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Ágrip 

Tilgangur 

Talið er að truflun á blóðflæði í sjónhimnuæðum og / eða truflun á 
súrefnisbúskap sjónhimnu tengist ýmsum sjúkdómum, þar á meðal 
æðalokunum í sjónhimnu, sjónhimnusjúkdómi í sykursýki og gláku. Áreiðanleg 
tækni til mælinga á súrefnisbúskap sjónhimnu án inngrips hefur verið af 
skornum skammti og því byggir þekkingin að stórum hluta á dýratilraunum. Í 
þessari ritgerð er lýst rannsóknum á súrefnismettun í sjónhimnuæðum (1) í ljósi 
og myrkri í heilbrigðum sjálfboðaliðum, (2) í miðbláæðarlokun í sjónhimnu, 
(3) í bláæðagreinarlokun í sjónhimnu, (4) í miðslagæðarlokun í sjónhimnu, (5) í 
sjónhimnusjúkdómi í sykursýki, (6) í sjúklingum, sem undirgengust 
skurðaðgerð vegna gláku og (7) í sjúklingum sem tóku glákulyf. 

Aðferðir 

Súrefnismælirinn (Oxymap ehf., Reykjavík) er byggður á augnbotnamyndavél. 
Við augnbotnamyndavélina er festur mynddeilir, sem gerir kleift að ná fjórum 
myndum af sama svæði augnbotns samtímis. Tvær myndanna eru notaðar til 
frekari vinnslu, ein er tekin með 586 nm ljósi en hin með 605 nm ljósi. 
Ljósgleypni sjónhimnuæða er næm fyrir súrefnismettun við 605 nm en ekki við 
586 nm. Meta má súrefnismettun í aðal sjónhimnuæðunum með því að mæla 
ljósendurkast á þessum tveimur bylgjulengdum. Þetta er gert með aðstoð 
sérskrifaðs hugbúnaðar. 

Niðurstöður 

Ljós og myrkur: 

Eftir 30 mínútur í myrkri var súrefnismettun í slagæðlingum í sjónhimnu 
heilbrigðra sjálfboðaliða 92±4% (meðaltal±staðalfrávik, n=15). Eftir 5 mínútur í 80 
cd/m2 ljósi, var mettunin í slagæðlingunum marktækt minni eða 89±5% (p=0,008). 
Samsvarandi gildi fyrir bláæðlinga í sjónhimnu voru 60±5% í myrkri og 55±10% í 
ljósi (p=0,020). Sambærilegar niðurstöður fengust þegar mælt var eftir 5 mínútna 
ljós eða myrkur tímabil til skiptis. Í annarri tilraun (n=19) mældist marktækt minni 
súrefnismettun í sjónhimnuæðlingum í 100 cd/m2 ljósi en í myrkri. Ljós af 
styrknum 1 eða 10 cd/m2 hafði engin marktæk áhrif. 
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Miðbláæðarlokun í sjónhimnu: 

Súrefnismettun í bláæðlingum framan við miðbláæðarlokunina var 49±12% (með-
altal±staðalfrávik, n=8). Meðalgildið í bláæðlingunum í hinu auganu var 65±6% 
(p=0,003). Súrefnismettun í slagæðlingum var 99±3% í sjúka auganu en 99±6% í 
hinu auganu. Mettun í bláæðlingum var mjög breytileg milli sjúkra augna. 

Bláæðagreinarlokun í sjónhimnu: 

Miðgildi súrefnismettunar í bláæðlingum, sem urðu fyrir áhrifum af bláæða-
greinarlokun, var 59% (bil 12-93%, n=22). Miðgildið var 63% (23-80%) í þeim 
bláæðlingum í sjúka auganu, sem ekki urðu fyrir áhrifum af lokuninni, og 55% 
(39-80%) í bláæðlingum hins augans. Munurinn var ómarktækur (p>0,05). 
Marktækur munur var milli slagæðlinga, sem urðu fyrir áhrifum af lokun 
(miðgildi 101%, bil 89-115%) og slagæðlinga í sama auga, sem ekki urðu fyrir 
áhrifum af lokun (95%, 85-104%, p<0,05, n=18). 

Miðslagæðarlokun í sjónhimnu: 

Meðaltal súrefnismettunar í slagæðlingum sjúklings með eins dags sögu um 
miðslagæðarlokun var 71±9% en meðaltal í bláæðlingum var 63±9%. Einum 
mánuði síðar og eftir meðferð með prednisólon var meðaltal súrefnismettunar 
100±4% í slagæðlingum og 54±5% í bláæðlingum. 

Sjónhimnusjúkdómur í sykursýki: 

Sjúklingar með sjónhimnusjúkdóm í sykursýki (allir flokkar) mældust með að 
meðaltali 7-10 prósentustigum hærri súrefnismettun í slagæðlingum en 
heilbrigðir (p<0,05 fyrir alla flokka, n=6-8 í hverjum flokki). Í bláæðlingum var 
mettunin 8-12 prósentustigum hærri (p<0,05 fyrir alla flokka). 

Skurðaðgerð við gláku: 

Súrefnismettun í slagæðlingum sjónhimnu jókst um 2 prósentustig að meðaltali 
(p=0,046, n=19) eftir aðgerð, sem lækkaði augnþrýsting úr 23±7 mmHg 
(meðaltal±SD) í 10±4 mmHg (p<0,0001). Engar aðrar marktækar breytingar 
fundust (p≥0,35).  

Dorsólamíð: 

Súrefnismettun í slag- og bláæðlingum lækkaði marktækt um 3 prósentustig í 
slagæðlingum (p<0,01) og bláæðlingum (p<0,05) þegar sjúklingar með gláku 
eða háan augnþrýsting skiptu úr blöndu af dorsólamíði og tímólóli yfir í tímólól 
eitt sér (n=6). Engar breytingar fundust hjá sjúklingum, sem skiptu úr tímólóli 
yfir í blandaða meðferð (p>0,05, n=7). 
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Ályktanir 

Nota má tveggja bylgjulengda súrefnismælingu til að mæla súrefnismettun í 
sjónhimnuæðum án inngrips í heilbrigðum augum og sjúkum. Niðurstöðurnar 
benda til þess að súrefnismettun (1) hækki í myrkri, (2) sé lægri í bláæðlingum 
framan við miðbláæðarlokun, (3) sé breytileg í bláæðagreinarlokun, (4) sé lægri 
í slagæðlingum sjónhimnu við lokun miðslagæðar, (5) hækki í sjónhimnu-
sjúkdómi í sykursýki, (6-7) breytist lítið við glákuaðgerð eða töku dorsólamíðs. 

Lykilorð 

Súrefni, sjónhimna, bláæðalokun í sjónhimnu, sjónhimnusjúkdómur í 
sykursýki, gláka. 
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Abstract 

Purpose 

Malfunction of retinal blood flow or oxygenation is believed to be involved in 
various diseases. Among them are retinal vessel occlusions, diabetic retinopathy 
and glaucoma. Reliable, non-invasive technology for retinal oxygen measurements 
has been scarce and most of the knowledge on retinal oxygenation comes from 
animal studies. This thesis describes human retinal oximetry, performed with novel 
retinal oximetry technology. The thesis describes studies on retinal vessel oxygen 
saturation in (1) light and dark in healthy volunteers, (2) central retinal vein 
occlusion, (3) branch retinal vein occlusion, (4) central retinal artery occlusion, (5) 
diabetic retinopathy, (6) patients undergoing glaucoma surgery and (7) patients 
taking glaucoma medication. 

Methods 

The retinal oximeter (Oxymap ehf., Reykjavik, Iceland) is based on a fundus 
camera. An attached image splitter allows the simultaneous capture of four 
images of the same area of the fundus. Two images are used for further 
analysis, one acquired with 586 nm light and one with 605 nm light. Light 
absorbance of retinal vessels is sensitive to oxygen saturation at 605 nm but not 
at 586 nm. Measurement of reflected light at these wavelengths allows 
estimation of oxygen saturation in the main retinal vessels. This is performed 
with custom-made analysis software. 

Results 

Light and dark: 

After 30 minutes in the dark, oxygen saturation in retinal arterioles of healthy 
volunteers was 92±4% (mean±SD, n=15). After 5 minutes in 80 cd/m2 light, 
the arteriolar saturation was 89±5%. The decrease was statistically significant 
(p=0.008). The corresponding values for retinal venules were 60±5% in the 
dark and 55±10% in the light (p=0.020). Similar results were found after 
alternating 5 minute periods of darkness and light. In a second experiment 
(n=19), a significant decrease in retinal vessel oxygen saturation was found in 
100 cd/m2 light compared to darkness but 1 and 10 cd/m2 light had no 
significant effect. 
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Central retinal vein occlusion: 

In patients with central retinal vein occlusion, the mean saturation in affected 
retinal venules was 49±12%, while the mean value for venules in the fellow 
eye was 65±6% (mean±SD, p=0.003, n=8). The retinal arteriolar saturation was 
the same in affected (99±3%) and the unaffected (99±6%) eyes. The venous 
oxygen saturation showed much variation between affected eyes. 

Branch retinal vein occlusion: 

Median oxygen saturation in venules affected by branch retinal vein occlusion 
was 59% (range 12-93%, n=22), while it was 63% (23-80%) in unaffected 
venules in the affected eye and 55% (39-80%) in venules in the fellow eye. The 
difference was not statistically significant (p>0.05). There was a significant 
difference between affected arterioles (median 101%, range 89-115%) and 
unaffected arterioles (95%, 85-104%) in the affected eye (p<0.05, n=18). 

Central retinal artery occlusion: 

In a patient with a day’s history of central retinal artery occlusion due to 
temporal arteritis, the mean arteriolar saturation was 71±9% and 63±9% in the 
venules. One month later, after treatment with prednisolone, the mean arteriolar 
saturation was 100±4% and the venous saturation 54±5%. 

Diabetic retinopathy: 

When compared with healthy volunteers (n=31), patients with all categories of 
diabetic retinopathy had on average 7-10 percentage points higher saturation in 
retinal arterioles (p<0.05 for all categories, n=6-8 in each category). In venules, 
the saturation was 8-12 percentage points higher (p<0.05 for all categories). 

Glaucoma surgery: 

Oxygen saturation in retinal arterioles increased by 2 percentage points on 
average (p=0.046, n=19) with surgery, which lowered intraocular pressure from 
23±7 mmHg (mean±SD) to 10±4 mmHg (p<0.0001). No other significant 
changes were found (p≥0.35).  

Dorzolamide: 

A significant reduction of 3 percentage points was found in arterioles (p<0.01) 
and venules (p<0.05) when patients with glaucoma or ocular hypertension 
changed from dorzolamide-timolol combination eye drops to timolol alone 
(n=6). No change was found in patients, who started on timolol and switched to 
the combination therapy (p>0.05, n=7). 
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Conclusions 

Dual wavelength oximetry can be used to non-invasively measure retinal vessel 
oxygen saturation in health and disease. The results indicate that retinal vessel 
oxygen saturation is (1) increased in the dark, (2) lower in venules affected by 
central retinal vein occlusions, (3) variable in branch retinal vein occlusion, (4) 
lower in retinal arterioles in central retinal artery occlusion, (5) increased in 
diabetic retinopathy, (6-7) mildly affected by glaucoma surgery or dorzolamide. 

Keywords 

Oxygen, retina, retinal vein occlusion, diabetic retinopathy, glaucoma. 
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1  Introduction 

1.1 Why measure retinal oxygenation? 

Normal retinal function requires a very high level of energy production and a 
great supply of oxygen (see for example Alder et al., 1990; Alm and Bill, 1970, 
, 1972a, , 1972b; Ames et al., 1992; Blair, 2000; Braun et al., 1995; Cringle et 
al., 2002; Linsenmeier, 1986; L. Wang, Tornquist et al., 1997a, , 1997b). Blood 
vessels must, however, not obscure the retina and disturb vision. These extreme 
requirements are met by an unusual arrangement of blood vessels, which 
allows delivery of great amounts of oxygen and nutrients without greatly 
affecting the transparency of the retina. Malfunction of the vasculature can 
result in serious disease. There is considerable evidence for altered retinal 
blood flow or oxygenation in diseases such as retinal vessel occlusions, 
diabetic retinopathy and glaucoma. 

Measurements of retinal oxygenation are needed for better understanding of 
normal physiology as well as for studying common and potentially blinding 
diseases. Human studies require non-invasive and safe measurement 
techniques. This thesis describes the use of a novel retinal oximeter for the 
study of retinal oxygenation and the effect of (1) light and dark, (2) central 
retinal vein occlusion, (3) branch retinal vein occlusion, (4) central retinal 
artery occlusion, (5) diabetic retinopathy, (6) glaucoma surgery and (7) 
dorzolamide. 

1.1.1 Retinal oxygenation in health and the effect of light and dark 
The retina (Figure 1) is oxygenated from two sources; the choroid and the 
retinal circulation. 

The choroid mostly supplies the outer retina with oxygen while the retinal 
circulation mostly supplies the inner retina. The retina uses more oxygen in the 
dark than in light (Stefansson et al., 1983) and the division between the oxygen 
supply of the choroid and retinal circulation changes slightly with light and 
dark (Ahmed et al., 1993; Birol et al., 2007; Linsenmeier, 1986; Linsenmeier 
and Braun, 1992). In the dark, the photoreceptors in the outer retina use more 
oxygen (Ahmed et al., 1993; Ames et al., 1992; Birol et al., 2007; Braun and 
Linsenmeier, 1995; Braun et al., 1995; Cringle et al., 1999; Haugh-Scheidt, 
Griff et al., 1995; Haugh-Scheidt, Linsenmeier et al., 1995; Haugh et al., 1990; 
Linsenmeier, 1986; Linsenmeier and Braun, 1992; Linsenmeier and Yancey, 
1989; Medrano and Fox, 1995; L. Wang, Kondo et al., 1997; L. Wang, 
Tornquist et al., 1997a; Zuckerman and Weiter, 1980). In the dark, oxygen is 
supplied to the photoreceptors from both sides, i.e. from the choroid and, to a 
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lesser degree, from the retinal capillaries. In the light, the choroid appears to 
fully supply the photoreceptors and some of the choroidal oxygen may even 
reach the inner retina. 

Figure 1. Cross-section of the retina. The retina can be divided into the outer retina, 
which contains the photoreceptors (rods and cones), and the inner retina, 
which contains various types of neurons, as displayed in the figure. The 
retinal capillaries lie in the inner retina, down to the level of the 
photoreceptors, while the choroid lies outside the retinal pigment epithelium 
(top of figure). Webvision, http://webvision.med.utah.edu/  Non-
commercial, no derivative works creative commons license. 

The entire blood supply of the eye comes through the ophthalmic artery, 
which is a branch of the internal carotid artery (Figure 2). The ophthalmic 
artery gives rise to the ciliary arteries and the central retinal artery. The 
choroidal circulation originates from the posterior ciliary arteries. The 
choroidal vessels can be divided, from the outside to the inside, into a layer of 
large arteries, a layer of medium size arteries and arterioles and the innermost 
layer of the choriocapillaris (Nickla and Wallman, 2010). The choriocapillaris 
is a network of wide capillaries adjacent to the outer retina (Hayreh, 1975; 
Nickla and Wallman, 2010). In healthy eyes, the choroid does not penetrate the 
retina and does therefore not obscure vision. Oxygen diffuses from the 
choriocapillaris, through Bruch’s membrane and the retinal pigment epithelium 
to reach the energy intensive photoreceptors. The photoreceptor layer (outer 
retina) does not contain any capillaries, even if it is more than 100 micrometres 



  

3 

thick according to measurements in the human macula (Loduca et al., 2010). 
The full thickness of the retina at the fovea does not contain any capillaries. 

Figure 2. The blood supply of the eye. The ophthalmic artery is a branch of the internal 
carotid artery and supplies they entire eye. Among the branches of the 
ophthalmic artery are the ciliary arteries and central retinal artery. The 
posterior ciliary arteries supply the choroid. The central retinal artery pierces 
the optic nerve and travels with it to the retina to supply the retinal 
circulation. Public domain figure, originally reproduced from Gray’s 
anatomy. http://en.wikipedia.org/wiki/Ophthalmic_artery (labels simplified). 

The diffusion of oxygen from the choroid to the photoreceptors is driven by 
a very high concentration gradient for oxygen (Linsenmeier, 1986). The 
choroid has a very high level of blood flow, which creates high partial pressure 
of oxygen in the choriocapillaris. In monkeys, blood flow in the choroid was 
found to be about twenty times the flow in the retinal circulation (Alm et al., 
1973). The difference in oxygen saturation in blood entering and leaving the 
choroid has been found to be only 3% in cats (Alm and Bill, 1970). Despite 
this, the partial pressure of oxygen reaches almost zero in parts of the outer 
retina in the dark (Linsenmeier, 1986). This is due to the diffusion distance and 
the great oxygen consumption of the photoreceptors. 
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The choroid receives both sympathetic (vasoconstricting) and 
parasympathetic (vasodilating) innervation (Neuhuber and Schrodl, 2011; 
Nickla and Wallman, 2010). Earlier animal experiments indicated, however, 
that choroidal blood flow was not well regulated and that it for example fell 
almost linearly with decreased perfusion pressure. Later studies on animals and 
humans, have found that the choroidal blood flow is indeed regulated according 
to perfusion pressure and even concentration of carbon dioxide (Kiel and 
Shepherd, 1992; Polska et al., 2007; Schmidl, Garhofer et al., 2011; Schmidl, 
Weigert et al., 2011). The concentration of oxygen seems to have little effect 
on choroidal blood flow (for review see Schmidl, Garhofer et al., 2011) 
although some indirect evidence for a limited regulation during hyperoxia may 
have been found in cats (Linsenmeier and Yancey, 1989). Recent studies have 
even shown less choroidal blood flow in dark than in light (Fuchsjager-Mayrl 
et al., 2003; Fuchsjager-Mayrl et al., 2001; Huemer et al., 2007; Longo et al., 
2000). Less choroidal blood flow in the dark may seem counter-intuitive, since 
the photoreceptors require more oxygen in the dark. It has been postulated that 
choroidal blood flow is increased in light to dissipate more heat in light than in 
dark (Nagaoka and Yoshida, 2004; Parver et al., 1980). 

The retinal circulation arises from the central retinal artery, which (in most 
cases) is a branch of the ophthalmic artery (Hayreh, 2011). The central retinal 
artery travels within the optic nerve until it reaches the retina, where it branches 
into retinal arterioles, which branch repeatedly and ultimately give rise to the 
retinal capillaries. The retinal capillaries are generally organised in two layers, 
one in the nerve fibre layer and the ganglion cell layer and another in the inner 
nuclear layer (Kong et al., 2010; C. J. Pournaras et al., 2008). The exceptions 
are that there is an additional superficial layer of capillaries around the optic 
disc, there is only one layer of capillaries in the peripheral retina and close to 
the fovea and there are few or no capillaries around retinal arterioles and in the 
fovea (Hayreh, 2011; Henkind, 1967; Kong et al., 2010; McLeod, 2010; C. J. 
Pournaras et al., 2008). The retinal capillaries merge into ever larger retinal 
venules, which finally form the central retinal vein, which leaves the eye with 
the optic nerve, adjacent to the central retinal artery within the nerve. In a 
portion of the population, one or more cilioretinal arteries supply a part of the 
retinal capillaries, most often in the temporal retina. Justice and Lehman (1976) 
found one or more cilioretinal arteries in about a third of eyes and about half of 
their patients. The cilioretinal arteries varied greatly in size. 

The retinal vasculature is unlike the choroidal circulation in several aspects. 
The retinal circulation penetrates the retinal tissue and this decreases diffusion 
distances from capillaries to retinal cells but also means that the retinal 
vasculature could obscure vision, if it were too dense. Kong et al. (2010) 
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stained flat-mounted human and monkey retinas for blood vessels and found 
that, in the four areas tested, the retinal vasculature covered from about 7% to 
30% of the total area. The least density was found peripherally but the greatest 
in the macula. As mentioned above, blood flow in the retinal vasculature is 
much less than in the choroid. Less blood flow in the retinal circulation is 
reflected in much greater arteriovenous difference in oxygen saturation. 
Schweitzer et al. (1999) used a calibrated non-invasive method to measure 
healthy volunteers and found the saturation to be 92% in retinal arterioles and 
58% in retinal venules. In pigs, the retinal venous saturation has been found to 
be about 55% (Tornquist and Alm, 1979). This means that the arteriovenous 
difference is a little over 30% in the retinal circulation while it is closer to 3% 
in the (cat) choroid (Alm and Bill, 1970). Oxygen saturation in the pulmonary 
artery, representing the mean saturation in venous blood in the body, has been 
found to be above 70% in healthy individuals at rest (Harms et al., 2003; Sun et al., 
2001). The arteriovenous difference in saturation is therefore much less than 
average in the choroid but greater than average in the retina. The oxygen saturation 
in the pulmonary artery can decrease dramatically during exercise, even below 
30%, which is much lower than in the normal retina (Sun et al., 2001). 

Regulation of retinal blood flow has traditionally been considered more 
effective than the regulation of the choroid, although more evidence is being 
found of choroidal regulation. The retinal blood flow is adjusted according to 
demand and is for example increased by flickering light, which is believed to 
increase inner retinal metabolism (Riva et al., 2005). As opposed to choroidal 
blood flow, retinal blood flow may be increased in the dark to sustain the 
increased consumption although this has not been consistently seen (Barcsay et 
al., 2003; Feke et al., 1983; Havelius et al., 1999; Riva, Grunwald & Petrig, 
1983; Riva et al., 1987). Hyperoxia, induced by inhaling oxygen enriched air, 
leads to constriction of retinal arterioles (C. J. Pournaras et al., 2008; Riva, 
Grunwald & Sinclair, 1983) and decreased retinal blood flow (Stefansson et al., 
1988). The retinal vasoconstriction does not prevent that the retina receives 
more oxygen during inhalation of pure oxygen since choroidal blood flow is 
minimally affected (Linsenmeier and Yancey, 1989; C. J. Pournaras et al., 
1989; Stefansson, 1981; Stefansson et al., 1983; Wolbarsht et al., 1987). The 
retinal vessels dilate in response to increased concentration of inspired carbon 
dioxide (Venkataraman et al., 2008). 

The retinal vasculature must also cope with changes in perfusion pressure 
(see more details in chapter 1.1.5.1). Perfusion pressure in the retinal 
vasculature is lowered by a decrease in blood pressure or an increase in the 
intraocular pressure. Lower perfusion pressure leads to an increase in retinal 
arteriolar diameter while higher perfusion pressure leads to constriction of 
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arterioles (C. J. Pournaras et al., 2008). This response tends to keep the blood 
flow adequate and failure of regulation has been implicated in glaucoma, see 
chapter 1.1.5.1. 

The biochemical mechanisms of regulation of retinal blood blow are 
complicated and the interplay of various factors is not fully understood. This 
applies to both regulation due to pressure changes and metabolic need (for 
review see C. J. Pournaras et al., 2008). Most mechanisms are believed to be 
local as opposed to neural (Delaey and Van De Voorde, 2000) although the 
extraocular part of the central retinal artery is innervated (Ehinger, 1966; 
Laties, 1967; Neuhuber and Schrodl, 2011; Ye et al., 1990). 

1.1.2 Retinal vascular occlusions (and treatment) 
Occlusion of a retinal vessel will obviously disturb retinal blood flow and 
oxygenation. Occlusions can be broadly divided into vein (venule) occlusions 
and artery (arteriole) occlusions, the former being more common. Occlusions 
can be further divided into central occlusions, affecting the central retinal vein 
or artery, and branch occlusions, affecting branches of the central vessels. Still 
further classifications are possible; central retinal vein occlusions are for 
example often divided into ischaemic and the less severe non-ischaemic 
occlusions, although such classification is not straightforward (Hayreh, 2005). 
The vascular occlusions considered in this thesis are central retinal vein 
occlusion and branch retinal vein occlusion. Preliminary data on central retinal 
artery occlusion is also included. 

1.1.3 Central retinal vein occlusion 
Central retinal vein occlusion is caused by a thrombus in the central retinal 
vein. The central retinal vein usually drains all blood from the retinal 
vasculature and empties into the superior ophthalmic vein or directly into the 
cavernous sinus (Hayreh, 2011). Occlusion of the central retinal vein can 
therefore reduce the blood flow in the entire retinal circulation. The occlusion 
rarely stops the retinal blood flow completely, even if the central retinal vein is 
usually completely blocked (Hayreh, 2005). The reason is that blood can 
escape through tributaries of the central retinal vein in the optic nerve, anterior 
to the occlusion. The amount of remaining blood flow most likely varies with 
the site of the occlusion and the number and size of tributaries anterior to the 
occlusion, which can support collateral circulation. Indocyanine green 
angiography has been used to study the route of the collateral flow and has 
shown flow from the retina through loops to choroidal veins (Suzuki et al., 
2000; Takahashi et al., 1998). The loops are located close to the optic disc. 
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Opening of the thrombus (re-canalisation) with time after the initial 
occlusion can also contribute to blood flow. Green et al. (1981) studied 
enucleated eyes with central retinal vein occlusion and found evidence of re-
canalisation in almost all of them. The re-canalisation appears to start early, 
within days or weeks, and then continue with time. The study is most 
representative of ischaemic central retinal vein occlusions since most of the 
eyes were enucleated due to neovascular glaucoma, which can be associated 
with ischaemic occlusion (see chapter 1.1.4 on the consequences of hypoxia). 

