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Ágrip 

Tilgangur 

Gláka er ein algengasta orsök blindu á heimsvísu. Hækkaður augnþrýstingur 

er einn af megináhættuþáttum gláku en lífeðlisfræðilegur grundvöllur 

sjúkdómsins er óljós. Ein af meginkenningum um orsök gláku er sú að 

blóðflæði í augum hjá glákusjúklingum sé minnkað og/eða illa stjórnað. Slíkt 

getur hugsanlega leitt til sjúklegrar blóðþurrðar ásamt súrefnisskorti. Eitt af 

meginmarkmiðum verkefnisins var að meta súrefnisbúskap í sjónhimnu 

glákusjúklinga. Til þess var notuð ný tækni þar sem súrefnismettun í 

sjónhimnuæðum var mæld án inngrips. Seinna markmið verkefnisins var að 

kanna áhrif innöndunar á hreinu súrefni á súrefnisbúskap sjónhimnunnar. 

Samtímis var hægt að kanna næmni nýrrar gerðar af súrefnismælinum. 

Aðferðir 

Hluti I. Súrefnismettun sjónhimnuæða var mæld í 31 sjúklingi með 

gleiðhornsgláku ásamt því sem sjónsvið var mælt. Glákuhópnum var skipt í 

tvo undirhópa með tilliti til sjónsviðsskemmda og hóparnir bornir saman. 

Einnig var könnuð fylgni súrefnismettunar og meðal sjónsviðsskemmdar í 

mældu auga. 

Hluti II. Súrefnismettun sjónhimnuæða var mæld í 59 sjúklingi með 

gleiðhornsgláku með eða án þrýstingshækkunar í auga. Sjónsvið var mælt 

ásamt þykkt á taugaþráðalagi sjónhimnu (e. retinal nerve fiber layer) og 

stærð sjóntaugabrúnar (e. rim area). Súrefnismettun var metin með tilliti til 

meðal sjónsviðsskemmdar í mældu auga ásamt þykkt á taugaþráðalagi 

sjónhimnu og stærð sjóntaugabrúnar. Allar mælingar fóru fram í Leuven, 

Belgíu. 

Hluti III. Súrefnismettun sjónhimnuæða var mæld í 74 sjúklingum með 

gleiðhornsgláku með eða án þrýstingshækkunar í auga ásamt 89 heilbrigðum 

einstaklingum. Súrefnismettun hópanna var síðan borin saman ásamt því 

sem að glákuhópnum var skipt niður í tvo undirhópa eftir alvarleika 

glákuskemmda í sjónsviði og hóparnir bornir saman. 

Hluti IV. Súrefnismettun sjónhimnuæða var mæld í 30 heilbrigðum 

einstaklingum fyrir innöndun á 100% súrefni, strax eftir 10 mínútna innöndun 

á 100% súrefni og 10 mínútum eftir að innöndun á 100% súrefni lauk. 

 



 

Niðurstöður 

Hluti I. Súrefnismettun í bláæðlingum mældist hærri í glákusjúklingum með 

langt gengna gláku (n=9) samanborið við sjúklinga með stutt gengna gláku 

(n=12), (68%±4% vs. 62%±3%, p=0.0018; meðaltal ± staðalfrávik). 

Súrefnismettunarmunur á slag- og bláæðlingum (e. arteriovenous difference) 

var lægri í glákusjúklingum með langt gengna gláku samanborið við sjúklinga 

með stutt gengna gláku (30%±4% vs. 37% ± 4%, p=0.0003). Jákvæð fylgni 

var á milli súrefnismettunar í bláæðlingum og meðalsjónsviðsskemmdar 

(r=0.43, p=0.015, n=31). Mismunur á súrefnismettun milli slagæðlinga og 

bláæðlinga minnkaði með aukinni meðalsjónsviðsskemmd (r=-0.55, 

p=0.0013).  

Hluti II. Súrefnismettun í bláæðlingum mældist hærri í glákusjúklingum með 

langt gengna gláku (n=14) samanborið við sjúklinga með stutt gengna gláku 

(n=29), (69%±3% vs. 65%±6%, p=0.0003). Mismunur á súrefnismettun í 

slagæðlingum og bláæðlingum var lægri í sjúklingum með langt gengna gláku 

samanborið við sjúklinga með stutt gengna gláku (29%±3% vs. 33%±6%, 

p=0.002). Hærri súrefnismettun í bláæðlingum sýndi fylgni með aukinni 

meðalsjónsviðsskemmd (r=-0.42, p=0.001, n=59), minnkandi stærð 

sjóntaugabrúnar (r=-0.39, p=0.008, n=53) og þykkt á taugaþráðalagi 

sjónhimnu (r=-0.26, p=0.05, n=53). Mismunur á súrefnismettun í 

slagæðlingum og bláæðlingum lækkaði eftir því sem sjónsvið versnaði 

(r=0.38, p=0.003), stærð sjóntaugabrúnar minnkaði (r=0.29, p=0.03) og með 

þynnra taugaþráðalagi sjónhimnu (r=0.27, p=0.05).  

Hluti III. Súrefnismettun í bláæðlingum mældist hærri í sjúklingum með langt 

gengna gláku (58%±5%, n=21) samanborið við heilbrigða einstaklinga 

(54%±6%, p=0.005, n=89) og sjúklinga með stutt gengna gláku (54%±8%, 

p=0.03, n=33). Mismunur á súrefnismettun í slagæðlingum og bláæðlingum 

mældist lægri í sjúklingum með langt gengna gláku (36%±5%) samanborið 

við heilbrigða einstaklinga (40%±6%, p=0.02) og sjúklinga með stutt gengna 

gláku (40%±7%, p=0.04).  

Hluti IV. Við innöndun á 100% súrefnis hækkaði súrefnismettun í 

slagæðlingum í sjónhimnu (95%±4% vs. 92%±4%, p<0.0001) ásamt 

súrefnismettun í bláæðlingum (76%±8% vs. 51%±6%, p<0.0001), mismunur 

á súrefnismettun í slagæðlingum og bláæðlingum lækkaði (18%±9% vs. 

41%±6%, p<0.0001), meðalæðavídd slagæðlinga minnkaði (9.7±1.4 pixlar 

vs. 10.3±1.3 pixlar, p<0.0001) ásamt meðalæðavídd bláæðlinga (11.4±1.2 

pixlar vs. 13.3±1.5 pixlar, p<0.0001).   
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Ályktanir 

Súrefnisbúskapur í sjónhimnu virðist vera truflaður í langt genginni gláku. 

Truflunin mældist ítrekað í rannsóknunum þar sem súrefnismettun í 

bláæðlingum sjónhimnu var hærri og mismunur á slagæðlingum og 

bláæðlingum var lægri í langt genginni gláku samanborið við heilbrigða 

einstaklinga og sjúklinga með stutt gengna gláku. Minni súrefnisupptaka 

fylgdi versnandi sjónsviði og er því eflaust afleiðing vefjarýrnunar. 

Súrefnisskortur mældist hvorki í stutt né langt genginni gláku sem einnig 

gefur til kynna að minni súrefnisupptaka í langt genginni gláku sé afleiðing en 

ekki orsök vefjarýrnunar. 

Innöndun á 100% súrefni eykur súrefnismettun slagæðlinga og enn frekar 

súrefnismettun hjá bláæðlingum ásamt því að leiða til æðavíddarþrengingu 

hjá bæði slagæðlingum og bláæðlingum. Hin mikla hækkun á súrefnismettun 

í bláæðlingum við innöndun á 100% súrefnis gerist vegna aukins 

súrefnisflæðis frá æðahimnu yfir í sjónhimnu og endurspeglar hina sérstæðu 

æðabyggingu og lífeðlisfræði augans.  

 

 

Lykilorð:  

Súrefnismettun, sjónhimnuæðar, súrefnismælingar, gláka, 100% 

súrefnisinnöndun 
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Abstract 

Purpose 

Glaucoma is one of the leading causes for blindness globally. One of the 

primary risk factors of the disease is increased intraocular pressure. 

However, the physiological bacground for glaucoma is unknown. One of the 

main theories for the pathophysiology of glaucoma states that blood flow in 

glaucomatous eyes is decreased and/or there is inefficient control of blood 

flow which could lead to ischemia and hypoxia. One of the main purposes of 

the project was to evaluate retinal oxygen metabolism in glaucoma patients. 

This was performed using a novel technique where retinal oxygen saturation 

could be measured non-invasively. The second aim of the project was to 

measure the effect of pure oxygen breathing on retinal metabolism. The 

sensitivity of a newer type of the oximeter was also measured. 

Methods 

Part I. Retinal vessel oxygen saturation was measured in 31 patients with 

primary open angle glaucoma. Visual fields were also evaluated. The 

glaucoma patients were divided into two subgroups by the severity of visual 

field glaucomatous damage and the two groups compared with each other. 

Retinal oxygen saturation in the measured eye was also evaluated in relation 

to visual field mean defect. 

Part II. Retinal oxygen saturation was measured in 59 patients with open 

angle glaucoma with and without increased intraocular pressure. Visual fields 

were evaluated as well as the thickness of the retinal nerve fiber layer and 

the rim size of the optic nerve head. Retinal oxygen saturation was then 

evaluated in relation to visual field mean defect, retinal nerve fiber layer 

thickness and rim size of the optic nerve head. All measurements were 

performed in Leuven, Belgium.  

Part III. Retinal oxygen saturation was measured in 74 patients with open 

angle glaucoma with and without increased intraocular pressure as well as 89 

healthy individuals. Oxygen saturation was compared between the two 

groups. The glaucoma patients were divided into two subgroups by the 

severity of visual field glaucomatous damage and all the groups compared 

with each other. 

Part IV. Retinal oxygen saturation was measured in 30 healthy individuals 

before 100% oxygen breathing, immediately after 10 minutes of 100% 



oxygen breathing and 10 minutes after breathing of 100% oxygen ended 

(recovery). 

Results 

Part I. Retinal oxygen saturation was measured higher in glaucoma patients 

with advanced glaucoma (n=9) compared to glaucoma patients with mild 

glaucoma (n=12), (68%±4% vs. 62%±3%, p=0.0018; mean ± standard 

deviation). The arteriovenous difference was lower in patients with advanced 

glaucoma compared to patients with mild glaucoma (30%±4% vs. 37%±4%, 

p=0.0003). A positive correlation was between oxygen saturation in venules 

and visual field mean defect (r=0.43, p=0.015, n=31). The arteriovenous 

difference decreased with increased mean visual field defect (r=-0.55, 

p=0.0013).  

Part II. Retinal oxygen saturation in venules was higher in patients with 

advanced glaucoma (n=14) compared to patients with mild glaucoma (n=29), 

(69%±3% vs. 65%±6%, p=0.0003). The arteriovenous difference was lower 

in patients with advanced glaucoma compared to patients with mild glaucoma 

(29%±3% vs. 33%±6%, p=0.002). There was a correlation between 

increased oxygen venular saturation and worse visual field mean defect (r=-

0.42, p=0.001, n=59), smaller size of rim area (r=-0.39, p=0.008, n=53) and 

thickness of retinal nerve fiber layer (r=-0.26, p=0.05, n=53). The 

arteriovenous difference decreased as the visual field defect worsened 

(r=0.38, p=0.003), as thesize of the rim area diminished (r=0.29, p=0.03) and 

as the retinal nerve fiber layer thickness decreased (r=0.27, p=0.05).  

Part III. Oxygen saturation in venules was higher in patients with advanced 

glaucoma (58%±5%, n=21) compared to healthy individuals (54%±6%, 

p=0.005, n=89) and patients with mild glaucoma (54%±8%, p=0.03, n=33). 

The arteriovenous difference was lower in patients with advanced glaucoma 

(36%±5%) compared to healthy individuals (40%±6%, p=0.02) and patients 

with mild glaucoma (40%±7%, p=0.04).  

Part IV. When breathing 100% oxygen retinal oxygen saturation in arterioles 

increased (95%±4% vs. 92%±4%, p<0.0001) as well as oxygen saturation in 

venules increased (76%±8% vs. 51%±6%, p<0.0001), the arteriovenous 

difference decreased (18%±9% vs. 41%±6%, p<0.0001), mean arterial 

diameter decreased (9.7±1.4 pixels vs. 10.3±1.3 pixels, p<0.0001) as well as 

mean venular diameter (11.4±1.2 pixels vs. 13.3±1.5 pixels, p<0.0001).   

 

 



  

ix 

Conclusion 

Retinal oxygen metabolism is affected in advanced glaucoma. This was 

repeatedly measured, where retinal oxygen saturation in venules was 

increased and arteriovenous difference was decreased in advanced 

glaucoma compared to healthy individuals and patients with mild glaucoma. 

The decreased oxygen extraction is consistent with tissue loss and is 

probably secondary to tissue atrophy. There was no hypoxia found in either 

mild or advanced glaucoma which also indicates that the lower oxygen 

consumption that was measured is secondary to tissue atrophy. 

 Breathing 100% oxygen increases retinal oxygen saturation in arterioles and 

more dramatically in venules as well as causing vasoconstriction in both 

types of vessels compared to baseline levels. This dramatic increase in 

venules reflects the oxygen influx from the choroid during 100% oxygen 

breathing and the unusual vascular anatomy and oxygen physiology of the 

eye. 
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1  Introduction 

1.1   They eye and oxygen 

The eye is a complex organ which consists of numerous parts and varying 

layers. The wall of the eyeball is comprised of three different layers; the 

fibrous tunic (cornea, sclera and conjunctiva), the vascular tunic (choroid, iris 

and ciliary body) and the neural tunic (retina, the innermost layer of the eye). 

The inner volume of the eye, between the lens and the retina, is mostly filled 

with a gel-like vitreous. In this thesis the main focus will be on the retina while 

some attention will be on the choroid. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A sectional image of the eye with basic features. The retina is the 
innermost parf of the posterior eye adjacent to the choroid. Retinal oximetry 
is performed on the major arterioles and venules leaving and entering the 
retina through the optic nerve head. Figure is from: Blausen.com staff. 
"Blausen gallery 2014". Wikiversity Journal of Medicine. 
DOI:10.15347/wjm/2014.010. ISSN 20018762. - Own work 

The vascular anatomy of the eye is unique relative to other organs in the 

body. Through the cornea and the lens (the pupil), retinal vessels can be 

viewed directly, allowing for oxygen studies such as this thesis is based on. 

Oxygen is delivered to the eye by the ophthalmic artery. The ophthalmic 



artery divides into the ciliary arteries, that supply the choroid and the optic 

nerve, and the central retinal artery which delivers blood to the inner retina 

(Figure 1,2 and 3).  Many of the ocular tissues are either avascular, such as 

the lens and the cornea or partially vascular. The retina, one of the most 

metabolically active tissue of the body (Wangsa-Wirawan and Linsenmeier 

2003), is partially vascularised and served by two blood circulations, the 

choroidal circulation which is adjacent to the outer part of the retina, and the 

retinal circulation which is intrinsic to the retinal tissue.  

