areas has been shown to restore local retinal pO2 [126]. Photocoagulation decreases
oxygen consumption in outer retina by destroying the photoreceptors. Retinal oximetry
studies shows decreased venous oxygen saturation in CRVO eyes than in fellow eyes and
there is considerable variability within and between CRVO eyes [127], whereas retinal
arteriolar saturation remains unaffected. In another case study of CRAO, low retinal arteriolar

oxygen saturation 30h after the vision loss was reported in the affected eye [128]. A month
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later, even after the treatment, the eye remained blind, but the perfusion and retinal

oxygenation was reported to be normal by retinal oximetry.

In another study, the variation of retinal vascular oxygen content in an acute experimental
model of retinal vein occlusion was demonstrated to induce an immediate decrease in retinal
vascular oxygen content [129]. This study demonstrated that vascular occlusion can directly
affect oxygen content in the affected vascular segment and oximetry measurements may
provide vital information about the acuity of RVO. Retinal hypoxia may play an important

role in RVO and retinal oximetry may be a reliable indication of the severity of the occlusion.

1.6. Retinal Oximetry

Retinal oximetry is the measurements of oxygen saturation of blood in retinal vessels. Retinal

oximetry can be broadly classified in two categories namely invasive and non-invasive.

1.6.1. Invasive Measurements

Invasive techniques mostly include oxygen sensitive probes that are placed above the retina
or may even penetrate the retina [101, 130, 131]. Other invasive techniques to measure
oxygenation includes phosphorescence quenching [132-134] and functional magnetic
resonance imaging (fMRI) [135]. Due to invasive nature of these techniques, they have been
used mainly in animal and are unsuitable for use in humans. Most of the useful information

on retinal oxygenation comes from these invasive studies done on animals.

1.6.2. Non-invasive Measurements

A non-invasive measurement of retinal oximetry is based on the concept that light absorption
by blood depends on the blood oxygen saturation (SO2) and wavelength (1) of light. In blood
haemoglobin (Hb) is one of the strongest absorbers of light. Haemoglobin is the oxygen
carrying molecule of blood located in red blood cells. It carries about 97% of the oxygen in
blood; 3% is dissolved in plasma. Haemoglobin exists in two states: oxygenated (HbO.) and
deoxygenated (Hb) haemoglobin. Oxygenated and deoxygenated haemoglobin have different
colour and absorption characteristics. The absorption characteristics of blood can be given by

extinction coefficients of haemoglobin [136] shown in the figure below.
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Figure 1.10: Extinction coefficients of oxygenated and deoxygenated haemoglobin [136].

For a wavelength longer than 600 nm, haemoglobin shows low absorption but it increases
sharply with wavelength lower than 600 nm. Wavelengths at which oxygenated blood shows
maximum absorbance are 416, 542 and 577 nm and minimum absorbance are 510 and 560
nm. However deoxygenated blood shows a minimum absorbance at 470 nm and maximum at
559 nm. Oxygen saturation of blood is estimated by variation of blood spectra with oxygen

saturation.

The transmission of light in blood can be calculated by the Lambert-Beer law. According to
the Lambert-Beer law, at any given wavelength the absorption is dependent on the extinction
coefficient of the blood solution (g), its concentration or haematocrit (c) and the path length

(d) light has to travel through the solution.

It = I * 107" (1.2)
Where,
I+ = Intensity of light transmitted through solution

lo = Intensity of incident light
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The optical density (OD) of a solution, which is also measure of its transmittance, can be

defined as:
OD = -logio (I1/lo) = (g*c*d) (1.2)

Where, It is intensity of transmitted light, lo is intensity of incident light, & is extinction
coefficient of solution, ¢ is concentration and d is the path length. If the solution is blood,
then the OD of blood will depend on extinction coefficient of haemoglobin, concentration

(haematocrit) of the blood and the path length.

1.7. Principle of Spectrophotometric Retinal Oximetry

Spectrophotometric retinal oximetry is based on Lambert-Beer law. It requires images of
retina at two or multiple wavelengths. The OD of retinal vessels is then calculated at chosen
wavelengths. The OD of blood vessel is the ratio of measured light intensity at the centre of

vessel (Iv) to the intensity just outside of the vessel (Ir).
OD = - logio (IV/IR) (1.3)

The OD of blood vessel measured at an isosbestic (insensitive to oxygen) wavelength does
not depend on oxygen saturation, but does depend on other factors like vessel width, other
pigmentation. OD calculated at a non-isosbestic (oxygen sensitive) wavelength depends on
oxygen saturation as well as other factors similar to isosbestic wavelength. The ratio of
optical densities (ODR) at isosbestic and non-isosbestic wavelength will cancel out effects

from vessel diameter, other pigmentation and will only be sensitive to oxygen saturation.
ODR = OD non-isosbestic/OD isosbestic (1-4)

By calculating the ODR oxygen saturation of the blood vessel can be determined. Optical

density ratio has a linear relationship with the oxygen saturation [137].

One of the widely used methods for retinal oximetry is calibration based two-wavelength
retinal oximetry [137]. It uses two (one isobestic and one non-isobestic) wavelengths to the
ODR. This technique then calibrates ODRs of arteries and veins assuming accepted blood

oxygenation obtained from oxygen saturation measurements in healthy volunteers.

In brief, this technique uses the following equation to recover oxygen saturation:

19



oS = OD(4,) &y (4)—OD (4) &4 (%) (1.5)
OD(ﬂl)(‘gHbo2 (@)_gHb (ﬂ'z))_C)D(ﬂ'z)(gHbo2 (ﬂl)_gHb (/11))

Where,
OS = Oxygen saturation

OD = Optical density at a given wavelength
€np = Extinction coefficient of deoxy-haemoglobin

€Hpo2 = Extinction coefficient of oxy-haemoglobin

Using one isobestic wavelength the equation (1.5) can be simplified into

oD
OS =c +¢,

(1.6)

Where,

Aa = Oxygen sensitive wavelength
As = Isobestic wavelength

C: and C; = Calibration coefficients

C1 and C; are the calibration coefficients whose values can be calculated using data from non-
pathological eyes and assuming standard values for venous and arterial oxygenations.

1.7.1. Hickam et al: Photographic Oximetry Method

Hickam et al [138] developed a photographic oximetry method for estimation of blood
oxygen saturation by measuring the relative intensity at different wavelengths of light that
has been reflected from or transmitted through blood. Filters were used to restrict light to
achieve the desired wavelengths. Two wavelength imagers were set up to illuminate the
fundus with two different wavelength combinations: centred at 640 (oxygen sensitive) & 800
nm (isobestic) and 640 & 505 nm. Images of an extended area of the retina were sequentially
acquired and recorded on photographic films. The developed films were then used to generate
absorption profiles with the help of a microdensitometer. The optic disc in the Hickam

experiment acted as the reflective background. Optical density (OD) measurements were
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performed for all the wavelengths and used to calculate the optical density ratios of the retinal
vessels. The estimation of the oxygen saturation in retinal veins was defined using data from
in vivo human experiments. This involved measuring the optical density ratios of retinal
arteries in human subjects whose arterial oxygen saturation were altered by changing the
inspired oxygen content with the use of various gas mixture of oxygen and nitrogen. The
oxygen saturation of arterial blood was determined by the analysis of brachial artery blood
samples at the time of imaging and was monitored during the imaging using an ear oximeter.
In each subject, imaging during calibration involved using both wavelength combinations.
The average retinal venous saturation was calculated at 58+10 % and 60£16 % for the (640,
505 nm) pair. In vitro validation experiments were performed by red-infrared images of
heparinised venous blood samples from four normal subjects. The oxygenation of venous
blood was changed by exposing the venous blood to air and mixing it with venous blood not
exposed to air. The oxygen saturation of samples were determined by using a photometric
method [139]. Venous blood samples with different oxygen saturation were inserted into
glass capillaries of internal diameter of 250 and 500 pm placed in front of a white
background. A linear relationship between red-infrared optical density ratios and the
measured oxygen saturation of blood sample was confirmed. The standard deviation of the
optical density ratios from the measured oxygen saturation was relatively small (6% and 9%
oxygen saturation in 500 and 250 pm capillaries respectively). The two wavelength
photography oximetry technique was limited by the influence of vessel diameter on oxygen

saturation estimation.

1.7.2. Delori et al Method

Delori et al [140] developed a three-wavelength spectrophotometric technique for oximetry
of blood in retinal vessels. Their technique was based on the three-wavelength method of
Pittman and Duling [141] for transmission oximetry of whole blood with compensation for
the effects of light scattering. They applied this method to retinal vessels and have developed
a photo-electric system, the retinal vessel oximeter (RVO) that allows real-time
measurements of oxygen saturation of discrete retinal vessels. A fundus camera comprising
three interference filters was used with a photocathode and photomultiplier. A filter wheel
was used to enable filtering of the light reflected from the fundus to be filtered into
wavelengths centred at 558 nm, 569 nm and 586 nm. The estimation of light transmission
through the vessels, using the average vessel and background fundus reflectance, enabled the
calculation of optical density of the vessel at each wavelength. The algorithm used extinction
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coefficient of oxygenated and deoxygenated haemoglobin and vessel transmission

measurements at three wavelengths.

In vitro measurements were also performed on glass capillaries (internal diameters of 50 pm,
100 pm and 150 pm) containing flowing human blood and were used to calibrate the
instrument with respect to a co-oximeter. The oxygen saturation of blood was changed using
either a mixture of nitrogen and oxygen gas or by adding sodium dithionite. The three
wavelength oximetry model was reported to be most accurate in the range of 50-100 %
oxygen saturation but in the range between 0-50% there was a tendency towards

overestimating the saturation.

In vivo studies of normal human subjects (n=22) included measurements of oxygen saturation
in 85 retinal arteries and 102 retinal veins. The average oxygen saturation calculated in retinal

arteries was 98+8% and 45+7% in retinal veins.

1.7.3. Schweitzer et al Method

Schweitzer et al developed a new method for the spatially resolved measurement of the
oxygen saturation of retinal vessels [19]. They used imaging spectrometry for both
measurements of transmission and reflectance spectra of whole blood in cuvettes as well as
for fundus reflectance spectra. A model for the calculation of the oxygen saturation was
developed, valid in the wavelength range between 510 nm and 586 nm. The
opthalmospectrometer consisted of a modified fundus camera attached with spectrograph
[142]. The instrument illuminated the retina with a small slit. A grating component within the
spectrograph spectrally dispersed the reflected light from the fundus. To capture the
reflectance spectrum an intensified charged coupled device was used. The reflectance

spectrum was then used to perform oximetry measurements on retinal vessels.

In vitro experiments were performed using whole blood sample in quartz cuvettes of different
thicknesses to determine the influence of various physiological conditions on the behaviour
of light path in retina. It was reported that light transmission through blood decreases with
increasing cuvette thickness and haematocrit within the wavelength range of 450 to 700 nm.
At wavelength range of 500 to 600nm the internal reflectance was found to be independent of
cuvette thickness. At wavelength range of 600 to 700 nm, the internal reflectance increased

with increasing cuvette thickness.
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Retinal vessel oximetry was performed in healthy human subjects (n=30) [143]. In each
measurement, the oxygen saturation was simultaneously determined for 193 locations along a
line of 1.5 mm at the fundus. The mean oxygen saturation in retinal arteries was (92.2+4.1) %
and (57.9£9.9) % in retinal veins. The mean retinal arterio-venous difference of the oxygen

saturation was (35.1+9.5) %.

1.7.4. Michelson et al Method

Michelson et al. developed an imaging ophthalmospectrometer to compare the oxygen
saturation in retinal vessels of patients with primary open-angle glaucoma (POAG) and
healthy subjects [144]. Oxygen saturation measurements were made at the supero-temporal
retinal arteries and veins 1-3 mm from the disc margin. An oximetry model was used to
calculate the OS which included corrections for light scattering by the blood cells and retinal
tissues, retinal pigment epithelium and the choroid [145]. The technique used three isosbestic
wavelengths (522 nm, 569 nm and 586 nm), and 560 nm as the non-isobestic wavelength to
calculate the oxygen saturation. The use of additional wavelengths was to correct for the
influence of light scattering and absorption by retinal pigment epithelium on the measured

vessel reflectance.

Retinal oximetry was performed in 58 normal subjects, 49 patients with normal tension
POAG and 45 patients with high tension POAG. The retinal arteriolar and venular
oxygenations in the healthy subjects were 92.3 + 3.4% and 55.7 + 6.8% respectively. The
retinal arteriolar oxygen saturation in eyes with normal tension POAG was reported to be
significantly lower (89.7 + 5.4%) than the healthy subjects. Whereas, no significant
difference was not found between the retinal arteriolar oxygen saturation for high tension
POAG group (91.4 £ 4.0%) and the healthy subjects. The retinal venular oxygen saturation in
the normal tension POAG (56% = 8.3%) and high tension POAG (58.3 + 10.5%) groups were

not significantly different to the retinal venous saturation in healthy individuals.

1.7.5. Beach et al Method

Beach et al. were first to report two-wavelength oximetry in retina using one isosbestic
wavelength and other as oxygen sensitive [137]. They developed a two wavelength retinal
imaging system which consisted of a modified fundus camera with an optical beam splitter

which enabled simultaneous generation of two retinal images which were then filtered using

23



two interference filters, centred at 569 nm (isosbestic) and 600 nm (oxygen sensitive). The
images were recorded using a digital camera. At each wavelength, optical densities were
calculated for each of the retinal blood vessel. Optical densities at both wavelengths were
used to calculate ODRs (ODR = ODsoo / ODseg) along the retinal vessels. Oxygen saturation
for each vessel was then calculated using ODR, which has linear relationship with the
measured oxygenation [141]. They demonstrated a linear relationship between the ODR and

oxygenation by performing retinal oximetry in healthy subjects during graded hypoxia.

Furthermore they also performed ODR measurements in 12 diabetic subjects without diabetic
retinopathy during normal glucose level and high glucose level in blood [111]. The ODRs of
the retinal arteries was reported to be the same during both levels of blood glucose. However,
the ODRs of the retinal veins increased during acute hyperglycaemia, which indicates a

decrease in venular oxygenation.

1.7.6. Denninghoff et al Method

Denninghoff et al. developed an instrument to measure retinal vessel oxygen saturation - 'Eye
Oximeter' [146]. It consisted of four diode lasers which enabled to image retina at
wavelengths of 629, 678, 821 and 899 nm. The wavelengths used in the oximeter was
determined by careful theoretical calculations and analysis of the optimal wavelength
combinations suitable for retinal vessel oximetry [147]. The eye oximeter had a horizontal
polarizer positioned in front of the detector to get rid of the errors from specular reflection in

the vessel wall which is believed to introduce errors in the oximetry calculation [148].

They used a model eye to validate and calibrate their oximeter [149]. Whole human blood at
different oxygen saturation was used to test the oximeter, the oxygen saturation of the blood
samples were changed by mixing with various combinations of nitrogen and oxygen gas
providing a range of saturations between 6% - 87%. The oxygen saturation of blood samples
were also verified by a CO-oximeter. The blood samples at varying oxygen saturation were
injected into capillaries (internal diameters -110 — 268 um) and then placed in a model eye
with a 100% reflective Spectralon background. The extinction values of the blood samples in
the model eye were calculated for all the four wavelengths (629, 678, 821 and 899 nm). The
oximetry model to extract oxygen saturation was based on the Lambert-Beer law. The
calculated oxygen saturation from oximeter was compared with the measured values of

oxygen saturation of the blood samples.
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They reported eye oximeter to be quite accurate at higher oxygen saturations (x 4% error) but
the error increased with lower oxygen saturations. They also performed retinal oximetry
measurements using the modified Eye Oximeter on one human subject. The mean oxygen
saturation of the retinal arteries and veins on the optic disc were 102% 65% respectively. The
mean oXxygen saturation away from the optic disc were 98% and 63% and respectively for

arteries and vein.

Recently, Denninghoff et al developed a new retinal oximeter which operates in blue-green
spectra [150]. The oximeter is a modified confocal scanning laser ophthalmoscope that uses
five monochromatic beams from a multi-wavelength argon-ion laser (457.9, 476.5, 488,

496.5, and 514.5 nm) to sequentially scan the retina.

They tested the oximeter on an enucleated swine eye vessel and a retinal vein in a human
volunteer. The oxygen saturation for swine enucleated eye was reported as ~1%, as expected.
The human mean venous oxygen saturation was found to be 63-65% which is within the

normal physiological range.

1.7.7. Stefansson et al Method

Stefansson et al. [151] developed a retinal oximeter which is based on two-wavelength
oximetry technique described by Beach et al [137]. Their oximeter captured retinal images at
four different wavelengths (542, 558, 586 and 605 nm), using a beam splitter with a
commercial fundus camera (Topcon) captured by a CCD camera. Automated image
processing algorithms were used for image registration and vessel detection. Only two
images at 586 nm (isosbestic) and 605 nm (oxygen sensitive) wavelengths are used to
calculate ODR and oxygen saturation. This technique involves calibration of ODRs of
arteries and veins assuming accepted blood oxygenation obtained from oxygen saturation

measurements on healthy volunteers [152].

Retinal oximetry was performed in 16 healthy subjects at normoxia and hyperoxia level
[151]. The arterial oxygen saturation measured was 96% * 9% (mean + SD) during normoxia
and 101% + 8% during hyperoxia. The difference between normoxia and hyperoxia was
reported to be statistically significant (P = 0.0027). Oxygen saturation values for venules

were 55% + 14% and 78% + 15% for normoxia and hyperoxia respectively.

The oximeter developed by Stefansson et al is widely used in many clinical studies. A recent

studies which used same oximeter, performed oximetry in 26 healthy individuals [153], and
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they reported oxygen saturation values as 93.1% + 2.3% in arterioles and 64.9% + 3.3% in

venules.

A retinal oxygen saturation value was measured with retinal oximetry in a multiethnic group
of healthy subjects and to evaluate the association of retinal oxygen saturation with
demographic and clinical parameters [154]. Retinal oximetry was performed in both eyes of
61 normal healthy subjects. Average arteriolar and venular oxygen saturation was 90.4 *
4.3% and 55.3 + 7.1% respectively. Demographic and clinical parameters did not seem to
significantly influence retinal oximetry measurements, although arteriolar oxygen saturation

was found to be higher in Asian population.