Reduction in blood flow in the retina, due to central retinal vein occlusion, 
is likely to affect the oxygenation of the inner retina. Williamson et al. (2009) 
used oxygen sensitive electrodes during vitrectomy to measure the partial 
pressure of oxygen in the vitreous. They found that patients with ischaemic 
central retinal vein occlusion had lower partial pressure of oxygen above the 
retina, when compared to patients undergoing vitrectomy for either macular 
hole or epiretinal membrane removal. 

Oxygenation of the retina in patients with central retinal vein occlusion has 
also been measured non-invasively. Yoneya et al. (2002) used interferometry to 
measure a spectrum in each pixel in a fundus image. This information was used 
to calculate oxygen saturation in the fundus and the results show low saturation 
in areas where fluorescein angiography demonstrates capillary non-perfusion. 
However, it is very difficult to reliably measure oxygen saturation in the fundus 
outside the major retinal vessels, for example due to the small amount of blood 
present in the retinal capillaries and the possible effects of the choroidal 
background (see chapter 1.2 for more information on methodology). The 
reliability is especially questionable when there is little perfusion of capillaries. 
The published colour-coded maps of saturation show great variability and some 
of them show very high saturation in the tissue / capillaries.  

Nevertheless, some degree of retinal hypoxia is most likely present, at least 
at some stage, in many cases of central retinal vein occlusion, even if direct 
measurements are scarce and difficult. Further evidence for hypoxia in central 
retinal vein occlusion can be found by studying the consequences of the 
occlusion, which are in some cases neovascularisation and oedema. 
Neovascularisation and oedema can also result from branch retinal vein 
occlusion or diabetic retinopathy. The link between hypoxia, 
neovascularisation and oedema is discussed in chapter 1.1.4. 

1.1.3.1 Branch retinal vein occlusion 
Branch retinal vein occlusion has different aetiology from central retinal vein 
occlusion. The main risk factor for development of branch retinal vein 
occlusions is hypertension (Appiah and Trempe, 1989; Klein et al., 2000; The 
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Eye Disease Case-control Study Group, 1993). The occlusion occurs where a 
branch retinal artery and vein cross (Christoffersen and Larsen, 1999; Clemett, 
1974). At the crossing, both vessels share a common sheath and it is believed 
that the conditions for thrombus formation and occlusion are created when the 
arteriole compresses the venule. At the crossing, it is in general more common 
that the arteriole is above the venule and this is especially common where 
occlusions occur (Christoffersen and Larsen, 1999; Duker and Brown, 1989; 
Sekimoto et al., 1992; Weinberg et al., 1990; Zhao et al., 1993). 

Several studies have been performed on blood flow in branch retinal vein 
occlusion and, not surprisingly, the results indicate decreased blood flow. Fujio et 
al. (1994) used a laser Doppler technique to non-invasively measure decreased 
blood flow in the arterioles supplying the region affected by branch retinal vein 
occlusion in two patients and Yoshida et al. (2003) found similar results with 
similar technology in one patient. Horio and Horiguchi (2004) found decreased 
blood flow in the retinal segment affected by the occlusion. They measured during 
vitrectomy in patients with macular oedema due to branch retinal vein occlusion. 
Avila et al. (1998) found decreased capillary blood flow in affected areas. Kang 
and Lee (1995) found increased arteriovenous passage time in branch retinal vein 
occlusion and Noma et al. (Noma, Funatsu, Sakata, Harino, Mimura et al., 2009; 
Noma, Funatsu, Sakata, Harino, Nagaoka et al., 2009) found decreased blood 
velocity in perifoveal capillaries. Genevois et al. (2004) studied the capillary 
network in detail in rats and found that some capillaries closed while at similar 
time, blood is re-routed through others. According to studies on monkeys 
(Minamikawa et al., 1993 - English abstract) and miniature pigs (C. J. Pournaras, 
Tsacopoulos, Strommer et al., 1990a), re-opening of the thrombus does not 
necessarily re-open closed capillaries. 

Decreased blood flow due to branch retinal vein occlusion can be expected 
to affect retinal oxygenation. Most studies on oxygenation in vein occlusions 
have been made on artificially induced branch retinal vein occlusions in 
animals. Such occlusions have been shown to decrease the partial pressure of 
oxygen, measured in the preretinal vitreous above the affected area (Noergaard 
et al., 2008; C. J. Pournaras et al., 1997; C. J. Pournaras, Tsacopoulos, 
Strommer et al. et al., 1990a; J. A. Pournaras et al., 2004; Stefansson et al., 
1990). Pournaras et al. have also measured decreased partial pressure of 
oxygen directly within the inner retina with intraretinal electrodes (C. J. 
Pournaras, Tsacopoulos, Riva et al., 1990). 

Occlusions of branch retinal venules in humans may have different 
outcome from the experimental occlusions in animals. The experimental 
occlusions are produced by suddenly blocking a previously healthy venule in 
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the animal while the constriction may progress more gradually in the human 
disease. Constriction of venules at the arteriovenous crossing is for example 
often seen in hypertensive patients, who have no history of occlusion. This is 
called arteriovenous nicking and is visible on fundus photographs. 
Development of collateral circulation and re-canalisation of the thrombus as 
well as atrophy of the tissue may also complicate outcomes of both animal 
studies and human branch vein occlusions, although not necessarily in the same 
way. Direct measurements of oxygenation in human patients with branch 
retinal vein occlusions are necessary to determine how the human condition 
compares to the animal experiments. 

1.1.3.2 Central retinal artery occlusion 
Central retinal artery occlusions are generally complete occlusions although 
there is, in many cases, some blood flow to the retinal vasculature through 
collateral circulation and through a cilioretinal artery, if such an artery is 
present. This remaining blood flow is, however, not protective, with the 
exception of larger cilioretinal arteries (Hayreh, 2011). Central retinal artery 
occlusion is often due to an embolus although other causes, such as giant cell 
arteritis are also known (Foroozan et al., 2003; Hayreh, 2011; Hayreh et al., 
2009). The symptoms are generally sudden and dramatic loss of vision, 
although some improvement is possible in the first days after the initial insult 
(Hayreh and Zimmerman, 2005; Yuzurihara and Iijima, 2004). 

As described above (chapter 1.1.1), the retinal vessels nourish the inner 
retina and occlusion of the retinal vasculature can therefore be expected to 
affect the inner retina in particular. Preretinal measurements in cats 
(Stefansson, 1981) and intraretinal measurements in cats (Alder et al., 1990) 
and rats (Braun and Linsenmeier, 1995; Yu et al., 2007) have indeed shown 
that the partial pressure of oxygen in the inner retina falls to zero during 
experimental central (Alder et al., 1990; Stefansson, 1981) or branch (Braun 
and Linsenmeier, 1995; Yu et al., 2007) retinal artery occlusion while the 
partial pressure in the outer retina is close to normal or slightly decreased. The 
choroid is not able to supply the whole retina, particularly not in the dark, when 
the oxygen consumption in the outer retina is greater.  

As mentioned previously, the concentration of oxygen does not seem to 
have much effect on choroidal blood flow. Inhalation of pure oxygen will 
therefore raise the partial pressure in the choroid and allow more oxygen to 
reach the inner retina. Studies on cats and monkeys have shown that during 
inhalation of 100% oxygen after central artery occlusion, the partial pressure of 
oxygen in the vitreous, reflecting the partial pressure of oxygen in the inner 
retina, is raised to normal or higher than normal levels (Landers, 1978; 
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Stefansson, 1981; Wolbarsht et al., 1987). Landers even saw recovery of the 
electroretinogram and visual evoked response in the cat with inhalation of pure 
oxygen after central retinal artery occlusion. Similar results have been found 
with intraretinal measurements of oxygen tension in cats (Alder et al., 1990; 
Braun and Linsenmeier, 1995), and rats (Yu et al., 2007) although the inner 
retinal hypoxia or electrical signs of function were not completely normalised 
in all cases (Braun and Linsenmeier, 1995; Yu et al., 2007). It should be noted 
that, during the occlusion, the supply of glucose and other nutrients is of course 
diminished as well. Nevertheless, only adding supplemental oxygen has 
beneficial effects on function in experimental retinal artery occlusions, as 
measured by electrophysiological methods. 

Despite the beneficial effects of supplemental oxygen on experimental 
artery occlusions, there is currently no generally accepted treatment for central 
retinal artery occlusion, except for steroid treatment in the case of giant cell 
arteritis. Experiments on monkeys have shown that retinal damage occurs after 
about one and a half hour and increases after that (Hayreh and Jonas, 2000; 
Hayreh et al., 2004). Possible treatment will therefore have to be initiated very 
soon after the occlusion although there are reports of successful treatment in 
individual cases after longstanding occlusion (Mansour and Younis, 2011; J. A. 
Pournaras et al., 2010).  

1.1.4 Diabetic retinopathy 
Diabetic retinopathy eventually affects the great majority of diabetic patients, 
although the severity varies widely (Williams et al., 2004). The disease is 
characterised by damage to the retinal capillaries (Cogan and Kuwabara, 1963; 
Cogan et al., 1961; Kohner, 1993). Capillary basement membranes thicken 
(Ashton, 1974; Roy et al., 2010), microaneurysms form and some capillaries 
are obliterated while others become wider (Cogan and Kuwabara, 1963; 
Kuwabara and Cogan, 1963). All of this is eventually caused by elevated blood 
glucose. The exact biochemical processes are complex, not fully known and 
outside the scope of this thesis. The consequences of the capillary damage are 
poor distribution of blood, which can lead to hypoxia in the retinal tissue. 

Hypoxia has been confirmed in long-term diabetic cats. Linsenmeier et al. 
(1998) used oxygen sensitive intraretinal electrodes and found that the partial 
pressure of oxygen in the inner retina was decreased even before signs of 
retinopathy were present. Other studies, on cats (Stefansson et al., 1986), dogs 
(Ernest et al., 1983; Stefansson et al., 1989) and rats (Alder et al., 1991), have 
not found evidence of hypoxia in models of diabetes. It, however, remains 
questionable whether the short-term models, used in these studies, are 
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comparable enough to the human condition, which develops over years. The 
animal models do generally not develop visible retinopathy. 

Recently, Holekamp et al. (2006) measured partial pressure of oxygen in 
the vitreous cavity in patients undergoing vitrectomy for either proliferative 
diabetic retinopathy or non-diabetic disease, i.e. preretinal fibrosis, macular 
hole and retinal detachment. The partial pressure of oxygen in the diabetic 
patients was found to be lower than in the non-diabetic patients. This was true 
for measurements adjacent to the lens as well as in the centre of the vitreous 
cavity. In a similar experiment, Lange et al. (2011) found higher partial 
pressure of oxygen at the posterior pole, just above the retina of patients with 
proliferative diabetic retinopathy, when compared to non-diabetic vitrectomy 
patients. This was attributed to neovascular complexes, which have previously 
been shown to be associated with high partial pressure of oxygen (Maeda and 
Tano, 1996) and the partial pressure of oxygen was similar in the mid-
periphery in diabetic patients and controls. Similar to the results of Holekamp 
et al., (2006) Lange et al. (2011) found lower partial pressure of oxygen in the 
mid-vitreous in the diabetic patients. 

The vitreous gel is avascular and its oxygen is derived from the adjacent 
vascularised tissues, including the retina. Lower partial pressure of oxygen in 
the mid-vitreous may therefore indicate that the partial pressure of oxygen in 
the retina in proliferative diabetic retinopathy is on average decreased although 
other factors, such as diffusion from  the anterior part of the eye, will influence 
the measurements. It should be noted that all patients, studied by Lange et al. 
(2011) and some, studied by Holekamp et al. (2006) had undergone panretinal 
photocoagulation, which may have influenced the results (Stefansson, 2006; 
Stefansson et al., 1986), even if Holekamp et al. (2006) state that they saw no 
difference between treated and untreated patients. 

Non-invasive measurements of retinal oxygenation have also been 
performed in diabetic patients. During the first attempts of non-invasive 
oximetry, Hickam et al. (1959) measured a small group of diabetic patients, 
most of whom had some retinopathy. They found normal venous oxygen 
saturation. Tiedeman et al. (1998) measured oxygen saturation in retinal vessels 
in diabetic patients, who had no retinopathy. They used dual wavelength 
oximetry and found increased arteriovenous difference in saturation during 
hyperglycaemia. They interpreted this as increased oxygen consumption of the 
retina in hyperglycaemia, assuming that blood flow is increased. Greater blood 
flow with higher blood glucose has been shown in some studies (Bursell et al., 
1996; Grunwald et al., 1987; Pemp et al., 2010) but not all (Gilmore, Hudson, 
Nrusimhadevara, Ridout et al., 2007; Sullivan et al., 1991) and the possible, 
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direct effects of insulin on ocular blood flow must also be kept in mind 
(Schmetterer, Muller et al., 1997). Schweitzer et al. (2007) measured retinal 
vessel oxygen saturation with a multispectral oximeter in patients with mild or 
moderate non-proliferative retinopathy. At baseline, during inhalation of 
normal atmosphere, they found slightly higher mean venous saturation in 
diabetic patients, when compared to healthy volunteers although this did not 
reach statistical significance. The same group (Hammer, Vilser et al., 2009) 
used a dual wavelength oximeter in a later study and found that venous 
saturation was increased in patients with diabetic retinopathy. The saturation 
increased with severity of retinopathy. 

The elevated (or normal) saturation in retinal venules in patients with 
diabetic retinopathy may seem to contradict the theory of hypoxia in diabetic 
retinopathy. This is not necessarily the case. Oxygen saturation in retinal 
vessels can be high at the same time as there is tissue hypoxia due to poor 
distribution of oxygen by the capillary network and possibly other factors (see 
further discussion in chapter 5.3.) 

Further evidence for hypoxia in diabetic retinopathy is provided in studies 
where supplemental oxygen is given and the effect on structure or function 
studied. Oscillatory potentials of the electroretinogram are believed to reflect 
inner retinal activity (Wachtmeister, 1998). Drasdo et al. (2002) found 
decreased oscillatory potentials in diabetic patients. The oscillatory potentials 
were normalised with supplemental oxygen. Similarly, supplemental oxygen 
improved contrast sensitivity in patients with minimal retinopathy (Harris et al., 
1996) and improved colour vision defects in patients with no or minimal 
retinopathy (Dean et al., 1997). Kurtenbach et al. (2006) found that rod 
sensitivity was decreased in diabetic patients compared to healthy individuals 
and that rod sensitivity improved with supplemental oxygen. A small study on 
patients with diabetic macular oedema indicated that macular thickness was 
decreased by supplemental oxygen (Nguyen et al., 2004). Supplemental oxygen 
also leads to less decrease in blood flow in diabetic patients (no retinopathy or 
various stages of retinopathy) compared to healthy individuals (Gilmore, 
Hudson, Nrusimhadevara, Harvey et al., 2007; Gilmore, Hudson, 
Nrusimhadevara, Ridout et al., 2007; Grunwald, Riva, Brucker et al., 1984; 
Grunwald, Riva, Petrig et al., 1984; Justesen et al., 2010; Patel et al., 1994). 
The decrease in blood flow may be blunted because the tissue is hypoxic 
during breathing of normal air and the signalling of vasoconstriction due to 
added oxygen when breathing oxygen enriched air is not beneficial. However, 
the cause may also be poor regulation of blood flow. 
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1.1.5 Consequences and treatment of retinal hypoxia following 
vein occlusions or diabetic retinopathy 

As outlined in chapters 1.1.2 and 1.1.3 above, there is considerable evidence 
for hypoxia in both retinal vascular occlusions and in diabetic retinopathy. The 
arguments are summarised below. 

1. The pathogenesis of the diseases strongly suggests that hypoxia is 
involved; occlusions of vessels are obviously likely to interfere with 
oxygenation and so is dropout of retinal capillaries in diabetic 
retinopathy. 

2. Animal studies have provided evidence for retinal hypoxia in central 
retinal artery occlusion, branch retinal vein occlusion and long term 
diabetic retinopathy although there are also studies on short term 
diabetic animals, which do not show hypoxia.  

3. Low partial pressure of oxygen in the mid-vitreous in patients with 
diabetic retinopathy may indicate less diffusion of oxygen from the 
retina. 

4. High oxygen saturation in retinal vessels may indicate poor distribution of 
oxygen by retinal capillaries in diabetic retinopathy (see chapter 5.3).  

5. Beneficial effects of supplemental oxygen on patients with diabetes are 
consistent with the role of hypoxia in diabetic retinopathy. 

Although retinal vessel occlusions and diabetic retinopathy are different 
diseases, there are certain similarities between their consequences and 
symptoms, particularly between retinal vein occlusions and diabetic 
retinopathy. This is perhaps not surprising since both retinal vein occlusions 
and diabetic retinopathy seem to cause more or less chronic retinal hypoxia 
(while the arterial occlusions are more acute). Various mechanisms are 
activated in retinal hypoxia, many of them through transcription factors called 
hypoxia inducible factors (HIFs), of which isoform 1 is the best known. 
Hypoxia inducible factor 1 is stabilised in hypoxia and induces the 
transcription of many genes, whose products are involved in the response to 
hypoxia (Arjamaa and Nikinmaa, 2006; Benita et al., 2009; Lange and 
Bainbridge, 2011). Among the best studied of these is vascular endothelial 
growth factor (VEGF). There is evidence that concentration of both HIF-1 and 
VEGF are increased in diabetic retinopathy and retinal vein occlusions (Aiello 
et al., 1994; Ehlken et al., 2011; Funk et al., 2009; Noma et al., 2011; Noma et 
al., 2012).  



 

 14

Hypoxia in the retinal tissue poses two major threats to vision, partially 
through HIF and VEGF dependent mechanisms. These two major threats are 
oedema and neovascularisation. Treatment, such as laser treatment and 
vitrectomy, may work by alleviating retinal hypoxia (for review and 
hypotheses see Stefansson, 2006). 

Hypoxia stimulates oedema mainly through two mechanisms; increased 
permeability of vessels and increased hydrostatic pressure. Normal retinal 
capillaries form a barrier with tight junctions between endothelial cells and 
regulate the transport from blood to tissue (Kaur et al., 2008). This barrier 
breaks down in hypoxia and the permeability of retinal capillaries is increased, 
partly due to the upregulation of vascular endothelial growth factor during 
hypoxia. Increased permeability allows molecules that are retained in the 
vasculature under normal circumstances to escape. This increases the driving 
force for osmosis and water accumulates in the tissue. 

Hypoxia may also lead to increased hydrostatic pressure in the capillaries, 
which further helps driving water from the vasculature to the tissue. This is because 
the retinal arterioles dilate in response to hypoxia (see chapter 1.1.1) and the 
downstream hydrostatic pressure increases. Although vasodilation is a general 
response to hypoxia, vessel diameter changes in diabetic retinopathy are complex 
and, in many cases, small (Klein et al., 2006; A. S. Tsai et al., 2011). Hydrostatic 
pressure may also be increased upstream of a vein occlusion (Attariwala et al., 
1997; Hitchings and Spaeth, 1976; Jonas and Harder, 2007; Luckie et al., 1996), 
simply because of the increased resistance in the vasculature due to the occlusion.  

The other major threat posed by hypoxia is neovascularisation. New retinal 
vessels are formed in an attempt to correct the hypoxia. The new vessels are 
fragile and create a risk of haemorrhage, which blocks passage of light to the 
photoreceptors and creates shadows in the visual field. New vessels can also 
form in the anterior part of the eye, in the iris, and this may be a consequence 
of retinal hypoxia and diffusion of growth factors from the retina to the iris 
(Laatikainen, 1977; Stefansson, 2006). 

Laser treatment and vitrectomy, used in some cases to combat retinal 
neovascularisation and oedema, may function by alleviating hypoxia (for 
review and hypotheses see Stefansson, 2006). The laser destroys part of the 
retina, particularly the photoreceptors. This decreases oxygen consumption of 
the retina and increases the available oxygen for the remaining tissue. 
Beneficial effects on the partial pressure of oxygen above the laser treated 
retina have been found in animal experiments (Funatsu et al., 1997, Landers et 
al., 1982; Molnar et al., 1985; Novack et al., 1990; C. J. Pournaras, 1995; C. J. 
Pournaras, Tsacopoulos, Strommer et al., 1990b; Stefansson et al., 1986; 
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Stefansson et al., 1981; Yu et al., 2005) and in humans (Stefansson et al., 
1992). Recently, Budzynski et al. (2008) found increased partial pressure of 
oxygen in the inner retina of laser treated cats. 

Vitrectomy often results in replacement of the vitreous with less viscous 
material (silicon oil is an exception). Decreased viscosity may facilitate 
diffusion and flow of oxygen from well perfused areas of the retina or even 
from the anterior part of the eye to poorly perfused areas of the retina 
(Holekamp et al., 2006; Holekamp et al., 2005; Stefansson et al., 1981, , 1982; 
Stefansson et al., 1990). 

The detailed mechanisms, by which hypoxia causes oedema and 
neovascularisation, and the details of treatment effects are beyond the scope of 
this thesis. Drug treatment for neovascularisation is also omitted here. The 
importance of hypoxia in vein occlusions and diabetic retinopathy, however, 
points to the necessity of practical methods for measuring oxygenation of the 
retina in patients. 

1.1.6 Glaucoma and treatment 

1.1.6.1 Glaucoma, intraocular pressure and blood flow 
Glaucoma is a complex disease or even a group of diseases. It is characterised 
by degeneration of the optic nerve and a concomitant loss of visual field 
(Quigley, 2011). The diagnosis of glaucoma is challenging and there are many 
types of the disease. Glaucoma can for example be broadly divided into open-
angle glaucoma and the less common angle-closure glaucoma, depending on 
the size of the irido-corneal angle. The causes of glaucoma remain to be fully 
elucidated and the causes are most likely not the same for all patients. Recent 
studies have for example shown that patients with open angle exfoliation 
glaucoma (almost) all have a common sequence variant in a single gene 
(Thorleifsson et al., 2007) while genetic associations for open angle glaucoma 
in general appear to be more complex (Ramdas et al., 2011). 

Traditionally, glaucoma has been linked with high intraocular pressure 
although it is now clear that glaucoma does not necessarily develop in an eye 
with high pressure and many glaucoma patients have normal or low intraocular 
pressure (Quigley, 2011). Nevertheless, high intraocular pressure remains a risk 
factor for (some forms of) glaucoma and lowering of the intraocular pressure, 
pharmacologically or surgically, is the only accepted treatment for glaucoma. 
Lowering of the intraocular pressure generally slows the progression of 
glaucoma, even in patients with low pressure.  

The effects of intraocular pressure on glaucoma may be more or less direct 
mechanical effects (Sigal and Ethier, 2009) but they may also be through the 
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effects of intraocular pressure on ocular blood flow. Decreased ocular blood flow 
and poor regulation of blood flow have been proposed to play a role in at least 
some cases of glaucoma (for reviews see Flammer et al., 2002; Grieshaber et al., 
2007; Resch et al., 2009; Schmidl, Garhofer et al., 2011) and there is some 
evidence of hypoxia in the optic nerve head and the retina in glaucoma (Tezel and 
Wax, 2004). Theoretically, decreased blood flow into the eye may be linked to 
increased intraocular pressure because the intraocular pressure opposes the blood 
entering the eye globe. In the retina, for example, the pressure difference between 
the retinal arterioles and venules drives the blood through the retinal circulation 
and the pressure in the retinal venules has been found to be close to (Bill, 1963; 
Morgan et al., 1997; Westlake et al., 2001) or at least positively correlated with 
(Attariwala et al., 1994; Glucksberg and Dunn, 1993) the intraocular pressure. 
Other factors being equal, higher intraocular pressure would therefore reduce 
retinal blood flow. An extreme case of the effect of high intraocular pressure is 
seen in ophthalmodynamometry, where the intraocular pressure is raised above the 
retinal arterial blood pressure until the retinal blood flow stops. 

Retinal blood flow does, however, not follow changes in intraocular 
pressure in a linear manner. As mentioned in chapter 1.1.1, retinal blood flow 
is regulated to compensate for the effect of pressure. The regulation functions 
by changing the vessel diameter. This can be described (qualitatively) by 
comparison with Hagen-Poiseuille’s law for laminar flow in cylindrical tubes. 

The law states that, 

(Equation 1) 

where F is flow, ∆P is the pressure gradient along the tube, d is the 
diameter of the tube and k is a constant, which is related to the viscosity of the 
fluid and the length of the tube. Feke et al. (1989) found that blood flow in 
retinal vessels in healthy volunteers increased with diameter of the vessel in 
approximately the fourth power, consistent with Hagen-Poiseuille’s law. If, in 
the retina, ∆P is decreased, for example due to increased intraocular pressure, 
well regulated vasculature would increase vessel diameters (d) and compensate 
so that the flow is not changed. If the regulation is overwhelmed the blood flow 
will decrease. It has for example been shown that both retinal arteriolar and 
venular oxygen saturation in the monkey decrease when the intraocular 
pressure is raised dramatically (Beach et al., 2007; Khoobehi et al., 2004). 