  

 

Figure 2. The blood supply of the eye. The ophthalmic artery branches from 
the internal carotid. The ciliary arteries and central retinal artery branch from 
the ophthalmic artery. The choroid and parts of the optic nerve head are 
supplied for oxygen by the posterior ciliary arteries. The central retinal artery 
supplies the retina. This is a public domain figure that was originally 
reproduced from Gray´s anatomy. The link to the figure is: 
www.http://en.wikipedia.org/wiki/Ophthalmic_artery. 
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1.2    Oxygen profiles of the retina and regulation of retinal 
blood flow 

Oxygen tension (PO2) measurements in different layers of the retina, reveal 

that PO2 is not evenly distributed through the retinal layers. PO2 profiles in 

light show that PO2 decreases from the choriocapillaries towards the inner 

segment of the photoreceptors. It continues to decrease gradually through 

the outer retina, indicating that oxygen used by photoreceptors comes from 

the choroid (Wangsa-Wirawan and Linsenmeier 2003). PO2 peaks one or two 

times in the inner retina, indicating oxygen sources and the presence of 

retinal vessels (Wangsa-Wirawan and Linsenmeier 2003). Such oxygen 

profiles have been measured in cats (Alder, Cringle et al. 1983; Linsenmeier 

1986), pigs (Pournaras, Riva et al. 1989), rats (Cringle, Yu et al. 2002) and 

monkeys (Birol, Wang et al. 2007). 

To adjust to differences in metabolic need of the tissue, blood flow in 

the retina is well regulated for adjustment (Stefansson, Wagner et al. 1988; 

Pournaras, Rungger-Brandle et al. 2008). The same applies to adjustments 

to changes in perfusion pressure where vascular resistance is adapted so 

blood flow in the retina can be kept relatively constant through changes in 

perfusion pressure. This is necessary for tissue perfusion stability and 

capillary hydrostatic pressure when there are normal variations in blood 

pressure. Retinal vessels do not have neural innervations such as choroidal 

and extraocular vessels, and therefore there are local vascular mechanisms 

that are mainly responsible for matching perfusion to changes in metabolic 

need (Schmidl, Garhofer et al. 2011).  

Studies on animals and humans have found that choroidal blood flow 

is, to some degree, regulated according to perfusion pressure (Kiel and 

Shepherd 1992; Riva, Titze et al. 1997; Polska, Simader et al. 2007; Schmidl, 

Garhofer et al. 2011; Schmidl, Prinz et al. 2012). The choroid lacks, however, 

the same ability as the retina to regulate blood flow according to metabolic 

changes (Wangsa-Wirawan and Linsenmeier 2003). This has been 

measured in hyperoxia studies in animals where the choroid shows limited 

blood flow response to 100% oxygen breathing (Geiser, Riva et al. 2000). 

During 100% oxygen breathing, the PO2 of the choroid remains high and a 

large flux of oxygen is delivered from the choroid to all parts of the retina. A 

large amount of oxygen that is needed by the outer retina can therefore be 

supplied with oxygen that is dissolved in the choroidal serum during 100% 

oxygen breathing. This has been measured frequently in experimental 

animals (Wolbarsht, Stefansson et al. 1987; Linsenmeier and Yancey 1989; 



Braun and Linsenmeier 1995). During hyperoxia, inner retinal PO2 is well 

regulated in the cat (Linsenmeier and Yancey 1989)  and pig (Riva, 

Pournaras et al. 1986; Pournaras, Riva et al. 1989) due to constriction of 

retinal vessels and reduction of retinal blood flow (Bulpitt and Dollery 1971; 

Eperon, Johnson et al. 1975; Wangsa-Wirawan and Linsenmeier 2003). 

There is a different story in the choroid where the choroidal PO2 increases to 

about 220 mmHg in miniature pigs (Pournaras, Riva et al. 1989) and 250 

mmHg in cats (Linsenmeier and Yancey 1989). This increase can be related 

to the lack of metabolic regulation of choroidal blood flow (Friedman and 

Chandra 1972; Pournaras, Riva et al. 1989; Wangsa-Wirawan and 

Linsenmeier 2003). Technical limitations have made studies of this difficult in 

humans until now.   

In general, when breathing pure oxygen, the oxygen content of blood 

increases only by about 10%.  In most tissues, this 10% increase in oxygen 

content during pure oxygen breathing does not have extreme effect in 

oxygenation. A considerable amount of oxygen, which is bound to 

hemoglobin, is delivered into the tissue in most organs, including the central 

nervous system. This is different in the eye, particularly in the choroidal 

circulation. Under normal conditions, the blood flow in the choroidal 

circulation is high and, for example, it was found to be twenty times the flow 

in the retinal circulation in monkeys (Alm 1975). Because of this high blood 

flow, only about 3% of the oxygen content is normally extracted and delivered 

to the outer retina (Nickla and Wallman 2010). This high oxygen tension in 

the choroid is important for oxygen diffusion from the choroid into the outer 

retina (Bill, Sperber et al. 1983). 
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Figure 3.  A simple diagram of the organization of the retina. The outer layer 
of the retina consists of pigment epithelium, rods and cones. The inner layer 
of the retina consists of other various types of neurons, seen in the image. In 
general, the choroid, located outside of the retinal pigment epithelium, 
supplies the outer layer of the retina with oxygen and the retinal capillaries, 
which lie in the inner part of the retina, supply the inner part of the retina. 
Original image is from: © 2013 Webvision: Attribution, Non-commercial, No 
derivative works Creative Commons license. [Image in the internet] 2013, 
Nov 8. Available from: www.webvision .med.utah.edu/imageswv/schem.jpeg 

1.3   Glaucoma 

Glaucoma is a chronic, progressive optic neuropathy associated with optic 

nerve changes and associated visual field defects. Elevated intraocular 

pressure (IOP) is one of the main risk factors for the disease. Glaucoma has 

been classified as open or closed angle glaucoma as well as primary or 

secondary. Open angle glaucoma is considered primary when there appears 

no anatomically identifiable underlying cause of interruptions to the outflow of 

the aqueous humour. When there is, however, an abnormality that can be 

identified and its supposed role in the pathogenesis of the disease can be 

recognised, glaucoma is classified as secondary 

(American_Academy_of_Ophthalmology 2006). In this thesis the focus will be 

on primary open angle glaucoma (POAG) with increased IOP (untreated IOP 



> 21 mmHg) and without increased IOP (untreated IOP ≤ 21 mmHg, normal 

tension glaucoma; NTG). 

 To this day, the pathophysiology of glaucoma remains unknown. As 

previously stated, the main risk factor is increased IOP. This has been clearly 

shown in longitudinal, population based studies (Miglior and Bertuzzi 2013) 

such as the Melbourne Visual Impairment Project (VIP) (Le, Mukesh et al. 

2003), the Rotterdam Eye Study (RES) (de Voogd, Ikram et al. 2006) and the 

Barbados Incidence Study of Eye Disease (BISED) (Leske, Wu et al. 2008) 

where baseline IOP was the most important risk factor for onset glaucoma, 

together with increased age (Miglior and Bertuzzi 2013). Lowering the IOP 

pharmacologically and/or surgically are the only treatments for glaucoma that 

generally slow down the progression of the disease, even in patients with low 

pressure. Other classic risk factors remain, such as advanced age, 

decreased corneal thickness and positive family history (genetics) 

(American_Academy_of_Ophthalmology 2006). Additionally controversial risk 

factors exist, such as hypertension, diabetes mellitus as well as vascular risk 

factors such as reduced blood flow and low perfusion pressure (Yanagi, 

Kawasaki et al. 2011). The vascular risk factors will be discussed in more 

detail later in this chapter.  

 Two conflicting and unresolved theories on what causes glaucoma 

have been proposed to explain the pathogenesis of the disease. One is 

mechanical and states that the consequences of elevated IOP are a direct 

cause with displacement of the lamina cribrosa leading to pinching of the 

ganglion cells (Sigal, Flanagan et al. 2007) and blockage of axoplasmic 

neurotrophin transport within the nerve fibers to retinal ganglion cell bodies 

(Quigley and Addicks 1980; Pease, McKinnon et al. 2000; Almasieh, Wilson 

et al. 2012).  This would result in the death of retinal ganglion cells (and their 

axons) leading to the thinning of the neuroretinal rim and excavation of the 

optic nerve head (Flammer, Orgul et al. 2002). Also, astrocytes in the optic 

nerve head may respond to changes in IOP, altering their physiological 

relationship with axon bundles, connective tissues and vasculature which 

could lead to axonal loss and tissue remodelling (Hernandez 2000). While 

elevated IOP is the main risk factor for open-angle glaucoma, a high 

percentage of individuals with raised IOP do not evolve glaucoma (Hollows 

and Graham 1966; Flammer, Orgul et al. 2002). Also, in some cases, 

patients still show glaucomatous progression despite adequately controlled 

IOP (Chang and Goldberg 2012; Cherecheanu, Garhofer et al. 2013). 

Approximately 160 years ago (1858), Eduard Jaeger proposed the other 

main theory of what causes glaucoma. The vascular theory states that 
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insufficient or poorly regulated blood supply to the optic nerve head and the 

retina could lead to ischemia, hypoxia and resultant tissue damage 

(Flammer, Orgul et al. 2002). There are some investigators that suggest a 

combined mechanical and vascular theory in the pathogenesis of glaucoma 

(Burgoyne, Downs et al. 2005), even though the relative contribution of the 

two mechanisms  remains unclear (He, Vingrys et al. 2011). 

 There is considerable circumstantial evidence that vascular risk 

factors are important in the pathogenesis of glaucoma (Yanagi, Kawasaki et 

al. 2011) with studies that show association with reduced ocular blood flow or 

disturbed regulation of blood flow compared to normal, non-glaucomatous 

eyes (Grieshaber and Flammer 2005). Blood flow velocity deficiencies have 

been measured in the retrobulbar circulation in high tension POAG (Akarsu 

and Bilgili 2004; Garhofer, Fuchsjager-Mayrl et al. 2010; Tobe, Harris et al. 

2014) and  high tension POAG plus NTG (Rojanapongpun, Drance et al. 

1993; Butt, O'Brien et al. 1997; Kaiser, Schoetzau et al. 1997; Abegao Pinto, 

Vandewalle et al. 2012a; Abegao Pinto, Vandewalle et al. 2012b). A meta-

analysis to analyze the diagnostic values of color Doppler imaging analysis of 

retrobulbar blood flow velocities in POAG eyes lead to the conclusion that 

color doppler imaging is a potential diagnostic tool for POAG (Meng, Zhang 

et al. 2013). Blood flow deficiencies have also been measured in other parts 

of the eye/retina; Michelson et al. measured reduced blood flow of the 

juxtapapillary retina and neuroretinal rim when compared to healthy eyes 

(Michelson, Langhans et al. 1996). Reduced blood flow was also found in 

other studies (Hafez, Bizzarro et al. 2003; Kerr, Nelson et al. 2003). 

Decreased blood flow or velocity have been correlated with visual field 

defects. Blood velocity was reduced in the ophthalmic artery and central 

retinal artery in a more glaucomatous affected eye compared to the less 

affected eye in asymmetric glaucoma (Plange, Kaup et al. 2006). 

Neuroretinal rim blood flow was reduced in areas corresponding to visual 

field damage in NTG eyes with asymmetric visual field damage within the eye 

(Sato, Ohtake et al. 2006).  Signs of hypoxia have also been measured in 

glaucoma where Tezel and Wax found that levels of hypoxia-inducible factor 

1α (HIF-1α) is increased in the retina and optic nerve head in human donor 

eyes compared to healthy eyes. They also found that increased 

immunostaining for HIF-1α was more prominent in retinal regions 

corresponding to visual field defect. The protein is an oxygen regulated 

transcriptional activator, the primary hypoxic signalling protein in cells for 

regulating angiogenesis (Tezel and Wax 2004; Tezel 2006). The biochemical 

effect of ischemia on neural damage is complicated with various interrelated 



pathophysiological pathways such as disturbance of axonal energy-

dependent transport processes (Pournaras, Rungger-Brandle et al. 2008) 

because of insufficient oxygen supply to mitochondria (Osborne and del 

Olmo-Aguado 2013).  

 There are suggestions that perhaps it is not just decreased blood 

flow that can cause glaucoma but that there are problems with regulation of 

blood flow (Flammer, Orgul et al. 2002; Flammer and Mozaffarieh 2008). The 

retinal blood flow is adjusted according to demand and to keep homeostasis. 

The retinal vasculature must react to changes in perfusion pressure. 

Perfusion pressure is what drives blood through the retina and is considered 

to be the mean blood pressure in the ophthalmic artery minus the blood 

pressure in the central retinal vein where the IOP is used as a surrogate for 

the venous pressure (because they are almost equal) (Pournaras, Rungger-

Brandle et al. 2008). The retinal vasculature must cope with changes in 

perfusion pressure by autoregulation of blood flow; the intrinsic ability of 

tissue to maintain blood flow somewhat constant despite variations in 

perfusion pressure. Perfusion pressure is lowered by an increase in IOP or 

by a decrease in blood pressure. The retinal arteriolar diameter increases 

with lower perfusion pressure but constricts with higher perfusion pressure 

(Pournaras, Rungger-Brandle et al. 2008). This regulation leads to adequate 

blood flow and, as mentioned before, the failure of this blood flow regulation 

has been implied as one of the causes of glaucoma. Since the retinal vessels 

are not innervated (except the extraocular parts of the central retinal artery), 

blood flow regulation is achieved with local autoregulatory factors that 

increase vascular resistance (Delaey and Van De Voorde 2000; Pournaras, 

Rungger-Brandle et al. 2008). The regulation in blood flow by changing the 

vessel diameter can be described with Hagen-Poiseuille´s law for laminar 

flow in cylindrical tubes (vessels): 

𝐹 =
𝛥𝑃𝜋𝑟4

8𝜂𝑙
      Equation 1 

where ΔP is the perfusion pressure, r is the vessel radius, l is length and η 

is viscosity of the fluid (blood). The regulation of blood flow through vessel 

diameter changes is quite effective, as the radius in the fourth power affects 

the resistance. If the perfusion pressure decreases because of a raised IOP, 

the vessel diameter should increase to compensate for the changes in ΔP. 

 This relationship between IOP and blood pressure, that is perfusion 

pressure and glaucoma is, however, controversial (Cherecheanu, Garhofer et 

al. 2013). Both systemic hypertension and hypotension affect perfusion 

pressure, but with different mechanism. In hypertension, there is an 
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increased peripheral resistance in small vessels but in hypotension a 

reduction in systemic blood pressure could result in an insufficient perfusion 

pressure in the optic disc (Bonomi, Marchini et al. 2000; Moore, Harris et al. 

2008). A significant association between low diastolic perfusion pressure and 

the prevalence of open angle glaucoma has been found in some large cross-

sectional prevalence studies in different populations (the Baltimore Eye 

Survey, the Egna-Neumarkt Study and the Barbados Eye Study) (Leske 

2009). It has also been suggested that IOP fluctuations might be a stronger 

risk factor than stable increase in IOP (Flammer and Mozaffarieh 2007). IOP 

is highest during the night and combined with nocturnal decrease in systemic 

blood pressure could lead to reduced blood flow in the eye (Bonomi, Marchini 

et al. 2000; Miglior and Bertuzzi 2013). The data concerning short-term and 

long-term fluctuations are however conflicting and widely debated (Miglior 

and Bertuzzi 2013). 

 There has been some interest in studying whether the choroid has a 

role in glaucoma or not. An association has been found between reduced 

choroidal circulation and glaucoma (Grunwald, Piltz et al. 1998). However, 

changes in choroidal thickness do not seem to appear highly correlated to 

glaucoma or the severity of glaucomatous damage (Banitt 2013). 

 It is unclear whether diminished blood flow in glaucoma is of primary 

or secondary cause.  In clinically detected glaucoma cases, the optic nerve 

tissues have already been damaged to some extent where nearly 40%-50% 

of the nerve fibers have been lost (Harwerth and Quigley 2006) and 

therefore, the loss of retinal ganglion cells associated with glaucoma could 

result in lower demand for energy and consequently reduction in demand for 

blood supply (Yanagi, Kawasaki et al. 2011). It has been noted by Anders 

Heijl that researchers themselves suggest that it is difficult to measure ocular 

blood flow relevant to glaucoma. There are many techniques available which 

could indicate that the ideal technique to measure ocular blood flow is 

missing (Heijl 2010). 