1.7.8. Hammer et al Method

Hammer et al. developed a dual wavelength retinal oximeter comprised of a fundus camera
with an attached pass band filter with transmission wavelengths centred at 548 nm and 610
nm [18]. Retinal images were recorded onto a colour digital camera and an oximetry model,
using the ODRs at the two wavelengths, was used to calculate the oxygen saturation. The
oximetery model incorporated the correction for errors introduced by effects of vessel

diameter and fundus pigmentation as described by Beach et al [137].

The oxygen saturation measurements reported in10 healthy subjects were demonstrated to be
highly reproducible for retinal arterioles and venules. The arteriolar and venular oxygen
saturation under normoxic conditions were 98% (+ 10.1%) and 65% (+ 11.7%) respectively.
Hyperoxia (inhalation of 100% oxygen) increased the arteriolar and venular oxygen

saturation by 2% and 7% respectively.

They also reported retinal oximetery in 41 diabetic patients with a range of retinopathy (from
mild non-proliferative to proliferative diabetic retinopathy) and oximetry results compared to
12 healthy subjects [109]. They reported no significant difference in the arteriolar oxygen
saturation between the controls and subjects with diabetic retinopathy of all severities.
However increased venular oxygen saturation was reported with the increase in severity of

diabetic retinopathy.

1.7.9. Harvey et al Method
Harvey et al developed a multispectral imaging system which imaged the retina at multiple
wavelengths (420-720 nm) [155]. Their hyperspectral oximetry system consisted of a

commercial fundus camera (Canon CF-60Z, Tokyo, Japan), integrated with a liquid crystal
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tunable filter (LCTF) which enabled illumination of the retina using a number of user-
selected wavelengths. A CCD was incorporated into the fundus camera which enabled the
capture of retinal images. OD was calculated for all the vessels at wavelengths between 500
nm to 650 nm at 2 nm interval. Oxygen saturation was extracted by using an algorithm based

on the Levenberg—Marquardt nonlinear fit to the complete set of ODs (4).

They performed in vitro validation of the oximetry system, using a model eye with quartz
capillaries (internal diameter 100 and 150 um) filled with whole human blood of varying
oxygen saturation [156]. The blood oxygen saturation measurement was also made by a CO-
oximeter and was compared with the calculated oxygen saturation values obtained by the

oximetry system.

They also performed oximetry in 14 healthy volunteers and one retinal vascular occlusion
patient [155]. The retinal arteriolar and venular oxygen saturation in healthy subjects was
reported as 104.3 +16.7 and 34.8 +17.8%. For RVO patient they reported lower than normal

oxygen saturation in retinal arterioles, corresponding to the location of the vessel occlusion.

The reported value for retinal venous oxygen saturation by this method is lower than reported
by others [151, 153, 157]. Their explanation for this lower reported values was use of
multiple wavelengths as compared to two-wavelength oximetry method applied by others.
They also reported, calculated oxygen saturation for some vessels in negative values and

greater than 100% values as a limitation to their technique.

1.7.10. Gloster Fundus Oximetry Method

Gloster et al developed an apparatus to measure the oxygen saturation in choroid by
measuring change in fundus reflectance at different oxygenation at different colours of light
[158, 159]. They measured the light reflected from the fundus of the eye by a photomultiplier
at few different colours using different filters and then they calculated change in reflectance
or change in OD of the fundus.

In vitro validation was performed [158] by imaging optical cells filled with blood of different
oxygen saturation. The oxygen saturation of sample was changed by bubbling nitrogen or
oxygen through them. They were able to detect a change in reflection from the sample with

varying oxygenation.

They also measured change in light reflectance from fundus with varying blood oxygenation

in healthy human subjects. A breathing mixture of nitrogen and oxygen was used to alter the
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blood oxygenation in the subject. They showed that the fundus reflection of red light changed
significantly when the choroidal oxygenation was altered in subjects by nitrogen breathing or

by apnea.

1.7.11. Laing et al: The Choroidal Eye Oximeter

Laing et al. developed an electro-optical instrument which can measure oxygen saturation of
choroidal blood in human [160]. Their oximetry system was divided into two parts: an optical
system and an electronic system. The optical system produced a monochromatic beam of
light at chosen wavelength which illuminated the fundus. The light reflected back from the
fundus was captured onto a photodetector of the electrical system. The Choroidal Eye
Oximeter illuminated a region of fundus at two different wavelengths (805 nm and 650 nm)
and recorded the amount of light reflected back from the fundus. By using the OD
measurements at two wavelengths, one isosbestic (805 nm) and other oxygen sensitive (650

nm), they determined the oxygen saturation of the blood.

The evaluated the performance of the oximeter on healthy subjects' breathing room air, 100%
oxygen and mixture of oxygen and nitrogen gas to induce hypoxia. For 9% inspired oxygen,
the choroidal oximeter measured oxygen saturation of 60% in choroid, when the inspired
oxygen was further reduced to 8%, that resulted in further decrease of choroidal oxygenation
to 53%. The subjects were then switched to room air and the measured oxygen saturation was

96%. At 100% inspired oxygen, the measured choroidal oxygenation was almost 100%.

1.8. Aims of the Research

This thesis will evaluate use of IRIS snapshot multispectral fundus camera to perform retinal
oximetry and development of a robust technique to evaluate retinal oxygenation in health and
various conditions. This thesis also describes a new non-invasive technique to measure

choroidal oxygenation using fundus reflection. The main aims of this thesis are:

1. To validate that IRIS snapshot hyperspectral fundus camera is sensitive to oxygen
saturation of blood and discriminate between bloods with different oxygenation using
a model eye (in vitro).

2. To test the sensitivity of IRIS snapshot hyperspectral fundus camera to measure a
wide range of oxygen saturation in retinal vessels in vivo in animal (porcine) model.

3. To test the IRIS snapshot hyperspectral fundus camera and retinal oximetry

algorithms on healthy human subjects.
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4. To conduct a 'Human Hypoxia Trial' to assess the effect of acute mild hypoxia on
retinal oxygenation of healthy individuals.
5. To utilise fundus reflection from the choroid to measure choroidal oxygen saturation
non-invasively using the IRIS snapshot multispectral fundus camera.
Chapter 1 described the basic anatomy of the human eye, retina, and choroid, blood supply
of the eye and common pathology of retinal diseases. The motivation and necessity behind
retinal oximetry is also presented along with the methods and devices currently available for

the retinal oximetry.

Chapter 2 introduces the IRIS snapshot multispectral fundus camera and its software control

used in the research presented in this thesis.

Chapter 3 examines the ability of the IRIS snapshot multispectral fundus camera to detect the

difference between bloods with different oxygen saturation in vitro in a model eye.

Chapter 4 presents retinal oximetry data over a wide range of oxygen saturation in an animal
model. The use of animal model provided the opportunity to test and validate the oximetry
system and algorithm over a wide range of oxygenation which cannot be performed in human

subjects.

Chapter 5 describes the retinal oximetry performed in healthy human subjects. It explains in
detail the imaging and image analysis protocol and the results. This chapter also discusses the

limitations of retinal oximetry.

Chapter 6 investigates effect of acute mild hypoxia on retinal oxygenation and autoregulation
in healthy human subjects. Retinal oximetry and vessel diameter measurements were

performed in healthy individuals during normoxia and hypoxia and results were compared.

Chapter 7 presents a new method of measuring the choroidal blood oxygen saturation in
human. A demonstration of the technique in human subject at different inspired oxygen level

is presented.

Chapter 8 includes a general discussion and summary of retinal and choroidal oximetry. It

also discusses potential clinical applications, limitations and future work of the project.
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Chapter 2

IRIS Snapshot Multispectral Fundus
Camera

2.1. Introduction

This chapter introduces the IRIS snapshot multispectral fundus camera used for retinal and
choroidal oximetry work described in this thesis. The main components of the IRIS snapshot
multispectral fundus camera are described in detail along with the graphical user interface

(GUI) to control the system.

2.2. IRIS Snapshot Multispectral Fundus Camera

The IRIS snapshot multispectral fundus camera consists of a commercial fundus camera
(Topcon TRC 50 IA, Tokyo, Japan) fitted with image replicating imaging spectrometer
(IRIS) [161] which enables acquisition of images in a single snapshot at eight different
wavelengths optimized for oximetry onto a single detector. This system was constructed
within the Imaging Concepts Group (Prof. Andy Harvey, University of Glasgow, formerly at
Heriot-Watt University, Edinburgh). The IRIS snapshot multispectral fundus camera is used
in this thesis as an oximetric imaging system. The main components of the IRIS snapshot
multispectral fundus camera are described in the later sections. The main purpose of this
thesis was validation, development and demonstration of the device to perform oximetry in
retinal and choroidal vessels. To that purpose, the validation experiments were performed in
artificial eye, animal model and healthy humans. Furthermore a human hypoxia trial was also
conducted by the author. Where it is applicable, credit is given in the text, the remainder of

the work in this thesis is the author's own unless explicitly stated otherwise.

2.2.1. Fundus Camera

The IRIS snapshot multispectral fundus camera (Figure 2.1) consists of a commercial
mydriatic fundus camera (Topcon TRC 50 IA, Tokyo, Japan) which was modified to
integrate an image replicating imaging spectrometer (IRI1S) into the optical path of the camera
enabling the recording of eight wide-field narrowband spectral images of the retina onto a

single detector in one snapshot.
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The fundus camera consists of two sources of illumination. An inspection lamp with tungsten
bulb provided the continuous light source to view and inspect the retina. A xenon flash as the
secondary source was used to illuminate the retina to capture multispectral retinal images.
The optical system of the fundus camera comprises an annular illumination which allows
light through the pupil of the eye. The dilation of the pupil was required for best imaging as it
was a mydriatic system. The light reflected from the fundus exits the pupil via centre of the
illumination annulus. This design reduces corneal reflection from the illumination. It then
passes through the optical components of the fundus camera forming a retinal image at the

imaging plane.

After illuminating the retina using inspection lamp of fundus camera, a focusing knob was
used to get the images with optimal focus. The fundus camera also had dioptre correction

lenses, which could be used while imaging people with corrected vision.

The Topcon fundus camera had a field of view from 20° to 50°. For purposes of retinal

imaging 50° field of view was used.
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Figure 2.1: Photograph of the IRIS snapshot multispectral fundus camera. Main components
are Topcon fundus camera, fitted with IRIS (image replicating imaging spectrometer) and a
CCD (charged coupled device) to record the retinal image.
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2.2.2. Image Replicating Imaging Spectrometer (IRIS)
IRIS is a birefringent spectral demultiplexer that allows capturing images of an object at
multiple wavelengths onto single detector. IRIS is based on a set of retarders and Wollaston

prism that spectrally demultiplexes the previously polarized incoming light. IRIS was
invented by Andy Harvey and David Fletcher Holmes [162].

In a similar way to an interferometer, IRIS can reproduce the same intensity pattern all along
the illumination spectral range. Each IRIS spectral band has an intensity pattern that is
repeated along the illumination spectral range. IRIS employs a cascade of two-beam
inferometers combined with Wollaston prism polarisers to simultaneously replicate and
spectrally filter the image. The fundamental advantage of IRIS is that it provides almost
100% optical efficiency and snapshot spectral imaging. It provides safe and comfortable low
intensity illumination at the retina and high signal to noise ratio whilst snapshot operation
provides high quality oximetry.

The IRIS system used in this thesis was an 8-band IRIS and is shown in figure 2.2. The

number of spectral bands generated by IRIS depends on number of Wollaston prisms and
retarders used.
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Figure 2.2: Diagram of an 8-band image replicating imaging spectrometer (IRIS) system
[163].
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If N is the number of retarders and prisms used then the total number of bands will be 2N, 8-
band IRIS combines 3 retarders and 3 Wollaston prisms to generate 8 replicated images. A

detailed description of principle and working of IRIS can be found here [161].

The 8-band IRIS system used in IRIS snapshot multispectral fundus camera was designed to
produce 8 sub-images of retina in the wavelength range of 560 nm to 600 nm. The spectral

transmissions of 8-band IRIS system with the fundus camera are shown in figure 2.3.
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Figure 2.3: Transmission of an 8-band IRIS system fitted with snapshot fundus camera.

After integrating the IRIS with the fundus camera, 8 replicated images of the retina can be
acquired in one snapshot onto a detector plane. An example of raw retinal image recorded by

the system is shown in figure 2.4.
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560 nm

Figure 2.4: A raw retinal image recorded by IRIS snapshot multispectral fundus camera.

2.2.3. Charge-Coupled Device (CCD)

A low-noise charge-coupled device (CCD) camera (Retiga 4000R, QImaging, Canada) was
incorporated into the fundus camera after the IRIS block to enable the capture of retinal
images (Figure 2.1). The CCD camera has 4.19 million pixels with 12-bit digital output. The
CCD detector size was 2048 x 2048 pixels providing a 50° field of view of retina.

2.2.4. Graphic User Interface (GUI) Control for the System

A GUI was developed in Matlab (MathWorks, Inc, MA, US) to control the IRIS shapshot
multispectral fundus camera to acquire retinal images. The GUI was created by researchers at
Imaging Concepts Group, Heriot-Watt University with the input from the author. The
author's main contribution in the development of GUI was to test it, and make any necessary

minor modifications in the algorithms.
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Figure 2.5: The graphical user interface (GUI) developed in Matlab to control the IRIS

snapshot multispectral fundus camera for image acquisition.

The GUI controlled the fundus camera xenon flash and the CCD camera (Figure 2.5). The
xenon flash was synchronised with the CCD camera for simultaneous capture of retinal
images on CCD detector with flash. The GUI had a preview window to view live feed of
retina, which helped in focus adjustments and ascertaining that the right region of retina was
being imaged. The captured images were stored onto the hard drive in 12-bit matrix data
format (.mat). GUI had an option to capture dark frame, which was used for dark calibration.
The GUI also had the option to choose the exposure time, define the name of file and choose
where to save it. The GUI also gave a warning if the images were overexposed or saturated,

ensuring the quality control of the spectral image.
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Chapter 3

In Vitro Validation of Oximetry in Model
Eye

3.1. Introduction

In this chapter, we describe an in vitro validation of our spectral imaging system that
performs retinal oximetry by using a model eye. The model eye provides a simulated
environment that mimics the human eye to validate the oximetry technique. In vitro
validation of many retinal oximetry systems using a model eye has been previously reported
[19, 139, 140, 149, 156, 164-167].

The purpose of this study was to validate our imaging system and oximetry algorithms using

animal blood with known oxygen saturation.

3.2. Methods

3.2.1. The Model Eye

The model eye (Figure 3.1) used in this study was previously constructed in the Imaging
Concepts Group (Prof. Andy Harvey's Lab). The model eye simulated the optical property of
the human eye and was used in this study to validate the IRIS snapshot multispectral fundus
camera and oximetry algorithms. The model eye comprised of a front lens (+62.5 D doublet
convex achromatic lens, Thorlabs Itd., Cambridgeshire, U.K.), a mid chamber, which can be
filled with water, and a capillary holder resting against Spectralon (Labsphere Inc., New
Hampshire, USA) background.
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Figure 3.1: (A) The model eye front view, (B) Schematics of the model eye (by Al Gorman)

38



Spectralon, a polymer of carbon and fluorine, has the highest diffuse reflectance and
provided an ideal background for the model eye. The capillary holder (Figure 3.2) held the
blood-filled Fluorinated ethylene propylene (FEP) capillaries (Zeus Inc, Ireland), which
represent the blood vessels of the retina. The chamber of the model eye was filled with saline
water to mimic the vitreous humour of the eye and also resulted in the effective focal length
of the front lens to be approximately 22 mm. The refractive index (n) of the FEP capillary
used was 1.34 and the model eye chamber was filled with saline water (n = 1.33) creating a
deliberate refractive index match to reduce specular reflection from the capillary walls.

|
{

Figure 3.2: Capillary holder with blood filled FEP capillary.

3.2.2. The IRIS Snapshot Multispectral Fundus Camera

The IRIS snapshot multispectral fundus camera has been described in detail in Chapter 2. In
summary, the system consists of a commercial fundus camera (Topcon TRC 50 IA, Japan),
fitted with the IRIS snapshot device along with a CCD digital camera, enabling it to acquire

images at 8 different wavelengths in a single snapshot.

3.2.3. Blood Sample Preparation

To validate the spectral imaging device and oximetry algorithms, defibrinated horse blood (E
& O Laboratories Itd, Bonnybridge, U.K.) was used in the model eye. Two different levels of
oxygen saturation blood sample were employed in the model eye. The first sample was fully
oxygenated, which is found in normal healthy retinal arterioles and the second sample had

approximately 60 % oxygenation, which is representative of the oxygen saturation found in
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normal retinal venules. The horse blood straight from the bottle was usually fully oxygenated
as they are supplied fully oxygenated by the manufacturer. To ensure that the sample was
fully oxygenated and was the same as arterial level of blood oxygenation (95-100%), blood
samples were exposed with atmospheric air for about 20 minutes in a 100 ml beaker. The

sample was gently rolled/ shaken periodically to speed-up the re-oxygenation process.