The retinal circulation is used above as an example of the possible effects 
of intraocular pressure on ocular blood flow. Other parts of the vasculature 
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within the eyeball can also be affected by the intraocular pressure. This 
includes the choroid (Schmidl, Garhofer et al., 2011) and the optic nerve head 
circulation. Measurements in the optic nerve head capillaries of monkeys have 
for example shown that oxygen saturation decreases with dramatic increases in 
intraocular pressure (Beach et al., 2007; Khoobehi et al., 2004). Experiments 
on pigs have shown have that the partial pressure of oxygen over the optic 
nerve head decreases with increased intraocular pressure, although there was 
evidence of regulation of blood flow at lower pressures (la Cour et al., 2000; 
Stefansson et al., 2005). 

1.1.6.2 Glaucoma treatment and its effect on blood flow  
and oxygenation 

Measurements of blood flow before and after lowering of intraocular pressure 
are of particular interest if ocular blood flow is affected by intraocular pressure 
and if ocular blood flow is involved in the pathogenesis of glaucoma. Several 
studies have been performed on ocular blood flow or blood velocity before and 
after lowering of intraocular pressure with surgery. The results vary and there 
is no consensus on whether glaucoma surgery influences ocular blood flow. An 
increase in blood velocity in the central retinal artery was found in one study 
(Trible et al., 1994) while another study found no change (Cantor, 2001). Two 
studies found that surgery increased superficial optic nerve head blood flow 
(Berisha et al., 2005; Hafez et al., 2003) while two other studies found no 
change in optic nerve head blood flow (Cantor, 2001) or flow velocity (Tamaki 
et al., 2001). Furthermore, two studies found no change in capillary blood flow 
in the peripapillary area (Cantor, 2001; Hafez et al., 2003). Pulsatile ocular 
blood flow is believed to mostly reflect choroidal blood flow and three studies 
have shown this flow to be increased after glaucoma surgery (Berisha et al., 
2005; Boles Carenini et al., 1997; James, 1994). However, blood velocity in the 
short posterior ciliary arteries, which partly supply the choroid, has been found 
to be increased (Trible et al., 1994) or unchanged (Cantor, 2001). 

The glaucoma drug dorzolamide lowers intraocular pressure but may also 
have an effect on retinal blood flow through a different mechanism. 
Dorzolamide inhibits the enzyme carbonic anhydrase II. Carbonic anhydrases 
catalyse the formation of bicarbonate and protons from carbon dioxide and 
water: 

(Equation 2) 

Inhibition of this reaction reduces the production of aqueous humour in the 
ciliary body and thereby decreases the intraocular pressure. If dorzolamide 
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reaches the retina in sufficient quantities and raises the concentration of carbon 
dioxide, this may lead to an increase in blood flow in retinal vessels by a 
mechanism independent of intraocular pressure. 

Many studies have been performed on the effect of dorzolamide and other 
carbonic anhydrase inhibitors on ocular blood flow and they have shown varied 
results. This may partly be due to different methodologies used and different 
vessels measured. Some instruments, for example, only measure blood velocity 
and not flow. Some measure at the optic nerve head while others measure in 
the retina. In a literature review and meta-analysis, Siesky et al. (2009) found 
that most published studies indicate that ocular blood flow or blood velocities 
are increased with topical carbonic anhydrase inhibitors. 

The effect of dorzolamide on retinal and optic nerve head oxygenation has 
also been studied. Intravenous dorzolamide (or the related acetazolamide) 
increased the partial pressure of oxygen over the optic nerve (Kiilgaard et al., 
2004; la Cour et al., 2000; Pedersen et al., 2004; Stefansson et al., 1999; 
Stefansson et al., 2005) and retina (Pedersen et al., 2005) in pigs. Siesky et al. 
(2008) found indications of higher venous saturation when patients were taking 
dorzolamide eye drops three times a day compared to the timolol eye drops two 
times a day. Timolol is a beta blocker, which also reduces intraocular pressure by 
reducing aqueous humour formation. However, the effects of topical timolol on 
ocular blood flow seem to be minimal. Timolol has been found to increase 
(Arend et al., 1998; Bergstrand et al., 2001; Grunwald, 1986, , 1990; Steigerwalt 
et al., 2001) or decrease (Altan-Yaycioglu et al., 2001; Carenini et al., 1994; 
Kitaya et al., 1997; Sato et al., 2001; Schmetterer, Strenn et al., 1997; Yoshida et 
al., 1991; Yoshida et al., 1998) various parameters, related to ocular blood flow, 
and several studies show no effect (Arend et al., 2003; Evans et al., 1999; 
Fuchsjager-Mayrl et al., 2005; Galassi et al., 2002; Lubeck et al., 2001; Nicolela 
et al., 1996; Tamaki et al., 1997; T. H. Wang et al., 1997). In studies on pigs, 
intravenous timolol has been found to have no effect on optic nerve oxygenation 
whereas large intravenous doses of dorzolamide clearly elevated partial pressure 
of oxygen above the porcine optic nerve head (Kiilgaard et al., 2004). 

Increasing ocular blood flow with glaucoma treatment is based on the 
premise that ocular blood flow is insufficient before treatment. Evidence of 
decreased ocular blood flow in glaucoma does, however, not necessarily mean 
that blood flow is involved in the pathogenesis of glaucoma. The decreased 
blood flow may simply be secondary to tissue atrophy (ganglion cell death). 
Measurements of retinal oxygenation before and after treatment may provide 
clues to the role of blood flow and oxygenation in glaucoma. If, for example, 
the retina of a glaucoma patient receives enough blood flow before any 
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treatment, the lowering of intraocular pressure may simply be matched by 
regulation of vessel diameter to keep the blood flow similar to what it was 
before lowering of pressure. If on, the other hand, the retina is hypoxic in 
glaucoma, the lowering of intraocular pressure may lead to less change in 
diameter, allowing blood flow and oxygen supply to increase. 

1.2 How to measure retinal oxygenation? 

Retinal oxygenation can be measured with either invasive or non-invasive 
methods. Invasive oxygen measurements in the eye are here defined as any 
measurements that require penetration of the surface of the body. Some of the 
invasive methods require that an oxygen sensitive probe is inserted into the eye 
while others are less invasive and require only that oxygen sensitive dyes are 
injected into the blood stream. 

1.2.1 Invasive measurements 
Much of our knowledge on retinal oxygenation comes from studies using 
oxygen sensitive probes that are placed above the retina or even penetrate the 
retina. In general, there are two types of probes; oxygen sensitive polarographic 
electrodes and probes that contain an oxygen sensitive dye. The electrode 
technique is based on an electrochemical reaction, which requires oxygen as a 
substrate. A polarising voltage is applied across two electrodes. The rate of the 
reaction is dependent on the concentration of dissolved oxygen in the vicinity 
of the electrodes and a current, which is proportional to the oxygen 
concentration, can be measured (see for example Alm and Bill, 1972a; 
Linsenmeier, 1986; Stefansson, 1981; Stefansson et al., 2005; Tsacopoulos and 
Lehmenkuhler, 1977; Yu et al., 1990). 

The other general type of oxygen probes uses an oxygen sensitive dye, 
palladium-mesotetra-(4-carboxyphenyl)-porphyrin. The dye is excited by light 
of a certain wavelength and then re-emits light of a different wavelength, which 
can be detected. The re-emitted light is affected by the concentration of oxygen 
(Rumsey et al., 1988; A. G. Tsai et al., 2003; D. F. Wilson et al., 1987). If an 
oxygen sensitive dye is fixed to the end of an optical fibre, the concentration of 
oxygen can be measured by sending light to the end of the fibre probe and 
measuring the light that is returned from the dye. The returning signal can be 
used to calculate the partial pressure of oxygen at the end of the probe 
(Stefansson et al., 1989). 

The invasive probes, containing either electrodes or an oxygen sensitive 
dye, can be placed in the vitreous cavity to measure partial pressure of oxygen, 
for example above the retina or the optic disc. Preretinal measurements of the 
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partial pressure of oxygen are believed to represent mostly the inner retinal 
oxygenation (Alder and Cringle, 1990; Stefansson et al., 2005). The location of the 
probe will greatly affect the results since there is an outward gradient of oxygen 
concentration from the retinal arterioles and even an inward gradient of oxygen 
concentration towards the retinal venules. This has been measured in miniature 
pigs (Molnar et al., 1985; Riva et al., 1986) and in cats (Alder and Cringle, 1990). 
To obtain a measurement that represents the retinal tissue it may be best to place 
the probe as far away from large retinal vessels as possible. Intraretinal 
measurements have also been made with oxygen sensitive electrodes that are small 
enough to penetrate the retina without too much damage (see for example Alder et 
al., 1983; Linsenmeier, 1986; Tsacopoulos et al., 1976).  

Less invasive techniques for oxygen measurements exist, which are based 
on injecting an oxygen sensitive dye into the blood stream (Shonat et al., 1992; 
A. G. Tsai et al., 2003), instead of fixing the dye to the aforementioned fibre 
optic probes. The injected dye is carried to the retinal and choroidal 
vasculature, as well as to the rest of the vasculature in the body. The retina and 
choroid is then illuminated with light of a certain wavelength and the light 
coming back from the eye will contain information on the oxygen 
concentration in the vicinity of the dye. The dye is bound to albumin and is 
therefore mostly confined to the vasculature. Some albumin will escape from 
the vasculature and the oxygen measurement is not depenent on the 
concentration of the dye, given some conditions (A. G. Tsai et al., 2003). 
However, the technique has mostly been used for study of the vasculature. 
Emission from various depths, for example emission from the choroid and the 
retina, can be distinguished with optical methods and semi-continuous profiles 
through the retina of partial pressure of oxygen have been published (Shahidi et 
al., 2010). However, the depth resolution may be less than for intraretinal 
microelectrode measurements. 

Unfortunately, the injected dye is not safe for human use. Oxygen sensitive 
probes have been used in several studies on humans (Holekamp et al., 2006; 
Holekamp et al., 2005; Siegfried et al., 2010; Stefansson et al., 1992) but their use 
is obviously limited to patients, who are undergoing surgery (vitrectomy). Invasive 
studies have mostly been performed on animals and have provided wealth of 
information on oxygenation of the retina and choroid in health, retinal vascular 
occlusions and diabetic retinopathy (see chapters 1.1.1 -1.1.4 above). 

1.2.2 Haemoglobin and oxygen saturation   
Non-invasive measurements of retinal oxygenation are based on measurements 
of the colour of haemoglobin. It is therefore helpful to review the main 
characteristics of haemoglobin and oxygen transport in blood. 
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Oxygen is carried in blood either bound to haemoglobin or dissolved in the 
plasma. During inhalation of normal atmosphere, about 9mmol of oxygen is 
carried bound to haemoglobin in each litre of arterial blood and a little more 
than 0.1mmol/L of oxygen is dissolved in the plasma (assuming haemoglobin 
concentration of 150g/L, calculated assuming standard pH, carbon dioxide 
concentration and temperature with information from Zijlstra et al. 2000). The 
fraction of dissolved oxygen is also very small in venous blood. Measuring the 
amount of oxygen bound to haemoglobin therefore gives a good estimate of the 
oxygen content in blood. Oxygen saturation is often defined as the proportion 
(percentage) of haemoglobin that is bound to oxygen, 

(Equation 3) 

, where [HbO2] is the concentration of oxygenated haemoglobin and [Hb] is 
the concentration of deoxyhaemoglobin. This definition is a simplification 
since there are more than two forms of haemoglobin in blood. 

The most common type of haemoglobin in adult human blood is 
haemoglobin A, which is composed of two alpha and two beta globin protein 
subunits. Each of these four subunits contains a haeme group with one iron ion 
(Fe2+), which can bind one oxygen molecule. Anywhere from zero to four 
oxygen molecules can be bound to each molecule of haemoglobin at a 
particular point in time and these oxygen molecules can be bound to either 
alpha or beta subunits of haemoglobin A in various arrangements and the ratios 
between the forms depend non-linearly on the partial pressure of oxygen 
(Bellelli, 2010; Bellelli and Brunori, 2011, Winslow and Vandegriff, 1997). 
Oxygen saturation can therefore more accurately be defined as the ratio (or 
percentage) of occupied binding sites for oxygen. Note that this is a ratio of the 
total number of functional binding sites. As described below, some forms of 
haemoglobin do not bind oxygen and these forms should not be included in the 
calculation of oxygen saturation (Toffaletti and Zijlstra, 2007).  

Haemoglobin A usually comprises over 90% of haemoglobin in the blood 
of a healthy adult and haemoglobin A2, which has delta chains instead of the 
beta chains, accounts for about 2% (Schechter, 2008), usually less than 3% 
(Steinberg and Adams, 1991). Foetal haemoglobin (haemoglobin F) accounts 
for less than 1% on average although this can vary considerably in healthy 
adults (Rochette et al., 1994; Schechter, 2008). Over 1000 variants of 
haemoglobin are known. The vast majority of the variants contain single amino 
acid changes. Some are associated with disease while others cause no 
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symptoms (Wada, 2002; "Database of Human Hemoglobin Variants and 
Thalassemias", 2011 ). 

Normal haemoglobin A2 and F transport oxygen but this is not the case for 
the so called dyshaemoglobins. The most significant dyshaemoglobins are 
carboxyhaemoglobin and methaemoglobin. Carboxyhaemoglobin has carbon 
monoxide instead of oxygen bound to the iron ion in the haeme moiety. Carbon 
monoxide is produced within the body and inhaled in small amounts. 
Haemoglobin has much greater affinity for carbon monoxide than for oxygen 
and normal levels of carboxyhaemoglobin are therefore up to 2% of all 
haemoglobin but can rise to 4-8% in smokers (Fischbach and Dunning, 2009). 
Methaemoglobin is present at low levels in healthy individuals. The normal 
level is about 1% (Fischbach and Dunning, 2009) but the levels can rise when 
certain drugs are taken (Skold et al., 2011). The iron in methaemoglobin is in 
the form Fe3+, not the Fe2+, which is the form needed for carrying oxygen.  

In addition to the above mentioned forms of haemoglobin, it can also be 
affected by several molecules, which can bind to it outside the haeme moiety 
and affect its affinity for oxygen. Carbon dioxide and protons for example 
decrease the affinity of haemoglobin for oxygen (Staub Sr, 1998) while 
glycated haemoglobin has increased affinity for oxygen (Ditzel, 1976). The 
concentration of glycated haemoglobin (haemoglobin A1c) is correlated with 
long term blood glucose levels. Normal values are about 5-7% of total 
haemoglobin in healthy individuals (Fischbach and Dunning, 2009) but the 
values can rise in poorly controlled diabetes (Halldorsdottir et al., 2009). 

1.2.3 Haemoglobin light absorbance 
Non-invasive oximetry utilises the colour of haemoglobin to measure oxygen 
saturation. Oxygenated and deoxygenated haemoglobin have different colours. 
This is part of the reason why blood with different oxygen saturation has 
different colours. A familiar example is that arterial blood has a light red colour 
while venous blood is darker (see Figure 3). 

Figure 4 below shows the absorptivities of several types of haemoglobin as 
a function of wavelength (absorptivity is a measure of how much light a 
solution absorbs per unit concentration of the solution and per unit path length 
through the solution). 

As can be seen in Figure 4, light absorptivity of oxygenated and deoxygen-
ated haemoglobin A is different at most wavelengths of light. At some 
wavelengths, the absorptivity is the same and these wavelengths are called 
isosbestic wavelengths. 
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Figure 3. A healthy fundus. The retinal vessels enter and leave with the optic nerve. 
The bright circle is the end of the optic nerve. Close inspection reveals a 
colour difference between retinal arterioles and venules. 

Figure 4. Light absorptivity of several forms of haemoglobin. Light absorptivity is a 
measure of how much light a solution absorbs per unit concentration of the 
solution and per unit path length through the solution. The image was 
prepared from data in Zijlstra et al. (2000). 
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As described in chapter 1.2.2, blood contains a mixture of haemoglobin 
derivatives and functional haemoglobin can be bound to various ligands, for 
example zero to four oxygen molecules as well as carbon dioxide and glucose. 
The question therefore arises if absorptivities of fully oxygenated and fully 
deoxygenated haemoglobin A (Figure 4) can be used for analysis of blood. 

Firstly, the absorbance changes with oxygenation of haemoglobin have 
been assumed to be linearly dependent on the overall fraction of occupied 
haeme moieties. This implies for example that a (hypothetical) solution of 
haemoglobin molecules would have the same colour if all of the haemoglobin 
molecules were bound to two oxygen molecules as if half of the haemoglobin 
molecules were bound to four oxygen molecules and half was devoid of 
oxygen. This approximation appears to be valid although some non-linearity 
can be found, at least at wavelengths close to 400 nm (Doyle et al., 1988). 

The next question is how haemoglobin types, other than haemoglobin A, are 
likely to influence the light absorbance of blood. As can be seen from Figure 4 
above, haemoglobin A and F have almost the same absorptivities at all 
wavelengths shown and this is true for both oxygenated and deoxygenated forms. 
According to Kunkel et al. (1957) haemoglobin A2 has the same light absorbance 
as haemoglobin A, at least between 520 nm and 590 nm. It is therefore unlikely 
that haemoglobin F and A2 confound oxygen saturation measurements.  

Dyshaemoglobins, such as carboxyhaemoglobin and methaemoglobin, do 
not affect oxygen saturation, since oxygen saturation is defined as the ratio of 
occupied binding sites to the number of functional (available) binding sites for 
oxygen and this depends mostly on the partial pressure of oxygen (Toffaletti 
and Zijlstra, 2007). However, binding of haemoglobin to carbon monoxide will 
of course affect the oxygen carrying capacity of blood and the same is true of 
the concentration of methaemoglobin. Furthermore, if carboxyhaemoglobin 
and methaemoglobin absorb light of the wavelengths used for oximetry, they 
may affect the results of oxygen saturation measurements. As can be seen in 
Figure 4, carboxyhaemoglobin has somewhat similar absorptivity as a function 
of wavelength as oxygenated haemoglobin A (or F). Methaemoglobin also 
absorbs considerable light in the wavelength range (Figure 4), although the 
profile and therefore colour is different (Brunelle et al., 1996).  

In addition to the above mentioned forms of haemoglobin, it is conceivable 
that ligands, which bind outside the haeme moieties, may change the light 
absorbance of haemoglobin. Large changes in pH appear to have only slight 
effects on the light absorbance of oxygenated haemoglobin and even less (if 
any) effect on the light absorbance of deoxyhaemoglobin (Wimberley et al., 
1988). The same study found no effect of carbon dioxide concentration on 
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oximetry readings (the oximeter used 535, 560, 577, 622, 636 and 670 nm 
wavelengths). This does not preclude the possibility of interference due to 
carbon dioxide if other wavelengths are used. Incubation of haemoglobin 
solutions with glucose does affect the light absorbance although the shape of 
the absorbance curve is not dramatically changed at physiological glucose 
concentrations (Lazareva and Tuchin, 2007). 

1.2.4 Measurement of light absorbance 
Light absorbance of a solution, for example a solution of haemoglobin, can be 
described with optical density. Optical density is defined as 

(Equation 4) 

, where OD is optical density I0 is the original light intensity before 
attenuation of light due to absorbance and I is the light intensity after 
absorbance in the sample / solution has diminished the light intensity. As can 
be seen from equation 4, higher optical density means greater absorbance.  

Optical density of a blood vessel, measured at an isosbestic (oxygen 
insensitive, see Figure 4) wavelength will depend on vessel diameter and other 
factors but not on oxygen saturation. Optical density at a non-isosbestic 
wavelength (oxygen sensitive), will depend on similar factors as the optical 
density at an isosbestic wavelength but also on oxygen saturation. The ratio of 
optical densities at a non-isosbestic and an isosbestic wavelength will therefore 
be sensitive to oxygen saturation while the effects of other factors, such as 
vessel width, will tend to cancel out. It can be shown (Beach et al., 1999; 
Harris et al., 2003; Hickam et al., 1959) that for a solution of haemoglobin in 
water there is an approximately linear relationship between such a ratio and 
oxygen saturation;  

(Equation 5) 

, where a and b are constants. Optical density ratio, ODR, is the ratio of the 
two optical densities: 

(Equation 6) 

Substitution into equation 5 gives 
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(Equation 7) 

Equation 7 holds for a solution of haemoglobin and such a two wavelength 
model assumes that there is only one form of haemoglobin in the solution, 
which can either be oxygenated or deoxygenated (Zijlstra et al., 2000). 
Calculation of the optical density ratio requires measurements of light entering 
and exiting the solution, that is I and I0 from equation 4, for two wavelengths.  

It is considerably more complex to measure blood in retinal vessels than a 
solution of haemoglobin in a test tube. Light scattering by blood cells and vessel 
walls makes equation 7 inaccurate (Delori, 1988; Hammer et al., 2001; Hammer et 
al., 1998; Hammer et al., 2002; Pittman and Duling, 1975; Schweitzer et al., 1995). 
Furthermore, the light intensities, I and I0 have to be estimated from reflected light 
rather than transmitted light and the differences in pigmentation in the retina 
(within and between subjects) can influence the measurement (Beach et al., 1999; 
Hammer et al., 2002; Schweitzer et al., 1995; Smith et al., 2001). 

The retinal measurements can, for example, be performed with fundus camera 
based oximeters. The light intensities, I0 and I, can be estimated from brightness 
values at chosen locations in the fundus images, see Figure 5. 

Figure 5. Measurements of light intensities for oximetry. Light intensity is measured to 
the side of blood vessels to represent light that has not interacted with blood 
in the vessel (light blue, I0). Light intensity on the vessel is influenced by 
light absorbance in the vessel (yellow, I). The ratio of brightness inside and 
outside the vessel is used for calculation of light absorbance by the vessel, 
which is then used for calculation of oxygen saturation. 

ODRbaon  saturatiOxygen ×+=
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The light intensity after interaction of light with blood is estimated by the 
brightness value on the vessel. This brightness value is obviously affected by 
light absorbance by blood in the vessel. The reference light intensity, I0 is 
estimated by the brightness value of the image next to the vessel of interest. 
This brightness value is not affected by light absorbance by the blood vessel. 
By choosing a brightness value close to the vessel for the reference (I0), the 
light intensities, I and I0, are affected by similar factors except for the light 
absorbance by the vessel. 

Despite the approximations made, it has been shown that relative 
haemoglobin oxygen saturation in retinal vessels can be estimated by 
measuring light reflectance at two wavelengths (Beach et al., 1999; Hickam et 
al., 1959). The method has been shown to be sensitive to changes in saturation 
as well as giving repeatable results. Increased oxygen saturation in both retinal 
arterioles and venules was detected when healthy volunteers inhaled 100% 
oxygen (Beach et al., 1999; Hardarson et al., 2006). The standard deviation 
between repeated measurements of the same retinal vessels (averaged for one 
eye) was 3.7% for arterioles and 5.3% for venules (Hardarson et al., 2006). 

The method described above is the foundation of the method used in the 
studies described in this thesis (for further details see methods section, chapters 
3.1 and 3.2). Other methods for non-invasive oximetry all use colour changes 
in haemoglobin to estimate haemoglobin oxygen saturation, even if technical 
aspects differ. 

1.2.5 Development of technology for non-invasive retinal oximetry 

1.2.5.1 Retinal vessel oximetry with two wavelengths 
Non-invasive blood oximetry was first performed in the 1930s in Germany and 
the first ear oximeter was made in 1936 (for review see Severinghaus, 2011). 
Hickam et al. (1959) were the first to attempt to use similar principles in the 
eye. They applied special filters to obtain fundus images with two wavelengths 
of light and used densitometric measurements of photographic films to estimate 
the light intensities, which were then used to calculate retinal vessel oxygen 
saturation. They demonstrated the sensitivity of their instruments for changes 
in oxygen saturation by measuring the effect of altered proportion of oxygen in 
inhaled air. Broadfoot et al. (1961) measured fundus reflectance at three 
wavelengths in an attempt to develop a choroidal oximeter and found that 
reflectance changed in the expected direction during various stimuli or 
experimental conditions in vitro and in vivo in rabbits and humans. Choroidal 
oximetry with two wavelengths was later developed by Laing et al. (1969). 
Preliminary evaluation of the choroidal oximeter indicated sensitivity to 
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changes in oxygen saturation but the calibration appears to have been crude. 
Laing et al. (1975) also developed a two wavelength system for retinal 
oximetry and demonstrated sensitivity to changes in retinal arteriolar saturation 
in rabbits.  

Beach et al. (Beach et al., 1999; Tiedeman et al., 1998) used two 
wavelengths and similar principles for oximetry calculations as Hickam et al. 
(1959) did in their early experiments. The main improvements came from the 
use of digital camera technology and optical solutions that had not been used in 
this context before. Beach et al. (1999) also attempted to correct for the effect 
of vessel diameter and fundus pigmentation. The image from a fundus camera 
was split so that two images of the same area of the fundus were taken at the 
same time, one with a wavelength sensitive to oxygen saturation and one 
insensitive (isosbestic). Both images were captured at the same time, with a 
single camera flash, on the same camera sensor, which eliminated the problem 
of eye movement. 