Wax and Tezel note that it is important to keep in mind that the results of 

stressful events, such as increased IOP or altered vascular perfusion and 

structural composition of the neuronal tissue, operate individually or in 

combination under the governance of genetic factors that may predispose a 

patient to be susceptible to individual stressors themselves (Wax and Tezel 

2009). 



1.4   Retinal oximetry in glaucoma 

Measurements of retinal oxygen saturation in humans are rather recent 

because of the novelty of the techniques used for that purpose. In the past, 

studies had to be performed on animals because of the invasive nature of the 

techniques used such as polarographic electrodes. What most of these 

studies showed was that when perfusion pressure declines because of raised 

IOP and when autoregulation of blood flow is overwhelmed, optic nerve 

and/or retinal oxygenation is decreased (Novack, Stefansson et al. 1990; 

Blumenroder, Augustin et al. 1997; la Cour, Kiilgaard et al. 2000). By the 

development of non-invasive techniques for retinal oximetry and especially 

since it has been commercially available, several diseases have been studied 

such  as diabetes (Hammer, Vilser et al. 2009; Hardarson, Olafsdottir et al. 

2009; Hammer, Heller et al. 2012; Khoobehi, Firn et al. 2013; Jorgensen and 

Bek 2014; Jorgensen, Hardarson et al. 2014; Man, Sasongko et al. 2015), 

age-related macular degeneration (Geirsdottir, Hardarson et al. 2014), 

retinitis pigmentosa (Eysteinsson, Hardarson et al. 2014; Battu, Mohan et al. 

2015; Zong, Lin et al. 2015), retinal vein occlusions (Hardarson and 

Stefansson 2010; Hardarson and Stefansson 2012; Traustason, la Cour et al. 

2014; Eliasdottir, Bragason et al. 2015), central arterial occlusion (Hardarson, 

Elfarsson et al. 2013) and glaucoma. One of the first non-invasive oximetry 

studies in glaucoma was performed by Michelson and Scibor, (Michelson and 

Scibor 2006). They measured temporal retinal oxygen saturation in healthy 

individuals and POAG patients with normal tension glaucoma and high 

tension glaucoma. A correlation was found between decreased arteriolar 

oxygen saturation in patients with NTG and smaller rim area of the optic 

nerve head. Arteriolar oxygen saturation was also lower in NTG compared 

with healthy individuals. These changes were not found in high tension 

glaucoma patients. They also found correlation between the arterio-venous 

difference (AV difference) in all glaucomatous eyes and the size of the rim 

area of the optic nerve head where AV difference decreased with a smaller 

size of the rim area. Their data suggested a trend towards higher venular 

oxygen saturation in high tension glaucoma patients compared to healthy 

individuals, even though not statistically significant different. Ito et al. also 

measured retinal oxygen saturation in glaucoma patients and healthy 

individuals (Ito, Murayama et al. 2008). They analysed seven points in the 

retina, five juxtapapillary points avoiding the visible vessels and also one 

arteriole and one venule. There was some diversity in their results where for 

example a correlation was found between smaller mean deviation and 

increased tissue oxygen saturation of the inferotemporal point in the retina in 
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patients with high tension glaucoma but not in patients with low tension 

glaucoma and not in other measured points of the retina. 

 Ramm et al. (Ramm, Jentsch et al. 2014) recently measured retinal 

oxygen saturation in patients with POAG and compared them to healthy 

individuals. They measured increased venular oxygen saturation and 

decreased AV- difference in glaucoma. They also performed a provocation 

study where they measured vascular response to flicker light. The response; 

increase in vessel diameter (central retinal arterial/vein equivalent) was less 

in glaucoma compared with healthy individuals, leading them to the 

conclusion that this could indicate an impairment of blood flow regulation. 

They also implied that this could be due to tissue loss.  In another paper by 

the same group, Ramm et al. (Ramm, Jentsch et al. 2015) mention that when 

retinal oxygen saturation was correlated with visual field mean defects in 

glaucoma patients, no correlation was found. Another recent study performed 

by Mordant et al., where POAG was compared with healthy individuals, 

higher retinal oxygen saturation was measured in venules and lower AV-

difference in glaucomatous individuals compared to healthy individuals. The 

conclusion was that this was the result of reduced metabolic consumption of 

oxygen in the inner retinal tissue (Mordant, Al-Abboud et al. 2014).  

 In the above mentioned glaucoma studies, different analysis methods 

were used between studies and most of them used different types of 

oximeters. However, from these direct measurements on oxygenation, there 

is an indication that retinal oxygenation is altered in glaucoma. This will be 

discussed in details later in the thesis (Chapter 5 Discussion). 

 Goharian et al. (Goharian, Iverson et al. 2015) measured 

reproducibility of retinal oxygen saturation in treated glaucomatous and 

normal eyes with a conclusion that oximetry with Oxymap T1 are highly 

reproducible in both treated glaucomatous and normal eyes. 

1.5   How glaucoma is monitored 

There are several techniques available to monitor glaucoma. Measuring the 

IOP is important considering it is the main risk factor and the only treatable 

one. Measuring IOP is however not enough and additional assessment of 

structure and function of the optic nerve is also mandatory such as visual 

field evaluation and optic nerve head appearance 

(American_Academy_of_Ophthalmology 2006; European_Glaucoma_Society 

2014). Following is a short overview of the ones used in this thesis. 



One of the important diagnostic methods for managing glaucoma is 

the evaluation of the visual field and functional damage, with the use of 

perimetry. Standard visual field testing involves measuring the ability of an 

observer to distinguish a target from a background; light sensitivity. The most 

commonly used measure of visual field testing for glaucoma is the ‘white on 

white‘ standard automated perimetry, where visual field testing is performed 

with a white target against a more dimly illuminated white background 

(Jampel, Singh et al. 2011). To assess the visual field, visual field indices 

such as mean sensitivity and mean defect are used. The mean sensitivity 

index is the average of all measured values of differential light sensitivity in 

decibels (dB) and the mean defect index is the average of all local defects 

(Weijland, Fankhauser et al. 2004). 

 Narrowing of the neuroretinal rim as well as thinning of the retinal 

nerve fibre layer are important when it comes to glaucoma diagnosis and 

follow up. The measurements of these structural features are also a common 

practice to evaluate the severity of glaucoma. Used in parts of this study 

(Paper II) is the Heidelberg retinal tomography (HRT). HRT is a confocal 

scanning laser ophthalmoscope (cSLO) that provides 3-dimensional 

topographic images of the optic disc and an automatic evaluation of the 

retinal nerve fiber layer parameters. Another interesting technique is the 

optical coherence tomography (OCT), which was, however, not used in the 

study. OCT is a high-resolution, cross-sectional imaging technique that is 

used for in vivo measurements of retinal thickness (Moreno-Montanes, Anton 

et al. 2009). The two techniques (HRT and OCT) have been compared. 

Moreno-Montanes et al. concluded that the OCT-3 shows more sensitivity to 

the global retinal nerve fiber layer (RNFL) thickness measurement in 

glaucoma detection compared to HRT-III. The sensitivity was less for early 

glaucoma compared with advanced glaucoma in both instruments (Moreno-

Montanes, Anton et al. 2009). 

 Worsening visual field and thinning of the nerve fiber layer as well as 

decreased rim size over time will indicate glaucomatous progression.  

1.6   Oximetry – the technique 

The method to measure oxygen saturation of hemoglobin in blood is called 

oximetry.  A common and non-invasive method to measure oxygen saturation 

is a pulse-oximeter which measures oxygen saturation of pulsing arteriolar 

blood, usually in a finger or an earlobe. Retinal oximetry is based on the 

same principle, spectrophotometry. Spectrophotmetry, the method where 
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light intensity is measured from behind the tissue (as in pulse-oximetry) has 

to be based on reflected light when measuring the retinal vasculature 

because of the anatomy of the tissue (it would be difficult to measure 

absorption behind the retina or the back of the eye). 

1.6.1    Vascular measurements 

In this thesis, the focus is on measurements from retinal vessels. These 

vessels are the only blood vessels in the human body that can be viewed 

directly (through the pupil of the eye). They nourish the inner layer of the 

retina (outer plexiform layer, inner nuclear layer, inner plexiform layer, 

ganglion cell layer, nerve fiber layer and inner limiting membrane, see Figure 

3) whereas the choroid nourishes the outer part of the retina (pigment 

epithelium, photoreceptor layer, external limiting membrane and outer 

nuclear layer, see Figure 3). The oximeter used in the study primarily 

measures retinal vessel oxygen saturation but choroidal vessels can be 

visible (in fair individuals) and measurable (Kristjansdottir, Hardarson et al. 

2013). To measure oxygen saturation in retinal vessels can give important 

information on the oxygen metabolism of the retina. 

1.6.2    Principles of retinal oximetry 

Non-invasive spectrophotometric retinal oximetry has been studied for over 

50 years, starting with the publication on dual wavelength non-invasive retinal 

oximetry by Hickam, Sieker and Frayser in 1959 (Hickam, Sieker et al. 1959). 

Since then, retinal oximetry has evolved from film photography (Hickam, 

Sieker et al. 1959) to, for example, photoelectric imaging (Delori 1988), digital 

photography (Beach, Schwenzer et al. 1999; Hardarson, Harris et al. 2006; 

Hammer, Vilser et al. 2008) and scanning laser ophthalmoscopy (SLO) 

(Kristjansdottir, Hardarson et al. 2014). 



 

Figure 4. A healthy fundus. The difference of color between oxygen rich, 
lighter red arteriolar blood and oxygen poor, darker red venular blood is 
visible.  

The basic concept of oximetry is simple; the difference in color of oxygen-

poor and oxygen-rich blood is used to calculate oxygen saturation. 98% of 

oxygen in blood is bound to hemoglobin as oxyhemoglobin but only about 2% 

is dissolved in the plasma (Zijlstra, Buursma et al. 2000). Oxygen-rich blood 

has a lighter red color compared to darker red oxygen-poor blood. Oxygen 

saturation is defined as the percentage of hemoglobin occupied by the 

oxygen molecule: 

𝑂𝑥𝑦𝑔𝑒𝑛 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
[𝐻𝑏𝑂2]

[𝐻𝑏]+[𝐻𝑏𝑂2]
 ∗ 100%         Equation 2 

where [HbO2] is oxygenated hemoglobin and [Hb] deoxygenated hemoglobin. 

Arteriole 

Venule 
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Figure 5. Light absorptivity of oxyhemoglobin (HbO2) and deoxyhemoglobin 
(Hb). At 570 nm light (isosbestic wavelength), absorptivity is the same for 
HbO2 and Hb. At 600 nm light (non-isosbestic wavelength), absorptivity is 
different for HbO2 and Hb. These are the two wavelengths used by the newer 
version of the oximeter (Oxymap T1) in the study. Figure was produced by 
Jona Valgerdur Kristjansdottir with data from Zijlstra et al (Zijlstra, Buursma et 
al. 2000). 

When hemoglobin oxygen saturation is measured in blood, 

measurements must be done at two different wavelengths where one 

wavelength is sensitive to oxygen saturation (the absorption of 

oxyhemoglobin and deoxyhemoglobin is different, non-isosbestic) and the 

other wavelength is insensitive to oxygen saturation (the absorption of 

oxyhemoglobin and deoxyhemoglobin is the same, isosbestic). Oxygen 

saturation measurements are based on the Beer-Lambert law: 

𝑂𝐷 = 𝑙𝑜𝑔
𝐼0

𝐼
    Equation 3 

where OD is the optical density, I0 is the intensity of incident light and I is the 

intensity of transmitted light. Because transmittance in retinal vessels is 

impossible to determine oxygen saturation, reflection must be used. I0 

becomes light reflected just outside a vessel and I is the light reflected inside 

a vessel (Beach 2002; Harris, Dinn et al. 2003). 

 



 

Figure 6. Light reflected from a vessel (I) and from background, close to a 
vessel (I0). 

Optical density ratio (ODR) can then be calculated from the OD values. 

ODR is the ratio of the OD for the two different wavelengths used:  

𝑂𝐷𝑅 =
𝑂𝐷𝑋

𝑂𝐷𝑌
    Equation 4 

where ODX is the OD at the isosbestic (non-sensitive to oxygen saturation) 

wavelength, and ODY is the non-isosbestic (sensitive to oxygen saturation) 

wavelength. ODR is sensitive to oxygen saturation and has an approximately 

inverse linear relationship with oxygen saturation: 

𝑆𝑂2 = 𝑎 + 𝑘 ∙
𝑂𝐷𝑋

𝑂𝐷𝑌
= 𝑎 + 𝑘 ∙ 𝑂𝐷𝑅   Equation 5 

where SO2 is the percentage of oxygen-bound hemoglobin, a and k are 

constants and ODR is optical density ratio. It must be taken into account that 

light reflection measurements of retinal blood vessels are quite complex 

because the light is not only influenced by oxy- and deoxyhemoglobin but it 

can also be scattered from blood cells, pigmentation and vessel walls which 

makes the oxygen saturation calculations approximate but not an absolute 

value (Hickam, Sieker et al. 1959; Delori 1988; Hammer, Thamm et al. 2002). 

 As stated before, several research groups have contributed to the 

development of techniques to measure retinal oxygen saturation (for 

example: (Hickam, Sieker et al. 1959; Delori 1988; Beach, Schwenzer et al. 

1999; Schweitzer, Hammer et al. 1999). The measurements are all based on 

color changes in blood which depends on hemoglobin oxygen saturation 

levels. The retinal oximeters used in this study, a new version (Figure 8, page 

23) and an older version, Oxymap T1 (Figure 7, page 22) are based on this 
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concept. The reliability of the older version of the oximeter has been 

previously tested (Hardarson, Harris et al. 2006) whereby healthy individuals 

inhaled 100% oxygen and retinal oxygen saturation was measured before 

and after inhalation. Both arterioles and venules increased in oxygen 

saturation during 100% oxygen breathing, which confirmed that the oximeter 

is sensitive to changes in oxygen saturation. In this study, the same 

measurements were performed on the newer type of the oximeter. The 

vessel diameter measurements have already been shown to be repeatable 

and reliable (Blondal, Sturludottir et al. 2011).  
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2 Aims 

The main goal was to investigate whether retinal oxygen metabolism is 

affected in primary open angle glaucoma. Following is a more specific list of 

research questions: 

 

1) Is there a connection between retinal oxygen saturation and the severity 

of primary open angle glaucoma measured by: 

a) Functional means (visual field evaluation) (Paper I) 

b) Structural (rim size of optic nerve head and thickness of retinal 

nerve fiber layer) and functional means (Paper II) 

 

2) Do glaucoma patients differ in retinal oxygen metabolism from healthy 

individuals (Paper III) 

 

3) Is the retinal oximeter Oxymap T1 sensitive to changes in oxygen 

saturation (Paper IV) 

 

4) How does 100% oxygen breathing affect retinal oxygen saturation in 

healthy individuals (Paper IV) 
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3 Materials and methods 

3.1   The retinal oximeters  

Two types of non-invasive oximeters were used in this thesis, an older 

prototype (Figure 7, prototype no. 2, Oxymap ehf., Reykjavik, Iceland) was 

used in the first part of the thesis (Paper I) and a newer version, Oxymap T1 

(Oxymap ehf., Reykjavik, Iceland, Figure 8) was used in the other parts of the 

thesis (Paper II-IV). 