3.2.3.1. De-oxygenation of Blood using Sodium Dithionite

Sodium dithionite (Na204S>) was used to de-oxygenate the blood samples. Sodium dithionite
induces dissociation of oxygen by reduction of the external oxygen without diffusing into the
red blood cells, which does not affect structure and function of the cell membrane. The
method used to deoxygenate the blood using sodium dithionite for this study was same as the
method used by Saebvarnothing, and Bjvarnothingrnerud [168]. Many previous published
studies have used sodium dithionite to deoxygenate blood [169-171] and to test their in vitro
retinal oximetry models [140, 164]. In their study, Saebvarnothing and Jvarnothingrnerud
[168] described the accuracy and repeatability of the method and found it to be highly
reproducible and accurate. They also produced a table with amount of sodium dithionite to be
added for a desired oxygen saturation value (see Table 3.1) and the change in oxygenation as
a function of time after adding sodium dithionite (see Table 3.2).
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Table 3.1: Comparison of the theoretical O2 % values obtained and measured values[168]

Concentration (mg/g blood) Theoretical O2 % Measured Oz %
2.50 0 0
1.90 24.1 21.0
1.20 48.2 47.8
0.61 62.1 60.5
0.53 70.1 71.5

Table 3.2: Change in O2 % as a function of time after adding sodium dithionite [168]

Concentration 02% 02% 02 % 02 % 02 %
mg/g 1 min. 15 min. 30 min. 45 min. 60 min.
25 0 0 0 0 5.1
0.61 40.3 57.7 62.1 60.0 61.4
0.19 77.9 78.1 85.0 84.9 85.9

Based on the values given in Table 3.2, we used 0.61 mg of sodium dithionite (Fisher
Scientific UK Ltd, Leicestershire, U.K.) per gram of blood to obtain a saturation level of
approximately 62%. After adding the given value for sodium dithionite, the sample was
mixed well and stored in a gastight glass syringe (Hamilton, Bonaduz, Schweiz). The gastight
syringe prevented further contact with the air, which may have re-oxygenated the sample.
The sample was then left to deoxygenate for 30 minutes, which gave a stable oxygenation
value range between 60-62% for next 30 minutes. The blood sample from the glass syringe
was then transferred to FEP capillaries using Nano Tight tubing sleeves and leur lock
adapters (ldex, Upchurch Scientific, Germany). After adding the sodium dithionite to the
sample, the blood deoxygenated very quickly, this change was visually apparent as well.
Figure 3.3 shows oxygenated blood in a glass bottle (A) and after adding sodium dithionite
(B). The blood with sodium dithionite appears darker than the oxygenated blood sample.
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Figure 3.3: (A) Oxygenated blood sample and (B) deoxygenated blood sample using sodium

dithionite. A colour difference can be visually observed between the two samples because of

the oxygenation difference.

3.2.4. The Model Eye Experiment
The model eye was imaged by the IRIS snapshot multispectral fundus camera by positioning

it in front of the camera objective. (Figure 3.4 (A))
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Figure 3.4: (A) The model eye in front of the fundus camera with blood filled FEP capillaries
and (B) Model eye top view to show the arrangement of FEP capillaries and Spectralon

background.

Two different blood oxygenations at 100% and 60 % which correspond to retinal arterioles
and venules were imaged in model eye. Five samples at 100% and five samples at 60-62%
were prepared as described in the method section of this chapter. The blood sample was then
pumped into the FEP capillary using gastight syringe and Nano Tight sleeves and adapters
and was placed in the model eye using the capillary holder (Figure 3.2). The mid chamber of
model eye was filled with saline water for refractive index matching and the model eye was

then placed in front of the fundus camera (Figure 3.4). Three sets of spectral images were
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then taken for each blood oxygenation for every sample. Images were then analysed for

oximetry.

3.2.5. Image Processing and Oximetry Analysis

The IRIS snapshot multispectral fundus camera captured images at 8 different wavelengths in
single snapshot. An example of the raw image captured by the fundus camera is shown in
Figure 3.5. All processing and analysis of raw spectral images for oximetry calculations were
performed using Matlab (MathWorks, MA, U.S.).

The first step in image processing was to register all eight sub-images at different
wavelengths into a common coordinate system. After image registration, a vessel tracking
algorithm was implemented to track the vessels. To track a section of vessel, a start and end
point was selected by the user and the algorithm searched for pixels between two points with
the lowest intensities and finds its shortest path. As the background intensity was higher than
that of vessel, the algorithm searched for pixel intensity and then classified pixels as vessel or
background based on the pixel intensity. As for the model eye, which contained only two
artificial vessels (FEP Capillary), the tracking was fairly simple. The same tracking
algorithms were used for human retinal vessels as well and are described in detail in Chapter
5.
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Figure 3.5: Raw image of model eye captured by IRIS snapshot device, fitted with fundus
camera, each image contains eight sub images at different wavelengths optimised for

oximetry.

Once the vessels were tracked, the centreline coordinates along each vessel was utilised to
calculate the intensity values inside and outside of the blood vessels (FEP capillary). The
algorithm identified each pixel and then classified them as vessel or background. The values

of Iv and I can be extracted from line profile across a blood vessel (Figure 3.6).
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Figure 3.6 Line profile across blood filled FEP capillary. Iv is the light intensity at the centre

of the capillary and I is the intensity outside of the capillary.

Using light intensities values inside and outside of the vessel, light transmission and optical

density of the vessel was subsequently calculated.

Light transmission of the blood vessel (FEP capillary) can be calculated by following

equation:

T = Il (3-1)
Where,
T = Transmission of vessel

Iv = Intensity inside the vessel
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Ir = Intensity outside the vessel

The optical density (OD) is the ratio of the measured light intensity at the centre of the vessel

to the intensity just outside of the vessel.
OD = -logio (IV/IF) (3-2)

Where Iv and Ir are the intensities of light reflected from the vessel and adjacent to the

vessel, respectively.

As we know from (3-1), (IV/If) is also the transmission of the vessel, so OD can also be

represented as following:
OD =-logio (T) (3-3)

After calculating the values for light transmissions for each pixel of vessels, OD was

calculated for every point along the vessel section for all the wavelengths.

3.2.6. Oxygen Saturation Calculation

To recover oxygen saturation values from optical density values, the two-wavelength
oximetry technique was used. In this method, the two wavelengths used were; one isobestic
and another sensitive to oxygen saturation. This technique is described in detail in Chapter 1.

In brief, this technique uses the following equation to recover oxygen saturation:

. OD(%,) (%) =OD () 1 () (3-4)
OD () (&0, (%) = 21 (%)) ~OD (%) (£1a, (£) — s (4))

Where,
OS = Oxygen saturation

OD = Optical density at a given wavelength
€np = Extinction coefficient of deoxy-haemoglobin

€Hbo2 = Extinction coefficient of oxy-haemoglobin

Using one isobestic wavelength the equation (5-4) can be simplified into
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OS =¢, +¢, % (3-5)

D (%)
Where,
Aa = OXxygen sensitive wavelength
AB = Isosbestic wavelength
C: and C; = Calibration coefficients

The two-wavelength technique [137] is an established and widely used calibration based
method for oximetry. In equation (3-5), C1 and C; are the calibration coefficients whose
values can be calculated using data from non-pathological eyes and assuming standard values

for venous and arterial oxygenations.

3.3. Results

3.3.1. Oxygen Saturation Calculation of Blood in FEP Capillaries

Oxygen saturation was measured for two oxygenation levels in five samples each. Three
repeated measurements were made for each sample. The calculated oxygen saturations were
97.6 = 1.1 (mean x SD) for the samples at 100% oxygenation and 61.8 £+ 4.2 (mean = SD) for
the samples at 60-62% oxygenation. A significant and strong correlation (r = 0.88, P <
0.0001, Spearman's rank correlation test) was found between known and calculated oxygen

saturation in all the samples.

Figure 3.7 shows the calculated oxygen saturation values for both oxygenations, the error bar
represents the standard deviation for 5 samples of same oxygenation. Table 3.3 shows the

mean oxygen saturation calculated for every individual samples.
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Figure 3.7: Mean oxygen saturation calculated in five blood samples at 100% and five blood

samples at 60-62%. The error bar represents the standard deviation in the calculation.

Figure 3.8 and 3.9 shows the pseudocolour oximetry map of model eye containing FEP
capillaries with blood at 100% oxygen and 60-62% oxygen respectively.
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Figure 3.8: Pseudocolour oximetry map for 100 % oxygenated blood filled in FEP capillary

against Spectralon background in model eye.
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Figure 3.9: Pseudocolour oximetry map for 60-62% oxygenated blood filled in FEP capillary
against Spectralon background in model eye.
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Table 3.3: Mean calculated oxygenation saturation values for all five blood samples at known
blood oxygenation at 100% and 60-62%

Sample number Oxygenation (%) Oxygenation (%)
(100% known value) (60-62% known value)

1 98.2 65.3

2 96.3 58.9

3. 97.6 62.5

4 99.1 66.2

5. 96.8 56.3

Average Oxygen Saturation 97.6 61.8
Standard Deviation 1.11 4.20

3.3.2. Repeatability of Calculated Oxygen Saturation Values

For every blood sample, 3 repeated measurements were taken. We assessed the repeatability
of our system by calculating mean oxygen saturation values and standard deviation for three
repeated measurements in the five samples of each oxygenation. The intra-sample standard
deviation for three repeated oximetry calculations at 100% blood oxygenation varies between
0.3% to 1.1%. For 60-62%, blood oxygenation varies between 0.4% to 1.2%. Table 3.4
shows the calculated oxygenation (mean = SD) values for five samples at 100% known
oxygenation and Table 3.5 is the same for known oxygenation of 60-62%.

Table 3.4: Calculated oxygen saturation values (mean + SD) for three images for the same

sample of known oxygenation of 100%

Sample number Known oxygenation Calculated mean Standard deviation
(%) oxygenation (%)
(in 3 images, %)

1. 100% 98.6 0.4
2. 100% 96.2 11
3. 100% 97.4 0.3
4. 100% 99.1 0.6
5. 100% 96.4 11
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Table 3.5: Calculated oxygen saturation values (mean + SD) for three images for the same

sample of known oxygenation of 60-62%

Sample number Known oxygenation Calculated mean Standard deviation
(%) oxygenation (%)
(in 3 images, %)

1. 60-62 % 64.4 1.1
2. 60-62 % 58.8 0.7
3. 60-62 % 61.5 1.2
4. 60-62 % 66.3 0.4
5. 60-62 % 56.5 0.7

3.4. Discussion

This validation study demonstrates that the multispectral imaging device and the oximetry
algorithms used in this study are capable of measuring oxygen saturation and can distinguish
difference between arterial and venular oxygen saturation. The oximetry algorithms can
clearly distinguish and calculate oxygen saturation for blood samples with different oxygen
saturation using a model eye. The statistical test performed on the data showed a strong and
significant correlation between known and calculated oxygen saturations (r = 0.88, P <

0.0001, Spearman's rank correlation test).

The calculated oxygen saturation for five samples at 100% oxygenation was 97.6 = 1.1 (mean
+ SD). The standard deviation in this case, for five samples of the same oxygenation, was
found to be 1.1% which proved that our system is quite reproducible. We also calculated
intra-sample repeatability for each of those five samples using three repeated measurements
(Table 3.4), and found it to be highly repeatable (SD range = 0.3% to 1.1%).

The calculated oxygen saturation for five samples at 60-62% oxygenation was 61.8 % with a
standard deviation of 4.2%. The standard deviation in this case was four times higher than the
previous oxygenation, but still within an acceptable range. When we calculated intra-sample
standard deviation for these five samples using three repeated measurements (Table 3.5), it
was found to be in the range of 0.4% to 1.2%. The reason why we get low intra-sample
standard deviation than inter-sample standard deviation in case of deoxygenated blood can be

explained by the method used for deoxygenation of blood. We used sodium dithionite to
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deoxygenate the blood sample. It is an accurate and a widely used method for blood
deoxygenation. All five blood samples were deoxygenated using the same concentration of
sodium dithionite to provide an expected saturation of 60-62% in 30 minutes after mixing
with blood. However, the oxygen saturation level is quite stable and will remain at the same
saturation for a further 30 minutes, although we did not confirm this experimentally using
blood gas analysis. For each deoxygenated blood sample, the standard deviation between the
three repeated measurements is very low (0.4% - 1.1%). This shows that our oximetry
algorithms are capable of calculating oxygen saturation.

The model eye provided a useful apparatus to acquire multispectral images of blood samples
with different oxygen saturation. The model eye has a very simple optical design and it
proved to be a useful tool as the first step for the demonstration and validation that we can
distinguish and quantify the oxygenation of an artery and vein with the multispectral fundus
camera and oximetry algorithms. The anatomy, physiology and optical design of human eye,
is far more complex than the model eye. The retinal blood vessels lie in fundus and there are
neural tissues anterior to the blood vessels. The blood vessels network is more dense than
model eye and smaller vessels crossover each other as well. Figure 3.10 shows the whole
mount of human retina with blood vessels, glial cells and astrocytes. In this figure, blood
vessels appear in green, and it indicates one of the many complexities of real human eye
versus a model eye. Nonetheless, the model eye was an informative first step towards
validation of the IRIS snapshot multispectral fundus camera. In the next chapter, we will
describe the in vitro validation in an animal model, with comparison of the oximetry results

with blood gas analysis (gold standard) at a wide range of oxygenations.
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Figure 3.10: Whole mount of human retina showing astrocytes, one of the glial cells of the
retina and blood vessels. Astrocytes (in red), blood vessels (in green) and the ganglion cell
nuclei (in blue) [172].

The retinal arterioles and venules are 110 um and 190 um respectively in diameter [173]. We
used FEP capillaries of 150 um diameter as proxy retinal blood vessel. The reason for this
chosen diameter is that this is within the normal average range of retinal arterial and venular

blood vessel diameter.

We used defibrinated horse blood to validate our retinal oximetry system. The size and
properties of horse red blood cells are comparable to human red blood cells [174, 175]. The
Average diameter of a human red blood cell is between 5-7 um and of a horse’s is between 4-
5 um. The haematocrit value and haemoglobin dissociation curve (see figure 3.11) of human
and horse are very similar [176]. So the horse blood provided a good way to validate the

sensitivity of our oximetry system at varying oxygenations.
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Figure 3.11: Oxyhaemoglobin dissociation curve for human, dog, horse and cattle [176].

3.4.1. Conclusion

In this study, we have demonstrated using model eye that our multispectral fundus camera is
capable of imaging and performing oximetry, and can differentiate and quantify arterial and
venular oxygenation. This in vitro validation also shows that our oximetry system is
repeatable. In the next chapter, in vivo validation of our oximetry system in animal model

will be described.
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Chapter 4

In Vivo Validation of Oximetry in Animal
(Porcine) Model

4.1. Introduction
In the previous chapter, we have demonstrated in vitro validation of our multispectral retinal

oximetry system.

This chapter describes the validation experiment performed to assess the IRIS snapshot
multispectral fundus camera and the oximetry algorithms. Retinal oximetry was performed in

animal model at different levels of inspired oxygen

The purpose of this chapter was to assess the validity of our retinal oximetry system, by
comparison to blood gas analysis in an animal (porcine) model, breathing different levels of

inspired gas mixture.

4.2. Methods

This study was conducted at the Panum Institute, University of Copenhagen, Copenhagen.
The study was approved by the Danish Animal Experiments Inspectorate and permission was
granted for the use of animals (permission no. 2007/561-1386). Handling and preparation of

the animals were performed by experienced animal technicians of the institute.

4.2.1. Pig as a Suitable Animal Model

The pig’s eye is very similar to human eye and is widely used to understand human ocular
pathophysiology [177-179]. The size and structure of the pigs eye is quite similar and is
comparable to human eye [180]. The retinal vasculature of porcine eye is also similar to that
of human. The retinal vasculature of pig has several arteries and veins and an optic disk, but
it lacks a macula. It has a lateral foveal streak with increased cone photoreceptor
concentration [181-184]. There are important differences between the human and pig retina.
There is no central artery or vein; the pig eye is supplied by a branch of the external carotid,

as opposed to internal carotid in humans [181].
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The fundus of the pig looks off-white in colour with a greenish tint (Figure 4.1) as compared

to the human fundus, which is orange in colour.

Figure 4.1: A porcine fundus (left) and human fundus (right). A difference in fundus colour is
observable. The retinal vessels in the porcine fundus are also greater in diameter than in the

human fundus. A distinct fovea can be seen in human but not in porcine fundus.

4.2.2. Preparation of Animal and Experimental Procedure

Four pigs aged 3-4 months, weighing 25-30 kg were used for the study. All pigs used in the
experiment were female domestic pigs of the Danish Landrace (Duroc/Hampshire/Yorkshire)
breed. The pigs were anesthetized before the experiment. Anaesthesia was induced by
intramuscular administration of midazolam, titemine, zolazepam, ketamine, xylazine and
methadone. Continuous infusion of 15 mg/kg/h propofol (B. Braun AG, Germany) was used

to maintain the anaesthesia.

The animals were tracheally intubated to control the oxygen fraction in inspired air. A
mixture of room air, pure oxygen and pure nitrogen was provided by the respirator resulting
in the oxygen fraction ranging from 5 % to 100 %. Heart rate and peripheral oxygen
saturation were continuously monitored by a pulse oximeter. All animals were subjected to
three different levels of oxygen in the inspired air (100% oxygen, 21% oxygen and 10%

oxygen).

Catheters were placed in the left femoral artery for extraction of blood for gas analysis. At
each level of inspired oxygen, femoral arterial blood gas analysis and retinal oximetry was

performed.
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4.2.3. Retinal Image Acquisition
The retinal images of each animal were acquired using the multispectral IRIS snapshot
fundus camera, described in detail in Chapter 2. Retinal images were taken at three (100%,

21% and 10%) inspired levels of oxygen.

4.2.4. Image Processing: Registration and Vessel Tracking

Retinal images were processed and analysed for oximetry using Matlab (MathWorks, MA,
U.S.) program. The IRIS snapshot system acquires images at 8 different wavelengths in a
single snapshot. An example of porcine retinal image acquired by the system is shown in

figure 4.2.

The first step in image processing is to co-register all the eight sub-images at different
wavelengths into a common coordinate system. This was achieved using an image
registration algorithm. The registration of retinal IRIS sub-images is a two-step process. In
the first step, the sub-images are cropped from the full frame and then a transformation is
applied to each sub-image to bring the entire image set into a common coordinate system. In
the next step, a reference image was chosen from these sub-images, and the remaining images
were registered to the coordinates of the reference image. The registration process employs a
cross-correlation technique, which measures the degree of similarity between two images.
The maximum of cross correlation of each sub-image is decided by rotating and translating

the images in comparison to the reference image.