The oximetry technology used in this thesis is based on the technology of 
Beach et al. (1999, see more details in chapters 3.1 and 3.2). Computer 
programs have been developed to analyse the images and return relative 
haemoglobin oxygen saturation. The automation of the image processing 
dramatically improved the repeatability of the measurements and the method 
has been shown to be sensitive to changes in retinal vessel oxygen saturation 
(Hardarson et al., 2006). A similar two-wavelength approach was used by 
Crittin et al. (2002), who tested their instrument on two healthy individuals and 
found changes in the optical density ratio (chapter 1.2.4) in retinal venules 
when the volunteers inhaled pure oxygen. Recently, Hammer et al. developed 
an instrument, which also captures two fundus images with two wavelengths of 
light simultaneously although the optical approach is different. The instrument 
has been used for measurements of healthy volunteers, diabetic patients and 
patients with retinal arterial occlusion (Hammer, Riemer et al., 2009; Hammer, 
Vilser et al., 2009; Hammer et al., 2008). 

1.2.5.2 Multiwavelength retinal and optic nerve head oximetry 
The approximations made in two-wavelength oximetry make it difficult to 
achieve absolute oxygen saturation. The results of two-wavelength oximeters 
can for example be sensitive to differences in vessel diameters and differences 
in fundus pigmentation. Several groups have attempted to measure absolute 
retinal oxygen saturation by using more wavelengths and different modelling to 
estimate the saturation from light intensities. Some of these methods have 
required long exposure time (image acquisition time) and are mainly suitable 
for immobilised eyes in animal studies while others have reduced the 
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measurement area so that accurate data can be recorded in a short time with 
tolerable light intensities.  

Delori (1988) built an instrument, which scans with three wavelengths and 
detects reflected light electronically. The use of three wavelengths allowed 
compensation for the effect of light scatter. Vessel tracking was use to 
minimise the effects of eye movements during scanning. The instrument was 
used for measurements of patients with neurogenic optic atrophy (Sebag et al., 
1989) and it showed, somewhat paradoxically, that arteriovenous difference in 
oxygen saturation was increased in the affected eye. However, when the 
decrease in blood flow was taken into account the results showed decreased 
oxygen delivery in the affected eye. One disadvantage of this method is that it 
only measured a small area at a time. 

Denninghoff et al. later developed at method, which is also based on 
scanning. Their first instrument performed a linear scan with four wavelengths 
but a later version of the instrument scanned a small area of the fundus with a 
different set of four wavelengths. The goal has been to achieve absolute 
calibration (Smith et al., 2000b). Studies have shown that the retinal saturation 
measurements are correlated with systemic saturation during blood loss in pigs 
(Denninghoff et al., 1997; Denninghoff et al., 1998; Denninghoff et al., 2003) 
and this group has made efforts to control for the effects of fundus 
pigmentation (Smith et al., 2001) and different light paths (Smith et al., 2000a) 
on oximetry results. 

Schweitzer et al. (1999, 1995, 2001) coupled an imaging spectrograph with 
a fundus camera. This allows the simultaneous capture of light at multiple 
wavelengths, down to less than 2 nm apart, over a range of several hundred 
nanometres. A model was developed for calculation of absolute oxygen 
saturation. Samples of fully oxygenated blood in glass cuvettes have been 
accurately measured (Schweitzer et al., 2001). The method may yield absolute 
measurements of retinal oxygen saturation, although this is of course difficult 
to confirm experimentally. The main drawback of the method is that only a slit 
of 1.5 mm x 40 µm is measured at a time. This allows simultaneous measure-
ment of a retinal arteriole and venule if they lie close together. 

Several other groups have also developed oximeters, which use multiple 
wavelengths for measurements. Yoneya et al. (2002) illuminated the retina in 
patients with central retinal vein occlusion with bright light for six seconds and 
separated multiple wavelengths with interferometry. The method is claimed to 
yield oxygen saturation in every pixel of a 35° fundus image. Khoobehi et al. 
(Beach et al., 2007; Khoobehi et al., 2004; Khoobehi et al., 2011) used a 
hyperspectral system, which has a spectral resolution of 2.5 nm and a range from 
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410 nm to 950 nm. Measurements were made in and between retinal arterioles and 
venules at the optic nerve head of monkeys. The scan takes eight seconds.  

One of the main challenges of multispectral (hyperspectral) imaging is 
gathering information on multiple wavelengths in a short time without 
exceeding safe light levels. This can be achieved by reducing the area of 
measurement as Schweitzer et al. (1999) did by measuring only a slit at the 
fundus. This can also be achieved by increasing the exposure time or light 
intensity as Yoneya et al. (2002) and Khoobehi et al. (2004) have done but this 
may limit the methods to animal studies where the eyes can be immobilised 
and light levels are less crucial. Nevertheless, Yoneya et al. (2002) have 
performed measurements in humans. 

At least three novel approaches have been tried to capture multiple 
wavelengths in a snapshot. Ramella-Roman et al. (2007, 2008) used a lenslet 
array and different filters behind each lenslet. This allows capture of an image 
at several different wavelengths simultaneously. Testing on samples of 
haemoglobin and on healthy volunteers was carried out with six wavelengths of 
light. Harvey et al. (2005) have developed an instrument that captures informa-
tion on eight wavelengths simultaneously by using spectral demultiplexing. 
The same group has used another system, which records information on 
different wavelengths sequentially, to develop and test their oximetry 
calculations (Mordant, Al-Abboud, Muyo, Gorman, Sallam, Ritchie et al., 
2011; Mordant, Al-Abboud, Muyo, Gorman, Sallam, Rodmell et al., 2011). 
Another approach to multi- / hyperspectral retinal oximetry was taken by 
Johnson et al. (2007), who used a method based on hologram technology to 
separate up to 50 wavelengths in snapshot images. There has been limited use 
of the system in humans but validation results from rabbits, using 28 
wavelengths, were recently published (Kashani et al., 2011). 

Non-invasive oximetry has mainly been used to study blood in the larger 
retinal vessels. Attempts have been made to measure outside the larger vessels 
with multi-wavelength oximeters. Such measurements have been made in the 
optic nerve head (Beach et al., 2007; Khoobehi et al., 2004) and in the retina 
(Yoneya et al., 2002). The main challenge for these measurements is to isolate 
a small signal, which comes from the capillaries of interest. As described in 
chapter 1.1.1, the retinal capillaries are divided into a maximum of three layers. 
Each capillary is several micrometres wide and the mean distance between 
them is many times the capillary width. The attenuation of light by the retinal 
capillaries is therefore minimal (otherwise vision would be disturbed). This 
attenuation is the signal that must be used to estimate saturation in the retinal 
capillaries and it should be borne in mind that the signal can be contaminated 
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by the choroid in the background. At any particular time point the choroid 
holds much more blood than the retinal circulation and the contribution of this 
blood to the total signal differs depending on the pigmentation of the fundus. 
Furthermore, some of the more interesting retinal locations for oxygen 
measurements contain decreased density of capillaries or even no capillaries, 
such as parts of retinas in diabetic retinopathy. 

Similar issues arise when measuring the optic nerve head capillaries. The 
superficial layer of the optic nerve head is mostly supplied by the retinal circulation 
but the posterior ciliary arteries may contribute (Hayreh, 1999). Behind the most 
superficial layer the origin of blood supply does not include the retinal circulation 
until, in some cases, behind the lamina cribrosa. Light, which hits the optic nerve 
head, may therefore be absorbed by vessels in different vascular beds and this may 
confound the interpretation of the results somewhat. 
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2 Aims of the studies 

The overall aims are to use a newly developed retinal oximeter to test if 
changes in retinal vessel oxygen saturation can be found when physiological 
stimuli are applied and if retinal vessel oxygen saturation is changed by certain 
diseases or treatment. More specifically, the research questions are: 

1.  Does retinal vessel oxygen saturation change between light and 
darkness in healthy individuals (paper I)? 

2.  Is retinal vessel oxygen saturation affected by  

a) central retinal vein occlusion (paper IV)? 
b) branch retinal vein occlusion (paper V)? 
c) central retinal artery occlusion (paper VII)? 

3.  Is retinal vessel oxygen saturation affected by diabetic retinopathy 
(of various stages, paper VI)? 

4.  Is retinal vessel oxygen saturation affected by  

a) glaucoma surgery (paper III)? 
b) dorzolamide (medical treatment of glaucoma, paper II)? 
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3 Materials and methods 

3.1 The retinal oximeter 

The retinal oximeter (prototype no. 2, Oxymap ehf., Reykjavik, Iceland) is 
based on a non-mydriatic fundus camera (Canon CR6-45NM; Canon Inc., 
Tokyo, Japan). An image splitter (MultiSpec Patho-Imager; Optical Insights, 
Tucson, Arizona, USA) is attached to the fundus camera with a standard 
adapter (Canon CR-TA). The image splitter contains two dichroic mirrors and 
four narrow band-pass light filters. The dichroic mirrors split the beam from 
the fundus camera into four beams according to the wavelengths of light. The 
four beams are then further filtered before they all hit the same camera sensor. 
Therefore, the oximeter simultaneously delivers four images of the same area 
of the retina with different wavelengths of light (see Figure 6). 

Figure 6. The retinal oximeter (left) and an unprocessed image (right), showing the 
same area of the fundus with four wavelengths of light. 

The filters have centre wavelengths of 542 nm, 558 nm, 586 nm and 605 nm. 
The full bandwidth at half maximum is 5nm for the latter three filters but 9 nm for 
the 542 nm filter. This means that the range of transmitted wavelengths, 
measured between the two wavelengths where the transmittance is half of the 
maximum transmittance, is 5 nm or 9 nm. The digital camera (SBIG ST-7E, 
Santa Barbara Instrument Group, Santa Barbara, California), which records the 
image from the image splitter, has a cooled CCD sensor to reduce noise in the 
image. The sensor contains 0.4 megapixels. It was operated at 2x2 binning to 
increase sensitivity. This reduces the resolution down to 0.1 megapixel. The 
sensor was operated at minus 2°C to reduce the effect of noise. A dark frame, 
i.e. an image which was taken with the camera shutter closed, was subtracted 
from each image. This further reduces the systematic part of the sensor noise. 
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All analysis was performed with the 586 nm (isosbestic) and the 605 nm 
(non-isosbestic) images. The 542 nm and 558 nm images were not used. 
Discarding of 542 nm and 558 nm was based on earlier testing, which revealed 
that optical density ratios, using these wavelengths gave less reliable results. 

All images were taken with the 45° setting on the fundus camera adapter. 
However, the image splitter only allows passage of a much smaller field of 
view, see Figure 6. Within each experiment, care was taken to align the camera 
such that the same retinal area was imaged, i.e. the main retinal vessels, close 
to the optic disc. However, the images of healthy volunteers were taken under a 
slightly different angle than images of diabetic patients (discussed in chapter 
5.3.5). Some adjustment was made in the imaging angle in some cases of 
branch retinal vein occlusion, so that the occlusion itself could be included. 

For all experiments, except for the experiments on the effect of light and 
dark (see chapter 3.5.1), the light conditions were as follows. Oximetry images 
were acquired in minimal light. Room lights were off and the infrared filter of 
the fundus camera was used, allowing only a dim red light to pass to the eye of 
the subject. Light impermeable curtain blocked the window although some 
light escaped to the side of the curtain (for ventilation). Dim light came from a 
laptop computer screen and the screen of the fundus camera, both of which 
faced away from the subject being measured. Images were acquired with the 
unmodified xenon flash of the camera. Images were taken at an interval of 
about one to two minutes (most often closer to one minute). Care was taken to 
image both eyes of the subject and all subjects in the same experiment under 
similar conditions. 

3.2 Image processing and calibration 

The images were processed with a custom made software (Oxymap ehf., 
Reykjavik, Iceland). The first step is automatic alignment of the four sub-
images into the same coordinate system. The software then finds retinal vessels 
in the image, i.e. uses supervised classifying to define each pixel as belonging 
to a vessel or not. The software chooses measurement points on the vessel for 
measurement of light intensity (I) and outside the vessel for the reference light 
intensity I0 (see chapter 1.2.4 and Figure 5). The points on the vessel itself are 
chosen to avoid the central light reflex on the vessels. For each chosen point on 
the vessel (for intensity I) the program finds a three by three pixels box around 
the point. The program excludes non-vessel pixels in this box and uses the 
median value from the remaining pixels. For each such value of I a 
corresponding value for I0 was found. A point was found beside the vessel on a 
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line, which is perpendicular to the vessel direction. Each value for I0 was a 
median value from a five by five pixels box around this point. 

The program used each pair of I and I0 values to calculate a single optical 
density ratio (ODR, see chapter 1.2.4). A vessel segment was chosen by the 
user (S.H.H. / S.T.) with a mouse click and all optical density ratios along such 
a segment were then averaged. This average optical density ratio was used as 
the value for the vessel. 

Optical density ratios were transformed into relative haemoglobin oxygen 
saturation with equation 7 from chapter 1.2.4. Calibration, i.e. the 
determination of a and b in equation 7, was performed by setting the mean 
oxygen saturation in main retinal arterioles and venules to values from a 
calibrated oximeter. The mean value in healthy individuals was set to 92.2% in 
the main retinal arterioles and 57.9% in the main retinal venules. These values 
were obtained by Schweitzer et al. (1999) with a calibrated multispectral 
oximeter. This gives two equations (one for arterioles and one for venules) 
which can be solved for a and b. The calibration of the current oximeter was 
performed repeatedly as slightly different versions of the software were used. 
The relative oxygen saturation values are not completely comparable across 
studies (papers I-VII) since minor differences may have resulted from changing 
the version of the analysis program. The same version of the analysis program 
as well as the same calibration coefficients, a and b from equation 7, were used 
within each study.  

Since the optical density ratios are linearly related to the calculated 
saturation, the level of statistical significance does not depend on calibration 
and the p-values are the same for optical density ratios and for calculated 
saturation. 

The program can also be used for vessel diameter measurements. As 
mentioned above, the program defines points as either belonging to a vessel or 
not. The program finds the centre pixel on the vessel and a vector, which is 
perpendicular to the direction of the vessel. The vessel diameter measurement 
is made by counting the pixels that are defined as belonging to the vessel and 
lie on the perpendicular cross-section. The effective resolution of the digital 
camera in the oximeter used in the studies, described in this thesis, is 0.1 
megapixels, which means that the larger retinal vessels are about 5 pixels wide. 
The vessel diameter option has not been systematically tested with the oximeter 
used in the studies described in this thesis. Testing has been made on a similar 
algorithm on images from a later, higher resolution version of the oximeter 
(Blondal et al., 2011) 
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3.3 Ethical considerations 

The studies were approved by the National Bioethics Committee of Iceland and 
the Icelandic Data Protection Authority and adhered to the tenets of the 
Declaration of Helsinki. Participants signed an informed consent form after the 
nature of the study had been explained to them. 

3.4 Statistical analyses 

Statistical analyses were performed with Prism 5 (Graphpad Software, La Jolla, 
California) in all cases except for data on glaucoma surgery (paper III), where R, 
version 2.6.1 was used (provided in the public domain by the R Foundation for 
Statistical Computing, Vienna, Austria, available at http://www.r-project.org/). The 
type of statistical test varied according to variable setup of the studies and 
comparisons and the variable nature of the data in each paper. The test used is 
mentioned where the results are reported (chapter 4). The choice of statistical tests 
and the interpretation of the results is discussed in chapter 5.5. 

3.5 Light and dark 

Two experiments were performed, both on healthy volunteers. The first 
experiment compared retinal vessel oxygen saturation between a steady light 
level and darkness. The second experiment compared saturation between 
different levels of steady light and darkness. 

Images were taken after dilation of the subjects’ pupil with tropicamide 
HCl (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA). 

Retinal vessel oxygen saturation was measured in one major temporal 
arteriole and venule. An average saturation was measured in a segment that 
reached from just outside the optic disc margin and up to or nearly up to the 
first branching of the vessel. Retinal vessel diameter was measured in the same 
images and the same vessel segments although this was done at a later time 
with a later version of the analysis software. In this re-analysis of the data, 
various ratios of brightness values (I and I0, see chapter 1.2.4) were calculated 
to search for possible artefacts (see chapters 4.1.1 and 5.1). 

3.5.1 Light levels 
Light levels were measured with a digital photometer (Mavolux; Gossen 
GmbH, Erlangen, Germany). Measurements were made with the luminance 
attachment of the photometer. The end of the attachment was placed 4-5cm 
from the lens of the fundus camera, in the same position as the cornea of the 
eye when an image is taken. The photometer was slowly shifted from left/right 
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and up/down until a maximum reading was obtained at this distance and this 
reading was recorded. The aperture angle of the luminance attachment on the 
photometer is 20°. 

Healthy volunteers sat in darkness for 30 minutes to achieve dark 
adaptation. To avoid interfering with the dark adaptation, infrared light was 
used when the camera was adjusted. This can be achieved by using the standard 
infrared filter in the fundus camera, on which the oximeter is based. The fundus 
camera allows the user to view the fundus on a screen, facing towards the user 
and away from the subject being imaged. During imaging in the dark, the only 
sources of light were a slight red glow, which escapes through the infrared 
filter and dim light from the viewing screen and the screen of a laptop 
computer. Both screens faced away from the subject being measured. During 
these conditions, the photometer reading in front of the lens was 0 cd/m2 (same 
setup as during light, the photometer measures in whole cd/ m2). 

The aiming light of the fundus camera was used for light adaptation in both 
experiments. Visible light, from a tungsten bulb was passed through the lens of the 
fundus camera by removing the infrared filter from the light path. In the first 
experiment, where only one light level was used, the overhead white fluorescent 
room lights were also used. The bulbs were Philips 58W/830 New Generation 
(Royal Philips Electronics NV, Amsterdam, The Netherlands). When the overhead 
lights were on, the light levels directly to the side of the fundus camera lens were 
approximately equal to the light levels in front of the lens, measured as described 
above. In the second experiment, where different light intensities were used, the 
only source of light was the aiming light of the camera at three different settings 
(and the dim lights of the screens, mentioned above). 

The light used was not evenly distributed over the retina, since the fundus 
camera does not illuminate the whole retina equally, and neither does ordinary 
office lighting. The light levels given are therefore approximate and do not 
represent evenly distributed light (not Ganzfeld levels). Relative intensity of 
light can, however, be compared since all measurements of light were carefully 
performed in the same manner. 

The oximetry measurement itself requires the use of the xenon flash of the 
fundus camera, which lasts several milliseconds. A single flash is sufficient for 
each measurement. The minimum time between measurements was 5 minutes. 

3.5.2 Darkness vs. 80 cd/m2 light 

The first light and dark experiment involved comparison of darkness to one 
light level of approximately 80 cd/m2. Eighteen healthy volunteers participated 
but data from three of them were excluded due to poor image quality. Images 
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during dark adaptation and light adaptation had to be of similar and sufficient 
quality and one poor quality image required that the whole set from that 
particular individual was omitted. After exclusion, the mean age was 30 years 
and the range was 21 to 57 years (13 men and 2 women). 

The volunteers were placed in the dark for 30 minutes before the first 
measurement was made. The volunteers were then placed alternately in light 
(80 cd/m2) and dark. Each period of light or dark lasted 5 minutes, and a 
measurement was performed with the oximeter at the end of each period. 

3.5.3 Darkness vs. 1-100 cd/m2 light 
The second light and dark experiment compared saturation during darkness and 
1, 10 or 100 cd/m2. Twenty-three volunteers participated in the second 
experiment. Four individuals were excluded from analysis due to poor image 
quality. After exclusion, the mean age was 25 years, and the range was 22 to 30 
years (11 men and 8 women). 

As in the first experiment, the volunteers were placed in the dark for 30 
minutes before the first measurement. The volunteers were then placed in light 
successively at approximately 1, 10, and 100cd/m2, each period lasting 5 
minutes. Finally, the volunteers were adapted to dark for 5 minutes. A 
measurement was performed with the oximeter at the end of each period. 

3.6 Retinal vascular occlusions 

Measurements were made of retinal vessel oxygen saturation in patients with 
three different major types of retinal vascular occlusions; central retinal vein 
occlusion, branch retinal vein occlusion and central retinal artery occlusion. 

3.6.1 Central retinal vein occlusions 
Oxygen saturation measurements were made in 10 consecutive patients with 
unilateral central retinal vein occlusion after referral from their ophthalmologist 
(convenience sample). Measurements were made before any treatment, except 
for successful treatment of acute glaucoma in one patient. Data from two 
patients were excluded because of poor quality of oximetry images. Clinical 
characteristics of the patients are described with the results (chapter 4.2.1). 

Pupils were dilated with 1% tropicamide HCl (Mydriacyl; Alcon Inc., Fort 
Worth, Texas, USA), which was sometimes supplemented with 10% 
phenylephrine hydrochloride (AK-Dilate; Akorn Inc, Lake Forest, Illinois, 
USA), as deemed necessary by the nurses or ophthalmologists in the clinic. The 
fellow eye (no vein occlusion) did not receive dilating eye drops in three cases. 
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In these cases, there was adequate dilation of the pupil in darkness and the 
patients requested that the dilating drops would not be used for this eye.  

Oxygen saturation was measured in all main retinal arterioles and venules, 
for which reliable measurements were possible. As described in chapter 1.2.4, 
the oximeter uses brightness values inside and outside the retinal vessels to 
calculate relative oxygen saturation. Care was therefore taken to avoid 
measuring vessel segments with adjacent haemorrhages, which could have 
caused artefacts. When possible, measurements of each vessel segment were 
averaged from close to the optic disc up to or nearly up to the first branching of 
the vessel. A mean was calculated for arterioles and for venules in each eye. 
Each mean saturation value was constructed from the same ratio of 
temporal/nasal vessels as the mean in the other eye in the same patient. In order 
to achieve this matching, in some cases, two vessel segments (temporal or 
nasal) were averaged and entered as one for calculation of the mean for the eye. 

3.6.2 Branch retinal vein occlusions 
Oxygen saturation measurements were performed on 24 consecutive patients 
with branch retinal vein occlusion after referral from their ophthalmologist 
(convenience sample). Images were taken after dilation of the subjects’ pupil 
with tropicamide HCl (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA), which 
was in some cases supplemented with 10% phenylephrine hydrochloride (AK-
Dilate; Akorn Inc, Lake Forest, Illinois, USA) as deemed necessary by the nurses 
or ophthalmologists in the clinic. The pupil of the fellow eye was not dilated in 
two cases (requested by the patients). The pupils were adequately dilated in the 
dark for imaging with the infrared aiming light of the fundus camera. 

Retinal vessels were divided into three categories: (1) Vessels affected by 
the occlusion, (2) vessels in the diseased eye, which are not affected by the 
occlusion and (3) vessels in the fellow eye. Venules affected by the occlusion 
were either the occluded venules or downstream venules, which collected 
blood from the occluded venule and another non-occluded venule (two separate 
analyses performed, see results). Affected arterioles were chosen as the 
arterioles that supplied the affected area to the greatest degree. The measured 
vessels, not affected by the occlusion (categories 2 and 3), were chosen so that 
they were comparable in location to the affected vessels in the same patient. 
For example, if a major superotemporal venule was occluded, a major 
inferotemporal venule was chosen for comparison in the same eye and a major 
temporal venule (preferably superotemporal) in the fellow eye. As in 
measurements of patients with central retinal vein occlusion (see chapter 3.6.1), 
care was taken to avoid measurements close to haemorrhages. 
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All measurements were made before treatment of the affected eye. 
Measurements could be made in all categories of arterioles in 18 patients and in 
all categories of venules in 22 patients. This includes venules, which were 
measured downstream of the occlusion and received contribution of from non-
occluded venules. Furthermore, some of the oximetry images were of poor 
quality. A subgroup analysis was made for patients where the occluded venule 
could be measured and the image quality was better (n=7). 

The mean age of the patients at the time of measurement was 70 years for 
arteriolar measurements (n=18, 9 males and 9 females) and 67 years for 
venular measurements (n=22, 12 males, 10 females). The age range was 44–86 
years for both arteriolar and venular measurements. The mean duration of the 
occlusion at the time of measurement was 3 months, range 0–9 months 
(arteriolar and venular measurements, n=18 for arterioles, n=22 for venules). 

3.6.3 Central retinal artery occlusions 
Four patients with a history of unilateral central retinal artery occlusion were 
measured with the retinal oximeter. A description of the patients can be found 
in Table 10 in chapter 4.2.3 (results section). The patients were invited to 
participate when visiting their ophthalmologist (convenience sample). Images 
were taken after dilation of the subjects’ pupil with tropicamide HCl 
(Mydriacyl; Alcon Inc., Fort Worth, Texas, USA). Tropicamide was in some 
cases supplemented with 10% phenylephrine hydrochloride (AK-Dilate; Akorn 
Inc, Lake Forest, Illinois, USA) as deemed necessary by the nurses or 
ophthalmologists in the clinic. 

Oxygen saturation was measured in all main retinal arterioles and venules 
in an attempt to measure (almost) all of the blood entering and leaving the 
retina. An average was taken for all main arterioles and, separately, for all main 
venules in each eye. The vessels were measured from just outside the optic disc 
and up to or nearly up to their branching. 

