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Agrip

Tilgangur

Talio er ad truflun & bléofleedi i sjdnhimnuaedum bgeda truflun &

surefnisbuskap sjonhimnu tengist ymsum sjukdomunar [A medal

aedalokunum i sjonhimnu, sjonhimnusjukdomi i sykkirsg glaku. Areidanleg
teekni til meelinga a suarefnisblskap sjonhimnu argrips hefur verid af

skornum skammti og pvi byggir pekkingin ad stérulnd a dyratilraunum. |
pessari ritgerd er lyst rannséknum & surefnismdtgjdnhimnuaedum (1) i ljési
og myrkri i heilbrigdum sjalfbodalidum, (2) i midakdarlokun i sjonhimnu,
(3) i blasedagreinarlokun i sjonhimnu, (4) i midstdgriokun i sjonhimnu, (5) i
sjonhimnusjukdomi i sykursyki, (6) i sjuklingum, nse undirgengust

skurdadgerd vegna glaku og (7) i sjuklingum sern gfiiakulyf.

Aoferdir

Sarefnismeelirinn (Oxymap ehf., Reykjavik) er byggéwaugnbotnamyndavél.
Vid augnbotnamyndavélina er festur mynddeilir, sgamir kleift ad n& fjorum

myndum af sama svaedi augnbotns samtimis. Tveer mgaderu notadar til
frekari vinnslu, ein er tekin med 586 nm lj6si em tmed 605 nm ljési.

Ljosgleypni sjbnhimnuaeda er naem fyrir sarefnisnmettid 605 nm en ekki vid
586 nm. Meta ma surefnismettun i adal sjonhimnuaedumed pvi ad meela
ljésendurkast & pessum tveimur bylgjulengdum. Pettagert med adstod
sérskrifads hugbunadar.

Nidurstodur

Ljos og myrkur:

Eftir 30 mindtur i myrkri var surefnismettun i sdadlingum i sjonhimnu
heilbrigdra sjalfbodalida 92+4% (medaltal+stadafkkan=15). Eftir 5 minatur i 80
cd/nt ljési, var mettunin i slagaedlingunum marktaekt meda 89+5% (p=0,008).
Samsvarandi gildi fyrir blagedlinga i sjonhimnu véA£5% i myrkri og 55+10% i
ljosi (p=0,020). Sambeerilegar nidurstodur fengesidp meelt var eftir 5 mindtna
lji6s eda myrkur timabil til skiptis. | annarri tilan (n=19) maeldist marktaekt minni
strefnismettun i sjénhimnuaedlingum i 100 cdfjosi en i myrkri. Ljos af
styrknum 1 eda 10 cdfrhafdi engin marktaek &hrif.



Midblaaedarlokun i sjbnhimnu:

Surefnismettun i blasedlingum framan vid midbldsedanina var 49+12% (meo-
altaltstadalfravik, n=8). Medalgildid i bldsedlingum i hinu auganu var 65+6%
(p=0,003). Sarefnismettun i slageedlingum var 9943faka auganu en 9916% i
hinu auganu. Mettun i bldaedlingum var mjég breytitelli sjukra augna.

Blaaedagreinarlokun i sjénhimnu:

Midgildi surefnismettunar i blasedlingum, sem ur§urféhrifum af blaaeda-
greinarlokun, var 59% (bil 12-93%, n=22). Midgildidr 63% (23-80%) i peim
blaaedlingum i sjuka auganu, sem ekki urdu fyriifahr af lokuninni, og 55%
(39-80%) i bldeedlingum hins augans. Munurinn varardtaekur (p>0,05).
Markteekur munur var milli slageedlinga, sem urduirfyghrifum af lokun

(midgildi 101%, bil 89-115%) og slagaedlinga i saam@a, sem ekki urdu fyrir
ahrifum af lokun (95%, 85-104%, p<0,05, n=18).

Midslagaedarlokun i sjénhimnu:

Medaltal surefnismettunar i slagsedlingum sjuklimgsd eins dags s6gu um
midslageedarlokun var 71+9% en medaltal i bldsedimgar 63+9%. Einum
manudi sidar og eftir medferd med prednisélon vadaital surefnismettunar
100+4% i slagaedlingum og 54+5% i blasedlingum.

Sjonhimnusjukdomur i sykursyki:

Sjuklingar med sjonhimnusjukdom i sykursyki (aflokkar) meeldust med ad
medaltali 7-10 présentustigum haerri surefnismetiurslageedlingum en
heilbrigdir (p<0,05 fyrir alla flokka, n=6-8 i hviem flokki). | blaaedlingum var
mettunin 8-12 présentustigum haerri (p<0,05 fytia flbkka).