Once the registration was complete, the images were inspected by viewing them using Matlab
to detect any mis-registration. Images which were not registered properly were registered

again.
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570 nm

Figure 4.2: Retinal image captured by IRIS system, each image has eight sub-images at

different wavelengths in 560 nm - 600 nm range, which are suitable for oximetry.

After the registration, a vessel detection algorithm was applied to detect and track vessels. A
semi-automated tracking algorithm was used. The user selects the start and end points of a
given vessel, and the algorithm searched for pixels between two points with the lowest
intensities and finds its shortest path. Once the vessels are tracked, the centreline coordinates
along each vessel were utilised to calculate the intensity values inside and outside of the
blood vessels. The algorithm identified each pixels and then classified them as vessel or
background. The intensity values calculated were used for optical density calculations for

oximetry.
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4.2.5. Vessel Profile Extraction and Calculation of Light Transmission of Retinal
Vessels
The light transmission through a blood vessel can be expressed as the ratio of the measured

light intensity at the centre of the vessel (Iv) to the intensity just outside of the vessel (Ig):
T=WIf (4-1)

Where,

T = Transmission of vessel

Iv = Intensity inside the vessel

Ir = Intensity outside the vessel (fundus)

The values of Iv and Ir can be extracted from line profile along a blood vessel (Figure 4.3).
Once the vessels are tracked, their centreline coordinates were utilised to calculate the
intensity values inside and outside of the blood vessels. The algorithm identified each pixel
and then classified them as vessel or background. This was achieved by calculating the
perpendicular of the gradient between two consecutive points along the centre of the blood
vessel. Using these intensities values transmission for all the vessel segments were calculated

for all the wavelengths.
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Figure 4.3: Line profile across artery and vein (shown in the retinal image above). Iv is the
light intensity at the centre of the blood vessel and Ir is the intensity outside of the blood

vessel.

4.2.6. Optical Density Calculation
The optical density (OD) is the logarithm of the ratio of the measured light intensity at the

centre of the vessel to the intensity just outside of the vessel.
OD = -logio (IV/IF) = -log(T) (4-2)

Where, Iv and Ir are the intensities of light reflected from the vessel and adjacent to the

vessel, respectively.
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As we know from (4-1), (IV/If) is also the transmission of the vessel, so OD can also be

represented as following:
OD = -logio (T) (4-3)

After calculating the values for light transmission of each blood vessels as described in 4.2.5,

the OD was calculated for every point along the vessel section for all the wavelengths.

4.2.7. Vessel Diameter Calculation

The diameter of the vessels was measured utilising an algorithm based on the methods
reported by Fischer et al [185]. The algorithm utilises the full-width half maximum (FWHM)
to estimate the diameter of the vessel. As in the process to calculate the transmission, the
vessel profile was already extracted for each vessel section, the same was used to determine
the vessel diameter, giving us vessel diameter values for the same vessels for which oximetry

had been performed.

As the magnification of the imaging system was unknown as well as focal length of the eye,

vessel diameter values were only given in terms of camera pixels.

4.2.8. Oxygen Saturation Calculation

To recover oxygen saturation values from ODs two-wavelength oximetry technique was
used. In this method, the two wavelengths used were one isobestic and another sensitive to
oxygen saturation. This technique is described in detail in Chapter 1. In brief, this technique

uses the following equation to recover oxygen saturation:

05 OD(%)éiy (4)~OD(4)éwm (%) (4-)
C)l:)(/11)(‘c"tho2 (AZ)_gHb (j'z))_Ol:)(ﬂ'z)(‘c;Hbo2 (ﬂ‘l)_gHb (/11))

Where,

OS = Oxygen saturation

OD = Optical density at a given wavelength

€Hp = Extinction coefficient of deoxy-haemoglobin
€Hbo2 = Extinction coefficient of oxy-haemoglobin

Using one isobestic wavelength the equation (4-4) can be simplified into
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OS =¢, +¢, % (4-5)

D (%)
Where,
Aa = OXxygen sensitive wavelength
AB = Isobestic wavelength
C: and C; = Calibration coefficients

The two-wavelength technique [137] is a established and widely used calibration-based
method for oximetry. In equation (5-5), C1 and C; are the calibration coefficients whose
values can be calculated using data from non-pathological eyes and assuming standard values

for venous and arterial oxygenations.

4.3. Results

One pig died during data accumulation stage, so the results are based on data from three pigs.
At each level of inspired oxygen femoral arterial blood gas analysis was performed and then
retinal images were acquired. Each retinal image was analysed for retinal oximetry,

arteriovenous oxygen saturation difference and vessel diameter.

4.3.1. Oxygen Saturation in Retinal Arterioles and Venules at 10% Inspired
Oxygen

At 10% inspired oxygen, the average oxygen saturation value (£ SD) for retinal arterioles and
venules were 44.1 % + 11.9 % and 20.4 % + 10.1 %, respectively. The arteriovenous oxygen
saturation difference was calculated to be 27.6 % *+ 2.6 %. The femoral-artery oxygen
saturation measured by blood gas analysis was 43.7 £ 11.9 %. The retinal vessel diameter ( in

pixels) was measured as 27.4 + 2.6 for arterioles and 39.1 + 4.2 for venules.

Table 4.1 shows the measured and calculated values for oxygen saturation, arteriovenous

oxygen saturation difference and vessel diameters for all three inspired oxygen level.

4.3.2. Oxygen Saturation in Retinal Arterioles and Venules at 21% Inspired

Oxygen
The femoral artery oxygen saturation measured by blood gas analysis at 21% inspired oxygen
was 92.2% * 1.5. The average oxygen saturation value (x SD) for retinal arterioles and
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venules were 91.2% + 1.1 % and 56.4 % * 2.0 %, respectively. The arteriovenous oxygen
saturation difference was calculated to be 34.8 % + 2.5 %. The retinal arteriolar diameter (in

pixels) was 21.3 + 6.3 and venular diameter was found to be 31.1 + 3.7.

4.3.3. Oxygen Saturation in Retinal Arterioles and Venules at 100% Inspired
Oxygen

At 100% inspired oxygen, the average oxygen saturation value (= SD) for retinal arterioles
and venules were 97.3 % %= 0.8 % and 62.5 % = 1.7 %, respectively. The arteriovenous
oxygen saturation difference was calculated to be 35.1 % + 1.5 %. The femoral artery oxygen
saturation measured by blood gas analysis was 99.6 + 0.4 %. The retinal vessel diameter (in

pixels) was measured as 19.1 £ 3.5 for arterioles and 27.1 + 2.8 for venules.

4.4.4. Comparison of Femoral Arterial Oxygen Saturation with Measured
Retinal Arterial Oxygen Saturation

At all three inspired oxygen levels (100%, 21%, 10%), femoral arterial oxygen saturation was
measured by blood gas analysis before taking the retinal images. The comparison of femoral
arterial oxygen saturation versus calculated retinal arterial saturation is presented in a graph
in figure 4.4. The retinal arterial oxygen saturation measured by our oximetry system
significantly correlated with the blood gas analysis values for femoral arterial oxygen

saturation (r = 0.90, P < 0.0001, Spearman's rank correlation test).
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Table 4.1: Mean oxygen saturation and vessel diameter values at 10%, 21% and 100%

inspired oxygen (mean £ SD, n=3)

Inspired Oxygen (%)

10% 21% 100%
Femoral artery 43.7+11.9 92.2+15 99.6+04
saturation (%)
Retinal arteriolar 44.1+14.9 912+11 97.3+0.8
saturation (%)
Retinal venular 20.4+10.1 56.4+2.0 62517
saturation (%)
Retinal arteriovenous 23.7+6.1 348+25 351+15
difference (%)
Retinal arteriolar 274 +26 21.3+6.3 19.1+3.5
diameter (pixels)
Retinal venular 39.1+£42 31.1+37 271+238
diameter (pixels)
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Figure 4.4: Comparison of femoral artery oxygen saturation with measured retinal artery
oxygen saturation.

4.4.5. Pseudocolour Oximetric Maps of Retinal VVasculature at Different Inspired
Oxygen Level

Figure 4.5 to 4.13 shows the pseudocolour images of the calculated oxygen saturations along

the retinal arterioles and venules in the porcine subjects at different inspired oxygen levels.
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Figure 4.5: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 100%
inspired oxygen. Retinal arterioles oxygen saturation was 97.3 % and femoral artery oxygen

saturation was 100%.

Figure 4.6: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 21%
inspired oxygen. Retinal arterioles oxygen saturation was 92.3 % and femoral artery oxygen

saturation was 90.9%.
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Figure 4.7: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 10%
inspired oxygen. Retinal arterioles oxygen saturation was 45.6 % and femoral artery oxygen

saturation was 41.5%.

Figure 4.8: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 100%

inspired oxygen. Retinal arterioles oxygen saturation was 98.1 % and femoral artery oxygen

saturation was 99.7%.
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Figure 4.9: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 21%
inspired oxygen. Retinal arterioles oxygen saturation was 90.1 % and femoral artery oxygen
saturation was 91.9%.

Figure 4.10: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 10%

inspired oxygen. Retinal arterioles oxygen saturation was 58.3 % and femoral artery oxygen
saturation was 56.7%.
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Figure 4.11: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at
100% inspired oxygen. Retinal arterioles oxygen saturation was 96.5 % and femoral artery

oxygen saturation was 99.2%.

Figure 4.12: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 21%
inspired oxygen. Retinal arterioles oxygen saturation was 91.3 % and femoral artery oxygen
saturation was 93.9%.
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Figure 4.13: Pseudocolour oximetry map of retinal arterioles (left) and venules (right) at 10%
inspired oxygen. Retinal arterioles oxygen saturation was 28.6 % and femoral artery oxygen

saturation was 33.1%.

4.5. Discussion

The oxygen saturation values measured by our oximetry system correlated significantly with
the femoral arterial blood gas analysis, which is considered as the gold standard in the field.
In the previous chapter, we have demonstrated that our system is capable of measuring
difference in oxygen saturation in vitro in model eye. Although in vitro validation of the
system was a good starting point, but in vivo validation in animal model, where we controlled
the inspired air oxygen and compared our oximetry values with an established method like
blood gas analysis proved to be a reasonable method to calibrate and validate our oximetry
system. Using the animal model also provided the opportunity to test oximetry for a broader

range of systemic oxygen saturation, than possible in humans.

In this study, we successfully demonstrated that our device is sensitive to oxygen saturation
at different inspired oxygen levels as well as oxygen saturation differences in retinal
arterioles and venules at the same inspired oxygenation. Figure 4.3 in the method section,
shows a line profile across an arteriole and a venule of pig retina. As we know that the more
oxygenated the blood is in the vessel, the more transmissive (less optically dense) it will be
for light, and vice versa. And it is clear from the Figure 4.3, the arteriole is more transmissive

that the respective vein.
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For the same level of inspired oxygen, we get different levels of femoral arterial oxygen
saturation in pigs. At 100% and 21%, all the pigs have almost similar femoral arterial oxygen
saturation, but at 10% of inspired oxygen the standard deviation in measured femoral arterial
saturation in the pigs were 12% (Table 4.1) and standard deviation in the calculated retinal
oxygen saturation was around 15%. The femoral arterial oxygen saturation values at 10%
inspired oxygen was 43% which is considerably lower than in reported in human [34, 186],
but pigs have shown to be have lower oxygenation in normal state than human [187]. A
recently published study [188] on pigs, which also compared retinal oximetry and femoral
artery oxygenation at different inspired oxygen levels also reported lower arterial saturation

at 10% inspired oxygen. Results from that study are comparable with this study.

We did not perform blood gas analysis of venous blood to compare it with the calculated
retinal venular oxygen saturation. The retinal venular oxygen saturation for 100%, 21% and
10% inspired oxygen was calculated to be 62.5% + 1.7%, 56.4% + 2.0% and 20.4% + 10.1
respectively with an arteriovenous oxygen saturation difference of 35.1% + 1.5%, 34.8% +
2.5% and 23.7% + 6.1%. The arteriovenous oxygen saturation difference remained the same

for 100% and 21% inspired oxygen but reduced for 10% inspired oxygen.

The retinal vessels diameter values increased as we changed the inspired oxygen level from
100% to 10% (see Table 4.1 for values). The increment in retinal vessel diameter from 100%
to 21% inspired oxygen is small, but a considerable increment was seen at inspired oxygen
level of 10%. Figure 4.14 shows the retinal image of same pig at inspired oxygen level of
100% (left) and 10% (right). An increase in retinal arteriolar and venular diameter can be

observed in the image visually.
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Figure 4.14: Retinal image of same pig at 100% inspired oxygen (left) and 10% inspired

oxygen (right). Retinal vessel diameter increment can be observed visually.

Hypoxia is known to induce vasodilation of the retinal vessels which results in increased
retinal blood flow.[28-34] The other phenomenon which can be observed in the image above
is how the blood vessels (both arterioles and venules) became much darker in appearance at
lower inspired oxygen. This can be attributed to the fact that blood vessels with lower oxygen
saturations are less transmissive to light and appear darker. Due to the same effect smaller

blood vessels can be seen in the retinal image (right) at 10% inspired oxygen.

The pig is a suitable animal model to validate the oximetry algorithms over a range of
inspired oxygen. Although quite similar, there are a few basic differences between the pig
and human retina. The pigs retinal vessel [189] are slightly larger in diameter than human and
has less dense vasculature. Human retinal vessel lie embedded in nerve fibre layer whereas

porcine retinal vessels lie superficially in the inner retina [182].

One of the issues in imaging was corneal dryness in the animals. As the pigs were
anesthetised, a clip was used to keep the eye opened for fundus imaging. This could have
resulted in corneal dryness and degradation of cornea resulting in poor image quality. To
avoid that, the eyes were opened only to acquire the images and then it was shut properly.
Also the eye was constantly irrigated with saline water before and after imaging to keep it

from drying.
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One other possibility which could alter normal physiology in animals is the anaesthesia.
Propofol has been shown to lower the systemic blood pressure, heart rate and cardiac output
via peripheral vasodilation [190-192]. Although, there may be effect of anaesthesia on vital
signs of the animals, but they were stable during each of the inspired oxygen level before

femoral artery blood gas analysis and retinal imaging were done.

In conclusion, we have demonstrated in animal model, that our retinal oximetry system is

capable of measuring oxygen saturation over a broad range of oxygenation values.
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Chapter 5

Human Retinal Imaging and Oximetry

5.1. Introduction
The main aim of this chapter is to demonstrate the use of the IRIS snapshot multispectral

fundus camera to perform oximetry in human retinal vessels.

This chapter will describe the use of the IRIS snapshot multispectral fundus camera to image
the human retina and image processing methods used to perform oximetry in retinal vessels.

Furthermore, it will also describe a protocol for oximetry in retinal arteries and veins.

5.2. Methods

This study was approved by Heriot-Watt University Ethics Committee. All procedures were

performed according to the Tenets of the declaration of Helsinki.

5.2.1. Recruitment of Subjects

Eighteen healthy subjects were recruited for the study (age 28 + 6 years; twelve males and six
females). Subjects included staff and student members within the research group and school,
who volunteered to participate in the study. All subjects provided written informed consent

before participation in the study.

On the day of study, participants were briefed about the study protocol and the risks, if any.
They were provided with an information sheet. All participant queries related to the
experiment were answered to their satisfaction. Subjects were asked to refrain from
consuming alcohol or caffeinated drinks prior to the experiment. Participant age, sex, weight

and height were recorded.

Pupils were dilated before retinal imaging with 1% tropicamide (Bausch & Laumb, Chauvin
Pharmaceuticals, Ltd., U.K.). In about ten to fifteen minutes maximum dilation of the pupil
was achieved, and the subjects were ready to be imaged. Fingertip pulse oximetry
(AUTOCORR; Smiths Medical ASD, Inc., Rockland, MA) was employed to continuously

monitor the peripheral arterial oxygenation throughout the experiment.
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5.2.2. Retinal Spectral Image Acquisition

The IRIS snapshot multispectral fundus camera has been previously described in detail in
Chapter 2. The IRIS snapshot method enabled us to acquire images in a single snapshot at
eight different wavelengths that were optimised for oximetry. The snapshot technique is easy
to acquire with minimum discomfort to the subject. The subjects were seated in front of the
camera, with their head on the head mount and their forehead firmly positioned against the
forehead strap. The subjects were instructed to minimise the head or eye movement, until the
retinal images were acquired. The retina was then visualised using the inspection lamp of the
camera through the eyepiece. The camera focus was adjusted until the edges of retinal blood
vessels appeared sharp. The optic disk and macula were captured in all images, ensuring that

similar retinal vasculature was imaged for all subjects.

Head and eye movement and random eye blinks caused changes in the focus of the images,
decreasing image quality and increased error in oximetry measurements. After capturing each
image set, the quality of the images was determined by the operator and a new image was
acquired if needed. The image was rejected if it was not in perfect focus and/or the image
region did not include the optic disc and macula. At least five good quality images were
captured for each subject. This imaging protocol ensured that retinal images captured were of

the optimum quality: very few images were excluded from the study.

5.2.3. Retinal Spectral Image Selection and Processing

Raw images were scrutinised before they were selected for further processing using Matlab
(MathWorks, MA, U.S.). Images were visually assessed to be optimal focused, which
contained the optic disc and macula and were free from artefact were selected for oximetry.

An example of a raw retinal image captured by IRIS is shown in Figure 5.1.
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Figure 5.1: Raw image captured by IRIS snapshot device attached to fundus camera. Each
image contains eight sub images at different wavelengths optimised for oximetry.

The image processing algorithm used in the human retinal images was similar to that used for
the model eye and porcine eye oximetry described in Chapter 3 and 4 respectively. The image

processing steps are described in the following sections.

5.2.3.1. Image Registration

Image registration is the process of aligning images of the same scene to the same coordinate
system. The IRIS system captured eight sub-images at different wavelengths in one snapshot
(Figure 5.1). Due to different beam paths through the imaging lens, each sub-image of IRIS is
subject to a different non-rectilinear geometric distortion. The registration of retinal images

is a very crucial step in order to perform oximetry accurately at a given vessel point.
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The registration of retinal IRIS sub-images is a two-step process. In the first step, the sub-
images are cropped (Figure 5.2) from the full frame (Figure 5.1) and then a transformation is

applied to each sub-image to bring the entire image set into a common coordinate system.