3.1.1 Oximeter Prototype 2 – an older version (Paper I) 

 The older type of the oximeter (Figure 7) consists of a non-mydriatic 

fundus camera (CR6-45NM; Canon Inc., Tokyo, Japan) with a beam splitter 

(Multispec Patho-Imager; Optical Insights, Tucson, AZ.) attached to the 

camera with a standard adapter (Canon CR-TA) and a digital camera (SBIG 

ST-7E; Santa Barbara Instrument Group, Santa Barbara, CA.) attached to 

the beam splitter. The instrument delivers four images at four different 

wavelengths; 605 nm which is sensitive to oxygen saturation (non-isosbestic) 

and 586 nm which is not sensitive to oxygen saturation (isosbestic) and also 

542 nm and 558nm. The half bandwidth was 5nm except for the 542 nm filter 

where it was 9 nm half-bandwidth. The 542 nm and 558 nm images were not 

used because earlier testing revealed that these images gave less reliable 

results.  

Figure 7. Left. An older version (Prototype 2) of the retinal oximeter used in 
the first part of the study. The oximeter consists of a fundus camera with an 
attached beam splitter and a digital camera. Right. A pseudocolor fundus 
map which is generated automatically by a special program showing oxygen 
saturation in retinal vessels. The colors indicate relative oxygen saturation. 
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3.1.2 Oxymap T1 – the newer version (Paper II-IV) 

 The newer type of the oximeter (Figure 8) is a dual wavelength 

oximeter which consists of a fundus camera (Topcon TRC-50DX; Topcon 

Corporation, Tokyo, Japan) and two digital cameras (Insight IN1800, 1600 x 

1200 square pixels; Diagnostic Instrument Inc., Sterling Heights, MI), a 

custom made optical adapter, an image splitter and two narrow band-pass 

filters that all are coupled to the fundus camera. The oximeter simultaneously 

yields two fundus images of the same area of the retina at two different 

wavelengths of light, 570 nm, which is not sensitive to oxygen saturation 

(isosbestic) and 600 nm, which is sensitive to oxygen saturation (non-

isosbestic). To acquire the images at the two wavelengths, two narrow 5 nm 

bandpass filters (full width at half maximum transmittance) were inserted into 

the light path to each of the digital cameras of the oximeter.  A broader 80 nm 

bandpass light filter was inserted in the light path of the fundus camera (585 

nm center wavelength) for the purpose of limiting unnecessary light exposure 

to the subjects` eyes. Light between 545nm and 625 nm was only allowed to 

exit the camera lens. 

 

 

 

 

 

 

 

Figure 8. The retinal oximeter, Oxymap T1. The oximeter is based on a 
fundus camera with attached two digitals cameras on top, a custom-made 
optical adapter, and an image splitter. Two images of two different 
wavelengths (570 and 600 nm) are acquired simultaneously and 
automatically processed by specialised software, Oxymap Analyzer, which 
displays a pseudocolor oxygen map that represents relative oxygen 
saturation. 



3.2    Image processing 

3.2.1 Oximeter Prototype 2 – an older version (Paper I) 

A custom made software (Oxymap ehf., Reykjavik, Iceland) was used with 

the older type of the oximeter. The software automatically selects 

measurement points for the two spectral images (605nm/586nm) and 

measures brightness (I) on the measured vessels and next to the side (I0) of 

measured vessels at each wavelength. Measurement points on the vessel 

are chosen such that the central light reflex on the vessel is avoided. I and I0 

are then used to calculate optical density (Equation 3). Optical density 

describes the light absorbance of the blood vessel. 

 Optical density ratio (ODR) is then calculated (Equation 4) where the 

non-isosbestic wavelength is 605 nm and the reference isosbestic 

wavelength is 586 nm. The inverse and approximately linear relationship 

between ODR and oxygen saturation is described with Equation 5. 

Calibration of the constants a and k from equation 5 was achieved by 

matching ODRs from healthy individuals that were measured, with reference 

oxygen saturation values from a separate study by Schweitzer et al. 

(Schweitzer, Hammer et al. 1999) . 

The two monochrome images are automatically processed by the custom 

made software (Figure 7). The results are then displayed as a pseudocolor 

fundus map (Figure 7). Measurements were made in first and second degree 

arterioles and venules, inferior and superior to the optic nerve head. Because 

the images are smaller with the older oximeter, two images had to be 

analysed for each individual, one of the area above the optic nerve head and 

one of the area below the optic nerve head. The optic nerve head was 

excluded because of a different background in that area, as well as the edge 

of the image. After manually selecting the vessels to be analysed, oxygen 

saturation for each vessel is automatically measured by the Oxymap 

Analyzer Software. The time between flashes (images) was around 30 

seconds on average. Retinal oxygen saturation was measured on the image 

of best quality (determined by evaluation on contrast and focus). 
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3.2.2  Oxymap T1 – the newer version (Paper II-IV) 

 A specialized software (Oxymap Analyzer Software 2.2.1, version 3847; 

Oxymap ehf., Reykjavik, Iceland) was used with the newer type of the 

oximeter (Oxymap T1, Figure 8). The software automatically selects 

measurement points for the two spectral images (570nm/600nm) and 

measures brightness (I) on the measured vessels as well as next to the side 

(I0) of measured vessels at each wavelength. Measurement points on the 

vessel are chosen such that the central light reflex on the vessel is avoided. I 

and I0 are then used to calculate optical density (Equation 3). Optical density 

describes the light absorbance of the blood vessel. 

 Optical density ratio (ODR) is then calculated (Equation 4) where the 

non-isosbestic wavelength is 600 nm and the reference isosbestic 

wavelength is 570 nm. The inverse and approximately linear relationship 

between ODR and oxygen saturation is described with Equation 5. 

Calibration of the constants a and k from Equation 5 for Oxymap T1 (and the 

older prototype) was achieved by matching ODRs from healthy individuals 

that were measured with either type of oximeter with reference oxygen 

saturation values from a separate study by Schweitzer et al. (Schweitzer, 

Hammer et al. 1999) . 

  The two monochrome images are automatically processed by the 

Oxymap Analyzer Software. The results are then displayed as a pseudocolor 

fundus map (Figure 8). Retinal oxygen saturation was measured in first 

degree or second degree vessels (if the first degree vessel was less than 50 

pixels in length). Measured were retinal arterioles and venules superior and 

inferior to the optic nerve head. Vessels with a width ≥ 6 pixels (which equals 

approximately 58 micrometers (Blondal, Sturludottir et al. 2011)) and a length 

between 50-200 pixels were analyzed. An area of 15 pixels around the optic 

nerve head as well as branching vessels and their origin were manually 

excluded. At least two images with the optic disc in the center were acquired 

from each participant. After manually selecting the vessels to be analysed, 

oxygen saturation for each vessel is automatically measured by the Oxymap 

Analyzer Software. The time between flashes (images) was around 30 

seconds on average. Retinal oxygen saturation was measured on the image 

of best quality (determined by evaluation on contrast and focus). 

 Both versions of the analyzer programs (older and newer versions) 

can be used to measure vessel diameter. The programs find a center pixel on 

the vessel and a vector, which is perpendicular to the direction of the vessel. 



Vessel diameter is calculated from the center to the last pixel that belongs to 

the vessel in each direction. 

3.3   Light conditions 

Measurements were all performed in darkness. Light from computer screens 

could not be avoided but screens were set to the dimmest setup. Average 

time between images (flashes) ranged from 10 seconds to one minute. An 

aiming light in Oxymap T1 was necessary to acquire images and could 

therefore not be avoided. The aiming light for the older oximeter is, however, 

infrared.  

3.4   Statistical analysis and other calculations 

In all studies, statistical analysis was performed with Prism 5 (Graphpad 

Software, La Jolla, California, USA). The type of statistical testing varied 

between studies according to variable setup of the studies and comparisons 

as well as the nature of variables of data in each study. For all analysis, 

p≤0.05 was considered statistically significant. Further details on statisticial 

analyses for each study are listed specifically in method chapters 3.5-3.8. 

 Mean arterial pressure (MAP) was calculated as 

𝑀𝐴𝑃 =
2

3
𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 +

1

3
𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒   Equation 6 

Mean ocular perfusion pressure (OPP) was calculated as 

𝑂𝑃𝑃 =
2

3
𝑀𝐴𝑃 − 𝐼𝑂𝑃     Equation 7 

 AV difference was calculated by oxygen saturation in venules subtracted 

from oxygen saturation in arterioles.  

3.5   Ethical considerations 

The studies adhered to the tenets of the Declaration of Helsinki and approved 

by the National Bioethics Committee of Iceland and the Icelandic Data 

Protection. Parts of the study were also approved by the Institutional Review 

Board of the University Hospitals Leuven. Every participant signed an 

informed consent prior to enrolment and after the nature of the study had 

been explained to them. Medical treatments such as IOP lowering treatments 

or treatment for high blood pressure were not altered or discontinued when 

patients enrolled for any of the studies. 



  

27 

3.6   Paper I: Retinal oximetry in primary open angle 
glaucoma 

3.6.1 Study population 

Patients were recruited from a glaucoma clinic (Augnlæknar Reykjavíkur, 

Reykjavik, Iceland). The inclusions criteria consisted of diagnosis of POAG 

by a glaucoma specialist (MSG) and history of increased IOP (≥21 mmHg, 

HTG). All patients were of age 40 years and older. Exclusion criteria 

consisted of other ocular diseases than glaucoma, as well as systemic 

diseases that can affect the eye such as diabetes. Patients with 

pseudoexfolation glaucoma were excluded. Patients with mild cataract and 

patients receiving antihypertensive medication for elevated systemic blood 

pressure were not excluded because of the prevalence of these conditions 

(29% of included individuals were on anti-hypertension medicines). In all, 31 

patients were enrolled in the study. The characteristics for the study group 

are shown in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 1. Clinical data for the study group in part one of the thesis.  

Number of patients 
Females 18 

Males 13 

Age (mean ± SD, year) 66 ± 14 

Intraocular pressure (mean ± SD, mmHg) 17 ± 4 

Systolic blood pressure (mean ± SD, mmHg) 134 ± 24* 

Diastolic blood pressure (mean ± SD, mmHg) 81 ± 15* 

Perfusion pressure (mean ± SD, mmHg) 49 ± 12* 

Finger oximetry (mean ± SD, %) 96 ± 1 

Number using drugs for high blood pressure 12 

Number using drugs for glaucoma 18 

     Latanoprost 6 

     Latanoprost, Dorzolamide+Timolol 5 

     Timolol 1 

     Timolol+Latanoprost 1 

     Latanoprost, Dorzolamide 1 

     Brinzolamide, Brimonidine 1 

     Brinzolamide, Latanoprost+Timolol 1 

     Latanoprost, Brimonidine, Timolol 1 

     Latanoprost, Brinzolamide, Timolol 1 

Trabeculectomy 6 

Shunt (Ahmed tube) 1 

*Blood pressure measurements from two individuals were unavailable. 

 

3.6.2 Study protocol 

IOP was measured on the same day that the oximetry was performed, with 

Goldmann applanation tonometry mounted on a slit lamp (Haag-Streit BQ 

900; Haag-Streit International, Köniz, Switzerland). Systolic and diastolic 

blood pressure were measured with an automatic sphygmomanometer 

(HEM-750CP; Omron, Kyoto, Japan) moments before oximetry 
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measurement. Mean arterial pressure and perfusion pressure were 

calculated (Equation 6 and 7, respectively). Pulse oximeter (BIOX 3700; 

Ohmeda, Boulder, CO) was used for finger oximetry before retinal oximetry 

measurements, with the probe placed on the index finger of the right hand. 

The number of ocular hypotensive medications was recorded (Table 1). 

 Visual field testing was performed by using an Octopus perimeter 

(Octopus 123; Interzeag AG, Schlieren, Switzerland) program G1. For most 

patients (n=22) the visual field test was performed on the same day as the 

oximetry. For nine patients, visual field testing was not performed on the 

same day, but not more than five months prior to the oximetry 

measurements. The reliability factor of the visual field was required to be 

under 15%. Only false-positive answers affecting the reliability factor to reach 

over 15% were counted as exclusion factor but not false-negative answers. 

The reason for that is that false-negative answers represent the status of the 

eye rather than the status of the patients (Bengtsson 2000; Bengtsson and 

Heijl 2000). Visual fields with a mean defect (MD) ranging from -2dB to 2dB 

were defined as good visual fields. Visual fields with a MD equal to or 

exceeding 10dB were defined as poor visual fields. 

Pupils were dilated with 1% tropicamide (Mydriacyl; S.A. Alcon-

Couvreur N.V., Puurs, Belgium). 10% phenylephrine hydrochloride (AK-

Dilate; Akorn Inc., Buffalo Grove, IL) and 0.5% proparacaine hydrochloride 

(Alcaine; S.A. Alcon-Couvreur N.V., Puurs, Belgium) was supplemented 

when needed. 

 Retinal oximetry was performed with the older version of the oximeter 

(Figure 7) on the same day as the ophthalmic evaluations. Before 

measurements, each subject spent two minutes in darkness. Measurements 

were then performed in darkness with infrared aiming light. For each patient, 

the right eye was studied except in case of low image quality where the left 

eye was measured instead. 

3.6.3 Statistical analysis and other calculations 

PO2 for the retina was calculated with an online calculator 

(http://www.ventworld.com/resources/oxydisso/oxydisso.html) that uses a 

previously published method (Kelman 1966; Severinghaus 1979). 

Calculations were based on the hemoglobin dissociation curve, assuming 

standard conditions to be PCO2=40mmHg and T=37˚C. pH level for arterial 

blood was assumed to be 7.4 and for venular blood, it was assumed to be 7.3 

(Adrogue, Rashad et al. 1989; Padnick-Silver and Linsenmeier 2005; 



Pedersen, Stefansson et al. 2006). The dissociation curve flattens at high 

oxygen saturation values so calculated PO2 values over 90mmHg were 

recorded as >90mmHg.  

 For statistical analysis, Pearson’s correlation was used to detect 

correlation between retinal oxygen saturation levels and mean defect of 

visual field. Unpaired Student’s t-test was used to detect difference between 

two groups (good visual field vs. poor visual field).  

3.7   Paper II: Oximetry in glaucoma: Correlation of 
metabolic change with structural and functional damage 

3.7.1 Study population 

For this part, all patients were recruited at the Department of Ophthalmology 

at the University Hospitals, Leuven (UZLeuven), Belgium. Inclusion criteria 

consisted of POAG and no other ocular disease. Exclusion criteria consisted 

of other ocular diseases than glaucoma, and systemic diseases that can 

affect the eye such as diabetes. Patients with pseudoexfoliation glaucoma 

were excluded. Glaucoma was defined as having characteristic optic disc 

damage (based on cup/disc ratio, thinning of neuroretinal rim, notching, disc 

hemorrhages, etc.) and visual field defects. An untreated IOP>21mmHg was 

required for the diagnosis of POAG with high tension and for NTG, an 

untreated IOP≤21 mmHg was required. The eye with worse glaucomatous 

visual field damage was studied. As before, patients on antihypertensive 

medication for elevated systemic blood pressure were not excluded because 

of the prevalence of the situation in the age group studied.  
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Table  2. Clinical data for patients that participated in the study (Paper II). 
Data was acquired in Leuven, Belgium. 