Skurdadgerd vio glaku:

Suarefnismettun i slagaedlingum sjonhimnu jokst upn@entustig ad medaltali
(p=0,046, n=19) eftir adgerd, sem laekkadi augnprgstr 237 mmHg
(medaltatSD) i 124 mmHg (p<0,0001). Engar adrar markteekar breytingar
fundust (0,35).

Dorsdélamio:

Surefnismettun i slag- og bldaedlingum laekkadi naakktum 3 présentustig i
slagaedlingum (p<0,01) og bldsedlingum (p<0,05) psgadingar med glaku
eda haan augnprysting skiptu ar blondu af dors@aag timololi yfir i timalol
eitt sér (n=6). Engar breytingar fundust hja sjiggim, sem skiptu ar timoldli
yfir i blandada medferd (p>0,05, n=7).




Alyktanir

Nota ma tveggja bylgjulengda surefnismaelingu tilnaéela surefnismettun i
sjonhimnugedum an inngrips i heilbrigdum augum adusn. Nidurstodurnar
benda til pess ad surefnismettun (1) haekki i my(R)i sé leegri i blasedlingum
framan vio midbladaedarlokun, (3) sé breytileg i [dageeinarlokun, (4) sé laegri
i slageedlingum sjonhimnu vid lokun midslagaedar, l{&kki i sjonhimnu-
sjukddmi i sykursyki, (6-7) breytist litid vid glakogerd eda toku dorsélamios.

Lykiloro

Sarefni, sjénhimna, blasedalokun i sjénhimnu, sj@mhisjakdémur i
sykursyki, glaka.






Abstract

Purpose

Malfunction of retinal blood flow or oxygenation elieved to be involved in

various diseases. Among them are retinal vessélsioos, diabetic retinopathy
and glaucoma. Reliable, non-invasive technologydtinal oxygen measurements
has been scarce and most of the knowledge onlretiggenation comes from

animal studies. This thesis describes human retxiadetry, performed with novel

retinal oximetry technology. The thesis descriliadiss on retinal vessel oxygen
saturation in (1) light and dark in healthy volwre (2) central retinal vein

occlusion, (3) branch retinal vein occlusion, (dtcal retinal artery occlusion, (5)
diabetic retinopathy, (6) patients undergoing ghaa surgery and (7) patients
taking glaucoma medication.

Methods

The retinal oximeter (Oxymap ehf., Reykjavik, leedy is based on a fundus
camera. An attached image splitter allows the damelous capture of four
images of the same area of the fundus. Two imagesused for further
analysis, one acquired with 586 nm light and onth @05 nm light. Light
absorbance of retinal vessels is sensitive to axggturation at 605 nm but not
at 586 nm. Measurement of reflected light at thesevelengths allows
estimation of oxygen saturation in the main retwedsels. This is performed
with custom-made analysis software.

Results

Light and dark:

After 30 minutes in the dark, oxygen saturationdtinal arterioles of healthy
volunteers was 92+4% (meanzSD, n=15). After 5 n@aun 80 cd/mlight,
the arteriolar saturation was 89+5%. The decreas® statistically significant
(p=0.008). The corresponding values for retinalwes were 60+5% in the
dark and 55+10% in the light (p=0.020). Similar ukes were found after
alternating 5 minute periods of darkness and ligita second experiment
(n=19), a significant decrease in retinal vessegigex saturation was found in
100 cd/m light compared to darkness but 1 and 10 édfight had no
significant effect.
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Central retinal vein occlusion:

In patients with central retinal vein occlusione thhean saturation in affected
retinal venules was 49+12%, while the mean valuevénules in the fellow

eye was 65+6% (mean+SD, p=0.003, n=8). The redrtaliolar saturation was
the same in affected (99+3%) and the unaffected%8 eyes. The venous
oxygen saturation showed much variation betweesctdtl eyes.

Branch retinal vein occlusion:

Median oxygen saturation in venules affected bydinaretinal vein occlusion
was 59% (range 12-93%, n=22), while it was 63% &2%) in unaffected
venules in the affected eye and 55% (39-80%) iruleenin the fellow eye. The
difference was not statistically significant (p>®).0There was a significant
difference between affected arterioles (median 10880ge 89-115%) and
unaffected arterioles (95%, 85-104%) in the afféege (p<0.05, n=18).