Figure 5.2: IRIS sub-images; cropped and approximately registered.

In the next step, a reference image was chosen from those sub-images, and the remaining
images were registered to the coordinates of the reference image. The registration process
employs a cross-correlation technique that measures the degree of similarity between two
images. The maximum cross-correlation of each sub-image was decided by rotating and
translating the image in comparison to the reference image. The cross-correlation technique
utilised unique features within each retinal image, which are similar in appearance, but
independent of the wavelength. Some unique features that can be utilised are the location of
the optic disc, and retinal vessels. The distortion caused by the imaging lens can be assumed
to be constant with time. Once the first image has been registered, the same transformation
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can be applied to all subsequent images of the same retinal data set. An example of a

registered image is shown below in Figure 5.3.

Figure 5.3 Eight registered IRIS images of the same eye at different wavelengths.

After the registration process was completed, the registered images were visually verified as
registered correctly. Occasionally, some images were found to be mis-registered, and were

either registered again correctly or removed from the analysis.

5.2.3.2. Vessel Detection and Tracking

After registering the IRIS images, the retinal vessels were tracked (Figure 5.4) using a semi-
automated vessel-tracking algorithm. As all eight sub-images were co-registered, vessel
tracking was performed on one reference image (579 nm) where retinal vasculature was
easily distinguished and then applied to all other sub-images. The option of tracking the
vessels at any other wavelength image could also be done, if needed.
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Vessel segments were tracked in a standardised manner, based on vessel width, length, start
and end points (Table 5.1). Vessel segments with a width of 12 pixels or wider and length of
100 - 200 pixels were selected. Furthermore parts of vessels close to the optic disc or bright
area surrounding it were avoided. Vessel segments with strong background variations in
reflectivities were also excluded as they are known to exhibit higher levels of artifactual
errors in oximetry. To track a section of vessel a start and end point was selected by the user
and the algorithm searched for pixels between two points with the lowest intensities and finds
its shortest path.

Once all the retinal vessels were tracked, the algorithm saved the vessel coordinates for all

the tracked vessels for calculation of transmission and further analysis.

Table 5.1: Selection criteria of retinal vessel for oxygen saturation measurements

Retinal Vessel Selection Criteria
Retinal vessel width 12 pixels or wider
Retinal vessel length 100 to 250 pixels (preferably as close to 250

pixels as possible)
Start point of vessel Close to optic disc but always exclude pixels with
optic disc or bright area surrounding it
End point of vessel After length of 250 pixels, excludes pixels at
edge of the image
Exclude segments of vessel if o Vessel with strong background reflection
o Vessel segments affected by strong
brightness
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Figure 5.4: Retinal image showing tracked vessel using vessel tracking algorithm.

The vessel tracking algorithm GUI (see figure 5.5) also had some useful options like '‘Change
layer' (which switches between different sub-images at different wavelength, giving option to
the user for better recognition of vessels), 'Undo last vessel' (the user can undo the last
tracked section without losing any work), 'Magnifier' (which zooms a particular region,
enabling better visibility of vessels) and "Track manually' (option which you can use to track

some vessels which cannot be tracked otherwise).
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Figure 5.5: Graphical user interface for vessel tracking algorithm. You can see various useful

options like 'Undo last vessel', 'Magnifier', '‘Change layer' etc.

The semi-automated nature of the vessel tracking algorithm made it less prone to errors, as
the user decides the start and end point of the section of vessels to be tracked. But in certain
cases for example, if two vessels are very close to each other or crossing over each other, the
algorithm was unable to track it or tracked a wrong section. To overcome this issue such
vessels were tracked in smaller segments. One of the vessels was tracked along the full length
and other was tracked in two sections. In figure 5.6, two retinal vessels A and B are crossing
over each other and cannot be tracked automatically. To ensure proper tracking, vessel A was
tracked in two segments and vessel B in one.
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Figure 5.6: Vessel A and B are crossing each other in this image, to ensure proper tracking

vessel A was tracked in two segments and vessel B in one continuous segment.

The graphical user interface and algorithm to track the vessels provided the flexibility and
options to override and redo any step of the process, if needed. This manual control of the

process ensured quality and error check.
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5.2.3.3. Vessel Profile Extraction and Calculation of Light Transmission of Retinal

Vessels

The method used for vessel profile extraction and calculation of the light transmission is the

same as described in Chapter 4, section 4.2.5.
5.2.3.4. Optical Density Calculation

The method used for optical density calculation is the same as described in Chapter 4, section
4.2.6.

5.2.3.5. Vessel Diameter Calculation

The method used for vessel diameter calculation is the same as described in Chapter 4,

section 4.2.7.
5.2.3.6. Oxygen Saturation Calculation

The method used for Oxygen saturation calculation is the same as described in Chapter 4,

section 4.2.8.

5.2.3.7. Wavelength Selection for Two-Wavelength Oximetry

The IRIS snapshot technique takes retinal images at eight different wavelengths optimised for
oximetry. Algorithms exploiting optical absorption measurements in all eight spectral bands
are under development and offer the future prospect of robust, calibration-free oximetry. In
this thesis, two-wavelength oximetry technique was used throughout all the experiments.
Having eight spectral band images would give a choice of using any two optimum
wavelengths for oximetry. Out of those eight wavelengths, five are oxygen sensitive and
three are isobestic. Different authors have used different wavelengths for two-wavelength

oximetry (Table 5.2); a review of the topic is presented in Chapter 1.
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Table 5.2: Retinal vessel oxygen saturation values reported in normal subjects and

wavelength combination used by different authors.

Authors Oxygen Saturation (x SD) Wavelengths
Arterioles Venules

Hickam et al.[138] 58% (+ 10) 640 nm, 800 nm
60% (+ 16) 640 nm, 505 nm

Delori et al.[140] 98% (+ 8%) 45 % (£ 7) 558 nm, 569 nm, 586 nm

Schweitzer et al.[19] 922% (£4.1) 57.9% (x6.8) 510-586 nm
Denninghoff et al.[149] 101 % 65 % 629 nm, 628 nm,
98 % 63 % 821 nm, 899 nm
Beach et al.[137] 55% (+ 3.8) 569 nm, 600 nm
Stefansson et al.[151, 157] 96 % (£ 9) 55 % (x 14) 586 nm, 605 nm
92.2% (£3.7) 55.6% (+6.3) 570 nm, 600 nm
Hammer et al.[18] 98 % (x 10) 65 % (+ 11) 548 + 10 nm (FWHM)

610 + 10 nm (FWHM)

* FWHM - full width half maximum

To decide which two wavelengths to use for oxygen saturation calculation we used an
automated algorithm, which recovers oxygen saturation for different combinations of two
wavelengths out of eight images captured by IRIS. We then decided which combination of
wavelength was optimum for performing oximetry based on the oxygen saturation values

yielded by them for arteries and veins.

Out of 28 possible wavelength combinations, only 15 consisted of one isobestic and one

oxygen sensitive wavelength that were suitable for two-wavelength oximetry.
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Using two-wavelength oximetry, for these 15 possible combinations of wavelengths, oxygen
saturation was calculated for one arteriole and venule of 5 normal subjects. The values are

given in table 5.3.

Of all these wavelength combinations, 566 nm and 599 nm produced the value of oxygen
saturation for arteriole and venule within the acceptable physiological range as 96.3 % and
67.2 % respectively. The standard deviation for this combination was 2.1 % and 4.2 % for
arteriole and venule respectively. There are a few other wavelength combinations, which give
oxygen saturation values for arteriole and venule in the correct range, but the standard
deviation for them is comparatively higher. Other combinations either provided right

arteriolar oxygen saturation value but wrong venular oxygen saturation values or vice versa.

Based on this experiment, we decided to use the combination of 566 nm and 599 nm as two
wavelengths for the oximetry technique. Similar range of the wavelengths are used by
Stefansson et al [157] and Beach et al [137], both of which are established and highly
published methods.
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Table 5.3: Oxygen saturation values for arteriole and venule at different wavelength
combinations of IRIS wavelength. 566 nm and 599 nm combination (highlighted) yielded the

optimum oxygen saturation values for arteriole and venule.

Wavelength Oxygen Saturation (%0) Standard Deviation (%)
Combinations Arteriole Venule Arteriole Venule

586 nm & 579 nm 77 71.2 8.5 1.7
586 nm & 560 nm 64.4 97.1 58 7.1
586 nm & 599 nm 99.7 71.4 7.5 7.6
586 nm & 577 nm 79.4 75.1 4.6 6.2
586 nm & 591 nm 89.5 67.4 55 8.5
566 nm & 579 nm 81.6 79.0 9.3 4.3
566 nm & 560 nm 66.1 98.6 15.2 7.2
566 nm & 599 nm 96.3 67.2 21 4.2
566 nm & 577 nm 79.4 72.1 34 12.3
566 nm & 591 nm 86.2 60.0 134 9.5
579 nm & 570 nm 104 73.2 7.8 7.6
560 nm & 570 nm 82.1 88.7 9.9 3.2
599 nm & 570 nm 90.2 62.5 10.2 12.1
577 nm & 570 nm 86.3 97.0 6.9 3.2
591 nm & 570 nm 921 93.9 11.2 4.8

5.2.3.8. Analysis of Oxygen Saturation Data

All the retinal images were processed for oxygen saturation calculations, arterio-venous
difference in oxygen saturation and vessel diameters. Pseudo-colour maps corresponding to
values of oximetry for retinal vessels were also generated for retinal images and are presented

in the results section.
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5.3. Results

5.3.1. Oxygen Saturation in Retinal Arterioles and Venules

The average oxygen saturation value (£ SD) for retinal arterioles and venules were 96.08 %
+ 1.9 % and 68.04 % + 2.1 %, respectively. The retinal arterioles oxygen saturation
significantly correlated with the pulse oximetry values (r = 0.95, P < 0.001, Spearman's rank
correlation test). The arteriovenous oxygen saturation difference was calculated to be 28.04
% + 1.8 % (see table 5.4 for values). A comparison of oxygen saturation values between

arterioles and venules is shown in Figure 5.7.
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Figure 5.7: Average oxygen saturation in arterioles and venules in 18 healthy volunteers. The
circle and triangle represents the mean value of oxygen saturation (for arterioles and venules

respectively) whilst the error bars indicate the standard deviation.
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Table 5.4: Oxygen saturation and vessel diameter values for subjects

Demographics and O, Saturation Values for Subjects Normoxia
Retinal arteriole O, Saturation in % (mean + SD) 96.08+1.9
Retinal venule O, Saturation in % (mean + SD) 68.04 £ 2.1
Retinal arteriovenous saturation difference in % 28.04+1.8
(mean + SD)

Fingertip pulse O saturation in % (mean + SD) 976+15
Vessel diameter arteriole (pixel) 140+0.8
Vessel diameter venule (pixel) 18.8+0.6
Age, X (mean[total range]) 28 [22-51]
Sex distribution (Male/Female) 12/6

5.3.2. Retinal Arterioles and Venules Vessel Diameter
The average vessel diameters (in pixels) for retinal arterioles and venules were 14.0 + 0.8 and
18.8 + 0.6 respectively. See figure 5.8 and table 5.4 for vessel diameter comparison for

arterioles and venules.
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Figure 5.8: Average vessel diameter (in pixels) for arterioles and venules in 18 healthy
volunteers. The circle and square represents mean (for arterioles and venules respectively)

whilst the error bars indicate the standard deviation.
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5.3.3. Oximetric Maps of Retinal VVasculature in Normal Subjects

Figure 5.9 (A) shows the pseudocolour images of the calculated oxygen saturations along the
retinal arterioles and venules in representative ten subjects. 5.9 (B) shows average oxygen
saturation in arterioles and venules of the individual subjects and 5.9 (C) shows the arterioles

and venules average vessel diameter in pixels.
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5.4. Discussion

5.4.1. Oxygen Saturation in Retina: Qualitative features

Spectral images of retina at four different wavelengths are shown in Figure 5.10. Some
qualitative features can be directly observed in these images as wavelengths change. Figure
5.10 (A) and (B) are retinal images at isobestic wavelength of 566 nm and 586 nm and (C)
and (D) are at oxygen sensitive wavelengths of 591 nm and 599 nm respectively. At isobestic
wavelengths (A and B), both arterioles and venules look similar to each other, but on oxygen
sensitive wavelengths (C and D), they can be easily distinguished. The arterioles (marked by
red arrows) looks less optically dense than the venules (marked by blue arrow). Progressing
from isobestic wavelength (A or B) to oxygen sensitive wavelength (C) to even more
sensitive (D) the arterioles almost disappears. This effect can be explained as retinal arterioles
have higher oxygen saturation than retinal venules, and oxygenated blood is more
transmissive than deoxygenated blood. This visual difference confirms that our imaging setup
is capable of sensing oxygen saturation in retinal images. Also this feature was used to
differentiate between arterioles and venules whilst tracking retinal vessels.
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Figure 5.10: Image of retina at different wavelengths, (A) at 566 nm, (B) at 586 nm, (C) at
591 nm and (D) at 599 nm. Image (A) and (B) are at isobestic wavelengths and (C) and (D)

are at oxygen sensitive wavelengths. The red arrows are pointing at arterioles and blue arrow
at venules. Arterioles carrying more oxygenated blood than venules looks more transparent,

as oxygenated blood is more transmissive or less optically dense to light.

5.4.2. Oxygen Saturation in Retina: Quantitative features

Oxygen saturation in retinal arterioles (96.08 % + 1.9 % ) and retinal venules (68.04 % + 2.1
%) of healthy subjects were measured. The IRIS snapshot multispectral fundus camera used
has been shown to be sensitive to oxygen saturation in retinal arterioles and venules. We
found a significant correlation of pulse oximeter oxygen saturation values with measured
retinal arterioles oxygen saturation. Our reported oxygen saturation values for retinal
arterioles and venules were within the normal physiological range and similar to the values
reported by many groups [18, 137, 151, 154, 157]. The calculated retinal arteriovenous

oxygen saturation difference was 28.04 % = 1.8 %.
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The pseudocolour retinal oximetry image is shown in Figure 5.11. The oxygen saturation of
the retinal arterioles are generally greater than 90%. At certain points in retinal arterioles,
lower than expected oxygen saturation values can be found. This error can be caused if one
vessel is in close proximity to another, or if a vessel crosses over another vessel, causing
errors in vessel profile analysis. This can be prevented by careful selection of the vessel
sections during the vessel tracking. Many times this cannot be avoided and that is why
averaging over a large vessel section for calculating oxygen saturation values is better.
Similar effects are observed in venules. In most venules, the oxygen saturation is between 50
% to 70%, within the normal reported range (see table 5.1). But unexpected variations in
pseudocolour maps can be seen at times. These variations in oxygen-saturation values can be
attributed to a number of factors such as variation in fundus background due to pigmentation,
uneven illumination of retina, another vessel in close proximity or crossing over. It can also
be explained by physiological variability in the function of retina. Different quadrants of
retina can have different blood flow [193] and oxygen consumption, which depends on

metabolic activity of the surrounding tissues.

5.4.3. Wavelength Selection for Retinal Oximetry

The IRIS multispectral snapshot instrument gives us eight spectral images of retina in a single
image. Within the wavelength range of 560 nm to 600 nm there are two isobestic points
which can be used along with other oxygen sensitive wavelength for two wavelength
oximetry. As described in section 5.2.3.7. of this chapter we decided to use 566 nm and 599
nm for oxygen saturation calculations. There is about four-fold difference in extinction
coefficient of both oxygenated and deoxygenated haemoglobin between these two
wavelengths (see Figure 5.11, selected wavelength marked by dashed line). This great
difference in extinction coefficient between selected pair of wavelength makes it more

sensitive and suited for oximetry.
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Figure 5.11: Extinction coefficients of oxygenated (red line) and deoxygenated (blue line)

haemoglobin at different wavelengths.

The chosen wavelength combination 566 nm and 599 nm vyield the optimum value of oxygen
saturation for retinal arterioles and venules with the least standard deviation in oximetry.
Similar wavelength combination are also used by Beach et al [137] and Stefansson et al
[151].

5.4.4. A Standardised Protocol for Retinal Oximetry

The application of multispectral imaging to perform oximetry in retinal vasculature in normal
healthy individuals has been presented in this study. Based on our experience from this study,
we standardised a protocol for imaging and oximetry in retina. Devising this protocol proved

to be very helpful for experimental studies of hypoxia (Chapter 6, Human Hypoxia Trial).

5.4.5. Limitations of the Study

The present study has a number of limitations. One of the main limitations of this study is
that it is based on calibration based, two wavelength retinal oximetry. Two-wavelength
oximetry uses an established calibration technique that employs assumed values of
oxygenation of arteries and veins in healthy eyes based on normal physiology. Using this
technique, absolute oximetry is not possible. However, many groups have reported that it

gives repeatable measurements and is sensitive to changes in oxygen saturation, but one
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should keep this limitation in mind. One example of calibration-based bias can be seen in
different reported values for mean venous oxygenation by different groups. In this study, we
report a mean venous saturation of 68%, whereas, Hammer et al [18] found 65% and
Hardarson et al [151] found 52%. In fact, two studies published by same group, within a year,
reports a mean venous saturation of 55% [157] and 65% [153]. Still, two wavelength
oximetry can easily distinguish and is sensitive to oxygen saturation of retinal arteries and

veins (presented in this study) and can be used to compare oxygen saturation between groups.

One of the other limitations is the small sample size of subjects recruited for the study. After
validation of our system in vitro in model eye and in vivo in an animal model (described in
Chapter 3 and 4), we designed an experiment to test in human subjects. Considerable amount
of time was employed to design and improve algorithms essential to do image analysis and
oximetry and standardising a protocol for oximetry analysis. It takes approximately ten hours
for data acquisition and processing, of one retinal image.