 Glaucoma 

Number of patients 
Females 31 

Males 28 

         - with POAG (high tension)  30 

          -with NTG  29 

Age (mean ± SD, year) 63 ± 13 

Intraocular pressure (mean ± SD, mmHg) 14 ± 4 

Systolic blood pressure (mean ± SD, mmHg) 150 ± 22 

Diastolic blood pressure (mean ± SD, mmHg) 85 ± 12 

Number of glaucoma medications (mean ± SD) 1.9 ± 1.4 

Trabeculectomy 14 

Shunt (Baerveld) 1 

  

3.7.2 Study protocol 

IOP was measured by using a Goldmann applanation tonometry mounted on 

a Haag-Streit slit lamp (Haag-Streit BQ 900; Haag-Streit International, Köniz, 

Switzerland). The eyes were anaesthetized with oxybuprocaine 0.4% 

(Unicaïne0.4%®; Théa Pharma). 

 Automated perimetry was performed by using a Humphrey Field 

Analyzer, program 24-2, Sita standard strategy (Carl Zeiss, Oberkochen, 

Germany) or Octopus 301, program G1 (30°), dynamic strategy (Interzeag 

AG, Schlieren, Switzerland). The mean deviation of two reproducible visual 

fields within six months prior to oximetry measurements, was used. Patients 

were described as having ‘mild glaucoma’ if their visual field mean deviation 

was between -6dB and no defect. Patients were described as having ‘severe 

glaucoma’ if their visual field mean deviation was worse than -12 dB. Of note, 

the worse the visual field, the more negative the mean deviation becomes. 

This is contrary to the Octopus visual field mean defect that is used as the 

visual field parameter in other parts of the thesis (Paper I and III); the worse 



the visual field measured with Octopus visual field analyzer, the higher in 

positive value the mean defect becomes. 

 Optic nerve tomography was performed in all eyes using Heidelberg 

retinal tomography III (HRT, Heidelberg Engineering, Dossenheim, 

Germany). Images were analyzed with the HRT version 3.0 software. Three 

images of high-quality at 15x15 degree scanning angle were recorded for 

each eye per patient. Subsequent analysis was carried out on a mean image. 

All mean images that were included had a mean standard deviation of height 

measurement ≤40µm. The optic disc was manually marked at the inner edge 

of the Elschnig’s ring, with the use of a stereoscopic optic nerve head 

photographs. For calculations of optic disc photography, the standard 

reference plane was used, with the relative and tilted co-ordinate system 

turned on. 

 Tropicamide 0.5% (Tropicol®; Théa Pharma Wetteren, Belgium) and 

phenylephrine 5% (Neosynephrin-POS®; Ursapharm, Saarbrücken, 

Germany) were used to dilate the pupils before oximetry. Systolic and 

diastolic blood pressures were measured with an automatic 

sphygmomanometer (Omron HEM-7001-E; Omron, Kyoto, Japan) after a five 

minute resting period. Number of ocular hypotensive medications was 

recorded. Systemic carbonic anhydrase inhibitors were counted as one 

medication. 

 Retinal oximetry was performed with the Oxymap T1 (Figure 8) on 

the same day as the ophthalmic evaluations. Measurements were performed 

in darkness. For each patient, the right eye was studied except in case of low 

image quality where the left eye was measured instead. 

3.7.3 Statistical analysis  

For statistical analysis, normal distribution was verified with the 

D’Agostino and Pearson omnibus normality test. If the data were normally 

distributed, Pearson‘s correlation procedure was applied. If the data did not 

have a Gaussian distribution, Spearman correlation was used. Student‘s t-

test was used to compare two groups (‘mild‘ and ‘severe‘ glaucoma) and their 

saturation levels. 
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3.8   Paper III: Retinal oxygen metabolism in healthy 
subjects and glaucoma patients 

3.8.1 Study population 

In this study, data was collected at the Department of Ophthalmology in the 

University Hospitals Leuven, Leuven, Belgium and at the Department of 

Ophthalmology, Landspitali - the National University Hospital of Iceland, 

Reykjavik, Iceland.  

 Included in the study were healthy individuals and patients with 

POAG. Participants were all 40 years of age or older. Exclusion criteria 

consisted of other ocular diseases than POAG and systemic diseases that 

could affect the eye such as diabetes. Patients with pseudoexfoliation 

glaucoma were excluded. Individuals on anti-hypertensive medication for 

elevated blood pressure and individuals with mild cataract were not excluded 

due to the prevalence of these conditions in the age group studied. 

 Glaucoma specialists (ISt and MSG) diagnosed all glaucoma 

patients. Glaucoma was defined as having characteristic optic disc damage 

(based on cup/disc ratio, notching, thinning of neuroretinal rim, disc 

haemorrhages, etc.) and by corresponding visual field damage. Patients that 

had untreated IOP of >21mmHg were classified as POAG with high tension 

and patients with IOP consistently ≤21mmHg were classified as NTG. For the 

glaucoma patients, the eye with worse visual field damage was included in 

the study. In each clinic, consecutive glaucoma patients that did not meet the 

exclusion criteria were offered to participate in the study. In all, 74 glaucoma 

patients were included; 15 from Iceland and 59 from Belgium. Healthy 

individuals were recruited from the general consultation at the same 

department in Belgium. Healthy individuals were also recruited through an 

advertisement in Iceland. An ophthalmologist (ISt, AG) examined every 

healthy individual to exclude glaucoma and other diseases. Both eyes were 

studied in every healthy individual but one eye was randomly chosen with the 

Microsoft Excel rand function. In all, 89 healthy individuals were recruited; 72 

from Iceland, 17 from Belgium. The baseline characteristics of the study 

groups are described in Table 3. 

 

 

 



 

Table 3. Baseline characteristics of healthy subjects and glaucoma patients 
that participated in the study (Paper III).  

 Healthy Glaucoma p-value 

Number of patients: 89 74 - 

Gender 
Females 47 40 - 

Males 32 34 - 

Numbers of eyes 
Right eyes 42 33 - 

Left eyes 47 41 - 

Age (mean ± SD, years) 58 ± 10 64 ± 12 0.0007 

Intraocular pressure (mean ± SD, 
mmHg) 

15 ± 3 15 ± 4 0.31 

Heart rate (mean ± SD, bpm)  70 ± 14 65 ± 12 0.025 

Systolic blood pressure (mean ± 
SD, mmHg) 

135 ± 20 147 ± 12 0.0021 

Diastolic blood pressure (mean ± 
SD, mmHg) 

85 ± 11 85 ± 11 0.79 

Mean arterial pressure (mean ± 
SD, mmHg) 

102 ± 12 106 ± 13 0.079 

Retinal perfusion pressure (mean 
± SD, mmHg) 

53 ± 8 56 ± 9 0.086 

Number of glaucoma medications 
(mean ± SD) 

- 1.9 ± 1.4 - 

Trabeculectomy - 20 - 

Shunt (Baerveldt) - 1 - 

 

3.8.2 Study protocol 

IOP was measured in Belgium using a Goldmann applanation 

tonometry mounted on a slit lamp (Haag-Streit BQ 900, Haag-Streit 

International, Köniz, Switzerland). The eyes were anesthetized with 

oxybuprocaine 0.4% (Unicaïne 0.4%, Théa Pharma, Wetteren, Belgium). In 

Iceland, IOP was measured with iCare TAO1 tonometer (Tiolat Oy, Helsinki, 

Finland). IOP readings with iCare have been proven to be reproducible 
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(Salvetat, Zeppieri et al. 2011) and also in agreement with Goldmann 

applanation tonometry readings (Brusini, Salvetat et al. 2006; Vandewalle, 

Vandenbroeck et al. 2009; Scuderi, Cascone et al. 2011). 

 In Belgium, automated perimetry was performed using either a 

Humphrey Field Analyzer, program 24-2, Sita standard strategy (Carl Zeiss, 

Oberkochen, Germany) or an Octopus 301, program G1 (30°), dynamic 

strategy (Interzeag AG, Schlieren, Switzerland). In Iceland, automated 

perimetry was performed using an Octopus 123, program G1 (Interzeag AG, 

Schlieren, Switzerland). The mean deviation of the Humphrey Field Analyzer 

was converted to a mean defect usable with the Octopus perimeter with the 

PeriData analyze software, v.2.3. Unreliable visual fields (false positive, false 

negative or fixation loss values >20%) were excluded. Visual fields with a 

mean defect equal to or below 5dB were defined as ‘mild’ glaucoma. Visual 

fields with a mean defect equal to or over 10dB were defined as ‘advanced’ 

glaucoma.  

 In Iceland, pupils were dilated with 1% tropicamide (Mydriacyl, S.A., 

Alcon-Couvreur N.V., Puurs, Belgium) which in some cases was 

supplemented with 10% phenylephrine hydrochloride (AK-Dilate, Akorn Inc., 

Lake Forest, Illinois, USA). In Belgium, pupils were dilated with 0.5% 

tropicamide (Tropicol, Théa Pharma, Wetteren, Belgium) and 5% 

phenylephrine (Neosynephrin-POS, Ursapharm, Saarbrücken, Germany). 

Both dilation protocols have been tested where dilation by the addition of 

phenylephrine to tropicamide does not influence retinal oxygen saturation or 

retinal vessel diameter (Vandewalle, Abegao Pinto et al. 2013). 

 Systolic and diastolic blood pressure was measured using an 

automatic sphygmomanometer (Omron HEM-7001-E in Belgium and Omron 

HEM-7221-E in Iceland; for both Omrons; Omron, Kyoto, Japan). Mean 

arterial pressure was calculated (Equation 6) as well as perfusion pressure 

(Equation 7). 

 The number of ocular hypotension medication was recorded. Fixed 

combinations were documented according to number of active ingredients. 

Systemic carbonic anhydrase inhibitors were counted as one medication. 

 Retinal oximetry was performed on the same day as the ophthalmic 

evaluations with Oxymap T1 in both study centers. A correction for vessel 

size was performed where 1.16% was added to the saturation values for 

each pixel above the mean diameter for arterioles and venules and 1.16% 

was subtracted for each pixel below mean diameter. The vessel size 



correction is performed because there is an artefactual decrease in 

measured saturation with increased vessel diameter (Beach, Schwenzer et 

al. 1999). Measurements were performed in darkness. For each patient, the 

right eye was studied except in case of low image quality where the left eye 

was measured instead. 

3.8.3 Statistical analysis  

For statistical analysis, normal distribution was verified with the D’Agostino 

and Pearson omnibus normality test. If the data were normally distributed, a 

two-tailed, unpaired Student´s t-test was used for the comparison of the two 

groups. If the data did not have a Gaussian distribution, the non-parametric 

Mann-Whitney U test was applied. 

3.9   Paper IV: Retinal vessel oxygen saturation during 
100% oxygen breathing in healthy individuals 

3.9.1 Study population 

In this study, 33 individuals participated but only 30 were included in the 

analysis (19 females, 11 males; mean age 44±18 years). Inclusions criteria 

consisted of a healthy eye without any ocular disease. Exclusion criteria 

consisted of smoking, and any eye disease and/or systemic diseases that 

could affect oxygen levels or the eye such as diabetes, respiratory and 

cardiovascular diseases. It was required that end tidal oxygen stability 

(plateau) should be reached during 100% oxygen breathing. In all, three 

individuals were excluded from the study, one because of suspicion of 

glaucoma and two that did not reach end tidal oxygen stability during 100% 

oxygen breathing. An ophthalmologist examined every participant no more 

than seven months prior to the enrolment to the study. Every individual 

answered a questionnaire on medical history, medications and smoking.  

3.9.2 Study protocol 

IOP was measured (iCare TAO1 Tonometer; Tiolat Oy, Helsinki, Finland) 

before dilation. Both eyes were dilated with 1% tropicamide (Mydriacyl; S.A. 

Alcon-Couvreur N.V., Puurs, Belgium).  

 Oximetry was performed three times for both eyes; (1) before 

inhalation of 100% oxygen (baseline), (2) after ten minutes of inhalation of 

100% oxygen and (3) after ten minutes of breathing room air (recovery). On 

each oximetry image, the optic nerve head was located at the center of the 

image (Figure 15, Results). Oxygen saturation was calculated for each image 
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of the right eye. The measured vessel segments were carefully paired 

between all three images from each individual. When the face mask was 

removed, subjects inhaled room air when images had been acquired. 

 A correction for vessel size was performed the same way as for 

Paper III (see page 35). 

 For two males, aged 24 and 33 years of age, images of the left eye 

were acquired every five seconds for 120 seconds (two minutes). These 

measurements started when breathing of 100% oxygen stopped and 

breathing of room air began. 

 The gas breathing system that was used was combined of a soft 

cushion inflatable mask (Flexicare; Flexicare Medical Ltd., Mountain Ash, UK) 

that was connected to a circle system with a carbon dioxide absorber of an 

anesthesia machine (Dameca; Siesta 10770, Roedovre, Denmark). The 

mask was placed over the mouth and the nose of the subject´s face. Head 

strap was attached to the retaining hooks surrounding the facial mask orifice 

with the purpose of creating an airtight seal. This was further supported with 

the individuals´ hand. The flow of oxygen was set to 6 L/min and 100% 

oxygen was inhaled for ten minutes. 

 Following parameters were continuously monitored, during 100% 

oxygen breathing, with a gas analyzer (Datex-Ohmeda D-LCC15.03; Planar 

Systems Inc., Beaverton Oregon, USA): respiratory rate (RR), end-tidal 

carbon dioxide (ETCO2), fraction of inhaled carbon dioxide (FICO2), 

concentration of inhaled oxygen (FIO2) and end-tidal oxygen (ETO2). Heart 

rate and systemic oxygen saturation were monitored with a finger pulse 

oximeter (Datex-Ohmeda, OxyTip+ Healthcare, Finland). Brachial artery 

blood pressure was measured three times with an automatic 

sphygmamometer (Omron HEM-7221-E; Omron Healthcare Europe, 

Hoofddorp, The Netherlands); before inhalation of 100% oxygen, nine 

minutes into 100% oxygen breathing and when subjects had recovered for 

ten minutes from 100% oxygen breathing by breathing room air. All data are 

shown in Table 8. 

3.9.3 Statistical analysis 

For statistical analysis, a paired t-test was used to compare groups (baseline 

vs. 100% oxygen breathing, baseline vs. recovery, 100% oxygen breathing 

vs. recovery). 
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4 Results 

4.1   Paper I: Retinal oximetry in primary open angle 
glaucoma 

The mean retinal oxygen saturation for all patients (n=31) was 99% ± 4% 

(mean±standard deviation (SD)) in arterioles and 64% ± 5% in venules. The 

mean AV difference was 35% ± 5%. 

Table 4.  Mean oxygen saturation (SatO2) and calculated oxygen tension 
(PO2) values in 1st and 2nd degree retinal vessels. Mean ± SD. 

 
All individuals 

(n=31) 
MD = (-2)-2 dB 

(n=12) 
MD ≥ 10 dB 

(n=9) 

 
SatO2 

(%) 
PO2 

(mmHg) 

SatO2 

(%) 

PO2 

(mmHg) 

SatO2 

(%) 

PO2 

(mmHg) 

Arterioles 99±4 >90 99±4 >90 98±3 >90 

Venules 64±5 38±3 62±3† 36±2§ 68±4† 40±3§ 

AV 
difference 

35±5 - 37±4‡ - 30±4‡ - 

†p=0.0018, ‡p=0.0003, §p=0.0016 

 

Patients with poor visual fields (n=9) had higher oxygen saturation in 

venules (68% ± 4%) compared to patients with good visual fields (n=12) 

(62% ± 3%, p=0.0018, Figure 9 and Table 4). Patients with poor visual fields 

had lower AV-difference in saturation (30% ± 4%) compared to patients with 

good visual fields (37% ± 4%, p=0.0003, Figure 9 and Table 4). Higher 

venular PO2 was calculated in patients with poor visual fields (40 ± 3mmHg) 

than in patients with good visual fields (36 ±2 mmHg, p=0.0016, Table 4). 