Central retinal artery occlusion:

In a patient with a day’s history of central retirmatery occlusion due to
temporal arteritis, the mean arteriolar saturati@s 71+9% and 63+9% in the
venules. One month later, after treatment with pissdone, the mean arteriolar
saturation was 100+£4% and the venous saturatioB%4+

Diabetic retinopathy:

When compared with healthy volunteers (n=31), péievith all categories of

diabetic retinopathy had on average 7-10 percergaigds higher saturation in

retinal arterioles (p<0.05 for all categories, 8B each category). In venules,
the saturation was 8-12 percentage points high&l.(5 for all categories).

Glaucoma surgery:

Oxygen saturation in retinal arterioles increasgd2bpercentage points on
average (p=0.046, n=19) with surgery, which lowergchocular pressure from
237 mmHg (meanSD) to 1&4 mmHg (p<0.0001). No other significant
changes were found%p.35).

Dorzolamide:

A significant reduction of 3 percentage points i@asd in arterioles (p<0.01)
and venules (p<0.05) when patients with glaucomaaular hypertension
changed from dorzolamide-timolol combination ey®pdr to timolol alone
(n=6). No change was found in patients, who stastetimolol and switched to
the combination therapy (p>0.05, n=7).
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Conclusions

Dual wavelength oximetry can be used to non-inegimeasure retinal vessel
oxygen saturation in health and disease. The semdicate that retinal vessel
oxygen saturation is (1) increased in the dark,Id@)er in venules affected by
central retinal vein occlusions, (3) variable irarwh retinal vein occlusion, (4)
lower in retinal arterioles in central retinal ayteocclusion, (5) increased in
diabetic retinopathy, (6-7) mildly affected by gtama surgery or dorzolamide.

Keywords
Oxygen, retina, retinal vein occlusion, diabetitn@pathy, glaucoma.
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1 Introduction

1.1 Why measure retinal oxygenation?

Normal retinal function requires a very high leeélenergy production and a
great supply of oxygen (see for example Alder et1®90; Alm and Bill, 1970,

, 1972a, , 1972b; Ames et al., 1992; Blair, 200@GuB et al., 1995; Cringle et
al., 2002; Linsenmeier, 1986; L. Wang, Tornquistlet1997a, , 1997hb). Blood
vessels must, however, not obscure the retina siatlol vision. These extreme
requirements are met by an unusual arrangementloofd bvessels, which

allows delivery of great amounts of oxygen and ieats without greatly

affecting the transparency of the retina. Malfunctiof the vasculature can
result in serious disease. There is considerabigereve for altered retinal
blood flow or oxygenation in diseases such as aktwessel occlusions,
diabetic retinopathy and glaucoma.

Measurements of retinal oxygenation are needeldtter understanding of
normal physiology as well as for studying commomnl @otentially blinding
diseases. Human studies require non-invasive arfg@ saeasurement
techniques. This thesis describes the use of al metieal oximeter for the
study of retinal oxygenation and the effect of light and dark, (2) central
retinal vein occlusion, (3) branch retinal vein loson, (4) central retinal
artery occlusion, (5) diabetic retinopathy, (6) uglama surgery and (7)
dorzolamide.

1.1.1 Retinal oxygenation in health and the effect of ligt and dark

The retina (Figure 1) is oxygenated from two sosydée choroid and the
retinal circulation.

The choroid mostly supplies the outer retina witlggen while the retinal
circulation mostly supplies the inner retina. Théma uses more oxygen in the
dark than in light (Stefansson et al., 1983) amddivision between the oxygen
supply of the choroid and retinal circulation chesgslightly with light and
dark (Ahmed et al., 1993; Birol et al., 2007; Linseier, 1986; Linsenmeier
and Braun, 1992). In the dark, the photoreceptothié outer retina use more
oxygen (Ahmed et al., 1993; Ames et al., 1992; IBétoal., 2007; Braun and
Linsenmeier, 1995; Braun et al., 1995; Cringle let 2999; Haugh-Scheidt,
Griff et al., 1995; Haugh-Scheidt, Linsenmeier let H995; Haugh et al., 1990;
Linsenmeier, 1986; Linsenmeier and Braun, 1992sé&mmeier and Yancey,
1989; Medrano and Fox, 1995; L. Wang, Kondo et 30897; L. Wang,
Tornquist et al., 1997a; Zuckerman and Weiter, J9BOthe dark, oxygen is
supplied to the photoreceptors from both sides fiicen the choroid and, to a



lesser degree, from the retinal capillaries. Inltgbkt, the choroid appears to
fully supply the photoreceptors and some of ther@idal oxygen may even
reach the inner retina.

gz, TR
rods ﬂ \f f
cones.

outer limiting
membrane

Miiller cells

horizontal
cells
bipolar
cells

amaﬁrine
cells

ganglion
cells

nerve fiber
layer —a

=, : ot e
inner limiting .
meml)raneg/

Figure 1. Cross-section of the retina. The retina can beaddibiinto the outer retina,
which contains the photoreceptors (rods and coaesl)the inner retina,
which contains various types of neurons, as digaay the figure. The
retinal capillaries lie in the inner retina, doventhe level of the
photoreceptors, while the choroid lies outsidertimal pigment epithelium
(top of figure).OWebvision, http://webvision.med.utah.edu/ Non-
commercial, no derivative works creative commoaosrise.