A further limitation of this study was that no in-depth analysis of repeatability of the
oximetry has been performed. This will be addressed in future studies. Although in-vivo
validation of our imaging system (in Chapter 4) in animal model breathing different inspired
oxygen affirms the ability of our oximetry system to detect changes in the oxygen saturation

of the retinal vasculature.

Although great care was taken during analysis of spectral images, they can cause error in
oximetry. For example, co-registration of spectral images is one of the important steps. The
registration process is automated, but sometimes, mis-registration of sub-images was found to
be cause of unexpected error in optical density and oxygenation values. To overcome this
error, every image after being registered, was visually inspected and verified. Another crucial
step in image analysis is detection and tracking of the retinal vessels. The vessel tracking
process was semi-automated and eliminated most of the error. Vessel segments very near to
the optic disc or bright area surrounding it, or vessel segments with high background
variations in reflectivities, are known to introduce errors in oximetry calculations. Therefore,

a detailed selection criteria was implemented (see table 5.1) for vessel tracking.
5.4.6. Conclusion

This present study has described the techniques used to image the retina and perform

oximetry in retinal vessels. Oxygen saturation in retinal arterioles (96.08 % + 1.9 % ) and
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retinal venules (68.04 % * 2.1 %) of healthy subjects were measured, and were found to be
significantly correlated to the pulse oximetry values. Retinal arteriolar and venular oxygen
saturation values are consistent with previous studies. Additionally, based on this study, we
devised a protocol to image the retina and process the images to perform oximetry in a

standardised manner.
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Chapter 6

Human Hypoxia Trial

6.1. Introduction
In Chapter 5, the methods for calculating oxygen saturation of retinal vessels in healthy
subjects were described in detail, including imaging and processing techniques leading to

oximetry.

One of the applications of retinal oximetry is the assessment of retinal oxygenation,
circulation and physiology. Hypoxia is confirmed to be an underlying condition of many
retinal disorders. A detailed overview of hypoxia and retinal diseases is presented in Chapter
1.

The purpose of this chapter is to study the effect of acute mild hypoxia on retinal vessel
oxygenation in healthy individuals by using retinal oximetry, arteriovenous oxygen saturation

difference and vessel diameter.

This is the first study to report the effect of acute mild hypoxia on retinal oxygenation in
healthy humans. A version of this chapter has been published in Investigative Ophthalmology

and Visual Sciences journal [194].

6.2. Methods

This study was approved by Heriot-Watt University Ethics Committee. All procedures were

performed according to the Tenets of declaration of Helsinki.

6.2.1. Recruitment of Subjects

Ten healthy subjects were recruited for the study (age 25 + 5 years), comprising six males
and four females. The study protocol was explained to the subjects and they were informed
about the associated risks. Subject's queries, if any, were answered and when they were
satisfied, a written informed consent was obtained and they were assigned a time slot for
participation in the experiment. They were also asked to refrain from consuming any

caffeinated beverages or alcohol on the day of study and any consumption of alcohol prior to
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the day of study. All the subjects recruited were healthy, non-smokers, without history of any

respiratory disorder and were taking no medication.

On the day of study, they were once again briefed about the experimental protocol. Age, sex,
weight were recorded. Tropicamide (1%, Bausch & Laumb, Chauvin Pharmaceuticals, Ltd.,
U.K.) was used to dilate the pupil. Ten to fifteen minutes after application of the Tropicamide
by means of an eye drop, maximum dilation of pupil was achieved, and the subjects were

ready to be imaged.

6.2.2. Retinal Spectral Image Acquisition

Multispectral retinal images were acquired under both normoxia (21% inspired oxygen) and
hypoxia (15% inspired oxygen) conditions using our IRIS snapshot multispectral fundus
camera, described in Chapter 2. Hypoxia is induced by a hypoxia generator (Everest Summit
Il Hypoxic Generator; Hypoxico, Inc., New York, U.S.) which is described in the following
section. Fingertip pulse oximetry (AUTOCORR; Smiths Medical ASD, Inc., Rockland, MA)
was employed to continuously monitor the peripheral arterial oxygenation throughout the
experiment. The order of image acquisition at normoxia and hypoxia was randomised
between the subjects to remove order effect. At both normoxia and hypoxia conditions,
retinal images were visually inspected to be in proper focus and for presence of macula and
optic disc. If images were out of focus or unsatisfactory, a new set of image were acquired.

6.2.3. Hypoxia Generator

To induce hypoxia in the subjects a hypoxia generator (Everest Summit Il Hypoxic
Generator; Hypoxico, Inc., New York, U.S.) was used. The hypoxia generator (see Figure
6.1) induced hypoxia by reducing fraction of inspired oxygen of the inhaled air. The hypoxic
air comes through the generator via a delivery hose, which is then purified by a HEPA filter
and supplied via a non-rebreather face mask. The face mask can be comfortably placed on the
face covering both mouth and the nose. The hypoxia generator was calibrated prior to use,
using a Servomex gas analyser that measured the percentage oxygen output of the system to
+ 0.1%.
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Figure 6.1: Hypoxia generator (Everest Summit Il Hypoxic Generator; Hypoxico, Inc., New
York, U.S. used in the study to induce hypoxia in subjects.

The hypoxia generator comes with 23 different settings which supplied different percentages
of oxygen ranging from 21% to 11%, depending on which settings are used. For this study we

used the setting which gives 15% of fraction of inspired oxygen.

6.2.4. Repeatability Study

To assess the significance of any hypoxia-induced intra-subject variations in oximetry and
vessel diameter, it is important to assess whether the variation between nominally identical
measurements is sufficiently small compared to the magnitude of the observed changes with
hypoxia. This was assessed using five repeated measurements on five subjects using identical
procedures to those used throughout this study. The retinal images were recorded at one
minute intervals, with the camera realigned and refocused as necessary. Vessel oximetries
and vessel diameters were calculated for one arteriole and one venule in each eye for each of

five individuals. Results from the repeatability experiment are included in the result section.

6.2.5. Retinal Image Processing and Oximetry Analysis
The retinal image processing and oxygen saturation calculation method used in this study is

the same as that described in Chapter 5.

Briefly, the best quality images at each inspired oxygen (normoxia and hypoxia) level were
selected and then were co-registered. Retinal images were then processed to track vessels,

calculate the OD and ODR, and hence calculate oxygen saturation at each pixel along the
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centre-line of the selected vessels. For each subject, arterial and venous oxygen saturation
was then calculated for each point along a vessel for each level of inspired oxygen. Vessel
segments were selected in a standardized manner, based on vessel width (12 pixels or wider)
and vessel length (100 to 200 pixels). Furthermore, parts of the vessels close to the optic disk
were avoided. Care was also taken to exclude vessels with strong background variations in
reflectivities, known to exhibit higher levels of artifactual errors in oximetry. Oximetry was
averaged along major vessel segments (between branches) yielding a measure of mean and
standard deviation of the oximetry by vessel segment for each image.

The same arterioles and venules were selected under normoxic and hypoxic conditions and
comparison of oximetry between normoxic and hypoxic conditions was performed between

the same vessel segments.

6.2.6. Statistical Analysis

Paired-sample t-test with significance accepted at P < 0.05 was used to compare oxygen
saturation values during normoxic and hypoxic levels. Spearman’s rank correlation test was
used to compare the measured retinal arteriole oxygen saturation with pulse oximeter values.
Statistical analysis was performed using commercial software (Sigma Plot, ver. 12.0, Systat

Software Inc.).

6.3. Results

6.3.1. Repeatability of Oximetry System and Vessel Diameter Calculation

Table 6.1 shows the oxygen saturation and vessel diameter as the mean + SD of repeated
measurements in five subjects. The intra-subject standard deviation for five repeated
oximetry calculations for arterioles and venules of five subjects varied between 0.4 - 1.0 %.
The intra-subject standard deviation for repeated vessel diameter calculation was between 0.2

- 0.3 pixels for arterioles and 0.3 - 0.4 pixels for venules.
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Table 6.1: Oximetry values in (%) and vessel diameter in pixels of five images within the
same subject. In each subject, one arteriole and one venule was measured to assess

repeatability of measurements.

Arterioles Venules
Subject No. Oz Saturation Arteriole O:2 Saturation Venule
(%) Diameter(pixel) (%) Diameter(pixel)

(Mean = SD) (Mean = SD) (Mean = SD) (Mean = SD)

1. 98.6 +1.0 144 +0.3 71.3+£0.7 185+ 0.4
2. 98.3+0.7 152+0.3 722+0.4 185+0.3
3. 97.0+0.5 13.6+0.3 69.2+1.0 18.9+0.2
4. 994+04 146+0.2 71.9+0.5 18.4+0.4
S. 98.1+0.5 145+0.3 65.7 £ 0.6 18.9+0.2
Cv 1% 4.1% 3.5% 2.1%

Standard Deviation
Mean

CV =( x 100)

6.3.2. Normoxia

Under normoxia, the pulse oximetry was found to be 98.6 + 0.7 %. The retinal arterial O>
saturation was in close agreement with this value (98.5 £ 1.6 %). The retinal venous O>
saturation was 70.7 £ 2.7 %. The arteriovenous difference was calculated to be 27.8 + 2.9 %
(mean £ SD) under the normoxic condition (see Table 6.2 for values). A comparison of

oxygen saturation in the arterioles and venules in subjects at normoxia is shown in Figure 6.2.

6.3.3. Comparison of Oxygen Saturation in Normoxia and Hypoxia

A reduction in the fraction of inspired oxygen resulted in a decline (P<0.001) in the pulse
oximetry value to 89.6 = 0.5%. The retinal arterial and venous oxygen saturations reflected
this decrease and were found to be 90.3 = 2.0 % and 62.4 = 2.2 % respectively, with an
arteriovenous difference of (27.9 + 2.1 %). A comparison of oxygen saturation in the

arterioles and venules in subjects at normoxia and hypoxia is shown in Figure 6.2.
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Figure 6.2: The effect of hypoxic exposure on oxygen saturation in normoxia (open circle)
and hypoxia (closed circle). The open and closed circle represents the mean whilst the errors
bars indicate the standard deviations.
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Table 6.2: Oxygen Saturation and vessel diameter values for subjects under normoxia and

hypoxia conditions

Demographics and Oz Saturation Values for Normoxia Hypoxia P*
Subjects

Retinal arteriole O2 Saturation in % (mean + SD) 985+16 90.3+x2.0 <0.001
Retinal venule O, Saturation in % (mean = SD) 70.7+27 624+22 <0.001
Retinal arteriovenous saturation difference in % 27829 279+21 031
(mean = SD)

Fingertip pulse Oz saturation in % (mean + SD) 98.6+0.7 89.6+x0.5 <0.002
Vessel diameter arteriole (pixel) 144+12 150+1.1 <0.001
Vessel diameter venule (pixel) 187+1.0 193+1.1 <0.001
Age, X (mean[total range]) 25[22-51] 25[22-51] --

Sex distribution 6/4 6/4 --

* Paired t-test

6.3.4. Retinal Vessel Diameter in Normoxia and Hypoxia

Figure 6.3 shows the effect of hypoxic exposure on retinal vessel diameter. Retinal vessel
(arterioles and venules) diameter (in pixels) was measured from the retinal images of subjects
under both normoxic and hypoxic conditions. During normoxia retinal arteriole and venule
diameter was 14.4+1.2 and 18.7+1.0 pixels, respectively. There was a small but significant
increase (P<0.001, paired t-test) in retinal vessel diameter under hypoxic conditions
(arteriole, 15.0£1.1 and venule 19.3+1.1). The paired t-test is between the same vessel
sections in the same eyes.
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Figure 6.3: The effect of hypoxic exposure on vessel diameter (in pixels) in (A) arterioles
and(B) venules compared with normoxia. (C) shows fractional increase, (dn-dn)/dnin
diameter, where dn and dn are vessel diameter in pixels during hypoxia and normoxia
respectively.

6.3.5. Oximetric Maps of Subjects Retinal Vasculature during Hypoxia and
Normoxia

Figure 6.4: shows the pseudocolour images of the calculated oxygen saturations along the
retinal arterioles in ten subjects during normoxia (A), hypoxia (B) and retinal venules during
normoxia (C) and hypoxia (D).
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Subject 4.
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Subject 9.
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Subject 10.
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6.4. Discussion

6.4.1. Repeatability of Retinal Oxygen Saturation Measurements and Vessel
Diameter Calculation

As presented in the result section of this chapter, oxygen saturation and vessel diameter
measured by our system is reliable and repeatable over time. In this study, we assessed the
effect of acute mild hypoxia on retinal oxygen saturation by comparing oximetry, arterio-
venous oxygen saturation difference and vessel diameter between retinal images acquired at
normoxia and hypoxia. To rely on the results produced by this method, it was of crucial
importance to ascertain what the variations between nominally identical measurements were
and see if the results are repeatable or not. The repeatability experiment affirmed that the
changes in oxygen saturation and vessel diameter we see is due to hypoxic exposure and is

not due to chance or any random variations.

Furthermore, the repeatability results also strengthened the idea of using our retinal oximetry

device to assess retinal circulation in health and diseases.

6.4.2. Retinal Oxygen Saturation Measurements in Normoxia and Hypoxia

Retinal oxygen saturation measured in arterioles at normoxia level (98.5 + 1.6) and hypoxia
(90.3 £ 2.0) and venules (70.7 = 2.7) for normoxia and (62.4 = 2.2) for hypoxia. We
compared arteriolar oxygen saturation values measured by our oximetry device with pulse
oximeter and found significantly correlated values (r=0.96, p < 0.0001, Spearman's rank
correlation test). Our oximetry system is sensitive to changes in oxygen saturation in retinal

arterioles and venules with changes in inspired oxygen.

6.4.3. Effect of Acute Mild Hypoxia on Retinal Oxygenation and Retinal
Circulation

In this study, we examined the effect of acute mild hypoxia on retinal oxygenation by
measuring oxygen saturation, arterio-venous oxygen saturation difference and vessel

diameter. We can draw the following conclusions from the results:

e A reduction in the fraction of inspired oxygen (from 21% to 15%) resulted in a
decline (P<0.001) in retinal arterial and venous oxygen saturation.
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e Despite the decrease in arterial and venous oxygen saturation, we calculated that the
arteriovenous oxygen saturation difference remained unchanged during hypoxia when
compared with normoxia.

e During acute mild hypoxic exposure, the diameters of the retinal arterial and venous
vessels were observed to increase by a small but highly significant (P<0.001)
increment of 4% and 3%, respectively. This increase in retinal vessel diameter is
compatible with an autoregulatory response to meet the metabolic demand under
conditions of hypoxia.

Mild hypoxia was induced by reducing the FiO2 to 15%. This resulted in decreased oxygen
saturation in both the retinal arterioles and venules, while the arteriovenous oxygen-saturation
difference remained unchanged. The pulse oximeter reading during the hypoxia phase of the
experiment agreed with the observed decrease in retinal arterial O2 saturation. Blood flow
was not measured directly, but there should be an increase in blood flow since a significant
increase in retinal-vessel diameter was observed. An increase in retinal-vessel diameter and
blood flow has also previously been reported to accompany hypoxia [28-34] and
measurement of the changes in retinal-vessel diameter and arteriovenous oxygen difference
have previously been employed to estimate the relative change in retinal blood flow [186].
Assuming, as stated by Poiseuille's law [195], that blood flow increases with the fourth power
of the calibre, then the 3.5% average increase in vessel diameter that was measured
corresponds to an increase in blood flow of 16%. The rate of oxygen delivery is equal to the
product of the arteriovenous oxygen difference and blood flow suggesting therefore that the
absolute magnitude of oxygen delivery by the retinal vessels increased during hypoxia. This
increase may compensate for a reduced contribution from the choroidal circulation, which is

reported to be insensitive to changes in oxygen saturation [26, 27].

This is one of the first studies to assess the effect of acute mild hypoxia (10-minute exposure)
on retinal circulation. Previous studies on retinal circulation have examined the effect of
severe and chronic hypoxia over a longer period of time (from hours to days). Collectively
these studies imply that hypoxia induces vasodilation of the retinal vessels and increases
retinal blood flow [28-34]. In a study conducted at an altitude of 5,300m (partial pressure of
oxygen is equivalent to 10% inspired oxygen at sea level), it was reported that the retinal
arterial and venous diameter increased by 18% and 21% respectively, within two hours of
exposure to altitude [34]. In another study [28], a moderate but significant increase in retinal
vessel diameter was observed in monkeys during mild hypoxia (PaO. = 59 mmHg, which
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approximates FiO> of 15%). This is consistent with our measurements on humans. At a
severe level of hypoxia (PaO2 = 35 mmHg, approximates FiO2 of 11%) vasodilation was

more pronounced.

In many retinal diseases including diabetic retinopathy, glaucoma and age-related macular
degeneration, retinal circulation and functions are impaired. In these diseases, retinal
circulation does not properly respond to hypoxia, flicker stimulation or dark adaptation [13,
23, 25]. Improved understanding of the effects of hypoxic stress on retinal oxygenation and
functions in normal healthy individuals such as we describe here therefore provides a route to
developing an understanding of these disease mechanisms and potentially for clinical

diagnosis.

The retina and brain share a similar vascular blood supply and similar vascular regulatory
processes [196, 197]. The retinal artery stems from the ophthalmic artery, which is a branch
of the internal carotid artery and is considered part of the cerebral vasculature [31].
Autoregulatory control mechanisms are present in both the cerebral and retinal circulations.
These structural and functional similarities suggest the use of retinal vasculature changes,
including vascular calibre, and intravascular oxygen saturation as plausible surrogate

measures for cerebral vascular changes [31, 198].