When arterial retinal oxygen saturation was compared between patients with 

good visual fields and patients with poor visual fields, no statistical significant 

difference was found between oxygen saturation in arterioles for the two 

groups (p=0.6, Figure 9 and Table 4). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Comparison of POAG patients with good visual fields (mean visual 
field defect ranging from -2 dB to 2 dB, n=12) and poor visual fields (mean 
visual field defect ≥ 10 dB, n=9). The graph on the top shows retinal arteriolar 
(red) and venular (blue) oxygen saturation values for the two visual field 
groups. The lower graph shows arteriovenous difference in retinal vessel 
oxygen saturation. Means, standard deviations and p values are shown. 
Figure reprinted from article I (Olafsdottir, Hardarson et al. 2011), 
©Association for Research in Vision and Ophthalmology. 

No correlation was found between retinal arterioles and visual field 

mean defect (r=-0.16, p=0.38, Figure 10). The slope of the regression line for 

arterioles was -0.082%/dB with 95% confidence intervals ranging from 0.27 

to 0.11dB/% (Figure 10). There was a statistically significant correlation 
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between oxygen saturation in venules and visual field mean defect (r=0.43, 

p=0.015, Figure 10) where the slope of the regression line was 0.28%/dB and 

95% confidence intervals ranged from 0.058-0.50%/dB (Figure 10).  A 

negative correlation was found between AV difference in oxygen saturation 

and visual field mean defect (r=-0.55, p=0.0013, Figure 10). The slope of the 

regression line for AV difference was -0.36%/dB with 95% confidence 

intervals ranging from -0.57 to -0.15%/dB (Figure 10). 

   

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                             

Figure 10. Correlation of visual field mean defect with retinal oxygen 
saturation. A correlation between visual field mean defect and oxygen 
saturation was found in venules (blue) and AV difference (black) but not in 
arterioles (red). n=31, r=coefficient of correlation. Figure reprinted from article 
I (Olafsdottir, Hardarson et al. 2011), ©Association for Research in Vision 
and Ophthalmology. 

 There was no statistically significant correlation found between retinal 

oxygen saturation and IOP, finger oximetry values or perfusion pressure.  
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4.2 Paper II: Oximetry in glaucoma: Correlation of metabolic 
change with structural and functional damage 

Retinal oxygen saturation in venules correlated negatively with the visual field 

mean deviation (r=-0.42; p=0.001) where the slope of regression line was at    

-0.35 %/dB and the 95% confidence intervals ranged from -0.55 to -0.14 

%/dB (Figure 11). The AV difference in oxygen saturation did also correlate 

with visual field mean deviation (r=0.38; p=0.003) with the slope of regression 

line at 0.32 %/dB where 95% confidence interval ranged from 0.11 to 

0.53%/dB (Figure 11). When retinal oxygen saturation was correlated with 

the visual field mean deviation, no correlation was found between arterioles 

and mean deviation (r=-0.08; p=0.56). 

 

Figure 11. A correlation of visual field mean defect with retinal oxygen 
saturation in arterioles (red), venules (blue) and arteriovenous differences 
(black). A correlation was found between venules and AV difference but not 
in arterioles. Figure reprinted from article II (Vandewalle, Pinto et al. 2013), 
Acta Ophthalmologica. 

From the whole patient group (n=59), 53 patients (NTG; n=28 and 

HTG; n=25) had reliable Heidelberg Retinal Tomography data. A correlation 

was found between venular oxygen saturation and rim area (r=-0.39; 

p=0.008; Figure 12) with the slope of regression line -5%/mm2 and 

confidence interval from -8 to -1.3%/mm2. There was also a correlation 
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between AV difference and the size of rim area where the AV difference 

decreased significantly with a smaller rim size (r=0.29; p=0.03; Figure 12). 

The slope of regression line was 4%/mm2 with confidence intervals 0.5 to 

7.5%/mm2. There was no correlation between arteriolar oxygen saturation 

and the rim area of the optic nerve head (r=-0.12; p=0.42, Figure 12). The 

slope of regression line for arterioles was -0.6%/mm2 with confidence interval 

ranging from -2.2 to 0.9%/mm2. 

 

Figure 12. Correlation between rim area with oxygen saturation in arterioles 
(red), venules (blue) and arteriovenous differences (black) in glaucoma 
patients (n=53). A correlation was found between rim area and oxygen 
saturation in venules and AV difference but not with arterioles. Figure 
reprinted from article II (Vandewalle, Pinto et al. 2013), Acta 
Ophthalmologica. 

The oxygen saturation in venules correlated with the RNFL thickness 

(r=-0.26, p=0.05). The slope for the regression line was 18%/mm with 

confidence intervals ranging from -36 to -0.2%/mm. The AV difference in 

oxygen saturation had a positive correlation with the thickness of the RNFL 

(r=0.27, p=0.05) where the slope of the regression line was 18%/mm and the 

confidence interval was -0.2 to 37%/mm. There was no correlation between 

oxygen saturation in arterioles and RNFL thickness (r=0.04, p=0.99, Figure 

13). The slope of regression line was -0.03%/mm2 and the confidence 

interval was -8.3 to 8.3%/mm. 
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Fgure 13. Correlation between RNFL thickness with retinal oxygen 
saturation. A correlation was found between RFNL thickness and oxygen 
saturation in venules (blue) and AV differences (black) but not with arterioles 
(red). n=53. Figure reprinted from article II (Vandewalle, Pinto et al. 2013), 
Acta Ophthalmologica. 

When glaucoma patients with mild visual field defects (n=29) were 

compared to patients with severe visual field defects (n=14, Table 5), no 

difference was found in oxygen saturation in arterioles between the two 

groups. When oxygen saturation in venules was compared, the group with 

severe visual field defects had statistically significantly higher oxygen 

saturation compared to glaucoma patients with mild visual field defects (69% 

± 3% vs. 65% ± 6%, p=0.0003). The AV difference was lower in patients with 

severe visual field defects compared to patients with mild visual field defects 

(29% ± 3% vs. 33% ± 6%, p=0.002, Table 5). 
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Table 5. Mean retinal oxygen saturation for all glaucoma patients (n=59) and 
glaucoma patients with mild visual field defects (MD > -6 dB) and severe 
visual field defects (MD < 12 dB). A Student´s t-test was performed to detect 
a difference between glaucoma patients with mild visual field defects and 
severe visual field defects. p-values for those comparisons are shown. 

  

  

All patients 

(n=59) 

MD > -6 dB 

(n= 29) 

MD ≤ -12 dB 

(n= 14) 
p-value 

Oxygen Saturation (%, mean ± SD) 
 

Arterioles 97 ± 2 97 ± 2 98 ± 2 0.30 

Venules 65 ± 6 65 ± 6 69 ± 3 0.0003 

AV 

difference 
33 ± 6 33 ± 6 29 ± 3 0.002 

 

Other morphological parameters were correlated with oxygen 

saturation in arterioles, venules and AV difference. The results are in Table 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 6. Correlation between retinal oxygen saturation values and Heidelberg 
Retinal Tomography values such as RNFL thickness and size of the rim area 
(as well as other morphological parameters). n=53. r=correlation coefficient. 

 

 

 

Arterioles SatO2 
(%) 

Venules SatO2 
(%) 

AV-difference 
SatO2 (%) 

r 
p-

value 
r 

p-
value 

r 
p-

value 

Disc area -0.13 0.31 0.09 0.68 -0.15 0.14 

Cup area -0.06 0.66 0.34 0.02 -0.36 0.008 

Rim area -0.12 0.42 -0.39 0.008 0.29 0.03 

Cup volume 0.03 1.00 0.35 0.004 -0.33 0.003 

Rim volume -0.13 0.40 -0.38 0.001 0.32 0.01 

Cup/disc ratio -0.01 0.62 0.37 0.002 -0.36 0.004 

Linear 

cup/disc ratio 
0.08 0.92 0.43 0.005 -0.39 0.006 

Mean cup 

depth 
0.06 0.33 0.34 0.008 -0.31 0.03 

Maximum 

cup depth 
0.02 0.50 0.21 0.10 -0.17 0.19 

Cup shape 

measure 
-0.02 0.80 0.17 0.03 -0.17 0.03 

Mean RNFL 

thickness 
0.04 0.99 -0.26 0.05 0.27 0.05 

RNFL cross 

sectional 

area 

-0.02 0.76 -0.29 0.02 0.27 0.03 
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4.3 Paper III: Retinal oxygen metabolism in healthy subjects 
and glaucoma patients 

Retinal oxygen saturation in venules was higher in glaucoma patients with 

advanced glaucoma (visual field mean defect ≥ 10dB, n=21) compared to 

healthy individuals (n=89) (58.2% ± 5.4% vs. 53.8% ± 6.4%; mean±SD; 

p=0.0054; Figure 14 and Table 7). The AV difference was lower in glaucoma 

patients with advanced glaucoma compared to healthy individuals (36.4% ± 

4.7% vs. 39.5% ± 5.7%; p=0.021; Table 7 and Figure 14). However, when 

oxygen saturation in arterioles in patients with advanced glaucoma were 

compared to healthy individuals, no difference was found (p=0.19).  

Table 7. Mean retinal oxygen saturation in healthy individuals and glaucoma 
patients. Comparison between healthy individuals and all glaucoma patients, 
glaucoma patients with mild glaucoma (visual field mean defect ≤ 5dB) and 
glaucoma patients with advanced glaucoma (visual field mean defect ≥ 10dB) 
is shown (p-values). A comparison between mild glaucoma and advanced 
glaucoma patients is also presented.  

 Oxygen Saturation (%, mean ± SD) 

Healthy 

(n=89) 

Glaucoma 

All 

Glaucoma 

(n=74) 

Mild Glaucoma  

(n=33) 

Advanced 

Glaucoma  

(n=21) 

Arterioles 93.3 ± 4.1 94.1 ± 3.1 94.2 ± 3.2 94.5 ± 2.4 

Venules 53.8 ± 6.4 55.5 ± 7.1 53.8 ± 7.6 58.2 ± 5.4 

AV  

difference 
39.5 ± 5.7 38.5 ± 6.5 40.4 ± 7.0 36.4 ± 4.7 

p-values (t-test) 

 Healthy 

vs. All 

Glaucoma 

Healthy vs. 

Mild 

Glaucoma 

Healthy vs. 

Advanced 

Glaucoma 

Mild vs. 

Advanced 

Glaucoma 

Arterioles 0.16 0.26 0.19 0.68 

Venules 0.16 0.87 0.0054 0.026 

AV  

difference 
0.24 0.75 0.021 0.035 

 



 Oxygen saturation was higher in venules in patients with advanced 

glaucoma compared to patients with mild glaucoma (58.2% ± 5.4% vs. 53.8% 

± 7.6%, p=0.026, Table 7 and Figure 14). The AV difference was lower in 

patients with advanced glaucoma when compared with patients with mild 

glaucoma (36.4% ± 4.7% vs. 40.4% ± 7.0%, p=0.035, Table 7 and Figure 

14). Again, no difference was found in oxygen saturation in arterioles when 

glaucoma patients with advanced glaucoma were compared to patients with 

mild glaucoma (p=0.68, Table 7).  

 When patients with mild glaucoma (visual field mean defect ≤ 5dB, 

n=33) were compared to healthy individuals, no statistically significant 

difference was found in arterioles (p=0.26), venules (p=0.87) or AV difference 

(p=0.75; Table 7 and Figure 14). 

 There was no difference in retinal oxygen saturation in arterioles 

when all glaucoma patients (n=74) were compared to healthy individuals 

(n=89; p=0.16, Table 7). There was also no difference in oxygen saturation in 

venules between the two groups (p=0.16) and the same was true for AV 

difference (p=0.24; Table 7 and Figure 2). 
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Figure 14. Retinal oxygen saturation in venules and AV difference in healthy 
individuals and patients with mild and advanced glaucoma. Top: retinal 
oxygen saturation in venules was higher in glaucoma patients with advanced 
glaucoma (n=21, visual field mean defect ≥ 10dB) compared to patients with 
mild glaucoma (visual field mean defect ≤ 5dB, n=33, p=0.026) as well as to 
healthy individuals (n=89, p=0.0054). Below: AV difference in oxygen 
saturation was lower in patients with advanced glaucoma compared to 
patients with mild glaucoma (p=0.035) and to healthy individuals (p=0.021). 
The lines denote mean and standard deviation. Figure reproduced from 
article III (Olafsdottir, Vandewalle et al. 2014), British Journal of 
Ophthalmology. 
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The difference in oxygen saturation and AV difference in patients which 

used carbonic anhydrase inhibitors (CAi) and patients with other ocular 

hypertension therapy were compared. In all, 30 individuals were on CAi and 

44 patients were on other treatments that did not include CAi inhibitors. The 

AV difference was lower in patients on CAi compared to non-CAi (p=0.034, 

Table 8). These data have not been published. 

 

Table 8. Retinal oxygen saturation value difference in patients on CAi therapy 
and patients that were not on CAi therapy. Data are presented as mean ± 
SD. Unpaired t-test. 

 
CAi SatO2 

(n=30, %) 

Non-CAi SatO2 

(n=44, %) 
p-values 

Arterioles 93.8 ± 2.9 94.4 ± 3.4 p=0.41 

Venules 56.8 ± 7.1 54.6 ± 7.1 p=0.20 

AV difference 37.0 ± 6.9 39.8 ± 6.3 p=0.034 

When patients with POAG and NTG were compared with each other, 

no difference was found in retinal oxygen saturation. 

4.4 Paper IV: Retinal vessel oxygen saturation during 100% 
oxygen breathing in healthy individuals 

During 100% oxygen breathing, retinal oxygen saturation increased 

compared to baseline in arterioles (94.6% ± 3.8% vs. 92.0% ± 3.7%, 

p<0.0001) and venules (76.2% ± 8.0% vs. 51.3% ± 5.6%, p<0.0001). AV 

difference was lower during 100% oxygen breathing compared to baseline 

(18.3% ± 9.0% vs. 40.7% ± 5.7%, p<0.0001). Oxygen saturation values are 

presented in Table 9 and Figure 15. 
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Table 9. Physiological variables that were measured during room air 
breathing (Baseline), 100% oxygen breathing and 10 minutes of room air 
breathing after 100% oxygen breathing (Recovery). Mean± SD. 

Physiological 

variables 
Baseline 

100% O2 

Breathing 
Recovery 

EtCO2 (mmHg) - 37.5±3.4 - 

HR (beats/min) 72±11 70±11 - 

IOP (mm Hg) 15±4 - - 

BPsystolic (mmHg) 132±20 127±22 128±19 

BPdiastolic (mmHg) 84±12 86±14 84±14 

MAP (mm Hg) 100±14 100±15 99±15 

OPP (mm Hg) 52±10 - - 

Pulse oximetry (%) 97.5±0.7 99.1±0.3 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

    

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. A fundus map of oxygen saturation during (top) baseline (room air 
breathing), (center) after 100% oxygen breathing for ten minutes and 
(bottom) recovery (room air breathing for 10 minutes after 100% oxygen 
breathing).  
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Figure 16. Retinal vessel oxygen saturation in arterioles and venules before 
100% oxygen breathing (baseline), during 100% oxygen breathing and 10 
minutes after 100% oxygen breathing. n=30. The lines show mean values for 
each group. p-values are shown. Figure reproduced from article IV 
(Olafsdottir, Eliasdottir et al. 2015), PLOS ONE. 