3.7 Diabetic retinopathy 

Thirty one healthy volunteers and 28 patients with diabetic retinopathy of 
various stages participated in the study. Table 1 describes the groups compared 
in the study. 

Images were taken after dilation of the subjects’ pupil with tropicamide 
HCl (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA), which was in some 
cases supplemented with 10% phenylephrine hydrochloride (AK-Dilate; Akorn 
Inc, Lake Forest, Illinois, USA) as deemed necessary by the nurses or 
ophthalmologists in the clinic. 
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Oxygen saturation was measured in one major temporal (first or second 
degree) retinal arteriole and venule in one eye in each subject. The measured 
vessel segment ranged from just outside the optic disc and up to or nearly up to 
the first major branching of the vessel. 

Table 1.  Clinical and demographic data for the groups studied. DR is diabetic 
retinopathy. 

Healthy volunteers, n=31 

Age 32±15 years (mean±SD) 

Gender 19 males, 12 females 

Background DR, no macular oedema, n=6 

Age 57±16 years (mean±SD) 

Gender 3 males, 3 females 

Number with type of diabetes 2 type I, 4 type II 

Duration with diabetes 17±11 years (mean±SD) 

Diabetic macular oedema, no treatment, n=7 

Age 60±15 years (mean±SD) 

Gender 5 males, 2 females 

Number with type of diabetes 5 type I, 2 type II 

Duration with diabetes 19±9 years (mean±SD) 

Pre-proliferative /proliferative DR, no treatment, n=7 

Age 42±14 years (mean±SD) 

Gender 6 males, 1 female 

Number with type of diabetes 6 type I, 1 type II 

Duration with diabetes 20±5 years (mean±SD) 

Proliferative DR, stable after treatment, n=8 

Age  44±17 years (mean±SD) 

Gender 6 males, 2 females 

Number with type of diabetes 5 type I, 3 type II 

Duration with diabetes 21±5 years (mean±SD) 
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3.8 Glaucoma 

Two studies were performed on the effect of glaucoma treatment; one 
compared oxygen saturation before and after glaucoma surgery and the other 
was on the effect of the glaucoma drug dorzolamide. 

3.8.1 Glaucoma surgery 
All consecutive patients with open-angle glaucoma, with and without pseudo-
exfoliation syndrome, undergoing glaucoma surgery in Iceland in a six month 
period were invited to participate in the study. All patients were using topical 
glaucoma drugs before their surgery, and one was also taking oral 
acetazolamide (Table 2). 

None of the patients used glaucoma drugs at the time of postoperative 
oximetry. Twenty-five patients were measured before and after surgery. Six 
patients were excluded from analysis because of poor optical quality of the eye. 
Of the remaining 19 patients, 12 had primary open-angle glaucoma and seven 
had exfoliative glaucoma. Fourteen patients underwent trabeculectomy with 
mitomycin C and five patients underwent glaucoma drainage device surgery 
with the Ahmed tube. All surgeries were performed by the same surgeon. 

Images were taken after dilation of the subjects’ pupil with tropicamide 
HCl (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA), which was in some 
cases supplemented with 10% phenylephrine hydrochloride (AK-Dilate; Akorn 
Inc, Lake Forest, Illinois, USA) as deemed necessary by the nurses or 
ophthalmologists in the clinic. 

Oximetry was performed in first and second degree retinal arterioles and 
venules. Oximetry was performed before glaucoma surgery and again 
approximately one month after surgery. An average was taken of measurable 
arterioles and venules in each eye and the same vessels segments were 
averaged before and after surgery. 

3.8.2 Dorzolamide 
The study compared oxygen saturation in retinal vessels in patients with 
chronic glaucoma or ocular hypertension while they were taking either timolol 
eye drops or drops containing a mixture of timolol and dorzolamide. The 
difference between the study periods was therefore the addition of dorzolamide 
to timolol. Dorzolamide could not have been administered alone and compared 
to placebo drops since at least some of the participants (the glaucoma patients) 
required treatment. 
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Table 2.  Clinical data for the 19 patients (eyes), who are included in the results of 
study on glaucoma surgery. 

Age 73±7 years (mean±SD) 

Gender  12 males, 7 females 

Number with pseudo-exfoliation 7 

Trabeculectomies, number of eyes  14 

Shunt surgery (Ahmed tube), number of eyes 5 

Topical medication before glaucoma filtering surgery, no. eyes 

Timolol+Dorzolamide+Latanoprost 7 

Latanoprost  3 

Betaxolol+Latanoprost  2 

Timolol gel+Latanoprost  2 

Timolol+Pilocarpine+Latanoprost  1 

Timolol+Brimonidine+Latanoprost  1 

Pilocarpine+Propine+Travoprost  1 

Brimonidine+Latanoprost+Acetazolamide  1 

Timolol gel  1 

In total, 20 subjects were recruited for the study. The subjects were 
classified by an ophthalmologist as having open angle glaucoma (11 subjects), 
or ocular hypertension without a confirmed diagnosis of glaucoma (nine 
subjects) based on optic nerve head appearance, visual fields and intraocular 
pressure. The exclusion criteria were allergies or suspicion of other 
vulnerabilities to any aspect of the study, best corrected vision less than 20/40, 
history of ocular or orbital trauma and a history of any respiratory disease (such 
as asthma or emphysema). One subject with ocular hypertension discontinued 
participation before being randomised because of a planned pregnancy.  

The study timeline or setup is shown in Figure 7.  

The study was a prospective, randomised, double-blind, 2x2 cross over 
study. For the first four weeks, all subjects received 0.5% timolol maleate eye 
drops (Merck, Whitehouse Station, New Jersey). After baseline measurements, 
the subjects were randomised into two groups. One group (nine subjects) 
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continued with the same timolol drops and the other group (10 subjects) 
received a combination of 0.5% timolol maleate and 2% dorzolamide (Merck, 
Whitehouse Station, New Jersey). Neither the patients, nor the investigators 
knew who received which drops. Complete blinding was, however not 
possible, since dorzolamide can cause some ocular discomfort immediately 
after instillation. 

Figure 7. The timeline of the study of the effect of dorzolamide on retinal vessel 
oxygen saturation. Both groups received timolol or timolol and dorzolamide 
in combination. Oximetry measurements were made at the end of run-in and 
washout periods as well as at every two months of the 8 months study 
periods. 

After eight months from the baseline measurements, all subjects received 
timolol only for four weeks as a wash-out for the second eight months study 
period, in which the patients received the alternative drops with respect to the 
first study period. Measurements were made at the baseline, at the end of the 
washout period and every two months during the study periods. 

Six subjects out of nineteen (two with glaucoma, four with ocular 
hypertension) discontinued participation before having at least one 
measurement from both test periods. The most common causes for 
discontinuation were inadequate control of intraocular pressure or irritation 
from eye-drops. Thirteen subjects (nine with glaucoma, four with ocular 
hypertension) were able to follow the study protocol until at least two 
measurements had been performed during the second test period. The age of 
these subjects was 63±11 years (mean±SD, range 49-81 years, 10 males, 3 
females). Ten subjects (seven with glaucoma, three with ocular hypertension) 
completed all four measurements in both test periods. 

Images were taken after dilation of the subjects’ pupil with tropicamide 
HCl (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA). 
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Oximetry measurements were performed in first-and second degree retinal 
vessels in both eyes, and an average was taken for each patient. Blood pressure 
and heart rate were measured using an automated sphygmomanometer (Omron 
HEM705CP, Omron, Kyoto, Japan). The mean arterial pressure was calculated 
from systolic and diastolic pressure values, with  

(Equation 8) 

Intraocular pressure measurements were performed as part of a routine 
ophthalmic examination at two eye clinics in Reykjavik, with Nidek NT-2000 
(Nidek, Gamagori, Japan) and Reichert AT555 (Reichert, Depew, New York) 
tonometers. As described in chapter 1.1.5.1, the pressure in the retinal venules 
is close to the intraocular pressure. Ocular perfusion pressure values were 
therefore calculated from mean arterial pressure and intraocular pressure as 

(Equation 9) 

Two thirds of the mean brachial artery pressure is used as the standard 
approximation of ophthalmic artery pressure. 

pressure  Systolic
3

1
 pressure Diastolic 

3

2
  pressure arterial Mean +=

pressure rIntraocula - pressureartery  brachial  Mean
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4 Results 

4.1 Light and dark 

Two experiments were performed to study the effects of light and dark on 
retinal vessel oxygen saturation. The first experiment involved comparison of 
retinal vessel oxygen saturation in healthy volunteers in darkness and about 80 
cd/m2 constant light. The second experiment compared saturation in darkness 
and 1, 10 or 100 cd/m2 light. 

4.1.1 Darkness vs. 80 cd/m2 
Table 3 and Figure 8 show retinal vessel oxygen saturation in darkness and 
about 80 cd/m2 light. Measurements were made after 30 minutes in dark and 
then after successive 5 minute periods in light or dark. Statistical comparison is 
given in Figure 8 (paired t-tests). The arteriovenous difference did not change 
between light or dark (p>0.17, consecutive comparisons of measurements in 
the same manner as in Figure 8). 

Table 3.  Retinal vessel oxygen saturation in darkness and light (80 cd/m2) in 15 
healthy volunteers. Mean±SD and 95% confidence intervals.a 

 
30 min. 
Dark 

35 min. 
Light 

40 min. 
Dark 

45 min. 
Light 

50 min. 
Dark 

55 min. 
Light 

Arterioles 92±4 

90-94 

89±5 

86-92 

92±4 

90-94 

89±4 

87-91 

91±5 

88-93 

88±5 

85-91 

Venules 60±5 

58-63 

55±10 

49-60 

59±7 

56-63 

55±5 

52-58 

57±7 

54-61 

54±9 

49-59 

Arteriovenous 
difference 

32±6 

29-35 

34±9 

29-39 

33±6 

29-36 

34±6 

30-37 

33±7 

30-37 

34±6 

31-38 

a
The time given is from the start of the first dark adaptation. After the initial 30 minutes in the 

dark, each light or dark period lasted 5 minutes. 
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Figure 8. Retinal vessel oxygen saturation in darkness and 80 cd/m2 light in 15 healthy 
volunteers. The time given is from the start of the first dark adaptation. The 
points denote the mean and the bars denote the standard deviation. The p-
values are from paired t-tests, where each point in time is compared to the 
next. Reprinted from paper I (Invest Ophthalmol Vis Sci, 50(5), 2308-2311, 
©Association for Research in Vision and Ophthalmology). 

Additional measurements of diameter and brightness values were performed 
with a later version of the analysis software. Table 4 shows the diameter of the same 
vessel segments as in Table 3 and Figure 8. Figures 9 A-D show the ratios of 
brightness values (see chapter 1.2.4 for description of I and I0). The brightness values 
were extracted to allow examination of possible artefacts in the saturation results (see 
chapter 5.6.2 for discussion). 
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Table 4.  Retinal vessel diameter in darkness and light (80 cd/m2) in 15 healthy 
volunteers 

 
Timea 

(light/dark) 
Vessel diameter  

(pixels, mean±SD) 

Compared to 
value in the 
row aboveb 

Arterioles 

30 min. (dark) 5.3±0.4  

35 min. (light) 5.2±0.8 p=0.22 

40 min. (dark) 5.4±0.5 p=0.17 

45 min. (light) 5.2±0.6 p=0.07 

50 min. (dark) 5.3±0.6 p=0.35 

55 min. (light) 5.3±0.6 p=0.88 

    

Venules 

30 min. (dark) 6.8±0.7  

35 min. (light) 6.7±0.7 0.26 

40 min. (dark) 6.8±0.7 0.44 

45 min. (light) 6.5±0.6 0.02 

50 min. (dark) 6.8±0.5 0.003 

55 min. (light) 6.8±0.8 0.84 

a The time given is from the start of the first dark adaptation. After the initial 30 minutes in the 
dark, each light or dark period lasted 5 minutes 

b
Paired t-test for comparison to the previous value.  
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Figure 9. Ratios of brightness values. I is the brightness value, measured on the vessel, 
and I0 is the brightness value to the side of the vessel. The subscripts denote 
whether the brightness was measured at 586 nm or 605 nm. The ratios were 
calculated to allow analysis of possible artefacts due to bleaching of 
photopigment during light adaptation (see chapter 5.6.2). The p-values are 
from paired t-tests, where each point in time is compared to the next. 

4.1.2 Darkness vs. 1-100 cd/m2 
Table 5 and Figure 10 show retinal vessel oxygen saturation in darkness and 
successively stronger light. Statistical comparison is given in Figure 10 (paired 
t-tests). The arteriovenous difference did not change between light or dark, 
p>0.63 for comparisons as made in the same manner as in Figure 10. 
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Table 5.  Retinal vessel oxygen saturation in darkness and three levels of light in 19 
healthy volunteersa. The table shows mean±standard deviation and 95% 
confidence intervals. Statistical comparison is given in Figure 10. 

Light level 0 cd/m2 1 cd/m2 10 cd/m2 100 cd/m2 0 cd/m2 

Time (min.) 30 35 40 45 50 

Arterioles 92±4 

89-94 

91±6 

89-94 

91±5 

89-93 

88±7 

85-92 

91±6 

88-94 

Venules 59±9 

55-64 

59±10 

55-64 

58±7 

55-62 

55±10 

51-60 

58±10 

53-63 

Arteriovenous 
difference 

32±9 

28-36 

32±8 

28-36 

33±6 

30-36 

33±8 

29-37 

33±7 

29-36 

a
The first period of darkness lasted 30 minutes but all successive periods of light and darkness 

lasted 5 minutes. 

Figure 10. Retinal vessel oxygen saturation in darkness and three light levels in 19 
healthy volunteers. The points denote the mean and the bars denote the 
standard deviation. The p-values are from paired t-tests. Reprinted from 
paper I (Invest Ophthalmol Vis Sci, 50(5), 2308-2311, ©Association for 
Research in Vision and Ophthalmology). 

Table 6 shows the diameter of the same vessel segments as in Table 5 and 
Figure 10. 
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Table 6.  Retinal vessel diameter (pixels) in darkness and 1, 10 and 100 cd/m2 light in 
19 healthy volunteers. The table shows mean±SDa. 

 0 cd/m2 

(30 min.)b 

1 cd/m2 

(35 min.) 

10 cd/m2 

(40 min.) 

100 cd/m2 

(45 min.) 

0 cd/m2 

(50 min.) 

Arteriole
s 

4.6±0.8 4.6±0.8 4.6±0.9 4.5±0.7 4.5±0.8 

Venules 6.0±0.6 6.0±0.5 6.1±0.6 6.2±0.5 5.6±0.6 

a
None of the differences in vessel diameters were statistically significant. The p-values for the 

difference between 0 cd/m2 (30 min.) vs. 100 cd/m2 (45 min.) were 0.65 for arterioles and 0.057 
for venules (paired t-test). The p-values for 100 cd/m2 (45min.) vs. 0 cd/m2 (50min.) were 0.95 
for arterioles and 0.12 for venules. 
bThe first period of darkness lasted 30 minutes but all successive periods of light and darkness 
lasted 5 minutes. 

4.2 Retinal vascular occlusions 

Three studies were performed on retinal vascular occlusions; on occlusions of 
the central retinal vein, branch retinal veins and the central retinal artery. 

4.2.1 Central retinal vein occlusions 
Table 7 gives age, gender, duration of occlusion and additional information is 
for each patient with central retinal vein occlusion. 

Table 7.  Clinical characteristics of patients with central retinal vein occlusion. 

Patient 
no. 

Age 
(gender) 

Duration of vein 
occlusion Comment 

1 72 (M) 1 day Fellow eye amblyopic 

2 81 (M) 1-2 days  

3 62 (F) 2 days  

4 60 (F) About 1 month  

5 45 (M) About 3 months  

6 49 (M) About 3 months  

7 61 (M) About 3 months Acute glaucoma 2 months earlier. 

8 57 (M) About 6 months Affected eye amblyopic. 

Mean±SD 61±12   

a
F is for female and M is for male. 
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Table 8. Shows that the mean saturation in retinal venules is 49±12% in the 
eye affected by central retinal vein occlusion and 65±6% in the fellow eye 
(p=0.003, n=8, paired t-test). The mean saturation in the retinal arterioles was 
99±3% in the affected eye and 99±6% in the fellow eye. 

Table 8.  Retinal vessel oxygen saturation (%) in eight patients with central retinal vein 
occlusion. The table shows mean±SD and number of measured vessels in 
each eye (in parenthesis). 

Patient 
no. 

Duration of 
occlusion 

Affected eye Fellow eye 

Arterioles Venules Arterioles Venules 

1 1 day 95±4 (2) 53±2 (3) 94±3 (2) 59±1 (3) 

2 1-2 days 99±4 (4) 50±12 (4) 96±3 (3) 62±7 (3) 

3 2 days 102±1 (2) 30±25 (5) 103±10 (2) 67±11 (4) 

4 About 1 
month 

101% (1) 54±17 (3) 92 (1) 68±3 (3) 

5 
About 3 
months 

96±0.5 (3) 39±10 (5) 96±0.6 (3) 60±9 (5) 

6 
About 3 
months 

100±5 (2) 72±7 (5) 98±3 (2) 76±5 (5) 

7 
About 3 
months 

102±2 (2) 50±10 (6) 108±2 (2) 64±7 (4) 

8 
About 6 
months 

103 (1) 47±13 (4) 105 (1) 66±4 (4) 

Mean±SD 
(n=8) 

 99±3 49±12
a
 99±6 65±6a 

a
Affected venules have significantly lower saturation than venules in the fellow eye (paired t-

test, p=0.003). 

Figure 11 shows a plot of the oxygen saturation in retinal vessels of 
patients with central retinal vein occlusion (data also in Table 8). Figures 12 
and 13 show examples of oximetry images from patients with central retinal 
vein occlusion. 
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Figure 11. Retinal vessel oxygen saturation in patients with central retinal vein 
occlusion (CRVO). Each point denotes the mean saturation within an eye. 
The bars denote mean±SD for all 8 patients. The p-value is from a paired t-
test. Reproduced from paper IV (Am J Ophthalmol, 150(6), 871-875, 
©Elsevier Inc.) 
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Figure 12. Oxygen saturation map of patient no. 5 in Table 8. The eye affected by 
central retinal vein occlusion is displayed on the left and the fellow 
(healthy) eye is on the right. The frames on the colour fundus photographs 
indicate the retinal area on the oxygen saturation maps above. Reprinted 
from paper IV (Am J Ophthalmol, 150(6), 871-875, ©Elsevier Inc.) 
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Figure 13. Oxygen saturation map of patient no. 8 in Table 8. The images on the left 
are of the affected eye before treatment. The images on the right are taken 
of the same eye three months later after treatment with laser, bevacizumab 
and triamcinolone  

4.2.2 Branch retinal vein occlusions 
Table 9 shows the results of saturation measurements for all measureable 
vessels. Some of the measured affected venular segments received blood also 
from non-occluded branches, i.e. blood was measured downstream of joining 
of the occluded venule and a non-occluded venule. The image quality was poor 
in some cases. A separate analysis was performed of a subgroup where 
occluded venules could be reliably measured in adequate quality images. The 
results for both analyses are displayed in Table 9. Figure 14 shows individual 
values from the subgroup with more reliable measurements of occluded 
venules (the subgroup with n=7 in Table 9).  
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Table 9.  Retinal vessel oxygen saturation (%) in patients with branch retinal vein 
occlusion (median and range) 

 

 

 

Affected eye Fellow eye Friedman’s 
test for 

differences 
in 

saturation 

Affected 
vessel 

Unaffected 
vessel 

Arterioles (n=18) 101 

89-115 

95 

85-104 

98 

84-109 

p=0.024a 

Venules (n=22)b 59 

12-93 

63 

23-80 

55 

39-80 

p=0.66 

Occluded venules 
only, good image 
quality (n=7) 

49 

12-93 

63 

40-75 

53 

48-72 

p=0.96 

a
The difference between affected arterioles and unaffected arterioles in affected eye was 

significant according to Dunn’s post test (p<0.05). No other Dunn’s tests showed statistical 
significance at p<0.05. 
b
Some of the affected venules received blood also from non-occluded branches and image 

quality was poor in some cases. A subgroup analysis is shown in the next row in the table. 
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Figure 14. Oxygen saturation in retinal venules in patients with branch retinal vein 
occlusion. Each point denotes one venule and the lines link points from the 
same patient. The difference between the three categories is not statistically 
significant (p>0.05, Friedman’s and Dunn’s tests). Reproduced from paper 
V (Acta Ophthalmol, 2011, Apr 21, epub ahead of print). 

Figures 15 and 16 show examples of oxygen saturation measurements in 
eyes affected by BRVO. 
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Figure 15. A patient with branch retinal vein occlusion. The frame in the colour fundus 
image shows the approximate location of the oximetry images. The colours in 
the oximetry images denote the relative oxygen saturation in the retinal vessels. 
Reproduced from paper V (Acta Ophthalmol, Apr 21, epub ahead of print). 

Figure 16. A patient with branch retinal vein occlusion. The images to the left show 
the affected eye. The occluded and tortuous venule is shown in the lower 
left image. The images to the right are of the healthy fellow eye.  
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4.2.3 Central retinal artery occlusions 
Four patients with clinically diagnosed central retinal artery occlusion were 
measured. The patients varied in their clinical characteristics as can be seen in 
Table 10. Table 11 shows oxygen saturation in retinal vessels in the patients 
described in Table 10. 

Table 10.  Clinical characteristics of patients with central artery occlusion 

Patient no. Age 
(gender) 

Duration of 
occlusion 

Visual acuity 
(affected 

eye) 

Comment 

1 (before 
treatment) 

69 (F) 1 day Light 
perception 

Giant cell arteritis. 
Very little blood flow 

(segmented blood 
column) 

1 (after 
treatment) 

69 (F) 1 month Hand 
movement 

Treated with 
prednisolone, blood 

column not segmented 
anymore 

2 79 (M) 1 day Hand 
movement 

Initially diagnosed as 
inferotemporal branch 

retinal artery 
occlusion. Diagnosis 

later changed to 
central retinal artery 

occlusion. 

3 69 (M) 1 month Finger 
counting 

Re-established blood 
flow? 

4 75 (M) 2 weeks Finger 
counting 

Two to three months 
later the visual acuity 

was 1.0 for the 
affected eye. 
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Table 11.  Retinal vessel oxygen saturation (%) in four patients with a history of 
central retinal artery occlusion. The table shows mean±SD for the major 
retinal vessels in each eye. 

Patient 
no. 

Duration 

of occlusion 

Affected eye Unaffected eye 

Arterioles Venules Arterioles Venules 

1 1 day 71±9 63±9 95±5 66±8 

1a 1 month 100±4 54±5 100±4 60±6 

2 1 day 82±7 34±12 85±3 49±17 

3 1 month 101±4 64±8 99±6 60±11 

4b 2 weeks 93 49±6 97±7 51±5 

a
One patient was measured before and after treatment. More details on the patients can be found 

in Table 10. 
b
For patient four, only one affected arteriole was measureable 

Figure 17 shows the fundus of the patient with giant cell arteritis, the day 
after vision loss occurred. Interruption of the blood flow can clearly be seen 
(segmented blood column) as well as low measured saturation in retinal 
arterioles. 
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Figure 17. A patient with central retinal artery occlusion due to giant cell arteritis. 
Above: The fundus image taken one day after occlusion shows “box-
caring”, i.e. segmentation of the blood column in several vessels, indicating 
little or no blood flow. The black box in the image indicates the 
approximate area from which the oximetry measurements were taken. 
Below to the left: A pseudo-colour map of relative oxygen saturation one 
day after occlusion. Below to the right: The pseudo-colour map of oxygen 
saturation one month after occlusion and treatment with prednisolone. 
Blood flow had improved (no “box-caring”). Reproduced from paper VII 
(Acta Ophthalmol, accepted for publication). 

4.3 Diabetic retinopathy 

Retinal vessel oxygen saturation was measured in healthy volunteers and 
patients with various categories of diabetic retinopathy. Table 1 (chapter 3.7) 
gives a description of the groups studied. Oxygen saturation was measured in 
one major temporal arteriole and venule in one eye in each subject.  
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The saturation in healthy volunteers was 93±4% in arterioles and 58±6% in 
venules (mean±SD, n=31). In the diabetic patients (whole group, n=20) the 
oxygen saturation was significantly higher; 101±5% in arterioles and 68±7% in 
venules. The difference between healthy volunteers and diabetic patients was 
statistically significant (p<0.001 for arterioles and venules, unpaired t-test). The 
arteriovenous difference was not different between healthy volunteers and 
diabetic patients (p=0.53). 

The results for subgroups are shown in Figure 18 and Table 12. 

Figure 18. Oxygen saturation in retinal vessels in healthy subjects and in patients with 
various stages of diabetic retinopathy. Each point denotes one major 
temporal arteriole or venule. Only one arteriole and one venule were 
measured for each individual (number of individuals can be found in Table 
12). The bars denote means and standard deviations. BDR: Background 
diabetic retinopathy. DMO: Diabetic macular oedema. PDR: Proliferative 
diabetic retinopathy. One way ANOVA and Dunnett’s tests were used for 
statistical analysis. 