The autoregulatory mechanism centres on maintenance of blood-flow provision in the
presence of changes in perfusion pressure [199]. Cerebral autoregulatory responses were first
reported by Fog [200, 201] using a feline model, with the conclusion that autoregulatory
responses were independent of neurogenic stimuli. In humans, the manipulation of mean
arterial pressure, either by whole body tilting or by occlusion and reperfusion of the
circulation to the lower limbs, have shown that cerebral blood flow (CBF) is maintained
during pressure perturbation thus demonstrating autoregulation [199]. In the 1980s
measurement of cerebral blood flow from vessel diameter and peak blood-velocity using
transcranial ultrasound of the middle cerebral artery provided a more complex assessment of
CBF[202]. Using body tilting to reduce mean arterial pressure from 91 mmHg to 68 mmHg,
Tachibana et al [31] reported a small (6%) increase in retinal-arterial diameter during the
exposure to lower mean arterial pressure. This finding suggests that the retinal vessel
response to a decrease in perfusion pressure is in the same direction and magnitude as the

cerebral circulation.
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The effects of inhalation of gas with a reduced oxygen content (hypoxia) or elevated carbon
dioxide content (hypercapnia) on cerebral autoregulation have also been investigated [203,
204].  Acute hypercapnia results in vasodilatation of the cerebral circulation but
vasoconstriction of the peripheral circulation, whereas acute hypoxia results in vasodilatation
of both the cerebral and peripheral circulation. The degree of hypoxia is also important, since
Iwasaki et al [204] observed no effect on the cerebral circulation of inhaling gas with an
oxygen content above 16%, however, at the lower level of 15% oxygen content there was an
increase in cerebral blood flow suggesting a threshold level for increases in cerebral blood

flow velocity.

One might also consider the potential to use imaging of retinal circulation as a convenient
indicator of cerebral circulatory processes. However, despite the many similarities between
the cerebral and retinal circulation [196, 198] it should also be recognised that differences
also exist: for example the intra-ocular pressure is higher than in the brain and the retinal
vasculature is more sparse leading to a higher arterio-venuous oxygen difference. To discuss
the similarities and differences between them is neither the aim nor within the scope of this
chapter. This issue is highlighted here as an indication of the merit for further studies to
establish the value of this potential.

6.4.4. Limitations of the Study

Limitations of the oximetry technique used in this study have been described in Chapter 5,
which additionally applies to this study. An application of two-wavelength oximetry is
described here using an established calibration technique that employs assumed values of
oxygenation of veins and arteries in healthy eyes based on normal physiology. One of the
limitations of this study is that it is based on calibration-based two-wavelength retinal
oximetry. With this technique absolute oximetry is not possible. The calculated venous
oximetry value of 70% is higher but comparable to values reported by Hammer et al [18],
however, in this study, the conclusions are based on changes in measured blood oxygenation
and these conclusions are unaffected by a scaling or offset of oximetry with respect to
absolute values. We report here a significant increase in vessel calibre during hypoxia, which
corresponds to an increase in blood flow, although we did not measure blood flow directly to

affirm this conclusion.
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6.4.5. Conclusion

The retinal-arterial oxygen saturation recorded using a novel snapshot spectral retinal camera
under normoxia significantly correlated with the pulse oximetry values (r=0.96, p < 0.0001,
Spearman'’s rank correlation test). The acute inhalation of a hypoxic gas mixture resulted in a
decline in both retinal arterial and venous saturation, as well as a significant increase in
retinal vessel calibre, suggesting an autoregulatory response. Our study, on a small group of
normal volunteers, suggests that this retinal-oximetry method using spectral imaging is
reliable and sensitive to small changes in oxygen saturation and retinal-vessel calibre. The
ability to perform non-invasive oximetry in retinal vessels in vivo allows assessments of

retinal circulation in health and disease.
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Chapter 7

Red-Eye Reflectivity (Choroidal)
Oximetry

7.1. Introduction

In this chapter, a new spectral imaging technique that non-invasively measures the oxygen
saturation of choroidal blood in the back of the human eye, using red-eye reflections is
presented. This chapter describes a very simple imaging setup, using the fundus camera,
which is capable of simultaneously imaging both eyes, at infrared wavelengths and methods
used to calculate the intensity ratio. This chapter also demonstrates the sensitivity of this
technique with a change in oxygenation, by reducing the inspired oxygen in healthy human

subjects.

7.1.1. Red-Eye Reflection

The red-eye effect which is seen in colour photographs (Figure 7.1) is due to the reflection
produced from blood in the choroid. Figure 7.2 shows a cross section view of the human eye
and the path followed by a ray of light. When a ray of light with intensity lo, enters the eye
through the cornea, it hits the fundus (back of eye), and passes through different ocular layers
and comes back out of the eye with intensity It. This reflected light appears as 'Red-Eye' in
colour photographs. Most components of the eye (i.e. cornea, lens, aqueous and vitreous
humour), before the light hits the retina, are transparent in visible and near infrared region.
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Figure 7.1: The red-eye effect seen in a colour photograph
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Figure 7.2: Cross section of human eye
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When the light (lo) is incident upon the fundus it passes through the different layers as shown
in Figure 7.3. Light goes through the retina, pigment epithelium layer and then passes

through the choroid, hits the sclera and then is reflected back (I+).
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Figure 7.3: Human fundus and the light path

The blood vessels in retina and the choroid are the major components that affect the reflected
light. The photoreceptor layer and nerve fibre layers in retina shows very less sensitivity to
near infrared light. The other layer which absorbs light is the retinal pigment epithelium
(RPE) layer and the amount of light absorption depends on both eye and skin pigmentation.
As we know that in comparison to the retinal circulation the choroid has an extremely dense
vascular structure and high blood flow rate so we can say that the major contributing factor

for red-eye effect is the blood in the choroid.

Choroidal vessels (arteries and venules) have a very high oxygen tension and a very low
arteriovenous oxygen saturation difference of just about 3%.[20] So if we consider choroidal
arteries and arterioles with oxygen saturation at about 100%, choroidal veins and venules will
have oxygen saturation of about 97%. The red-eye reflection which we get from choroidal

vasculature is due to blood with oxygen saturation of about 97-100%.
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7.1.2. Motivation for Using Red-Eye Reflection for Choroidal Oximetry

The choroidal blood supply comes from ophthalmic artery which is a branch of the internal
carotid artery and is considered as a part of the cerebral vasculature [31]. Red-eye reflection
choroidal oximetry may provide us with an opportunity to monitor the cerebral circulation in
an easy and efficient way. The reflection from the choroid varies with the change in oxygen
saturation of blood. This is due to difference in absorption coefficient of oxygenated and
deoxygenated haemoglobins. Using the same principle upon which retinal oximetry is based,
red-eye reflection choroidal oximetry utilises the difference in the absorbance coefficients of
deoxyhaemoglobin and oxyhaemoglobin at different wavelengths. Similar to two-wavelength
retinal oximetry, using two wavelengths (one isosbestic and other oxygen sensitive) to record
red-eye reflection, the oxygen saturation of choroidal blood can be determined.

There are some unique advantages to using red-eye reflection choroidal oximetry over retinal
oximetry. In retinal oximetry, retinal image quality is an important factor. Whereas, in case of
red-eye choroidal oximetry, recording the reflection is quite simple and does not require
elaborate imaging setup or training. Unlike retinal oximetry it is also possible to
simultaneously perform oximetry in both the eyes using red-eye reflection.

The measurement of oxygen saturation using reflected light from the human fundus was first
demonstrated by Broadfoot et al [159] in 1961. In their study, they measured amount of light
of different colour reflected by the fundus using photodiodes and photomultiplier. They
showed that the fundus reflection of red light changed significantly when the choroidal
oxygenation was altered in subjects by nitrogen breathing or by apnea. They established that
fundus reflection changes with choroidal oxygenation and can be used to measure the same.
In another study Laing et al [160], developed a 'Choroidal Eye Oximeter' that measured the
amount of light reflected from the fundus at two wavelengths (650 nm and 805 nm) and were
able to determine the oxygen saturation in the choroidal blood. They changed the oxygen
saturation of subjects by nitrogen breathing and measured a change in oxygenation with their

device. Both these techniques are described in detail in Chapter 1.

In this chapter, we present a new improved spectral imaging method for choroidal oximetry
using the reflected light from the fundus based on the early works by Broadfoot [159] and
Laing [160]. We also demonstrate the sensitivity of our technique with a change in

oxygenation in healthy human volunteers.
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7.2. Methods

7.2.1. Wavelength Selection for Red-Eye

To determine the wavelength to be used for imaging the choroidal reflections, a range of
wavelengths were assessed. This was done by estimating the amount of light transmitted
through the choroid using the Lambert-Beer law. A simulation was run in Matlab to ascertain

the amount of transmitted light at any given wavelength.

According to the Lambert-Beer law, at any given wavelength of light its absorption is
dependent on the extinction coefficient and concentration of the solution and the path length
travelled by the light.

It = lo* 107 (7.1)
Where
I+ = Amount of light transmitted through solution
lo= Amount of incident light
¢ = Extinction coefficient of blood solution
¢ = Concentration (haematocrit) of blood
d = Distance through the solution

Using equation 7.1, the amount of transmitted light (I1) at a wavelength range of 550 nm to
850 nm was calculated for the choroid with an average thickness of 400um [4]. The
extinction coefficient value of blood depends on oxygenated (HbO2) and deoxygenated (Hb)
haemoglobin, and the values were taken from data compiled by Prahl [136].

Figure 7.4 shows the light transmission values for wavelength range of 550 nm to 850 nm for

fully oxygenated blood (red line) and completely deoxygenated blood (blue line) in choroid.
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Figure 7.4: The amount of light transmission through choroid between wavelengths of 560
nm to 850 nm (simulated data). The red line represents 100% oxygenated blood in choroid
and the blue line represents 0% oxygenation.

Based on figure 7.4, it is clear that the choroid is very less transmissive for visible light at a
wavelength range between 550 nm to 590 nm. The choroidal transmission increases above
590 nm and transmission is quite high for near infra-red and infra-red region of the spectrum.
As transmission is higher in infra-red region, 800 nm and 780 nm were selected as two
wavelengths to record the red-eye reflection. The 800 nm was selected as it is an isosbestic
wavelength and absorbance coefficient value of Hb and HbO; is the same. 780 nm was
selected as oxygen sensitive wavelength as it was available with the IRIS system. Both of
these wavelengths were available with our snapshot IRIS system when used with a narrow
band pass filter (788/25 nm) with the fundus camera.

7.2.2. Imaging Setup

The red-eye images were acquired using the IRIS snapshot multispectral fundus camera, as
described in Chapter 2. The IRIS snapshot enabled us to capture images at different desired
wavelengths in a single snapshot. The same imaging system was used in previous chapters to

acquire images for retinal oximetry. The imaging setup was slightly modified to acquire
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images at infra-red wavelengths. To achieve this narrow band pass filter (788/25 nm) was
used in front of the illumination lamp and the flash of the fundus camera. The subjects were
seated 10 cm (approx) away from the fundus camera with the head resting on a headrest to
minimise any movement. Figure 7.5 shows the setup to capture the red-eye reflection. The
eyes of the subjects were illuminated with the filtered infra-red light and the reflected light
from the fundus and choroid was captured via the imaging plane of the fundus camera after it

passed through the IRIS system on to an SCMOS camera (Zyla, Andor; Belfast, U.K.).

TRC «
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FUNDUS

CAMERA '

Figure 7.5: Fundus camera setup to record the red-eye reflection, the subject is seated approx

10 cm away from the objective of the fundus camera to record the red-eye reflection of both

the eyes.

The spectral transmission of all of the 8 sub-images from the IRIS system for the infra-red
region is shown in the Figure 7.6. The two sub-images used for red-eye choroidal oximetry
(highlighted in red) had the spectral transmission peaks at 780 nm and 800 nm. An example

of red-eye raw image is shown in Figure 7.7.
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Figure 7.6: Spectral transmissions of 8 sub-images from an infra-red IRIS raw image. The
two bands used for red-eye reflection choroidal oximetry were (highlighted in red) 800 nm
and 780 nm
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Figure 7.7: A raw red-eye image captured by IRIS system. The two sub-images used for red-

eye choroidal oximetry were 800 nm as isosbestic and 780 nm as oxygen sensitive.
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7.2.3. Image Analysis
Images were co-registered to ensure pixels of the same pupil area were included to calculate
the intensity of red-eye reflection at both the wavelengths. The registration process was same

as used for retinal oximetry images described in Chapter 5.

For both the wavelengths the average intensity value of the reflected light was calculated.

Then intensity ratio (R) of reflected light at 780 nm and 800 nm was subsequently calculated.

R = l7g0/ls00 (7.2)

Where

R = Intensity Ratio

I780 = Intensity of reflected light at 780 nm

lsoo = Intensity of reflected light at 800 nm

The red-eye intensity ratio (R) depends on the blood oxygen saturation of the choroid.

7.2.4. Red-Eye Reflection with Different Angle of Gaze

The angle of gaze is an important factor to consider when using the red-eye reflections from
the choroid to determine the oxygen saturation because the angle of gaze determines which
part of fundus is being sampled. When the eye was gazing straight in to the objective of the
camera (or the light source) the macular region of fundus was in view (see Figure 7.8 (A)).
As the angle of gaze of the eye moved towards nasal side or the temporal side, the different

region of the fundus comes into view (Figure 7.8).

Red-eye reflection depends on which part of the fundus it is coming from, hence on the angle
of gaze. The effect of the angle of gaze on red-eye ratio was analysed by imaging different
angle of gaze in two subjects. Subjects angle of gaze in one eye were changed from extreme
nasal side to extreme temporal side with the use of a fixation light. Five images at each angle
of gaze were acquired and analysed for red-eye ratio. The effect of angle of gaze on red-eye

ratio is presented in the result section.
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Figure 7.8: The effect of the different angle of gaze, (A) when angle of gaze is straight ahead
macular region is in focus, as the gaze shifts towards nasal side (B) or temporal side (C) a
different region of fundus will be in focus. lo is the incident light and Ir is the reflected light

from the fundus.

When the eye gaze was towards the nasal side, nasal side of the fundus was sampled and
when the gaze was towards the temporal side, temporal fundus was sampled. For straight
gaze, the macular region of fundus was being sampled, which is relatively free of retinal
blood vessels and the red-eye reflection from this area was mainly due to choroidal blood.
For choroidal oximetry red-eye reflection of all the subjects were measured with straight gaze

looking directly into objective of the fundus camera (light source).

7.2.5. Red-Eye Reflection with Varying Optical Power of Eye Lens

The effect of the optical power of the eye lens on red-eye reflection was also determined. A
commercially available artificial eye (HEINE Ophthalmoscope Trainer, HEINE Optotechnik
GmbH & Co., Germany) was used for this experiment (Figure 7.9).
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Figure 7.9: A commercially available artificial eye (HEINE Ophthalmoscope Trainer)

The artificial eye had a front lens, a chamber filled with fluid, which mimicked aqueous and
vitreous humour and an artificial retinal background. The background of the artificial eye was
reflective and mimicked the red-eye reflection when imaged with the IRIS snapshot
multispectral fundus camera. The artificial eye provided the option to change the optical
power of the lens from -10 dioptre to +10 dioptre. Red-eye images were recorded for a range
of -10 dioptre to +10 dioptre in step of one dioptre. The images were then analysed to

calculate the red-eye ratio.

7.2.6. Red-Eye Reflection with Change in Inspired Oxygen in Healthy Human
Subjects

Ten healthy subjects were recruited (age 27 £ 9 years; eight males and two females) to this
study. A written informed consent was obtained from all the subjects. The subjects were
briefed about the experimental procedure and were asked to refrain from consuming any
alcohol or caffeinated drink on the day of the experiment. All the subjects recruited were
healthy, non-smokers, without history of any respiratory disorder and were taking no

medication.

On the day of study, they were once again briefed about the experimental protocol. Age, sex,
weight were recorded. Tropicamide (1%, Bausch & Laumb, Chauvin Pharmaceuticals, Ltd.,
U.K.) was used to dilate the pupil. After about ten to fifteen minutes maximum dilation of

pupil was achieved, and the subjects were ready to be imaged.

Red-eye reflection images were acquired for all the subjects under normoxia (21% inspired

oxygen). Hypoxia was then induced by changing the inspired oxygen to 15% using a hypoxia
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generator (as described in Chapter 6). Red-eye reflection images were acquired under
hypoxic conditions. In total five sets of images were acquired- three under normoxia and two
under hypoxia. The peripheral arterial oxygen saturation was monitored using fingertip pulse
oximeter during both normoxia and hypoxia conditions. All images were then analysed to

calculate the red-eye ratio at different inspired oxygen levels.

7.3. Results

7.3.1. Effect of Angle of Gaze on Red-Eye Reflection

The effect of the angle of gaze on red-eye reflection was analysed in two subjects. Figure
7.10 shows the effect of the angle of gaze on red-eye reflection of two subjects. As the angle
of gaze is shifted from extreme temporal to extreme nasal, reflection samples of the temporal
fundus, macular region, optic disc and nasal side of the fundus were obtained. The plateau
region in the intensity ratio represents the optic disc reflection, which is higher in scale when

compared with either the nasal or temporal regions of the fundus.
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Figure 7.10: Red-eye reflection intensity ratio with the angle of gaze. The high intensity ratio

plateau region corresponds to optic disc which is more reflective than the rest of the fundus.
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7.3.2. Effect of Optical Power of Eye Lens on Red-Eye Reflection

To assess the effect of eye lens optical power on the intensity of the red-eye reflection a
model eye was used for the range of -10 dioptre to +10 dioptre with gradual increment of 1
dioptre and the images recorded. Figure 7.11 shows the effect of varying lens power on
intensity of red-eye reflection at 780 nm and 800 nm. The intensity of red-eye gradually
increases from -10 D to -5 D and then the intensity gradually declines and as it goes from -5
D to +10 D for both the wavelengths.
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Figure 7.11: Effect of power of eye lens on red-eye reflection intensity

Figure 7.12 shows the intensity ratio of red-eye reflection at 780 nm and 800 nm for the range
of -10 D to +10 D. In contrast to the effect of lens power on the intensity of reflection, the
intensity ratio did not vary across the dioptre range -10 D to +10 D and remains almost

constant with a change in optical power of the eye lens.
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Figure 7.12: Red-eye reflection intensity ratio (780 nm / 800 nm) with change in power of the

eye lens

7.3.3. Red-Eye Reflection with Change in Inspired Oxygen in Healthy Human
Subjects

Figure 7.13 shows the oscillation in intensity ratio of the red-eye reflection at wavelengths
780 nm and 800 nm first with normoxia (21% FiO2, O. Saturation 100%) and then hypoxia
(15% FiO., O, Saturation 85%) repeated three times in ten subjects.
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Figure 7.13: Changes in red-eye reflection intensity ratio as a function of either normoxia
(21% FiO,, O, Saturation 100%) or hypoxia (15% FiO», O, Saturation 85%) in ten subjects.