Arteriolar diameter decreased during 100% oxygen breathing compared to 

baseline values (9.7 ± 1.4 pixels vs. 10.3 ± 1.3 pixels, p<0.0001, Table 10). 

The venular diameter also decreased during 100% oxygen breathing (11.4 ± 

1.2 pixels vs. 13.3 ± 1.5 pixels, p<0.0001, Table 10). 

 No difference was found in oxygen saturation in arterioles, venules 

and AV difference when baseline and recovery were compared (p=0.2-0.8, 

Table 10). There was also no difference found in arteriolar diameter between 

baseline and recovery (p=0.3). The venular diameter was, however, slightly 

smaller after recovery when compared to baseline (13.1 ± 1.3 pixels vs. 13.3 

± 1.4 pixels, p=0.007). 

 

 



 

 

Table 10. Retinal oxygen saturation and vessel diameter measurements 
during baseline, after 10 minutes of 100% oxygen breathing and again after 
10 minutes of recovery in room air. 

 

Baseline 
100% Oxygen 

Breathing 
Recovery 

Baseline vs. 

100% O2 

Breathing 

Oxygen saturation (%, Mean ± SD)  

Arterioles  92.0 ± 3.7 94.5 ± 3.8 92.3 ± 3.5 p<0.0001 

Venules  51.3 ± 5.6 76.2 ± 8.0 51.5 ± 5.5 p<0.0001 

AV-

difference  

40.7 ± 5.7 18.3 ± 9.0 40.8 ± 5.9 p<0.0001 

Diameter (Pixels, Mean ± SD)  

Arterioles  10.3±1.3 9.7±1.4 10.2±1.3 p<0.0001 

Venules  13.3±1.5 11.4±1.2 13.1±1.4 p<0.0001 

  

Retinal oxygen saturation was monitored every five seconds for two 

minutes, after 100% oxygen breathing in two healthy individuals. Oxygen 

saturation seems to recover back to baseline values within two minutes 

(Figure 17). 
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Figure 17. Recovery in retinal vessel oxygen saturation immediately after 
pure oxygen breathing in two individuals. Individual 1 is denoted with circles 
in dark red (arterioles) and dark blue (venules). Individual 2 is denoted with 
squares in brighter red (arterioles) and brighter blue (venules). All 
measurements were performed every five seconds for two minutes 
immediately after 100% oxygen breathing. Figure reproduced from article IV 
(Olafsdottir, Eliasdottir et al. 2015), PLOS ONE. 
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5 Discussion 

The main conclusion from the glaucoma studies is that retinal oxygen 

metabolism is affected in advanced glaucoma. The decreased oxygen 

extraction is consistent with tissue loss and is likely to be secondary to tissue 

atrophy. Hypoxia was not measured in any of the groups of glaucoma 

patients, indicating that the lower oxygen extraction in advanced glaucoma 

might be secondary to tissue atrophy. 

 Breathing 100% oxygen increased oxygen saturation in both 

arterioles and more dramatically in venules. This great increase in oxygen 

saturation in venules reflects oxygen flow from the choroid during 100% 

oxygen breathing and can be explained by the unusual vascular anatomy and 

oxygen physiology of the eye. 

 Because of the nature of the studies, the major findings will be 

discussed in more detail in two parts. First there will be a combined 

discussion on papers I-III where the goal was to investigate retinal oximetry 

and glaucoma and then on paper IV where the effect of hyperoxia on retinal 

oximetry was studied. 

5.1 Paper I-III 

The main result from the glaucoma studies is that retinal oxygen saturation in 

venules and AV difference is altered in advanced glaucoma. This was 

repeatedly measured throughout the study, first with the older type of 

oximeter where there was a correlation between increased venular oxygen 

saturation and worse glaucoma as well as decreased AV difference in 

oxygen saturation and worse glaucoma. The same correlation was found in 

Leuven (paper II), not only with visual field damage, which is a functional 

parameter, but also with structural parameters, i.e. RNFL and the rim size of 

the optic nerve head. Oxygen saturation in retinal venules increased with a 

thinner RNFL and smaller rim size and the AV difference in oxygen saturation 

decreased with a thinner RNFL and a smaller rim size. Additional relationship 

between retinal oxygen saturation and the severity of glaucoma was found 

when advanced glaucoma (as defined by the severity of visual field mean 

defect) was compared to a group of glaucoma patients with mild glaucoma 

(also defined by the severity of visual field mean defect) as well as healthy 

individuals, where oxygen saturation in venules was higher in advanced 



glaucoma compared to the other two groups. AV difference in oxygen 

saturation was lower in advanced glaucoma compared to healthy individuals 

and patients with mild glaucoma. No difference was found between healthy 

individuals and patients with mild glaucoma.  

5.1.1  Altered retinal oxygen saturation in glaucoma: Cause or 
effect?  

Papers I-III show a correlation between glaucomatous functional damage and 

retinal oxygen saturation in venules and AV difference but not in arterioles. 

This is probably due to tissue atrophy and therefore decreased oxygen 

extraction of the tissue. The thinning of retinal nerve fiber layer and a smaller 

rim area are characteristics of glaucoma. The increased oxygen saturation in 

venules and decreased AV difference in patients with decreased RNFL and 

thinner rim of the optic nerve head (Paper III) can probably be explained by 

less tissue being able to extract oxygen from blood. A difference in venular 

oxygen saturation and AV difference was detected between healthy 

individuals and glaucoma patients with advanced glaucomatous damage but 

not mild glaucomatous damage. Again, it seems that the difference is due to 

atrophy of the retinal tissue which could lead to less oxygen extraction. 

Is this altered oxygen saturation in advanced glaucoma a primary or 

secondary effect from the disease? From the results, it seems that the altered 

oxygen saturation is tissue related, the worse the glaucoma, the less oxygen 

uptake by the retinal tissue. Because abnormality was only detected in 

advanced glaucoma but not in mild glaucoma, it is probable that this 

alteration in oxygen saturation is secondary to glaucomatous atrophy rather 

than a primary cause of the disease. If blood flow is insufficient for the 

oxygen demand of the tissue, one might expect that the hypoxic tissue would 

extract an increased proportion of the oxygen content from the blood, 

resulting in decreased oxygen saturation in the venules. This is not the case 

in glaucoma patients, the venules increased in oxygen saturation in 

advanced glaucoma and the AV difference decreased which indicates less 

oxygen extraction. The data does therefore not support that there is ischemia 

and/or hypoxia in glaucoma, at least in this group of patients. However, there 

are a few concerns which need to be accounted for and therefore, the theory 

that there is ischemia/hypoxia in glaucoma cannot completely be rejected. 

From the data presented here, it is impossible to know what happens in the 

glaucomatous eye before any visible or measured damage has happened in 

the retina or optic nerve. All patients were controlled for IOP which could lead 

to well controlled perfusion pressure which perhaps could prevent hypoxia. It 
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has been suggested that hypoxia may also be intermittent, for example when 

IOP is high or nocturnal blood pressure is low (see Chapter 1 Introduction). If 

that is the case, retinal oxygen saturation needs to be measured during 

different hours of the day from the same individuals to monitor metabolic 

status in case hypoxia is intermittent. 

5.1.2  Comparison with other oximetry studies 

Other studies on non-invasive retinal oximetry and glaucoma include the 

study by Michelson and Scibor (Michelson and Scibor 2006). As mentioned 

before (Chapter 1 Introduction), they measured retinal oxygen saturation with 

a different type of oximeter in healthy individuals and patients with high or 

normal tension glaucoma. They found no difference between the three 

groups in oxygen saturation in venules or oxygen extraction, which is 

confirmed by our results (Paper III), as we did not find any differences in 

retinal oxygen saturation between the whole glaucoma group and the healthy 

group. They did find a statistically significant correlation between the 

neuroretinal rim area and AV difference where the AV difference decreased 

with a thinner rim. This is the same finding as presented in Paper II. Contrary 

to what we found, the arterial oxygen saturation was lower in their patients 

with normal tension glaucoma compared to healthy individuals. They did not 

find any difference in arteriolar oxygen saturation between high tension 

glaucoma and healthy individuals, which is in agreement with our studies. Of 

note, their analysis method included a small segment of one superior 

temporal arteriole and one superior temporal venule for each fundus 

measured which is different from our analysis method. Another group that 

measured retinal oxygen saturation in healthy individuals and glaucoma is Ito 

et al. (Ito, Murayama et al. 2008). When they compared vessel saturation 

between the whole glaucomatous group that they measured and healthy 

individuals, they did not find any difference in either arteriolar or venular 

oxygen saturation, which is similar to our study (Paper III) where we did not 

find any difference between the whole glaucoma group and healthy 

individuals. A correlation was found between smaller mean deviation (worse 

visual field) and increased tissue oxygen saturation of the inferotemporal 

point in the retina in patients with high tension glaucoma but not in patients 

with low tension glaucoma and not in other measured points of the retina. 

This is somewhat in agreement with our results. There is, however, a 

limitation to the comparison of their tissue oxygen results to our vessel 

oxygen measurement, because the signal for tissue measurement is 

different, that is, from the capillaries. It may also be difficult to differentiate 

between the signal from the capillaries and the one from the choroid. 



 More recent oximetry studies in glaucoma have been published 

lately. Ramm et al. (Ramm, Jentsch et al. 2014) measured, with a different 

type of oximeter (Imedos), increased venular oxygen saturation and 

decreased AV- difference in glaucoma, which is what we measured in 

advanced glaucoma. They also did a flicker provocation study on the same 

glaucoma patients and measured that an increase in venular diameter during 

flicker was less in glaucoma as compared with healthy individuals. They 

concluded that this could incidate impairment in blood flow regulation. 

However, they also mentioned that this could be due to tissue loss which is 

more in agreement with what we have concluded. In another recent study by 

Ramm et al. (Ramm, Jentsch et al. 2015), a correlation was found between 

decreased arterial and vessel diameter and worse visual field damage but no 

correlation was found between retinal oxygen saturation and visual field 

mean defect. This is not in agreement with our study. The actual data 

(values) for oxygen saturation is not shown in their paper, but it appears 

(from graphs) that the number of glaucoma patients with poor visual field 

(MD>10dB) is quite low which might affect their results. From their diameter 

results they conclude that there might be a reduction in metabolic demand 

because of loss of neuronal tissue. Another recent study by Mordant et al. 

where POAG was compared with healthy individuals with a different type of 

oximeter (hyperspectral fundus camera), a higher retinal oxygen saturation 

was found in venules and lower AV-difference in glaucomatous individuals 

compared to healthy individuals, which is in agreement with our results in 

advanced glaucoma. Like us, they concluded that this is probably the result 

of reduced metabolic consumption of oxygen in the inner retinal tissue 

(Mordant, Al-Abboud et al. 2014). 

 There seems to be a common result from most of the oximetry 

studies on glaucoma; reduced oxygen saturation in venules and decreased 

AV difference. This is a further proof that retinal oxygen metabolism is altered 

in glaucoma. It is interesting to compare these results with non-

glaucomatous atrophy. Eysteinsson et al. (Eysteinsson, Hardarson et al. 

2014) measured retinal oxygen saturation with Oxymap T1 in individuals with 

retinitis pigmentosa (RP). RP is a hereditary disease that is characterized by 

a slow and progressive degeneration of photoreceptors which, for example, 

leads to constriction of visual fields. They detected increased venular 

saturation and decreased venular diameter and suggest that this is probably 

secondary to tissue atrophy and reduced oxygen consumption. Their results 

are similar to the findings of this study and may, to some degree, support the 
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hypothesis that atrophy is the main reason for increased oxygen venular 

saturation in advanced glaucoma. 

5.1.3  Strengths and limitations 

One of the strengths of the study is how homogenous the arteriolar oxygen 

saturation measurements were through all the studies and that the arteriolar 

oxygen saturation values did not change with different severity of visual field 

damage. There was no difference in arteriolar oxygen saturation between 

healthy individuals and glaucoma patients and there was no correlation 

between visual field damage and arteriolar oxygen saturation. It might sound 

strange that the homogenous arteriolar oxygen saturation is a strength to the 

study but this demonstrates that the changes in oxygen saturation in venules 

are probably not artificial and not due to, for example, differences in 

transmission of light due to background differences between individuals.  

Glaucoma involves retinal ganglion cell atrophy, but it is by many 

considered to be a disease of the optic nerve head. For that reason, there are 

questions that cannot be answered by this study, such as if there is an 

ischemia and hypoxia in the optic nerve head. One might ask if we are 

barking up the wrong tree as a figure of speech. Such is not the case, the 

retina is affected in glaucoma, there is retinal ganglion cell atrophy and there 

have been speculations that there is a problem with regulation of blood flow 

in the retina (Flammer, Orgul et al. 2002; Tobe, Harris et al. 2014). Therefore, 

it is quite important to study the retina in glaucoma and measure retinal 

oxygenation and metabolism even though the retinal circulation is not the 

only possible culprit, optic nerve hypoxia might exist independently of retinal 

oxygen metabolism.  

 In paper III, the data is pooled from two populations, one from 

Iceland and one from Belgium. The number of individuals from each country 

in each group (healthy and glaucoma) is uneven but subgroup analysis in the 

Icelandic group and in the group from Belgium confirmed the non-difference 

between the healthy individuals and the whole glaucoma group. The number 

of patients with advanced glaucoma in the Icelandic group was unfortunately 

too small (n=4) to perform pair wise comparison with healthy individuals and 

between the two subgroups (mild and advanced glaucoma). The arteriolar 

oxygen saturation in healthy individuals was slightly higher in Belgium as 

compared to Iceland which resulted in a slightly higher AV difference in 

Belgium. Other measurements were quite comparable. The uneven number 

of patients from each country might be a limitation to the study. However, 



from paper I and II it is clear that earlier measurements in each country show 

similar results.   

All individuals were on active glaucoma treatments, whether on eye 

drops or had undergone eye surgery. Due to ethical reasons this was 

unavoidable. Some medications can have an effect on retinal oxygen 

saturation. Traustason et al. (Traustason, Hardarson et al. 2009) measured 

lower arteriolar and venular oxygen saturation when glaucoma patients 

switched from dorzolamide-timolol combination eye drops to timolol alone. 

Retinal blood flow can also be influenced (Siesky, Harris et al. 2008) where 

the addition of dorzolamide (carbonic anhydrase inhibitor, CAi) to timolol 

monotherapy, increases blood flow. They did not find any changes in retinal 

oxygen saturation which is not in agreement with Traustason et al. Hardarson 

et al. (Hardarson, Gottfredsdottir et al. 2009) found a 2% increase in arteriolar 

oxygen saturation after glaucoma surgery (trabeculectomy and tube surgery) 

but no difference was measured in venular oxygen saturation or AV 

difference. We did a subgroup analysis (not published) on the data for Paper 

III. Glaucoma patients on CAi medication were compared with patients that 

were not on such treatment and found no difference in oxygen saturation 

values but the AV difference was slightly higher in individuals that were not 

on CAi drops (Table 8). The treatments for every patient within the two 

groups were quite diverse. The group of patients that were not on CAi 

medication was not uniform in glaucoma treatments, some were on glaucoma 

medications (and different types of medications, for example prostaglandins 

or beta-blockers or both) and some were not on any glaucoma medications at 

all (because of a successful glaucoma surgery, for example trabeculectomy). 

The same problem affected the patient group that was on CAi, some were 

only on CAi whereas others were also on other glaucoma medications. 