 

Health
y

BDR, no DMO
DMO

Pre-PDR/PDR

PDR afte
r tr

eatm
ent

0

20

40

60

80

100
Arterioles

Venules

DR vs. healthy:  p<0.05 (all categories)

O
xy

ge
n 

sa
tu

ra
tio

n
(%

)



 

 66

Table 12. Retinal vessel oxygen saturation (%) in retinal arterioles and venules. The 
table shows mean±SDa and 95% confidence intervals. DR: Diabetic 
retinopathy. 

 Arterioles Venules 

Healthy volunteers, n=31 93±4 

92-95 

58±6 

56-60 

Background DR, 

no macular edema, n=6 

103±6 

96-114 

70±4 

66-74 

Diabetic macular oedema, 

no treatment, n=7 

102±6 

95-107 

66±9 

57-75 

Pre-proliferative / 
proliferative DR, no 
treatment, n=7 

100±5 

92-106 

67±8 

59-75 

Proliferative DR, 

stable after treatment, n=8 

100±9 

93-108 

66±11 

57-75 

a
All subgroups with DR have higher saturation than the healthy group (p<0.05, arterioles and 

venules, one way ANOVA and Dunnett’s test). 

Figure 19 shows examples of oximetry images from a patient with diabetic 
retinopathy and from a healthy volunteer. 
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Figure 19. Retinal vessel oxygen saturation in diabetic retinopathy compared to a healthy 
retina. The colour scale denotes relative oxygen saturation. Above: A patient with 
proliferative diabetic retinopathy (no treatment) Below: A healthy volunteer. 
Both images show the vessels just inferior to the optic disc in the right eye. 

4.4 Glaucoma treatment 

Two studies were performed on the effect of glaucoma treatment on retinal 
vessel oxygen saturation; one on the effect of glaucoma surgery and the other 
on the effect of dorzolamide eye drops. 
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4.4.1 Glaucoma surgery 
Oxygen saturation in retinal arterioles in the operated eye increased by 2 percentage 
points (p=0.046, n=19, paired t-test) after surgery, which lowered intraocular 
pressure from 23±7 mmHg (mean±SD) to 10±4 mmHg (p<0.0001). No other 
significant changes in oxygen saturation were found (p≥0.35). Table 13 shows means 
and standard deviations while Figure 20 shows the individual data points. 

Table 13.  Retinal vessel oxygen saturation (in %, mean ± SD) in operated and fellow 
eyes in 19 patients before and after glaucoma filtering surgery. 

 Operated eye Fellow eye 

 Before 
surgery 

After  
surgery 

Before 
surgery 

After  
surgery 

Arterioles 97±4a 99±6a 96±5 96±5 

Venules 63±5 64±6 64±6 63±8 

Arteriovenous 
difference 

34±6 36±8 32±6 32±8 

a
The increase in arterioles in operated eye was statistically significant, p=0.046 (paired t-test). 
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Figure 20. Oxygen saturation in (A) retinal arterioles and (B) venules before and after 
glaucoma filtering surgery. The pre- and post-operative data points for each 
eye are connected with a line. Same measurements as in Table 13. 

A post-hoc power analysis was performed to estimate the possibility that a 
real difference in saturation was undetected due to low statistical power. The 
result of the analysis is that the probability of detecting a difference of 5 
percentage points with surgery was 99% for arterioles, 87% for venules, and 
70% for arteriovenous difference. 
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Figure 21 shows an example of oximetry images from the study on 
glaucoma surgery: 

Figure 21. Retinal vessel oxygen saturation before (left) and after (right) glaucoma 
surgery. The colour scale on the right shows the relative oxygen saturation. 

4.4.2 Dorzolamide 
Table 14 shows the mean saturation values for each study period, where the 
subjects took either timolol alone or a combination of dorzolamide and timolol. 
Out of the 13 subjects in Table 14, three did not complete the whole study 
protocol. For each subject, an average was taken of all available oximetry 
measurements within each study period. 
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Table 14. Retinal vessel oxygen saturation in retinal vessels and other physiological 
parameters during the two different drug treatments (n=13, mean±SD) 

 Dorzolamide-timolol 
combination Timolol monotherapy 

Retinal arteriolar 
saturation 

97±2% 96%±2% 

Retinal venular saturation 66±5% 65%±6% 

Arteriovenous difference 31±4% 31±5% 

Intraocular pressurea 14±2 mmHg 17±3 mmHg 

Mean arterial blood 
pressure 

96±11 mmHg 98±9 mmHg 

Ocular perfusion pressure 49±6 mmHg 49±6 mmHg 

Finger pulse oximetry value 96±1% 96±1% 

a
The intraocular pressure was significantly lower during the combination treatment (p=0.001, 

paired t-test). 

Table 15 shows the oxygen saturation values, categorised by order of drug 
treatments. Subjects, who started on dorzolamide-timolol combination, showed 
a significant reduction in arteriolar and venular saturation when changing to 
timolol monotherapy. No significant changes were noted in subjects, who 
started on timolol and changed to dorzolamide-timolol combination. 

Table 15. Retinal vessel oxygen saturation (%), categorised by order of drug 
treatments (mean±SD) 

 Timolol in period 1 (n = 7) 
Dorzolamide-timolol in period 

1 (n=6) 

 Timolol 
monotherapy 

Dorzolamide-
timolol 

combination 

Dorzolamide-
timolol 

combination 

Timolol 
monotherapy 

Arterioles 97±2 96±2 98±2a 95±2a 

Venules 64±7 64±5 69±5b 66±6b 

AV 
difference 

32±5 32±4 29±4 30±5 

a
Significant difference between periods, p< 0.01 (Bonferroni post-test after two-way repeated 

measures ANOVA). 
b
Significant difference between periods, p< 0.05 (Bonferroni post-test after two-way repeated 

measures ANOVA). 
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Ten subjects completed the entire study protocol, i.e. were measured four times 
during the dorzolamide-timolol period and four times during the timolol period . 
Figures 22 and 23 show results of their measurements plotted over time. 

Figure 22. Retinal vessel oxygen saturation at the four study visits in each period of 
the dorzolamide study. Top: Dorzolamide-timolol period. Bottom: Timolol 
period. Only the ten subjects, who completed the whole study protocol are 
included. The graph shows means and standard deviations. Reproduced 
from paper II (Br J Ophthalmol, 93(8), 1064-1067). 
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The stability of the oxygen saturation measurements over time can be 
examined by tracing the lines for each subject in Figure 23. Table 16 shows a 
numerical measure of the stability, i.e. the standard deviation of oximetry 
measurements over time. 

Figure 23. Retinal vessel oxygen saturation at each study visit in the dorzolamide 
study. Each line shows changes with time in oxygen saturation in arterioles 
(above) and venules (below) in a single subject. After run-in (one month of 
timolol) the subjects received either timolol or dorzolamide-timolol 
combination (see Figure 7). After washout (month 9-10) the subjects 
changed to the other treatment. Only the ten subjects, who completed the 
whole study protocol are included. Reproduced from paper II (Br J 
Ophthalmol, 93(8), 1064-1067). 

Table 16.  Standard deviation of measurements over time in study of dorzolamide. For 
each individual, the standard deviation was calculated between 10 
measurements, one or two months apart in about 17 months period (see 
Figure 23 for each individual). The numbers are in percentage of 
haemoglobin saturation. 

 Standard deviation (median, range, n=10 subjects) 

Arterioles 1.4 (0.8-1.8) 

Venules 2.1 (1.4-5.1) 
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5 Discussion 

The results show that dual wavelength oximetry can be used for studies of 
normal retinal physiology as well as for studies on retinal vascular occlusions, 
diabetic retinopathy and glaucoma. The major findings are discussed below. 

5.1 Light and dark 

The two experiments, performed to study the effect of light and darkness, both 
support the conclusion that oxygen saturation in the main retinal vessels is 
higher in dark than in light. Saturation increases in both arterioles and venules 
and the arteriovenous difference is unchanged. The effect was clearer in the 
first experiment, where arteriolar and venular saturation in the dark was 
repeatedly measured higher than in 80 cd/m2 light. There was no statistically 
significant difference between dark and the lower light intensities, 1 and 10 
cd/m2, in the second experiment. At 100 cd/m2 the saturation was lower than in 
the dark although this was not quite significant in the venules. The saturation 
was only a few percent higher in dark than in 80 or 100 cd/m2. This is similar 
to the standard deviation of repeated measurements with the oximeter 
(Hardarson et al., 2006). A larger group of volunteers is therefore needed to 
investigate if 1 and 10 cd/m2 light causes smaller changes in saturation. 

Increased retinal oxygen consumption in the dark was first shown in vivo in 
monkeys (Stefansson, E., 1981). An increase in oxygen saturation in retinal 
vessels in the dark, seen in the present studies, may at first seem to contradict 
these results and other studies, which show increased outer (Ahmed et al., 
1993; Ames et al., 1992; Birol et al., 2007; Braun and Linsenmeier, 1995; 
Braun et al., 1995; Cringle et al., 1999; Haugh-Scheidt, Griff et al., 1995; 
Haugh-Scheidt, Linsenmeier et al., 1995; Haugh et al., 1990; Linsenmeier, 
1986; Linsenmeier and Braun, 1992; Linsenmeier and Yancey, 1989; Medrano 
and Fox, 1995; L. Wang, Kondo et al., 1997; L. Wang, Tornquist et al., 1997a; 
Zuckerman and Weiter, 1980) and total retinal (Alder and Cringle, 1990; 
Medrano and Fox, 1995; Murray et al., 1991; Stefansson, 1988; Stefansson et 
al., 1983; Tillis et al., 1988; Zuckerman and Weiter, 1980) oxygen 
consumption in the dark. However, the increased saturation may well be a 
consequence of increased demand for oxygen in the outer retina. It is well 
established that the photoreceptors in the outer retina have high demand for 
energy, particularly in the dark when their cGMP-gated cation channels are 
open and the cell membrane is depolarised (Ames et al., 1992; Zuckerman and 
Weiter, 1980). The Na/K ATPase pump maintains balance while the cation 
channels are open and this explains a large portion of the energy requirements 
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of the photoreceptors in the dark. The mitochondrial rich inner segments of the 
photoreceptors produce the ATP needed and consume oxygen in the process. 
This consumption and the distance from the oxygen source (choroid and retinal 
capillaries) cause the partial pressure of oxygen to fall to almost zero in the 
dark in a part of the outer retina, most likely at the inner segments of the 
photoreceptors or on their inner side (Birol et al., 2007; Linsenmeier, 1986). 
Transretinal profiles for partial pressure of oxygen in the animals show that, in 
the dark, there is an oxygen concentration (pressure) gradient towards this 
minimum in the outer retina from both the retinal capillaries and the choroid. 
From these profiles, it has been estimated that the outer retina receives about 7 
to 15% of its oxygen from the retinal vasculature in the dark (Ahmed et al., 
1993; Birol et al., 2007; Braun and Linsenmeier, 1995; Linsenmeier and Braun, 
1992). In the light, on the other hand, the photoreceptors use much less oxygen 
so that the gradient from the choroid has been found to extend into the inner 
retina in most studies and the calculated contribution of choroid to the inner 
retina in the light is 0-11% (Ahmed et al., 1993; Birol et al., 2007; Braun and 
Linsenmeier, 1995; Linsenmeier and Braun, 1992). The choroid does not seem 
to react to the increased need for oxygen. Although this has not been studied in 
detail, published transretinal profiles seem to indicate that the partial pressure 
of oxygen in the choroid is similar (and high) in both dark and light (Ahmed et 
al., 1993; Birol et al., 2007; Braun and Linsenmeier, 1995; Haugh et al., 1990; 
Linsenmeier, 1986; Linsenmeier and Braun, 1992; Linsenmeier and Yancey, 
1989), even if the choroidal blood flow may increase in the light, possibly to 
dissipate heat (Nagaoka and Yoshida, 2004; Parver et al., 1980). 

The retinal vasculature must therefore supply the inner retina and a part of 
the outer retina with oxygen in darkness while it has to supply less than the all 
of the inner retina in constant light. The inner retinal oxygen consumption 
appears to be about the same in constant light and darkness (Braun et al., 1995; 
Medrano and Fox, 1995) so the net transfer of oxygen from the retinal 
capillaries to the retinal tissue has to increase in the dark due to the contribution 
that the retinal capillaries make to the outer retina in the dark. A net increase in 
diffusion of oxygen from the retinal capillaries to the (outer) retinal tissue can 
only occur by an increase in the concentration (pressure) gradient for oxygen. 
Lower partial pressure of oxygen in the outer retina in the dark will tend to 
increase the diffusion but so will an increase in partial pressure in the retinal 
capillaries. 

An increase in partial pressure of oxygen in the retinal capillaries in the 
dark would therefore assist the choroid in supplying the outer retina with 
enough oxygen. The increase in partial pressure of oxygen in retinal capillaries 
could be accomplished by an increase in retinal blood flow. The original 
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studies on retinal blood flow in light and dark indicated that blood flow was 
increased in the dark (Feke et al., 1983; Riva, Grunwald & Petrig, 1983). 
However, the studies used visible laser light for the measurements and this may 
have confounded the measurements. A later study with near infrared laser light 
found only a transient difference (Riva et al., 1987). Another study found 
increased blood velocity in the central retinal artery in the dark (Havelius et al., 
1999). 

Barcsay et al. (2003) found small changes in diameter between light and 
dark and the results were not the same for arterioles and venules. Their 
conclusion was that diameter changes were too small to be clinically 
significant. In the present study, a weak trend was found towards dilation in 
darkness compared to light. This was, however, not consistent and not seen in 
the second part of the studies, where diameter was compared between darkness 
and 1, 10 and 100 cd/m2 light. It should be noted that the resolution of the 
oximeter is low for diameter measurements (see chapter 3.2). There is therefore 
some evidence, from earlier and present studies, for increased blood flow in the 
dark although the measurements are difficult and the results somewhat 
contradictory. 

Even if studies on blood flow give contradictory results, there are other 
signs of increased blood flow. An increase in partial pressure of oxygen in the 
inner retina in the dark has been shown in a study in cats (Linsenmeier and 
Braun, 1992), although this was not confirmed in a study in a monkey (Birol et 
al., 2007). Inner retinal consumption is most likely similar in light and dark 
(Braun et al., 1995; Medrano and Fox, 1995). An increase in the partial 
pressure of oxygen in the inner retina, if real, would therefore most likely be 
caused by increased blood flow and not decreased consumption in the dark.  

Another sign of increased blood flow in the dark is the elevated oxygen 
saturation in retinal arterioles, found in both of the present studies on light and 
dark. Oxygen saturation was measured along main temporal retinal vessels, 
starting from close to the optic disc and up to the first branching of the vessel. 
The walls of arteries and arterioles are of course not impermeable to oxygen 
and various signs of diffusion directly from retinal arterioles have been found. 
In miniature pigs (Molnar et al., 1985; Riva et al., 1986) and in cats (Alder and 
Cringle, 1990) an oxygen concentration gradient was found away from the 
retinal arterioles. Schweitzer et al. (1999) measured oxygen saturation on a 
cross section of retinal vessels and found higher oxygen saturation in the centre 
of retinal arterioles than close to the walls. Additionally, the density of retinal 
capillaries is markedly decreased around the arterioles, indicating that diffusion 
through the retinal arteriolar walls is sufficient for the tissue adjacent to the 
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arterioles (McLeod, 2010). Oxygen may be delivered to the surrounding tissue 
from the retinal arterioles. There appears to be an inward gradient towards 
retinal venules (Alder and Cringle, 1990; Molnar et al., 1985; Schweitzer et al., 
1999) and a counter-current mechanism has been proposed, whereby oxygen 
diffuses from arteries/arterioles into adjacent veins/venules (Buerk et al., 1993; 
Karlsson et al., 2007; Riva et al., 1986, Teng et al., 2012). It should be noted 
that loss of oxygen can occur both along the measured arteriolar segment and 
upstream, for example in the optic nerve where the central retinal artery and 
central retinal vein lie close together. The loss of oxygen from arteries and 
arterioles may be dependent on blood flow, i.e. less oxygen being lost from per 
unit volume of blood as the flow increases and this may help to explain the 
increased saturation in the retinal arterioles in the dark, provided that the blood 
flow is increased in the dark. 

The hypothesis to explain the increased saturation in the dark is therefore 
that retinal blood flow is increased in the dark in response to increased outer 
and total retinal oxygen consumption in the dark. The increased blood flow 
increases the partial pressure of oxygen in the retinal capillaries, which 
facilitates diffusion of oxygen from the capillaries to the outer retina. The 
measured consequence of the increased blood flow is the increase in saturation 
in both arterioles and venules. An unchanged arteriovenous difference in 
saturation coupled with a postulated increase in blood flow yields increased 
delivery of oxygen to the tissue.  

Both experiments on the effect of light and dark had several weaknesses 
although none of the weaknesses is likely to have changed the conclusions. 
First, the light used for adaptation was not uniform and the intensity could not 
be very accurately measured, as the result of the measurement depended on 
how the eye and the photometer were aligned. An effort was made to 
standardise the alignment of the eye, with respect to the light sources and to 
mimic this alignment with the photometer. Even if the intensity of the light 
could not be accurately measured and the light was not uniform it is clear that 
differences between dark and moderate light intensities (up to office light 
values) were tested and this served the purpose of the experiment, i.e. to test if 
light or dark had an effect on saturation. Uniform lighting of known intensity 
would have been preferred but this requires extensive technical modifications 
as the light source of the fundus camera has to be a part of the lighting. 

Another possible weakness is the possible contamination of the dark 
adaptation by lights from the screen of the fundus camera and the screen of the 
laptop computer used as well as from the small amount of light that leaked 
through the infrared filter of the fundus camera. The light was clearly visible 
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and this may have affected the results somewhat. However, the light was of 
very low intensity and in fact not measureable by the photometer (0 cd/m2 
reading). The lower light settings tested (1 and 10 cd/m2) did not give 
significant changes in saturation and this may indicate that the response is 
related to intensity. Therefore, a very low light level during the dark periods is 
unlikely to have had a large effect. 

The completeness of the dark adaptation may also have been influenced by 
the xenon flashes used and the short time between some of the measurements 
(five minutes). The first dark adapted image was taken after 30 minutes in 
darkness. The xenon flash and the background light during the periods of light, 
adapted the retina to light and a clear afterimage was seen by the subjects after 
the flash. However, the results were similar after dark adaptation for 30 
minutes or five minutes. 

Finally, the saturation measurements could have been affected by changes 
in the colour of the fundus (bleaching of photopigment) or by changes in vessel 
diameter, even if we did not conclusively demonstrate the latter. These factors 
may have had a small effect in all of the studies in this thesis and are discussed 
in chapter 5.6. 

5.2 Retinal vascular occlusions 

5.2.1 Central retinal vein occlusions 
Oxygen saturation in the main retinal venules was found to be significantly lower 
in eyes affected by central retinal vein occlusion than in the fellow eyes in the same 
patients. No difference was found in retinal arterioles. There was considerable 
variability between affected eyes (see Table 8) as well as between venules within 
the same eye. The variation within eyes can be seen by examining the standard 
deviations in Table 8 and the examples in Figures 12 and 13.  

The most likely explanation for low oxygen saturation in venules in eyes 
affected by occlusion is that more oxygen is lost from per unit volume of blood 
to the tissue as less blood flows through the retinal capillaries after the 
occlusion. A decrease in venous saturation in central retinal vein occlusion is in 
agreement with invasive measurements with oxygen sensitive electrodes, 
which showed decreased partial pressure of oxygen in the vitreous above the 
retina (Williamson et al., 2009). Decreased oxygen saturation in central retinal 
vein occlusion was also seen by Yoneya et al. (2002), although the inter-
pretation of their saturation measurements is difficult (see chapters 1.2.5.2). 

The reasons for the apparently modest decrease in saturation in some 
affected eyes are unclear. Collateral blood flow may vary between patients due 
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to different location of the occlusion within the central retinal vein (Hayreh, 
2005). Blood flow can also vary with the extent of re-canalisation of the 
thrombus (Green et al., 1981). Furthermore, the demand for oxygen may 
decrease after the occlusion and this may affect the saturation. Wolter (1961), 
for example, reported death of inner retinal neurons in a histological study of 
two eyes with central retinal vein occlusion. Cell death and decreased function 
will decrease the demand for oxygen. If the blood flow increases again, through 
maturation of collateral circulation and / or due to re-canalisation of the 
thrombus, the venous saturation will rise and reflect a new balance between 
blood supply and oxygen consumption. It should be noted that ischaemia may 
also increase with time in some cases (Hayreh et al., 1994; The Central Vein 
Occlusion Study Group, 1997). 

The variability between venules within the same eye was somewhat 
surprising. The saturation in each retinal venule reflects the balance of oxygen 
supply and demand for the retinal area drained by the particular venule and 
different saturation in the venules reflects either or both different blood flow or 
different oxygen consumption. It is well known that the distribution of retinal 
cells is not uniform and it is therefore likely that oxygen consumption is 
heterogeneous as well. However, retinal blood flow is at least to some extent 
adjusted to match this heterogeneity. The pressure rises in the venules upstream 
of the occlusion and this increase appears to be greater in ischaemic than non-
ischaemic occlusions (Jonas and Harder, 2007). It is unknown whether 
different haemodynamics produce different relative decrease of blood flow in 
different vessels. 

Unfortunately, neither fluorescein angiography nor a measure of blood flow 
was available for the patients measured and explanations of the variability in 
venous saturation between and within eyes will therefore be based on 
speculation. It should be noted that technical variability may be a part of the 
explanation, even if care was taken to avoid the effects of haemorrhages on the 
measurements. Vessel diameter will for example vary and this can have some 
effect on the measurement (see chapter 5.6.3) and image quality was not 
always optimal (see for example Figure 13). 

The mean arteriolar saturation was exactly the same in the affected and the 
unaffected eyes. In other studies in this thesis, changes have been seen in 
arteriolar saturation and the suggested explanation is changes in blood flow. 
The increased saturation in darkness in healthy volunteers for example, may for 
example be explained by increased blood flow and, consequently, decreased 
loss of oxygen from per unit volume of blood by diffusion through arteriolar 
walls (see chapter 5.1). A decrease in retinal blood flow could, therefore, have 
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been expected to decrease the arteriolar saturation in eyes affected by central 
retinal vein occlusion. The reason for the lack of change is unclear. A decrease 
in oxygen consumption in the retinal tissue around the retinal arteriole may 
possibly play some role although this is only a hypothesis. Decreased arteriolar 
diameter would also tend to raise the saturation measurement (artefact, chapter 
5.6.3) and there is evidence of decreased arteriolar diameter after experimental 
branch retinal vein occlusion (chapter 5.2.2 below). Whether changes in 
arteriolar diameter play a role after central retinal vein occlusion is unclear. 

The results show that changes in retinal vessel oxygen saturation are more 
complex than a uniform decrease. Further studies are needed with more 
patients and more information on blood flow so that the effects of central 
retinal vein occlusions on retinal oxygenation can be clarified. 

5.2.2 Branch retinal vein occlusions 
Oxygen saturation is variable in venules, affected by a branch retinal vein 
occlusion, while affected arterioles showed slightly higher saturation values 
than unaffected arterioles in the affected eye. Saturation in occluded venules 
was measured down to 12% and up to 93%. Although some technical 
variability may have affected these extremes, it is clear that there is not a 
uniform decrease in saturation in occluded venules. 

The possible explanations for either low or high oxygen saturation in 
affected venules are similar to those already discussed for central retinal vein 
occlusion. The reason for low venous saturation in occluded venules is most 
likely that more oxygen is lost from per unit volume of blood as the blood 
flows in less quantity than before the occlusion. High (or normal) saturation, on 
the other hand, may be explained by collateral blood flow / shunting of blood 
(Christoffersen and Larsen, 1999; Danis and Wallow, 1987; Frangieh et al., 
1982; Genevois et al., 2004; Hamilton et al., 1979; Hamilton et al., 1974; Pieris 
and Hill, 1982), re-canalisation of the thrombus (Frangieh et al., 1982) and/or 
decreased oxygen consumption due to cell death after the occlusion (Donati et 
al., 2008; Frangieh et al., 1982; Hamilton et al., 1979; Hockley et al., 1979). 
These mechanisms may have an effect soon after the occlusion as well as more 
gradual effects with time. Donati et al. (2008) have for example shown that cell 
death starts within hours after experimental branch retinal vein occlusion in 
miniature pigs and progressive atrophy appears to continue for weeks (studied 
up to three weeks). Re-routing of blood in the retinal capillary network starts 
immediately after experimental venous occlusion in the rat and re-modelling of 
the vasculature continued for 30 days even if the occlusion had re-canalised in 
three days (Genevois et al., 2004). Pieris et al. (1982) reported appearance of 
collaterals two to eight months after the occlusion and the collateral formation 
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was increased if the thrombus did not re-canalise. It should be noted that re-
routing or shunting of blood away from the occlusion may mean that nearby 
tissue receives more blood than under normal conditions and the blood coming 
from this tissue may therefore have higher saturation than under normal 
conditions. Raised venous saturation, in some cases of branch retinal vein 
occlusion may therefore partly be explained by similar mechanisms as 
proposed for diabetic retinopathy in chapter 5.3 below.  