The entire blood supply of the eye comes throughdphthalmic artery,
which is a branch of the internal carotid arteryg(ife 2). The ophthalmic
artery gives rise to the ciliary arteries and tlentcal retinal artery. The
choroidal circulation originates from the posterioiliary arteries. The
choroidal vessels can be divided, from the outsidihe inside, into a layer of
large arteries, a layer of medium size arteriesatetioles and the innermost
layer of the choriocapillaris (Nickla and Wallm&10). The choriocapillaris
is a network of wide capillaries adjacent to thaeouetina (Hayreh, 1975;
Nickla and Wallman, 2010). In healthy eyes, theroltbdoes not penetrate the
retina and does therefore not obscure vision. Oxyddfuses from the
choriocapillaris, through Bruch’s membrane andrdtaal pigment epithelium
to reach the energy intensive photoreceptors. Twopeceptor layer (outer
retina) does not contain any capillaries, evehig more than 100 micrometres



thick according to measurements in the human matdduca et al., 2010).
The full thickness of the retina at the fovea doaiscontain any capillaries.

Figure 2. The blood supply of the eye. The ophthalmic artery branch of the internal
carotid artery and supplies they entire eye. Anttvegoranches of the
ophthalmic artery are the ciliary arteries and @nttinal artery. The
posterior ciliary arteries supply the choroid. Taemtral retinal artery pierces
the optic nerve and travels with it to the retioatipply the retinal
circulation. Public domain figure, originally reghaced from Gray’s
anatomy. http://en.wikipedia.org/wiki/Ophthalmictexy (labels simplified).

The diffusion of oxygen from the choroid to the freceptors is driven by
a very high concentration gradient for oxygen (eimmeier, 1986). The
choroid has a very high level of blood flow, whicteates high partial pressure
of oxygen in the choriocapillaris. In monkeys, tdoifbow in the choroid was
found to be about twenty times the flow in therraticirculation (Alm et al.,
1973). The difference in oxygen saturation in bl@dering and leaving the
choroid has been found to be only 3% in cats (Atrd 8ill, 1970). Despite
this, the partial pressure of oxygen reaches almpesi in parts of the outer
retina in the dark (Linsenmeier, 1986). This is tuéhe diffusion distance and
the great oxygen consumption of the photoreceptors.



The choroid receives both sympathetic (vasocomsiglc and
parasympathetic (vasodilating) innervation (Neuhubed Schrodl, 2011;
Nickla and Wallman, 2010). Earlier animal experitseimdicated, however,
that choroidal blood flow was not well regulateddahat it for example fell
almost linearly with decreased perfusion presduaer studies on animals and
humans, have found that the choroidal blood flomd®ed regulated according
to perfusion pressure and even concentration dbocardioxide (Kiel and
Shepherd, 1992; Polska et al., 2007; Schmidl, Garlet al., 2011; Schmidl,
Weigert et al., 2011). The concentration of oxygeems to have little effect
on choroidal blood flow (for review see Schmidl, rieater et al., 2011)
although some indirect evidence for a limited ragah during hyperoxia may
have been found in cats (Linsenmeier and Yance§9)LRecent studies have
even shown less choroidal blood flow in dark thadight (Fuchsjager-Mayrl
et al., 2003; Fuchsjager-Mayrl et al., 2001; Hueeteal., 2007; Longo et al.,
2000). Less choroidal blood flow in the dark magraecounter-intuitive, since
the photoreceptors require more oxygen in the datias been postulated that
choroidal blood flow is increased in light to digsie more heat in light than in
dark (Nagaoka and Yoshida, 2004; Parver et al.0)198