Carbonic anhydrase inhibition can result in accumulation of CO2 because of 

its inhibition effect on removal of CO2 from the tissue, resulting in vasodilation 

and increased blood flow. However, the effect of topical carbonic anhydrase 

inhibitors on blood flow in the eye is widely debated (Stefansson, Pedersen et 

al. 2005). Of note, in this study, more patients with mild glaucoma (60%) and 

advanced glaucoma (57%) were not being treated with topical CAi compared 

to patients that were on topical CAi treatment (39% patients with mild 

glaucoma and 42% with advanced glaucoma). CAi treatment does therefore 

probably not explain the difference in venular oxygen saturation and AV 

difference between the two groups considering the similar frequency of CAi 

users in both groups. It is therefore difficult to interpret what might cause the 
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difference between the non CAi and CAi groups in AV-difference because the 

patients within each group were so medically diverse. 

5.1.4  Future aspects 

The oximetry data gives an objective measurement that corresponds to the 

functional data that is provided by perimetry and the structural data provided 

by Heidelberg Retinal Tomography. A longitudinal, prospective study with 

further technical developing and testing is mandatory to gain more insight into 

oxygen changes and such a study could also verify if the oximeter can 

support visual field testing in glaucoma by providing objective data on 

progression in glaucoma. It would also be interesting to measure patients 

with poorly controlled IOP and perfusion pressure to evaluate whether 

measurable hypoxia exists in such cases. Finally, it would be interesting to 

measure patients that are recently diagnosed with glaucoma and are about to 

start a medical treatment for the disease (measurement before and after IOP 

control). That could give important data on the effect of treatment on oxygen 

metabolism in the glaucomatous retina. 

5.2  Paper IV 

During 100% oxygen breathing, retinal vessel oxygen saturation increased 

modestly in arterioles but dramatically in venules. The AV difference 

decreased in oxygen saturation during 100% oxygen breathing. The vessel 

diameter decreased during 100% oxygen breathing. 

5.2.1  The effect from the choroid during 100% oxygen breathing 

It has been mentioned earlier in the Introduction that during 100% oxygen 

breathing, there is an influx of oxygen from the choroid to the retina. This is 

reflected in the dramatic increase in venules in this study, while a modest 

increase of oxygen saturation is seen in arterioles (the saturation cannot rise 

above 100% in arterioles). The retinal AV difference in oxygen saturation 

decreases also dramatically during 100% oxygen breathing when compared 

to normoxic levels. Because of this large influx of oxygen from the choroid to 

the retina there is probably a reduced oxygen contribution by the retinal 

circulation to the retinal tissue. Retinal tissue demand is simply met by the 

oxygen influx from the choroid. The large inflow of oxygen from the choroid 

causes the retinal arterioles to constrict (they constricted by 6%) due to 

vessel regulation. The vessel diameter regulation is needed to reduce retinal 

blood flow to counter the inflow of oxygen from the choroid during 100% 

oxygen breathing. According to the law of Hagen-Poiseuille, resistance to 



blood flow is related to the fourth power of the diameter of a vessel. Oxygen 

extraction can be explained as the product of blood flow and AV difference in 

oxygen saturation so the oxygen extraction by the retinal circulation therefore 

seems to be decreased during pure oxygen breathing, even though such is 

probably not the case. As mentioned in Chapter 1 (Introduction), regulation of 

blood flow in the choroid is not of the same calibre as in the retina (Geiser, 

Riva et al. 2000; Schmidl, Garhofer et al. 2011). Therefore, when the system 

is overloaded with oxygen, such as during pure oxygen breathing, the 

reaction in choroidal vessels to regulate blood flow is not of the same calibre 

as in retinal vessels. The poor vessel diameter control in the choroid leads to 

an increased oxygen contribution from the choroid towards the inner retina, 

which results in less oxygen uptake from the retinal vessels. The total 

extraction of oxygen from the choroidal and retinal circulation is therefore 

probably not decreased. The same has been shown in various invasive 

animal studies (Eperon, Johnson et al. 1975; Riva, Pournaras et al. 1986; 

Wolbarsht, Stefansson et al. 1987; Linsenmeier and Yancey 1989; 

Pournaras, Riva et al. 1989; Braun and Linsenmeier 1995) where for 

example the PO2 in the cat inner retina increases by 39 ± 25 mmHg during 

hyperoxia (Linsenmeier and Yancey 1989). The increase in retinal oxygen 

saturation that was measured in venules and the decrease in AV difference 

can therefore be explained by the oxygen flux from the choroid through the 

retina.  

5.2.2  Vessel diameter decreases during 100% oxygen breathing 

During 100% oxygen breathing, the diameter for both arterioles and venules 

decreased compared to baseline (Table 10). This is in agreement with other 

studies that have measured changes in vessel diameter as well as blood flow 

during 100% oxygen breathing. The venules seem to constrict by similar 

values in other studies compared to this one (the venules constricted by 

14%) but for some reason, the arterioles differ in constriction between studies 

(the arterioles constricted by 6% in this study). Jean-Louis et al. (Jean-Louis, 

Lovasik et al. 2005) measured approximately 9% vasoconstriction in 

arterioles and 14% constriction in venules for the whole retina during 100% 

oxygen breathing. Kiss et al. (Kiss, Polska et al. 2002) measured 11-12% 

decrease in arteriolar diameter and 13-15% constriction in venular diameter, 

Palkovits et al. (Palkovits, Lasta et al. 2014) measured 12.1% constriction in 

arteriolar diameter and the venular diameter decreased by 13.0%. Others 

also measured decrease in venular diameter during hyperoxia by 14.1% 

(Pakola and Grunwald 1993) and 12% (Riva, Grunwald et al. 1983) but did 

not measure arterioles. Also to mention, Rose and Hudson (Rose and 
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Hudson 2007) measured 8.7% constriction in arterioles and in venules the 

constriction was 14% but this was during carbogen breathing (95% oxygen 

and 5% carbondioxide). Why the arterioles do not constrict to the same 

amount as the venules in this study and others (Jean-Louis, Lovasik et al. 

2005) and why they differ so much between studies is difficult to answer. The 

reason could be technical. The oximeter used in this study is not sensitive for 

the pulsatile nature of arterioles so exact constriction of arterioles is difficult to 

measure. Other unknown reasons might also count. 

 Even though we did not measure blood flow, the decrease in vessel 

diameter and because of the law of Hagen-Poiseuille, where resistance of 

blood flow is related to the fourth power of the diameter of a vessel, it can be 

assumed that blood flow was decreased during 100% oxygen breathing. 

Such results were recorded by Tayyari et al. (Tayyari, Venkataraman et al. 

2009) which measured decreased blood flow during 100% oxygen breathing 

compared to their recovery and baseline values as well as Pakola et al. 

(Pakola and Grunwald 1993) who measured 56.4% decrease in blood flow 

during 100% oxygen breathing. Riva et al.(Rose and Hudson 2007) also 

measured 60% less blood flow during hyperoxia. 

5.2.3 PO2 in the retina increases during 100% oxygen breathing 

The increased oxygen saturation in venules from normoxia to 100% oxygen 

breathing corresponds to an increase in PO2 from 27.4 mmHg to 41.5 mmHg. 

It may be assumed that the inner retinal PO2 is at least that high. The PO2 

values in normoxia are similar to what has been measured over optic nerve 

head in pigs (24.1 ± 11.6 mmHg) (Stefansson, Jensen et al. 1999) and the 

inner retina of cats (22.5 ± 27 mmHg) (Braun, Linsenmeier et al. 1995). The 

PO2 values during hyperoxia are also similar to those measured over the 

optic nerve head in pigs during 100% oxygen breathing (50 ± 29.3 mmHg) 

(Stefansson, Jensen et al. 1999). Studies on PO2 measurements in human 

retina do not exist because of the invasive nature of the measurement 

techniques such as polarographic electrodes. PO2 measurements have, 

however, been performed in the vitreous adjacent to the retina in individuals 

with epiretinal membranes and macular holes. The measured values are 

lower than what was measured in this study, that is 15.0 ± 5.7 mmHg 

(Williamson, Grewal et al. 2009)  and 9.78 ± 0.64 mmHg (Lange, Stavrakas 

et al. 2011). According to Alm and Bill (Alm and Bill 1972), PO2 decreases 

with distance from the retina by 0.5mmHg-2mmHg for every millimeter into 

the vitreous, which could explain why these values are lower than in this 

study. 



5.2.4  Recovery from 100% oxygen breathing – sensitivity of 
measurements 

Two individuals were measured every five seconds for two minutes 

immediately after 100% oxygen breathing. They both seem to recover back 

to normoxic levels within those two minutes. From this data and also the 

baseline vs. 100% oxygen breathing data, it is clear that the oximeter is 

sensitive to changes in oxygen saturation. The mean oxygen saturation 

values for all individuals (n=30) in both arterioles and venules during 

baseline, 100% oxygen breathing and recovery compare well with each other 

which indicates that the oximeter measures stable baselines. Decreased 

vessel diameter was also measured with the oximeter during 100% oxygen 

breathing which indicates that the oximeter is sensitive to changes in 

diameter. 

 When compared to other hyperoxia measurements, the results are 

similar. A previous study was performed with the older type of the oximeter 

(prototype 2, the same one that was used in Paper 1) by Hardarson et al. 

(Hardarson, Harris et al. 2006). The arterioles, with values somewhat higher 

than in this study, went from 95% oxygen saturation during baseline to 99% 

in oxygen saturation during hyperoxia in the Hardarson et al. study. The 

venules increased from 52% in oxygen saturation during baseline to 76% 

during hyperoxia which is just about the same as in our study. So, as with the 

newer version, the older prototype is also sensitive to changes in oxygen 

saturation. Other studies have been published with different types of 

oximeters. Beach et al. (Beach, Schwenzer et al. 1999) performed a study 

where healthy individuals inhaled 100% oxygen, and oxygen saturation was 

measured before and after inhalation with a dual-wavelength oximeter. The 

venules increased on average by 19.2% in oxygen saturation during 100% 

oxygen breathing, which is similar to our results. Recently, Palkovits et al. 

(Palkovits, Lasta et al. 2014) measured retinal oxygen saturation before and 

after pure oxygen breathing for 30 minutes in healthy individuals with a 

different type of oximeter (Imedos GmbH). The arterioles measured similar to 

ours in oxygen saturation during baseline but measurements were higher by 

two percentage points during hyperoxia as compared to ours. The venules 

measured higher by ten percentage points during baseline in their study 

compared to our study but values were similar during hyperoxia.  

Goharian et al. (Goharian, Iverson et al. 2015) recently tested the 

reproducibility of the Oxymap T1 and concluded that retinal oximetry 

measurements with the oximeter are highly reproducible in both treated 

glaucomatous and normal eyes.  
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5.2.5  Strength and limitations 

The baseline oxygen saturation values compare well with other studies 

following the same baseline measurement protocol used in this study with the 

same type of oximeter, Oxymap T1 (Geirsdottir, Palsson et al. 2012). 

A limitation of all the studies (Paper I-IV) is that the technique used is 

based on reflected light and calculations on oxygen saturation. For that 

reason, the oxygen saturation values are relative but not absolute. This must 

be kept in mind when reading through the data. Also, a correction for vessel 

size was only performed in some of the studies (Paper III-IV). The reason 

why there was no correction applied in the first and second studies (Paper I 

and II), was because this is a novel technique and the algorithm was being 

developed around the same time. However, it did not affect the results, the 

increase in venular oxygen saturation and decrease in AV difference in 

advanced glaucoma compared to mild glaucoma existed in all three studies, 

whether a correction was applied or not. This difference was also present 

before and after the vessel size correction in Paper III. 

Unfortunately, there may be some error in the calibration of the 

oximeter. Arterial oxygen saturation only reached about 94.6% in oxygen 

saturation during 100% oxygen breathing (which could imply that there might 

be some error in calibration). The increase in retinal oxygen saturation in 

arterioles is similar to the increase that was measured with finger pulse 

oximetry. However, the finger pulse oximetry values were higher; 97% during 

baseline and 99% during 100% oxygen breathing. It is unknown whether 

100% oxygen breathing results in values of 100% oxygen saturation of the 

retinal arterioles but comparison with pulse oximetry implies a calibration 

error of the oximeter. Similar results were found by Palkovits et al. (Palkovits, 

Lasta et al. 2014) when they measured the effect of 100% oxygen breathing 

with a different type of oximeter (Imedos GmbH). In their measurements, the 

retinal arterioles did not reach 100% oxygen saturation during 100% oxygen 

breathing, as in our study. They mentioned that the reason could be a 

calibration error of the oximeter, or perhaps there could be countercurrent 

exchange between the central retinal artery and vein. Interestingly, the 

calibration of both Oxymap T1 and the Imedos oximeter are supported by 

reference data obtained from Schweitzer et al. where mean oxygen 

saturation in healthy individuals during normal room air breathing was 92.2% 

in retinal arterioles and 57.9% in venules (Schweitzer, Hammer et al. 1999). 

The reference data could be too low in oxygen saturation or perhaps there 



are simply other unknown reasons that do not allow the arterioles to reach 

higher values during 100% oxygen saturation than what was measured.  

Oxygen saturation could not be measured with the oxygen mask on the 

face. The subjects had to inhale 100% oxygen, have the mask removed and 

then exhale slowly (and not inhale) when image was captured. Even though 

we made sure that none of the subjects were inhaling room air during image 

capturing (the photographer was well practiced and quick) it would have been 

optimal to be able to measure with the oxygen mask on. Unfortunately, that 

was impossible due to the technical setup (small space around the head rest 

on the oximeter (fundus camera)). 
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6 Conclusions 

In this thesis, retinal oxygen metabolism was studied in groups of 

glaucoma patients to test whether it is affected in glaucoma as compared to 

healthy individuals. Measurements on retinal oxygen metabolism showed that 

it is affected in advanced glaucoma, where decreased oxygen consumption is 

consistent with tissue loss. This was repeatedly confirmed in several 

research projects (Paper I-III). The difference found in venules and 

arteriovenous difference in advanced glaucoma compared to mild glaucoma 

and healthy individuals is probably related to tissue atrophy in glaucoma and 

less oxygen extraction in advanced glaucoma. Hypoxia was not detected in 

any group of glaucoma patients which implies that the retinal glaucomatous 

atrophy might not be secondary to ischemia and hypoxia. However, we still 

do not know whether intermittent hypoxia might play a role in glaucoma. 

Further measurements, such as longitudinal studies, are needed for further 

elucidation. Such study would also clarify whether oximetry can serve as a 

measurement and monitoring tool on glaucoma and glaucomatous 

progression. 

 As well as studying retinal oxygen metabolism in glaucoma, another 

study on healthy individuals was carried out where the effect of 100% oxygen 

breathing on retinal oxygenation was tested. Retinal oxygen saturation 

increased dramatically in venules and modestly in arterioles during 100% 

oxygen breathing and the AV difference decreased dramatically during 100% 

oxygen breathing. The diameter for both arterioles and venules decreased 

during hyperoxia. This reflects the unusual anatomy and physiology of the 

eye with a huge influx of oxygen from the not so well autoregulated choroid to 

the well autoregulated retina during 100% oxygen breathing. To measure this 

oxygen metabolism effect in humans has been impossible until recently. The 

only technique that used to be available was quite invasive and unethical to 

use in human eyes, but with the development of non-invasive oximeter, like 

the one used in this study, retinal oxygen metabolism can without too much 

difficulty be measured. In this part of the study it was also established that the 

oximeter is sensitive to changes in oxygen saturation and that it measures 

stable baselines. For future studies, such as the earlier mentioned 

longitudinal glaucoma study, knowledge on sensitivity and stability of the 

measurements is quite important. This knowledge has now been confirmed. 
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