The response of the retina to branch retinal vein occlusion is therefore 
dynamic and multi-faceted and different mechanisms may contribute in 
different ratios in different patients. This response may explain why some 
occluded venules have high oxygen saturation while others have low 
saturation. A sudden decrease in consumption after occlusion followed by a 
gradual increase in blood flow or shunting may, hypothetically, explain the 
highest saturation values in the occluded venules. The mechanisms of 
neovascularisation and oedema after branch retinal vein occlusion are 
discussed in chapter 1.1.4. 

The cases, measured with low saturation here, are comparable to results from 
animal studies. Decreased partial pressure of oxygen in the vitreous above the 
affected area has been found in miniature pigs (C. J. Pournaras, Tsacopoulos, 
Strommer et al., 1990a), pigs (Noergaard et al., 2008), cats (Stefansson et al., 
1990) and monkeys (Pournaras et al. 1997). One study on monkeys showed no 
difference in the partial pressure of oxygen over affected and non-affected areas 
(Ernest and Archer, 1979). In that study, five of the six occlusions were 
examined several months after the occlusion and atrophy of the tissue had 
occurred, which most likely decreases the oxygen consumption and raises the 
partial pressure on the inner side of the retina. However, one monkey was 
measured 30 minutes after the occlusion and showed similar results.  

The partial pressure of oxygen in the vitreous, just above the retina, is 
believed to reflect the oxygen pressure within the (inner) retina (Alm and Bill, 
1972a). Pournaras et al. (C. J. Pournaras, Tsacopoulos, Riva, 1990) have also 
measured decreased partial pressure of oxygen directly within the inner retina 
following experimental branch retinal vein occlusion in miniature pigs. 

The arterioles, which supplied the affected area to the greatest degree, had 
slightly higher saturation than the unaffected arterioles in the affected eye. It is 
likely that blood flow decreases in the affected arterioles and this could have 
led to a decrease in saturation due to more diffusion of oxygen from per unit 
volume of blood from the arteriole to the surrounding tissue. The observed 
increase in saturation is therefore difficult to explain but it should be noted that 
the affected arteriole was simply chosen from fundus photographs as the 
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arteriole, which appeared to supply the affected area to the greatest degree. 
Fluorescein angiography data may be necessary to choose the affected arteriole 
more precisely. Furthermore, the arteriole may become narrower (Donati et al., 
1997; Donati et al., 1998) and sheathed with time after occlusion (Hamilton et 
al., 1974). This was not observed in the current study but accurate vessel 
diameter measurements were not possible. Narrowing of arterioles could 
potentially elevate the measured saturation artefactually (see chapter 5.6.3).  

Measurements of oxygen saturation in occluded branch retinal venules are 
technically challenging and sometimes impossible with the technology used 
here. The occluded venule was in some cases small and surrounded by 
haemorrhage and the image quality was in some cases poor. The oximeter can 
only measure larger first or second degree vessels reliably and vessel diameter 
may affect the results of measurements (see chapter 5.6.3). Haemorrhages, 
which are close to the measured vessel segment, can influence the measured 
brightness, used as a reference in the saturation calculation (see chapter 1.2.4). 
These technical limitations meant that, in 15 of 22 eyes, the occluded venule 
itself could not be reliably measured. In these cases, a downstream venule was 
measured. The downstream venule will have carried some blood from the 
affected area, either by collateral circulation bypassing the occlusion or through 
re-canalised occlusions. 

The effect of the occlusion may therefore appear in the downstream venule 
although this measurement is not ideal and the downstream venule may contain 
blood from well perfused areas of the retina. A subgroup of patients, where the 
occluded venule could be more reliably measured, was analysed separately and 
the results were similar to the results for the entire group, i.e. the saturation in 
affected venules varied from very low to very high while the affected arterioles 
showed slightly elevated saturation. 

5.2.3 Central retinal artery occlusions 
Central artery occlusion is a rather rare occurrence and only four patients with 
variably long history of occlusion were measured. The results were also rather 
variable. The patient with giant cell arteritis showed markedly lowered satura-
tion in retinal arterioles in the affected eye but the venules had similar 
saturation in both eyes. Fundus photographs showed that the blood column was 
segmented in several vessels in the affected eye, which indicates that blood 
flow was very slow or completely stagnant. It is therefore not surprising that 
the arterioles have only slightly higher saturation than the venules. Oxygen will 
diffuse through the vessel walls and the blood will reach equilibrium with the 
surrounding tissue. What is perhaps surprising is that the saturation in the 
affected eye is similar to the venous saturation in the unaffected eye. 
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Measurements after experimental occlusion of retinal arteries in animals have 
indicated that the partial pressure in the inner retina is close to zero (Alder et 
al., 1990; Braun and Linsenmeier, 1995; Yu et al., 2007) and if this was true in 
the patient with giant cell arteritis the saturation of stagnant blood in (inner) 
retinal blood vessels should be much lower. One possible explanation for this 
discrepancy is that more time elapsed between the occlusion and the 
measurement in the case of the patient (one day) compared to the experimental 
animals. Oxygen consumption in the inner retina may therefore have decreased 
more in the patient due to cell death and this would lead to more oxygen 
reaching the inner retina from the choroidal circulation. It is, however, unlikely 
that this fully accounts for the high saturation since the diffusion distance from 
the choroid to the retinal vessels is great and the outer retina is likely to 
consume oxygen after the occlusion as well. It is also possible that a decrease 
in vessel diameter in the affected eye contributed somewhat to the high 
measured saturation. Decreased vessel diameter will tend to elevate the 
measured saturation – see discussion on this artefact in chapter 5.6.3. 

After the patient with giant cell arteritis had been treated with prednisolone, 
blood flow was re-established, i.e. no segmentation of the blood column was 
seen and the vessels appeared wider. The saturation in arterioles and venules 
was then close to normal and even lower than just after the occlusion. This is 
surprising since cell death in the inner retina is likely to have decreased the 
inner retinal oxygen consumption and a high retinal venous saturation could 
have been expected after the return of blood flow. No quantitative measure-
ments were made of blood flow but even a modest increase in blood flow could 
have been expected to raise the venous saturation if the inner retinal oxygen 
consumption was unchanged (diminished from before occlusion). An increase 
in inner retinal consumption after treatment is possible but remains speculative. 

One additional patient was measured one day after occlusion. Arterial and 
venous saturation were low in both eyes of this patient and a part of the reason 
may be rather poor image quality (see discussion on the effect of image quality 
in chapter 5.6.4). His venous saturation was very low in the affected eye, 
considerably much lower than in the unaffected eye. The clinical information 
available on this patient was rather vague and he was initially diagnosed with 
branch retinal artery occlusion. Some remaining blood flow through collateral 
circulation may explain why there was considerable arteriovenous saturation 
difference. This cannot be confirmed, since neither measurement of blood flow 
nor fluorescein angiography was available. 

The remaining two patients had a longer history of occlusion (two weeks to 
one month) and their saturation was similar between the affected and the 
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unaffected eye, indicating that the balance between oxygen supply (blood flow) 
and oxygen consumption is similar in the affected and the unaffected eye. One 
of these patient had normal visual acuity about 2 months after the occlusion, 
which indicates that this was not a usual central retinal artery occlusion. The 
changes in either blood flow or oxygen consumption are unknown. It is 
therefore difficult to determine why the vessel saturation in these cases, as in 
the case with giant cell arteritis after treatment, is close to normal. 

Hammer et al. (Hammer, Riemer et al., 2009) investigated branch and 
central retinal artery occlusions with a two wavelength oximeter, based on the 
same principles as the oximeter used in the studies described here. As in the 
current study, only a few patients were included and no statistical analysis was 
performed. However, mean values for arterioles (98%) and venules (65%) in 
healthy individuals, published in the same paper, can be used as a rough 
reference. At the time of diagnosis, which was within 48 hours of the 
occlusion, they found low arterial saturation (78%) in the occluded branch 
artery and a considerable increase (91%) five days later, after treatment with 
pentoxifylline for improvement of blood rheology. Saturation after central 
retinal artery occlusion was, however initially close to normal (93%) although 
it did increase after five days and treatment (103%). Venous saturation in 
central retinal artery occlusion was initially slightly below normal (55%) and 
had increased to 70% five days later. A later paper by the same group 
confirmed the results for saturation in occluded branch retinal arterioles 
(Gehlert et al., 2010). 

Rather high saturation values, reported by Hammer et al. (Hammer, Riemer 
et al., 2009), in both retinal arterioles and venules in patients with central 
retinal artery occlusion compare well with the patients measured here two 
weeks or one month after the occlusion. Whether these patients have 
considerable retinal blood flow and / or decreased inner retinal oxygen 
consumption is difficult to determine. Inner retinal atrophy is most likely partly 
responsible for the outcome (Hayreh and Jonas, 2000; Ikeda and Kishi, 2010). 
The remaining two patients, described here, were measured soon after the 
occlusion and had low saturation values, the arterial values being similar to the 
values reported by Hammer et al. (Hammer, Riemer et al., 2009) and Gehlert et 
al. (2010) for occluded branch arterioles before treatment. 

Several variables are likely to have an effect on the saturation values, most 
notably the magnitude of the remaining blood flow, the time between occlusion 
and measurement and changes in blood flow and oxygen consumption with 
time. Retinal vessel oximetry may be useful to evaluate the physiological 
consequences of an occlusion and the above mentioned factors. Central retinal 
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artery occlusion is, fortunately, a rather rare disease and this is reflected in the 
low number of patients studied here and in the previous publication by 
Hammer et al. (Hammer, Riemer et al., 2009). Measurements of larger groups 
of patients, preferentially with information on blood flow, are needed to clarify 
the interplay between retinal vessel oxygen saturation and factors associated 
with central retinal artery occlusions. 

5.3 Diabetic retinopathy 

The results show that oxygen saturation in major temporal retinal vessels is higher 
in patients with diabetic retinopathy than in healthy volunteers. This applies for 
both arterioles and venules and for all categories of diabetic retinopathy tested. The 
categories tested were background diabetic retinopathy without macular oedema, 
macular oedema, pre-proliferative / proliferative retinopathy before treatment and 
proliferative diabetic retinopathy after treatment. 

Higher retinal vessel oxygen saturation in diabetic retinopathy may seem to 
contradict evidence of hypoxia in the retina. This is not necessarily the case. As 
explained below, high saturation in retinal vessels can be caused by 1) poor 
distribution of oxygen to the tissue 2) increased (or normal) oxygen supply, and 
3) less consumption of oxygen by the tissue. 

5.3.1 Distribution of oxygen to the retina in diabetic retinopathy 
Poor distribution of oxygen can be caused by a) capillary closure and shunting 
of blood, b) thickening of capillary walls and c) greater affinity of glycosylated 
haemoglobin for oxygen. 

One of the main characteristics of diabetic retinopathy is damage to retinal 
capillaries (Cogan and Kuwabara, 1963; Cogan et al., 1961; Kohner, 1993), 
which is believed to create hypoxia in the affected tissue (Linsenmeier et al., 
1998). The hypoxia can then cause macular oedema and retinal 
neovascularisation through the mechanisms described in chapter 1.1.4. While 
some capillaries close, there is evidence that others become wider and act as 
shunt vessels or preferential channels from the arterioles to the venules (Cogan 
and Kuwabara, 1963). The shunted blood will probably loose less oxygen than 
blood travelling through a normal retinal capillary network and will therefore 
tend to raise the saturation in the larger retinal venules, which were measured 
in the current study. Additionally, capillaries may, in some cases, close and 
later re-open (Yamana et al., 1988). If cell death occurs while the capillaries are 
closed, the consumption is decreased and will not reach the same level even if 
blood flow is restored. 
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According to this hypothesis, which is summarised in Figure 24, the net 
result of capillary closure and formation of preferential channels is that parts of 
the retinal tissue are hypoxic while, at the same time, the oxygen saturation in 
the larger retinal vessels is normal or even higher than normal. It should be 
noted that shunt vessels may allow the total retinal blood flow to stay constant 
or even increase (see below), even if some parts of the tissue do not receive 
enough blood. 

Figure 24. Poor distribution of blood in diabetic retinopathy. The diagram explains 
how poor distribution of blood and oxygen can lead to normal or high 
oxygen saturation in the larger retinal vessels, while parts of the retinal 
tissue are hypoxic. Capillary closure leads to tissue hypoxia. Preferential 
channels, formed in the capillary network, shunt blood from the arteriolar 
side to the venular side and the net result is normal or high oxygen 
saturation in the larger retinal vessels. 

Another factor that can adversely affect distribution of oxygen to the retina 
is thickening of the capillary walls. Thickening of the capillary wall is well 
established in diabetic retinopathy (for review see Ashton, 1974; Roy et al., 
2010). Oxygen diffusion is inversely related to the diffusion distance and 
thickening of the capillary walls increases the distance between the capillary 
lumen and the tissue outside the capillary wall. However, the distance between 
the retinal capillaries (in the plane of the retina) is many times the thickness of 
the walls, and in fact many times the thickness of an entire capillary. Increases 
in diffusion distances due to capillary wall thickening will therefore be very 
small and the effects probably negligible (unless the diffusion coefficient for 
oxygen in the capillary wall is much less favourable than the diffusion 
coefficient in the retinal tissue). 

Higher concentration of glycosylated haemoglobin in the diabetic patients 
may also play a minor role since glycosylation increases the affinity of 
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haemoglobin for oxygen. This may help to explain the higher saturation in 
retinal arterioles as well as in venules. Unfortunately, the concentration of 
glycosylated haemoglobin was not measured for the participants. It was 
previously found (Bjoernsdottir et al., 2004) that Icelandic patients with type 2 
diabetes had 7% of their haemoglobin glycosylated. Young Icelandic adults 
(20-30 years) with type 1 diabetes had on average 9% of glycosylated 
haemoglobin (Halldorsdottir et al., 2009). Normal values in healthy individuals 
are about 5-7% (Fischbach and Dunning, 2009).  

The increased affinity of glycosylated haemoglobin for oxygen is unlikely to 
play a major role in the present results, simply because the difference in 
concentration between diabetic patients and the healthy comparison group is likely 
to be small. Furthermore, the affinity of haemoglobin for oxygen is decreased by 
2,3-disphosphoglycerate and the concentration of 2,3-disphosphoglycerate can 
fluctuate in diabetic patients (Ditzel, 1976). The end result may be that oxygen 
affinity of blood in diabetic patients is similar to normal and the full explanation for 
this is not necessarily given by concentration changes in glycosylated haemoglobin 
or 2,3-disphosphoglycerate.  

The high oxygen saturation in the larger retinal vessels can, according to 
the above, be explained by poor distribution of oxygen to the tissue and it is 
likely that shunting of blood is the major factor while changes in capillary wall 
thickness and affinity of haemoglobin for oxygen may play a minor role 

5.3.2 Supply of oxygen to the retina in diabetic retinopathy 
The high saturation found may also be explained by increased oxygen supply. 
The hypoxic tissue signals the need for more oxygen and this may lead to 
increased total retinal blood flow even if the distribution of blood through the 
capillary network is still dysfunctional. However, measurements of total retinal 
blood flow have given contradictory results. The author of this thesis reviewed 
the literature on blood flow in diabetic retinopathy in 2008 (see in C. J. 
Pournaras et al., 2008). At that time, published reports on blood flow in 
diabetic retinopathy were conflicting. Blood flow had been found to be either 
more, less or the same in patients with diabetes, when compared with healthy 
individuals. This held true for patients with no retinopathy, with background 
diabetic retinopathy, macular oedema or proliferative retinopathy before 
treatment. After laser treatment for proliferative retinopathy, however, all 
studies agreed that the blood flow is less than in healthy individuals. 

Since this review was made, several studies have been published, where 
comparison is made between retinal blood flow in healthy individuals and in 
patients with diabetes. These have not resolved the confusion. Burgansky-
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Eliash et al. (2012) found increased blood velocity in small retinal vessels in 
patients with diabetes but no retinopathy. On the other hand, Nagaoka et al. 
(2010) found decreased velocity and flow in a main temporal retinal arteriole in 
patients with diabetes and no retinopathy. Nagaoka et al. (2010) also found 
decreased velocity and flow in patients with mild non-proliferative retinopathy 
and this agrees with another study by Burgansky-Eliash et al. (2010), where 
blood velocity was less in small retinal vessels in non-proliferative retinopathy, 
when compared to normal. However, Pemp et al. (2010) found increased blood 
flow in a combined group of patients with no retinopathy or non-proliferative 
retinopathy, even if this difference was less and not statistically significant after 
blood glucose had been lowered in the diabetic patients. 

Possible changes in total retinal blood flow are therefore not completely 
clear and the same is true for choroidal blood flow in diabetes (for review see 
Pemp and Schmetterer, 2008). Increased oxygen saturation in retinal vessels, 
found in the present study is, however, consistent with increased total retinal 
blood flow. If blood flow is indeed increased, this would help to explain the 
increased saturation in retinal arterioles as well as venules. This is because 
saturation measurements were averaged along vessel segments and oxygen can 
escape with diffusion through the arteriolar walls to the adjacent tissue or to an 
adjacent venule. Increased blood flow would tend to decrease the loss of 
oxygen through arteriolar walls from per unit volume of blood. 

5.3.3 Oxygen consumption in diabetic retinopathy 
The final major factor, which can help explain high oxygen saturation in retinal 
vessels in diabetic retinopathy, is decreased oxygen consumption. The primary 
damage in diabetic retinopathy is most often thought to occur in the vasculature 
and any degeneration of the retinal tissue or loss of function is believed to be 
secondary to the vascular damage. However, there is some evidence for 
primary degeneration of the neural retina. Histological studies on diabetic rats 
and on human retinas have revealed that apoptosis of both vascular and neural 
cells takes place in the diabetic retina and the neural apoptosis is not 
necessarily dependent on vascular changes (for review see Barber et al., 2011). 
Studies on zebrafish even indicate dysfunction of cones, which may be 
independent of vascular damage (Alvarez et al., 2010).  

Measurements on retinal oxygen consumption in diabetic retinopathy are 
scarce. Sutherland et al. (1990) found that oxygen consumption was decreased 
in diabetic rabbit retina in vitro, compared to non-diabetic rabbits. Tiedeman et 
al. (1998) found that venous oxygen saturation decreased with hyperglycaemia 
in diabetic patients with no retinopathy and concluded that oxygen 
consumption was increased, assuming increased blood flow in hyperglycaemia. 
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However, no comparison is available on oxygen consumption in healthy 
individuals and in diabetic patients.  

High venous saturation, found in the present study, could be explained by a 
decrease in oxygen consumption. However, further studies are needed to 
determine if the oxygen consumption is different between diabetic patients and 
healthy individuals. The interplay of neural and vascular damage (or lack of 
interplay) also remains to be better elucidated. 

5.3.4 Other studies on oxygenation in diabetic retinopathy  
The present results are in general agreement with other studies on retinal vessel 
oxygen saturation in diabetic patients. Hickam et al. (1959) found no difference 
in venous saturation between diabetic patients and healthy individuals. 
However, their small group of diabetic patients was mixed, i.e. included 
patients with and without retinopathy. Schweitzer et al. (2007) used a 
multispectral, calibrated instrument to measure saturation in large retinal 
vessels in patients with mild or moderate non-proliferative diabetic retinopathy. 
They found that venous oxygen saturation was slightly higher in the diabetic 
patients, when compared to normal, although the difference was not 
statistically significant. Hammer et al. (Hammer, Vilser et al., 2009) used a two 
wavelength instrument, similar to the oximeter used in the present study, to 
measure oxygen saturation in all major retinal arterioles and venules around the 
optic disc. The groups measured were healthy individuals, patients with mild 
non-proliferative retinopathy, moderate non-proliferative retinopathy, severe 
non-proliferative retinopathy and proliferative retinopathy (some but not all 
patients in the last group had a history of laser treatment). Venous oxygen 
saturation increased with severity of retinopathy although not all comparisons 
with healthy showed a statistically significant difference. Arteriolar saturation 
was increased with severity of retinopathy but this was not statistically 
significant, compared to normal. 

5.3.5 Limitations of the present study on diabetic retinopathy 
The main limitations of the present study were that the healthy individuals were 
not matched for age or gender and that the oximetry images of the healthy 
volunteers were taken under a slightly different angle than the oximetry images 
of the patients with diabetic retinopathy (see Figure 19). Furthermore, it is 
uncertain if changes in vessel diameter or the central reflex from the retinal 
vessels in diabetic retinopathy (or other retinal changes) may produce artefacts. 

The difference in age is unlikely to have created much bias in the results. The 
diabetic patients were, on average, older than the healthy individuals. Results from 
a later oximeter, based on similar principles as the one used in the present study, 
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indicate that saturation decreases slightly with age in healthy individuals 
(Geirsdottir et al., paper in preparation). The effect of the age difference between 
groups in the present study may therefore have been to decrease the observed 
difference slightly but not change the overall conclusion. It should also be noted 
that Schweitzer et al. (2007) found a slight increase in venous saturation with age 
in patients with mild or moderate non-proliferative retinopathy but no change in 
healthy individuals. Whether this reflects the progress of the disease with time or is 
linked to age in a different manner is unknown. 

The difference in imaging angle between the normal group and the diabetic 
patients may have caused some bias in the results. However, recent preliminary 
results from a later oximeter show very similar results as presented here, even if 
there is no difference in the imaging protocol (Hardarson and Stefansson, 2011)  

As is discussed in chapter 5.6.3 below, increased vessel diameter may 
result in decreased measured saturation (artefact). Differences in diameter were 
not analysed in the present study. Earlier studies have indicated that differences 
in vessel diameter between healthy individuals and patients with various 
categories of diabetic retinopathy are complex and in most cases small (Klein 
et al., 2006; A. S. Tsai et al., 2011) in comparison with the changes needed to 
markedly influence measured saturation (J. M. Beach et al., 1999 and 
unpublished own data) although there may be exceptions, especially in the case 
of narrowing after laser treatment (Gottfredsdottir et al., 1993; Kristinsson et 
al., 1997, C. A. Wilson et al., 1988).  

It should also be mentioned that the central reflex, which appears on the 
retinal vessels has been found to be decreased in diabetic patients 
(Brinchmann-Hansen et al., 1987). The central reflex was not studied 
systematically in the present study. However, subjectively evaluated, it may 
have been brighter in the diabetic patients. The software, used for analysis, 
avoids the influence of the central reflex on the light intensity measurements. 
However, differences between groups in this reflex are unfortunate and some 
effect on the results cannot be ruled out. 

In summary, several factors may have confounded the results. However, the 
increase in saturation in diabetic retinopathy is clear and statistically significant 
for all categories of diabetic patients and for both arterioles and venules. The 
limitations of the study are not likely to have changed the major conclusions 
that the retinal vessel oxygen saturation is increased in diabetic retinopathy. 
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5.4 Glaucoma treatment 

The main result of both studies on glaucoma treatment was that neither 
glaucoma surgery nor addition of dorzolamide to timolol had a major effect on 
retinal vessel oxygen saturation.  

5.4.1 The implications of small changes in saturation with 
glaucoma treatment 

Small changes were observed in retinal vessel oxygen saturation with either 
glaucoma surgery or with dorzolamide treatment. Oxygen saturation in retinal 
arterioles was increased by two percentage points after surgery and both retinal 
arteriolar and venular saturation decreased by three percentage points in 
patients switching from dorzolamide-timolol combination to timolol alone. No 
change was observed in the subgroup, which started taking timolol and 
switched to the dorzolamide-timolol combination in the second period. 

An increase in arteriolar saturation, with surgery or in a subgroup taking 
dorzolamide in the first study period, is consistent with increased retinal blood 
flow. Oxygen escapes from retinal arteries and arterioles by diffusion (see 
chapter 5.1) and the oximetry measurements may be affected by this as an 
average is taken of saturation along retinal vessel segments. Increased retinal 
blood flow may lead to decreased loss of oxygen from per unit volume of blood 
by diffusion through arterial and arteriolar walls. As described in chapter 
1.1.5.2, earlier studies on the effect of glaucoma surgery or dorzolamide on 
ocular blood flow give contradictory results although the result of a recent 
meta-analysis (Siesky et al., 2009) was that carbonic anhydrase inhibitors, such 
as dorzolamide, do indeed increase ocular blood flow (various parameters). 

The present results are therefore consistent with increased retinal blood 
flow even if no direct measurement was made of flow. This is similar to the 
results for arterioles in dark and in diabetic retinopathy (chapters 4.1 and 4.3) 
although other explanations may apply in diabetic retinopathy, besides 
increased blood flow. If blood flow is indeed increased with surgery or with 
dorzolamide, the unchanged arteriovenous difference in saturation, found in 
both studies here, translates into increased oxygen delivery to the tissue. To 
confirm this, simultaneous measurements of blood flow and oxygen saturation 
are needed. 