A reduction in red-eye reflection intensity ratio was observed during hypoxia. Paired t-test
between each levels of normoxia and hypoxia intensity ratio was found to be statistically
significant (P < 0.001).

To assess the repeatability and stability of the device, red-eye reflection was recorded in two

subjects for 60 seconds at room air and the results are shown in figure 7.14.

145



2.0

3

=
()]
1

%

Intensity Ratio

=
N
1

1.0 - - . . . : :
0 10 20 30 40 50 60 70

Time in Seconds

Figure 7.14: Red-eye reflection intensity ratio of two subjects at room air with respect to

time.

It is clear from the figure 7.16 that the red-eye reflection intensity ratio remained stable with
time (60 seconds) and the decrease in intensity that was observed during hypoxic exposure

was due to a decrease in oxygen saturation of the blood.

7.4. Discussion
In this chapter, a non-invasive method to assess oxygen saturation in choroidal blood is
presented. Red-eye reflection intensity ratio is sensitive to blood oxygenation and decreases

with decrease in blood oxygenation, was demonstrated in human subjects.

The red-eye reflection intensity ratio was assessed in healthy human subjects. The red-eye
reflection-intensity ratio decreased significantly (P < 0.001) when compared with normoxia
and hypoxia. The red-eye reflection was recorded for normoxia (room air) and with mild
hypoxia (15% inspired oxygen). At both normoxia and hypoxia arterial blood-oxygen
saturation was monitored with a finger-tip pulse oximeter. Red-eye reflection was recorded
alternatively for three normoxia stage and two hypoxia stage for each subject. The red-eye
reflection intensity ratio decreased significantly between each stages of normoxia and
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hypoxia (Figure 7.13) for all the ten subjects. Red-eye reflection intensity ratio was also

recorded for 60 seconds at room air, and it was found to be stable with time (Figure 7.14).

The results presented in this chapter agrees with the results obtained by Broadfoot[159] and
by Laing[160]. They both reported a decrease in the reflection intensity with decrease in
blood oxygenation. The imaging and recording setup presented here is much simpler and has
advantages over the methods used by Broadfoot and Laing. Both Broadfoot and Laing, their
imaging setup comprised of a fundus camera to image the eye, and an elaborate electronic
system with photomultipliers and photodiodes to record the intensity of the reflections from
the eye. Broadfoot used a filter wheel assembly to record the intensity at different
wavelengths and Laing apparatus used dual spectral beam of light and dichroic mirrors to
separate reflections at each wavelengths and was then recorded onto a photodiode. The setup
presented here has a fundus camera fitted with IRIS device, which enables recording of the
spectral images at different wavelengths in a single snapshot onto a SCMOS detector. The use
of snapshot imaging ensured that reflections at different wavelengths were captured at the
same point of time and removed any variability due to difference in time of recordings. Our
device recorded the spectral images and the reflection intensity was calculated from the
images, any eye movement was then easily corrected by image registration process. Any
faulty image frame or eye-blinks could also be easily identified and removed from the data.
Whereas, in Broadfoot and Laing setup, the reflection intensity was directly recorded onto a
photodiode and these corrections were not possible. The other advantage of the technique
presented here is that it can image both the eyes simultaneously.

One of the potential applications of this technique can be in the detection of carotid artery
stenosis. Stenosis is in turn a risk factor for stroke[205]. The current method for diagnosis of
stenosis is Doppler ultrasound, which has its limitations [206, 207]. If one of the internal
carotid arteries is stenosed the blood will take longer time to reach the eye it supplies as
compared to the other eye supplied by stenosis free other internal carotid artery. If the
stenosis is severe, then the blood takes alternate and longer route to supply the eye [208,
209]. With the technique presented here, we have shown that we can measure the
desaturation pulse of deoxygenated blood coming from lungs in the choroid. The principle of
measurement is to produce a transient deoxygenation of arterial blood leaving the lungs (by
taking a single breath of deoxygenated air) and to measure the time delay for this
deoxygenation pulse to arrive at the choroid. As we can image both the eyes simultaneously,

we can detect any time difference between the eyes for the arrival of desaturation pulse.
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While using red-eye reflection for oxygen saturation calculation, it is important to know
which region of the fundus (and choroid underneath) is being sampled. This depends mainly
on the direction of gaze as described earlier in the method section (7.2.4). The effect of
direction of the gaze on red-eye reflection was also assessed (Fig 7.10). From these results we
have shown that the optic disc is more reflective than rest of the fundus. To use red-eye
reflections for oximetry purposes, it is very important to sample the same region of fundus for
each individual and to avoid imaging the optic disc. Consequently it was decided that
sampling the macula region during recording of red-eye reflection in the experiments would
avoid these issues. The other reason to use macular region is due to its avascular nature,
having no retinal vasculature structure provides a better view of the choroid and the

reflections recorded in this region are mainly due to blood in the choroidal circulation.

We also evaluated the effect of optical power of eye lens on red-eye reflection intensity. As
this technique is based on the reflection intensity, any change in intensity due to optical
power of lens because of refractive error of eye will produce an error. Although the intensity
of reflection changed with change in dioptre at both the wavelengths of 780 nm and 800 nm
but the resultant red-eye ratio remained almost constant with a change in optical power of the
eye lens. An artificial eye, with the option of changing the lens power was used for this

experiment.

We successfully demonstrated in human subjects that red-eye reflection ratio is sensitive and
directly proportional to changes with change in blood oxygenation and can be used to
calculate choroidal oxygenation. The next step is to translate this ratio into oxygen saturation
values. The first challenge towards this is variations in pigmentation of choroid and retinal
pigment epithelium (RPE) amongst humans. Due to this difference in pigmentation, the red-
eye reflection ratio varies between subjects. One way to characterise the fundus and choroidal
pigmentation is to record iris colour and skin colour and estimate the choroidal pigmentation
based on that[210]. The results described in this chapter were based on a small number of
subjects (n = 10). A study based on larger subject number with different iris and skin colour

is needed.

There are certain advantages of using red-eye reflection oximetry over retinal oximetry. A
good quality of retinal image is crucial to perform retinal oximetry which requires proper
imaging technique and training, whereas red-eye images are easy to acquire. Retinal oximetry

image analysis is lengthy and complex process as compared to red-eye reflection oximetry.
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The other unique advantage is that unlike retinal oximetry, red-eye reflection oximetry can be

performed in both the eyes simultaneously.

Choroidal-oxygenation measurement allows direct measurement of oxygen saturation in
central vasculature. It will be very useful in understanding pathophysiology of diseases like
age-related macular degeneration[211, 212], diabetic retinopathy[213, 214] etc in which
choroidal blood flow plays an important role.[215] Other potential application includes blood
loss and internal bleeding assessment in trauma victim. Using this technique, we could also
detect arrival of de-saturation signal from lungs to the blood circulation of both the eyes. This
could be useful in detecting stenosis of carotid artery.

In conclusion, the technique presented in this chapter can be used to determine the reflective
intensity ratio of blood in the choroidal circulation. With subsequent development this simple
technique could be employed to determine the absolute value of blood oxygenation in the

choroidal circulation.
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Chapter 8

General Discussion and Future Work

8.1. General Discussion

This thesis investigated use of the IRIS snapshot multispectral fundus camera to non-
invasively measure oxygen saturation in the retinal and choroidal blood vessels in humans.
The IRIS snapshot multispectral fundus camera was validated in vitro (model eye) and in vivo
(animal model) demonstrating its ability to perform retinal oximetry. After successful
validation of the device and the oximetry algorithms, retinal oximetry was performed in
human subjects, which led to the human hypoxia trial. The human hypoxia trial was one of
the first studies to assess the effect of acute mild hypoxia on retinal oxygenation. A new
method to calculate choroidal oxygenation using fundus reflection is also presented in this

thesis.

The model eye experiment was conducted to determine the ability of the oximetry technique
to distinguish the difference between different blood oxygen saturation. The oxygen
saturation of blood samples were calculated by the oximetry technique and compared with
the known values and were found to be in close agreement. The use of a model eye for
validation of retinal oximetry model has been reported in many previous studies [19, 139,
140, 149, 156, 164-167]. The model eye simulates optical environment very similar to human
eye and provide an informative first step validation for oximetry system and algorithms but
the human eye is far more complex optical system.

In vivo validation in animal (pig) model provided the opportunity to assess the oximetry
system at a broad range of blood oxygenation and compare the result to the gold standard
measurement (blood gas analysis). The retinal arterial oxygen saturation measured by the
oximetry system significantly correlated with the blood gas analysis values for femoral
arterial oxygen saturation (r = 0.90, P < 0.0001, Spearman's rank correlation test). This is in
agreement with previous studies on pigs, which have found that femoral arterial oxygen
saturation correlates significantly with retinal arterial oxygen saturation [188, 216]. The pig
eye provided a closer environment to human eye than the model eye to validate the oximetry
system and a broader range of blood oxygenation can be tested than is possible in humans.
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Retinal oximetry was then performed in human subjects to evaluate the oximetry system and
algorithms for human use. Oxygen saturation measured in retinal arterioles was found to be
96.08 % + 1.9 % and 68.04 % % 2.1 % in retinal venules. The calculated retinal arteriovenous
oxygen saturation difference was 28.04 % + 1.8 %. A significant correlation was found
between pulse oximeter oxygen saturation values and measured retinal arterioles oxygen
saturation. The reported oxygen saturation values for retinal arterioles and venules were
within the normal physiological range and in agreement to the values reported by other
groups [18, 137, 151, 154, 157]. Previous retinal oximetry studies have reported arterial
oxygen saturation in the range of 92 % to 98 % and venular saturation oxygen saturation in
the range of 52 % to 70 % [18, 151, 153, 154, 157, 217]. Few studies [18, 155, 218] have also
reported arterial oxygen saturation above 100 %, which is physiologically not possible.
Retinal oxygen saturation calculated from the measured optical density ratio (ODR) by two-
wavelength oximetry depends on the calibration and is not an absolute measurement.
Different studies apply different calibration, which is the main reason for a wide range of

venous oxygen saturation values reported in the literature.

After successfully testing the oximetry system on humans, human hypoxia trial was
conducted. The main purpose of the trial was to study the effect of acute mild hypoxia
(lasting for 10 minutes) on retinal oxygenation and autoregulation. This was one of the first
studies to assess effect of acute mild hypoxia on retinal oxygenation. The main findings of
this study was that a reduction in inspired oxygen resulted in the reduction of retinal arterial
and venular oxygen saturation but the arteriovenous oxygen saturation difference remained
unchanged during hypoxia when compared with normoxia. We also observed increase in
arterial and venular vessel diameter during hypoxia. Our results are in agreement with
previous studies, which examined effect of severe and chronic hypoxia on retinal
oxygenation and reported increased vessel diameter and retinal blood flow [28-34]. Frayser et
al. [34] reported an increase in the retinal arterial and venous diameter by 18% and 21%
respectively at 10% inspired oxygen within 2 hours of exposure. We observed an increment
in retinal arterial and venular diameter by 4% and 3% respectively. The lower degree of
vasodilation reported in our study as compared to Frayser et al. is due to lower level of
hypoxia (15% as compared to 10% inspired oxygen) and smaller duration of hypoxic
exposure (10 minutes as compared to 2 hours). In a recent study by Traustason et al. [219] the
effect of chronic systemic hypoxemia on retinal oxygenation was assessed in patients with

Eisenmenger syndrome. They reported a lower arterial and venular oxygen saturation in the
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patients with Eisenmenger syndrome as compared with healthy individuals but the
arteriovenous oxygen saturation difference was comparable between both the groups. Their
result supports our finding as we also observed unchanged arteriovenous oxygen saturation
difference between hypoxic and normoxic conditions. Unchanged arteriovenous oxygen
saturation difference along with increase in retinal vessel diameter suggests that the effect of
hypoxia was compensated by autoregulation. Autoregulatory process exists in retinal vessels
but choroidal circulation has only limited degree of autoregulatory mechanism [21-23].
Retinal circulation is more sensitive to changes in oxygen saturation whereas choroid has
reported to be insensitive to changes in oxygen saturation [26, 27]. The results suggest that
retinal circulation compensated for reduced contribution from choroid, by autoregulation

during hypoxia.

We also assessed the reproducibility of the oximetry system in repeated measurements of the
same vessel. The standard deviation for repeated measurement was 1% for both arterioles and
venules, which is comparable to other available oximetry systems [18, 153]. Hardarson et al.
[151] reported a standard deviation of 3.7% and 5.3% for arterioles and venules respectively
for 5 repeated measurements. In later studies, after improving their device, the same group
reported a standard deviation of 1% and 1.4% for arterioles and venules respectively [153]. A
standard deviation of 2.5% and 3.2% for repeated measurements in arterioles and venules

respectively has been reported by Hammer et al. for their oximetry system [18].

There are few limitations associated with the oximetry method used in this thesis. Limitations
associated with each experiment are discussed in detail at end of each chapter. The main
limitation is the use of two-wavelength oximetry method. As this is a calibration based
method, absolute oximetry cannot be achieved. The oximetry system, used in this thesis has
shown to produce repeatable results. In this thesis, the results of most of the retinal oximetry
studies are based on changes in measured blood oxygenation and these conclusions are

unaffected by a scaling or offset of oximetry with respect to absolute values.

In this thesis, we also present a non-invasive spectral imaging technique that utilises red-eye
reflection to determine blood oxygen saturation in choroidal circulation. This technique is
based on and an improvement of the work by Broadfoot [159] and Laing [160]. We
successfully demonstrated that our system can detect a decrease in red-eye reflection with
reduction in blood oxygen saturation in human subjects. The results agrees with the result

previously reported by Broadfoot [159] and Laing [160]. This initial work provided the proof
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of concept that this technique, with subsequent development may provide a new way to
measure and assess oxygen saturation in choroid. Choroidal oxygenation measurement allows
direct measurement of oxygen saturation in central vasculature and may provide useful
information about pathophysiology of diseases like age-related macular degeneration [211,
212], diabetic retinopathy[213, 214] in which choroidal blood flow plays an important role
[215]. This technique also has some unique advantages over retinal oximetry. It is simple to
implement and does not require any imaging training, and the data analysis is less tedious as
compared to retinal oximetry. The other advantage is that using red-eye reflection choroidal
oximetry; both eyes can be imaged and assessed simultaneously whereas retinal oximetry can

be performed one eye at a time.

8.2. Retinal Oximetry: Future Work

This thesis demonstrated that IRIS snapshot multispectral fundus camera can be used for
retinal oximetry and is reliable and sensitive to small changes in oxygen saturation. The
retinal oximetry used in this thesis is based on calibration based two-wavelength oximetry
method. The device used in this thesis is capable of taking images at eight wavelengths in one
snapshot. Algorithms exploiting optical absorption measurements in all eight spectral bands
are under development and offer the future prospect of robust, calibration-free oximetry. The
work for developing calibration free multi-wavelength oximetry already has been started by
Mr. Javier Fernandez (PhD Student, Andy Harvey's Group). Some of the already planned

future works leading from this study are described in the following sections.

8.2.1. Treatment of Advanced Glaucoma Study

This project is in collaboration with Prof. Andy McNaught, Cheltenham General Hospital and
the author. Retinal oximetry will be performed using the retinal oximetry device developed
and described in this thesis to monitor the progression of glaucoma. Oximetry study will also
be performed before and after glaucoma treatment to monitor the changes/improvements due
to the intervention. The main aim of this study is to assess the usefulness of retinal oximetry

in a clinical setting for disease diagnosis and prognosis.

8.2.2. Multicentre Central Retinal Vein Occlusion (CRVO) Oximetry Study
The general purpose of the study is to gain more insight into how retinal oxygenation is
related to the severity of CRVO and to determine if retinal oximetry can be useful in the

clinical management of the disease. More specifically, the research questions are:
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1. s retinal oximetry related to severity as judged by clinical signs at first visit?
2. Does retinal oximetry at first visit predict the visual outcome and neovascularisation?

This study is in collaboration with many different oximetry groups working across the globe.
Although different oximetry devices will be used to collect the data, the analysis protocol will

be uniform for easy comparison. Data from the different centre will be pooled together.

8.3. Red-Eye Reflection (Choroidal) Oximetry: Future Work

The work described in this thesis demonstrated that red-eye reflection can be used to measure
blood oxygen saturation in choroidal circulation. A validation study in humans established
that red-eye reflection ratio is sensitive to change in oxygen saturation and changes with
change in blood oxygenation. The future work will be to translate this ratio into oxygen
saturation values. As described in earlier chapter, this ratio is affected by difference in
choroidal and fundus pigmentation; a multiethnic subject trial will be the logical next step.
One of the planned studies for application of this technique is detailed below.

8.3.1. Measurement of propagation delay for transient deoxygenation of the
blood using Red-Eye Reflection (Choroidal) Oximetry

The purpose of the research is to conduct a proof-of-concept study into the feasibility of
using red-eye reflection (choroidal) oximetry to independently measure the propagation delay
for a transient deoxygenation of blood to travel from the lungs to each eye. It is expected that
the propagation delay increases with stenosis of the carotid arteries, and furthermore that, in
general, asymmetry in the stenosis between left and right carotid arteries that often/normally
accompanies stenosis, will be manifest by a differential delay of deoxygenated blood arriving

at each eye. This may promises a more sensitive detection of stenosis.

This study will be conducted in collaboration with Institute of Cardiovascular and Medical
Sciences, University of Glasgow. The technique involves transient deoxygenation of air in
the lungs, and hence of the blood leaving the lungs and the recording of the delay in the
deoxygenated blood arriving in the eyes. The arrival of the deoxygenation pulse is recorded
using, the red-eye reflection simultaneously for each pupil. Deoxygenation of blood is

achieved by inhaling a single breath of medical-grade nitrogen.
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