The lack of large and consistent changes in retinal vessel oxygen saturation 
with glaucoma treatment may provide indirect clues to the role of retinal 
oxygenation in the pathophysiology of glaucoma. As mentioned in the 
introduction (chapter 1.1.5.1), there is evidence of decreased ocular blood flow 
in glaucoma (Flammer et al., 2002). If decreased retinal blood flow is a primary 
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event, leading to hypoxia in the retinal tissue, retinal venous oxygen saturation 
might be expected to be low before treatment, the blood flow might be 
expected to rise with decreased intraocular pressure after treatment and lead to 
elevated retinal venous oxygen saturation. The fact that retinal venous 
saturation seems to be normal and changes very little with treatment does not 
support the hypothesis that glaucomatous retinas suffer from lack of blood flow 
and consequent hypoxia. A recent study by Olafsdottir et al. (2011) gives more 
direct evidence against ischaemia / hypoxia in glaucoma. They found that 
retinal venous oxygen saturation increased with severity of glaucoma, i.e. with 
worsening visual fields. The most likely explanation is that glaucomatous 
atrophy decreases the demand for oxygen and therefore increases retinal 
venous oxygen saturation. Michelson and Scibor (2006) found that retinal 
venous saturation was normal in patients with normal tension glaucoma, 
providing further evidence against the role of retinal hypoxia in glaucoma. 
They found slightly lower arteriolar saturation in normal tension glaucoma, 
compared to healthy volunteers and this may be related to less blood flow in 
the glaucoma patients. In short, oximetry results in glaucoma indicate that 
changes in retinal vessel oxygen saturation are small and most likely secondary 
to the disease and not a primary cause of glaucoma.  

Although the oxygen saturation measurements, viewed in the context of 
earlier blood flow measurements, provide clues to the lack of role for oxygen in 
the pathophysiology of glaucoma, this is by no means conclusive evidence 
against the ischaemia / hypoxia theory on glaucoma. Longitudinal studies are 
needed to clarify the potential role of hypoxia in glaucoma. Furthermore, 
oxygen saturation was only measured in major retinal vessels and without 
stimuli or conditions that may challenge the retinal or optic nerve blood flow. 
The most likely site for the major glaucomatous damage is at the optic nerve 
head, since ganglion cells grouped together there are lost at the same time 
(Quigley, 2011). The metabolic changes in the retina are therefore most likely a 
consequence of ganglion cell death, initiated at the optic nerve head, rather than 
a primary cause of glaucomatous damage. 

It should also be noted that the choroidal circulation may be affected by the 
lowering of intraocular pressure. Earlier studies indicated that choroidal blood 
flow fell linearly with increased intraocular pressure although later studies have 
found evidence of regulation to cope with the effect of pressure (Kiel and 
Shepherd, 1992; Polska et al., 2007; Schmidl, Garhofer et al., 2011; Schmidl, 
Weigert et al., 2011). Although blood flow was not measured in the current 
studies, the possibility still exists that choroidal blood flow is increased after 
glaucoma treatment (Berisha et al., 2005; Bernd et al., 2001; Boles Carenini et 
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al., 1997; Fuchsjager-Mayrl et al., 2005; James, 1994) and if this is the case, 
oxygen delivery to the retina may also increase. 

The conditions, under which the oximetry measurements were made, were 
not designed to challenge the regulation of blood flow. The measurements were 
made in a dark room and aiming of the oximeter was achieved with infrared 
light. The major stimulus to the retina was the camera flash. The time between 
repeated images of the same eye was about one to two minutes. The patients 
were of course awake and sitting upright. The possibility should be mentioned, 
that glaucoma treatment may have improved blood flow and oxygenation under 
more challenging conditions, for example when blood pressure decreases 
during the night. 

It is unclear why retinal vessel oxygen saturation only changed in the 
subgroup, which took the combination of dorzolamide and timolol first and 
then switched to timolol. One theoretical possibility is enzyme induction. By 
this hypothesis, carbonic anhydrase would be upregulated during the inhibition 
by dorzolamide. Due to this upregulation of the enzyme, the effect of stopping 
the dorzolamide administration would be greater than the reverse effect of 
starting dorzolamide administration. However, no evidence for this hypothesis 
has been found in the literature. It also has to be kept in mind that the 
subgroups are very small. 

5.4.2 Earlier studies on the effect of glaucoma treatment on ocular 
oxygenation 

No published papers have been found on human retinal oxygenation before and 
after glaucoma surgery. Spectrophotometric measurements in monkeys have 
shown decreased oxygen saturation in retinal arterioles and venules as well as in 
the optic nerve head when intraocular pressure is increased dramatically (Beach et 
al., 2007). Experiments on pigs have shown that the partial pressure of oxygen over 
the optic nerve head is decreased when the intraocular pressure is raised (la Cour et 
al., 2000). This may seem to contradict the present results, which show little 
change in saturation with change in intraocular pressure. However, the circulation 
in healthy animals, especially in the optic nerve head, is not directly comparable to 
the major retinal vessels in a glaucoma patient. Furthermore, the decrease in 
oxygen pressure in the pig was minimal until the intraocular pressure is raised 
considerably, most likely due to autoregulation blood flow.  

Similar experiments on pigs have shown that dorzolamide (and 
acetazolamide) can increase the partial pressure of oxygen over the optic nerve 
head (Kiilgaard et al., 2004; la Cour et al., 2000; Pedersen et al., 2004; 
Stefansson et al., 1999; Stefansson et al., 2005) and over the retina (Pedersen et 
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al., 2005). Again, the circulation in the pig optic nerve head may react 
differently from the human retinal circulation and it has to be kept in mind that 
large intravenous doses were used in the pig experiments, compared to the 
drops used twice a day eye in the present study. 

A study on the effect of adding dorzolamide to timolol was performed by 
collaborators in Indianapolis with a similar protocol and at the same time as the 
study described here (Siesky et al., 2010). They used a similar oximeter and the 
results showed no changes in optical density ratio with the addition of 
dorzolamide to timolol. Optical density ratio, as calculated in this study, is 
related to oxygen saturation (chapter 1.2.4). Additionally, blood flow 
parameters were measured with Heidelberg retinal flowmetry (peripapillary 
capillary beds) and colour Doppler imaging (blood velocity in retrobulbar 
vessels). The number of zero flow pixels on Heidelberg retinal flowmetry was 
decreased during the dorzolamide-timolol period, but no other parameter 
changed with addition of dorzolamide to timolol. 

The two studies on addition of dorzolamide therefore show small (present 
study) or no changes (Siesky et al., 2010) in oxygen saturation. However, in an 
earlier study, Siesky et al. (2008) found evidence of increased oxygen 
saturation in retinal venules in glaucoma patients taking dorzolamide or 
brinzolamide, compared to when the same patients were taking timolol alone. It 
is unclear why this result is so different from the other two studies (present 
study and Siesky et al., 2010) on dorzolamide and retinal oxygen saturation. 
The main difference is that in the earlier study, dorzolamide (or brinzolamide) 
alone, given three times a day, was compared to timolol alone, given twice a 
day. In the present study and the later study by Siesky et al. (2010), drops were 
given twice a day and dorzolamide-timolol combination was compared to 
timolol alone. As described in chapter 1.1.5.2, timolol is not believed to have 
significant effects on blood flow or oxygenation. In a study on pigs, no effects 
were found of timolol on optic nerve head oxygen tension, regardless of 
whether timolol was given alone or in combination with dorzolamide 
(Kiilgaard et al., 2004). 

5.4.3 Stability of oximetry over time 
In the study of the effects of dorzolamide on retinal vessel oxygen saturation, 
ten of the patients were followed for 18 months and measured with one or two 
months’ interval. As the effect of the different drugs on saturation was 
minimal, the measurements can be viewed as repeated measurements under 
similar conditions over a long time period. The standard deviation of these 
repeated measurements was very low (Table 16 in chapter 4.4.2). It can be 
compared to two earlier repeatability studies, although it has to be kept in mind 
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that the current standard deviation is for measurements of mean arteriolar and 
mean venular saturation for an eye while the other two studies measured single 
vessels repeatedly. The current standard deviation is about two to three 
percentage points lower than the standard deviation between images of patients 
with better optical quality of the eye, taken within the the same session in an 
earlier study with the same instrument (Hardarson et al., 2006). Hammer et al. 
measured the standard deviation of repeated measurements with their oximeter 
in healthy volunteers (one session, single vessels) and found it to be about one 
percentage point higher than the standard deviations found here (Hammer, 
Riemer et al., 2009).  

5.4.4 Limitations of the studies on the effect of glaucoma treatment 
on retinal vessel oxygen saturation 

Glaucoma is a complex disease and it is a limitation of both studies of its 
treatment that the groups were small and not rigorously defined. In the study of 
glaucoma surgery, all patients, who were undergoing filtering surgery for open 
angle glaucoma were invited to participate. All of them had severe glaucoma. 
However, some had exfoliation glaucoma whereas others had not. 

In the study of dorzolamide, patients were classified as having open angle 
glaucoma or optic nerve hypertension by their ophthalmologist, based on optic 
nerve head appearance, visual fields and intraocular pressure. The diagnosis 
was made by two ophthalmologists and the glaucoma patients had mild 
glaucoma. The reason for this loose inclusion criteria for the dorzolamide study 
was that recruitment was difficult for the 18 month study. The effect on the 
results is unclear. However, in the parallel study in Indianapolis (Siesky et al., 
2010), neither the group with glaucoma nor the healthy control group showed 
any effect of dorzolamide on retinal oxygen saturation. 

Another disadvantage of both studies is the possible effect of other 
treatments. The effects of dorzolamide had to be investigated by comparing the 
combination of dorzolamide and timolol to timolol alone simply because it 
would have been unethical to leave the glaucoma patients untreated. As 
mentioned in chapter 1.1.5.2, timolol is believed to have little effects on ocular 
blood flow or oxygenation and it is therefore likely that the comparison of 
dorzolamide and timolol combination to timolol alone would have revealed the 
possible effects of dorzolamide on oxygen saturation. 

Stopping the glaucoma medication before the study on the effect of surgery 
would also have been unethical. All patients undergoing surgery took their 
regular glaucoma medication before the surgery but not after surgery. Despite 
this, the intraocular pressure was decreased considerably and it is unlikely that 
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stopping the glaucoma medication after surgery changed the conclusions of the 
study. Nevertheless, some confounding effects of for example dorzolamide 
before surgery cannot be ruled out. 

Finally, the double-blinding of the dorzolamide study was not perfect since 
the patients would frequently notice more irritation due to the dorzolamide-
timolol combination than due to timolol alone and complain about this to the 
researchers. Nevertheless, the analysis of oximetry images was performed 
without knowledge of the study period in which the images were taken. 

5.5 Statistical analysis 

The statistical tests used are mentioned where the results are reported (Chapter 
4). In most cases, the set up of the studies or the nature of the data meant that 
more than one approach could have been taken to perform statistical analysis. 
Below is a brief discussion of the main statistical issues. 

In the light and dark experiments, the main interest was the simple question 
of whether saturation changes between light and dark. A simple statistical 
approach was taken in the first experiment, i.e. to compare a measurement in 
the dark to the next measurement in light. This gave the same answer five times 
in a row and the p-value was always lower than 0.05 (Figure 8). Interpretation 
of the differences in saturation, found in the first light and dark experiment, is 
therefore not complicated by the multiple tests. In the second light and dark 
experiment, the results for the bright light (100 cd/m2), were similar to the 
results for the 80 cd/m2 light in the first experiment, although not quite 
statistically significant for venules (Figure 10). When viewed together, these 
results clearly indicate that oxygen saturation is greater in darkness than in 80-
100 cd/m2 light. The probability of repeatedly obtaining these low p-values if 
there was no effect of light and dark on oxygen saturation is extremely low.  

Other aspects of the light and dark experiments were analysed in the same 
manner for consistency. Interpretation of the low p-values for differences in 
brightness ratios is straight-forward (Figure 9, all values low). The differences 
in diameter were not at all consistent and no strong conclusions were therefore 
drawn. It was known beforehand that the diameter measurements were crude 
due to low resolution. 

Other statistical tests could have been used for analysis of light and dark 
experiments, particularly the second experiment where different light levels 
were compared to dark. Analysis of variance for repeated measurements with 
Dunnett’s post tests would have been more appropriate for this experiment but 
the simpler approach of t-tests was used for consistency with previous 
experiment. The analysis of variance was tested (not shown) and gave the same 
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statistical significance, except that difference in venous saturation between 
darkness and 100 cd/m2 light was significant, instead of being borderline 
significant. For experiment one (alternating light and dark), using repeated 
measures analysis of variance would have been problematic. The time points in 
darkness were for example not equivalent since the dark adaptation was 30 
minutes in one case and five minutes in the other cases. The magnitude of the 
effect could have depended on duration of dark adaptation and history of dark / 
light exposure. Treating all time points in the first light and dark experiment 
equally in a combined test would have been questionable. 

The choice of parametric or non-parametric tests for retinal vein occlusion 
measurements was not straight-forward. All the data passed the Shapiro-Wilk 
normality test. However, the samples are small, which means that the normality 
tests are not powerful. Non-parmetric tests were chosen for branch retinal vein 
occlusions since the whole group included data, which was affected by poor 
image quality in a fashion that was expected to be non-random. This means that 
it is questionable whether measured saturation in branch retinal vein occlusion 
data is normally distributed. The subset of patients with good quality images 
was analysed with non-parametric tests for consistency. Parametric tests were 
applied to the branch retinal vein occlusion data (not shown) and gave the same 
conclusions, except that the difference between affected arterioles and 
arterioles in the fellow eye became significant. 

Parametric test were used for central retinal vein occlusion data since they 
were generally based on better quality images than the branch retinal vein 
occlusions and were, in most cases, averages of several vessels from each eye. 
Non-parametric tests (not shown) gave the same conclusion. 

For analysis of glaucoma surgery, two-way analysis of variance with Bon-
ferroni post-tests could have been more appropriate than the simple t-tests used. 
This approach has been tested (not shown) and gave the same conclusions. 

5.6 Technical aspects of oximetry measurements 

5.6.1 Calibration and interpretation of retinal oximetry values 
As is described in chapter 1.2.4, the oximeter relies on reflected light on two 
wavelengths to calculate the oxygen saturation. This requires several 
approximations and the calibration is done by comparison with literature values 
from a multispectral device (Schweitzer et al., 1999). Calibration of retinal 
oximeters will always be challenging since accurate measurements in vivo are 
not possible. Schweitzer et al. (1999) used glass capillaries for calibration, 
which may be more appropriate for their instrument than the one used here, 
because their measurements do not rely on background reflectance. A single 
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oximetry measurement should be taken with caution because factors such as 
vessel diameter and fundus pigmentation may influence the results (Beach et 
al., 1999). The imperfection of the calibration is for example seen when single 
oxygen saturation values are above 100%. However, the oximeter has been 
shown to give repeatable measurements and to be sensitive to changes in 
oxygen saturation (Hardarson et al., 2006). Provided that known confounding 
factors are kept in mind, the oximeter can be used for comparison of groups (as 
is most often the case in this thesis) or to detect large deviations in retinal 
oxygen saturation in individuals. The calibration parameters used to calculate 
oxygen saturation from optical density ratios do not influence the results (p-
values) of statistical tests because the relationship between optical density ratio 
and the calculated oxygen saturation is linear. 

5.6.2 The effect of variable fundus reflectance on oximetry 
The oximetry calculations (chapter 1.2.4) are based on comparison of light 
intensities at the retinal vessels (I in equation 4) and beside the retinal vessels 
(I0). Light intensity to the side of the vessel is obviously dependent on fundus 
reflectance. Light intensity at the retinal vessel may be dependent on the fundus 
reflectance to a lesser degree, simply because part of the light is absorbed or 
reflected without ever interacting with the fundus outside the vessel (Hammer 
et al., 2001). Differences in fundus pigmentation within or between eyes can 
therefore create differences in calculated saturation within or between eyes. 

Delori and Pflibsen (1989) found different fundus reflectance in people of 
different race and with different iris colour. Different melanin concentration, 
especially in the choroid appears to have a significant effect on fundus 
reflectance. The difference in reflectance was more pronounced for red light 
than for shorter wavelengths. This wavelength dependency means that 
calculated optical density in retinal oximetry is differently affected at the two 
wavelengths and the resulting optical density ratio and calculated saturation is 
affected. Beach et al. (1999) and Hammer et al. (2008) have both made 
attempts to correct dual wavelength oximetry for the influence of fundus 
pigmentation.  

Despite the influence of fundus pigmentation on individual retinal oximetry 
results, it is unlikely that the conclusions of the studies reported herein are 
affected. The population studied consists predominantly of lightly pigmented 
Caucasians. There is little reason to believe that pigmentation is on average 
dramatically different between diabetic patients and the healthy comparison 
group. In all other studies, each participant was compared with him- /herself. 
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Even if melanin in the fundus is unlikely to have affected the conclusions 
of the current studies, the possibility remains that bleaching of rhodopsin in 
light and dark experiments could have created an error. Ripps et al. (1981) 
found that fundus reflectance in the cat retina changed with light adaptation. 
The change was small at the wavelengths used in the retinal oximeter. 
However, the change in light absorbance was slightly greater at 586 nm than at 
605 nm and this may create artefactual difference when calculated saturation in 
light is compared to saturation in dark. 

A more detailed analysis of the light and dark experiment was performed to 
address the possibility that fundus absorbance and therefore reflectance change 
and affect the oximetry results. Figures 9A and C show the ratio between light 
intensities inside retinal vessels at the two wavelengths of the oximeter 
(I605/I586). Since only light reflectance at 605 nm should change (increase) with 
oxygen saturation, this ratio should be sensitive for oxygen saturation. As can 
be seen in figures 9A and C the ratio is higher in the dark than in the light, 
which is in an agreement with increased oxygen saturation in the dark. The 
ratio of light intensities outside the vessel (I0-605/I0-586) is also higher in the dark 
(figure 9B and D) and this could create some bias. However, it can be seen 
from equations 4 and 6 in chapter 1.2.4 that this change in I0 will tend to 
increase the optical density ratio in the dark and decrease the resulting 
saturation in the dark. This is opposite to the result. Therefore, this artefact will 
tend to attenuate the differences seen in saturation and not affect the conclusion 
of the study. The reason for the higher ratio I0-605/I0-586 in the dark is unclear but 
may be either or both, bleaching of photopigment or increased oxygen 
saturation in retinal capillaries and choroidal vasculature in the dark. Lack of 
bleaching in the dark will probably decrease the brightness less at 605 nm than 
on 586 nm. Increased oxygen saturation in capillaries and in the choroid will 
increase the brightness only at 605 nm. 

In summary, global differences in fundus reflectance or fundus absorbance are 
not likely to have changed the conclusions of any study reported herein. The 
influence of extravascular haemorrhage is discussed in chapter 5.6.4 below. 

5.6.3 The effect of vessel diameter on retinal oximetry 
Beach et al. (1999) and Hammer et al. (2008) have found that oxygen 
saturation, measured with a dual wavelength oximeter, decreased with 
increased vessel diameter. Beach et al. could demonstrate that this is most 
likely a technical error since the relationship is present when healthy subjects 
inhale 100% oxygen and oxygen saturation in all major retinal arterioles is 
likely to be very close to 100%. The reason for the relationship between vessel 
diameter and measured saturation may be that light paths are different for 
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different sizes of vessels (Hammer et al., 2001). In wider vessels, for example, 
a greater proportion of the light coming from the vessel is backscattered from 
the blood while, in smaller vessels a greater proportion travels through the 
whole blood column, even twice. The contribution of each light path to the 
final signal is also dependent on the wavelength of the light. 

The effect of vessel diameter on the current results has not been 
systematically tested. Nevertheless, it is most likely that the same relationship 
exists, i.e. decreased measured saturation with increased diameter. This is in 
agreement with experience, gained during the use of the instrument. With a 
later version of the oximeter used here, the artefactual decrease in saturation 
with increased vessel diameter was found to be about 1% for every 10% 
change in vessel diameter (unpublished own data) 

A small decrease in measured saturation with increased vessel diameter is 
unlikely to have changed the conclusions of the studies, presented here. 
Theoretically, the small increase in arteriolar saturation after glaucoma surgery 
may have been exaggerated by a decrease in vessel diameter after surgery. 
Decreased saturation in some venous occlusions may likewise have been 
exaggerated if the affected venules were wide. However, the vessel diameter 
was not measured in either case. In other studies the effect of vessel diameter is 
more likely to have attenuated the differences in saturation, which were found. 
Dorzolamide would for example tend to increase diameter rather than reduce it 
and this would tend to decrease the measured saturation. 

5.6.4 The effect of image quality on retinal oximetry 
The effects of image quality on oximetry measurements are more difficult to 
quantify and correct for. Experience indicates that poor contrast, for example 
due to cataract, tends to lead to lower measured oxygen saturation. Poor focus 
seems to have less effect on results. This can be concluded by inspecting 
images of different quality of the same retina under the same conditions. 

In most studies, described herein, a systematic difference in image quality 
between the groups or time-points is unlikely. Poor images were excluded from 
analysis. The most notable exceptions are the studies on retinal vein occlusions, 
where the haemorrhages can interfere with measurements. To minimise 
confounding, care was taken to choose measurement points where there was no 
haemorrhage and to use the better quality images. The better quality images 
may, however, be of those with worse disease. Therefore, a separate analysis 
was made on data from branch retinal vein occlusion, where more spurious 
images were also included. This did not change the conclusion of the study. 
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5.6.5 Other physiological confounders  
In addition to fundus pigmentation and vessel diameter, several physiological 
factors may influence the measurements of retinal vessel oxygen saturation. 
These factors include different haemoglobin types, the effect of light exposure 
during measurements and the effect of pupil dilation. 

The different haemoglobin types are described in chapter 1.2.3. 
Measurements of their concentration requires multiple wavelengths of light 
(Zijlstra et al., 2000). Such measurements can best be performed in blood 
samples although recent advances in pulse oximetry allow at least approximate 
non-invasive measurements of carboxyhaemoglobin and methaemoglobin 
(Barker and Badal, 2008). Examination of the equations, used for oximetry in 
this thesis (chapter 1.2.4), shows that carboxyhaemoglobin will increase 
measured saturation and methaemoglobin is more likely to decrease it. No 
measurements were made of different haemoglobin types in the current studies 
and finger oximetry values were not analysed. Neither finger oximetry values 
nor the ratio of different haemoglobin types is likely to be different between 
groups or time-points in the studies with the exception that glycosylated 
haemoglobin may have had slightly higher concentration in diabetic patients 
than in the healthy comparison group.  

As is reported in chapter 4.1, retinal vessel oxygen saturation changes 
between light and dark. Therefore, light conditions during measurements must 
be standardised. The ambient light level in the room was kept low (chapter 
3.1). The effect of repeated measurement flashes is more likely to have an 
effect although no such effect was detected. Values, which were compared, 
were obtained with the same imaging protocol and differences in flash 
exposure are therefore minimal. 

Dilation of pupils was performed for almost all measurements and is 
therefore unlikely to confound comparisons. In some of the studies, 
phenylephrine was added to tropicamide when deemed necessary by nurses or 
ophthalmologists during a regular clinical visit. Better standardisation of 
dilation would have been preferred. Furthermore, a potential increase in 
intraocular pressure with dilation (Shaw and Lewis, 1986) or direct effects of 
dilating drops on retinal vessels should be kept in mind. 
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6 Conclusions and future perspectives 

This thesis describes non-invasive measurements of retinal vessel oxygen 
saturation in health and disease. At the initiation of the project, few 
measurements were available on human retinal oxygenation and most of the 
knowledge on the potential role of oxygenation in disease was derived from 
animal studies and indirect evidence. The reason was that technology for non-
invasive measurements of retinal oxygenation was scarce. 

Studies in recent years, among them the studies described here, are 
beginning to further our understanding of human retinal oxygenation in health 
and disease. We now have evidence for increased retinal vessel oxygen 
saturation in the dark. Together with earlier results from animal studies and 
from (limited) studies on retinal blood flow, the present results clarify how the 
retina copes with the large change in energy demand between light and dark. 
The results of studies on retinal vessel occlusions confirm hypoxia in some 
cases but not all and this may point to a variable degree of recovery of flow or 
decreased oxygen demand. The results of measurements of diabetic retinopathy 
are more uniform; patients with all categories of diabetic retinopathy appear to 
have high retinal vessel oxygen saturation and this may be due to poor 
distribution of oxygen and other factors. Glaucoma treatment does not seem to 
have large effect on oxygen saturation and this is in agreement with recent 
evidence against hypoxia in glaucoma. Longitudinal studies are needed for 
further clarification and it is still unclear whether intermittent hypoxia may 
play a role in glaucoma, for example during periods of low blood pressure. 

The present studies are therefore steps towards better understanding of 
retinal oxygenation in various diseases and in health. They have shown that 
dual wavelength non-invasive retinal oximetry can provide valuable data. To 
further build on these studies, a new retinal oximeter has recently been 
developed. It is based on the same principles but has better optics, more 
resolution and wider field of view. This will allow more detailed studies of the 
diseases studied here as well as other diseases. Among the challenges ahead are 
larger studies, which allow more comparison with clinical features and the use 
of vessel diameter measurements to help interpret the oxygen saturation 
changes found. Refinement of the measurement technique itself by correcting 
for known confounders will also be a major task. 

Many common and serious retinal and optic nerve diseases are believed to 
involve disturbance in blood flow and / or oxygenation and the current thesis 
adds to the available evidence. The studies described herein and similar on-
going studies aim at better understanding the pathophysiology. The final aim is, 
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however, to be able to use the knowledge and technology for better diagnosis, 
monitoring and treatment of disease.  
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