The retinal circulation arises from the centrainatartery, which (in most
cases) is a branch of the ophthalmic artery (Hay26thi1). The central retinal
artery travels within the optic nerve until it réas the retina, where it branches
into retinal arterioles, which branch repeatedld aiftimately give rise to the
retinal capillaries. The retinal capillaries arexgeally organised in two layers,
one in the nerve fibre layer and the ganglion legler and another in the inner
nuclear layer (Kong et al., 2010; C. J. Pournatasd.e2008). The exceptions
are that there is an additional superficial layecapillaries around the optic
disc, there is only one layer of capillaries in pexipheral retina and close to
the fovea and there are few or no capillaries ataetinal arterioles and in the
fovea (Hayreh, 2011; Henkind, 1967; Kong et al1®0McLeod, 2010; C. J.
Pournaras et al., 2008). The retinal capillariesgmento ever larger retinal
venules, which finally form the central retinal neivhich leaves the eye with
the optic nerve, adjacent to the central retingrgrwithin the nerve. In a
portion of the population, one or more cilioretiateries supply a part of the
retinal capillaries, most often in the temporainat Justice and Lehman (1976)
found one or more cilioretinal arteries in abotiiad of eyes and about half of
their patients. The cilioretinal arteries variedagty in size.

The retinal vasculature is unlike the choroidatwiation in several aspects.
The retinal circulation penetrates the retinalugsand this decreases diffusion
distances from capillaries to retinal cells butoal®means that the retinal
vasculature could obscure vision, if it were tomske Kong et al. (2010)



stained flat-mounted human and monkey retinas food vessels and found
that, in the four areas tested, the retinal vasatdacovered from about 7% to
30% of the total area. The least density was fquaripherally but the greatest
in the macula. As mentioned above, blood flow ia tktinal vasculature is
much less than in the choroid. Less blood flow he tetinal circulation is
reflected in much greater arteriovenous differemeeoxygen saturation.
Schweitzer et al. (1999) used a calibrated nonsivgamethod to measure
healthy volunteers and found the saturation to 29 # retinal arterioles and
58% in retinal venules. In pigs, the retinal veneagiration has been found to
be about 55% (Tornquist and Alm, 1979). This metlias the arteriovenous
difference is a little over 30% in the retinal citation while it is closer to 3%
in the (cat) choroid (Alm and Bill, 1970). Oxygeatwgration in the pulmonary
artery, representing the mean saturation in veitnmd in the body, has been
found to be above 70% in healthy individuals at fidarms et al., 2003; Sun et al.,
2001). The arteriovenous difference in saturat®rthierefore much less than
average in the choroid but greater than averatieiretina. The oxygen saturation
in the pulmonary artery can decrease dramaticallyng exercise, even below
30%, which is much lower than in the normal re{fdan et al., 2001).

Regulation of retinal blood flow has traditionalbeen considered more
effective than the regulation of the choroid, althlo more evidence is being
found of choroidal regulation. The retinal bloodvil is adjusted according to
demand and is for example increased by flickeright] which is believed to
increase inner retinal metabolism (Riva et al.,30@s opposed to choroidal
blood flow, retinal blood flow may be increasedthe dark to sustain the
increased consumption although this has not beesigtently seen (Barcsay et
al., 2003; Feke et al., 1983; Havelius et al., 199®a, Grunwald & Petrig,
1983; Riva et al., 1987). Hyperoxia, induced byailig oxygen enriched air,
leads to constriction of retinal arterioles (C.Paurnaras et al., 2008; Riva,
Grunwald & Sinclair, 1983) and decreased retinabdlflow (Stefansson et al.,
1988). The retinal vasoconstriction does not prevkat the retina receives
more oxygen during inhalation of pure oxygen sinberoidal blood flow is
minimally affected (Linsenmeier and Yancey, 1989; JC Pournaras et al.,
1989; Stefansson, 1981; Stefansson et al., 1983 ansit et al., 1987). The
retinal vessels dilate in response to increasedeardration of inspired carbon
dioxide (Venkataraman et al., 2008).

The retinal vasculature must also cope with chamngg®rfusion pressure
(see more details in chapter 1.1.5.1). Perfusioaesgure in the retinal
vasculature is lowered by a decrease in blood pressr an increase in the
intraocular pressure. Lower perfusion pressuresldgadan increase in retinal
arteriolar diameter while higher perfusion presslgads to constriction of



arterioles (C. J. Pournaras et al., 2008). Thipaese tends to keep the blood
flow adequate and failure of regulation has beeplicated in glaucoma, see
chapter 1.1.5.1.

The biochemical mechanisms of regulation of retibbdod blow are
complicated and the interplay of various factorsas fully understood. This
applies to both regulation due to pressure chaagesmetabolic need (for
review see C. J. Pournaras et al., 2008). Most arésims are believed to be
local as opposed to neural (Delaey and Van De \&o2800) although the
extraocular part of the central retinal artery mnarvated (Ehinger, 1966;
Laties, 1967; Neuhuber and Schrodl, 2011; Ye e.8R0).

1.1.2 Retinal vascular occlusions (and treatment)

Occlusion of a retinal vessel will obviously didiuretinal blood flow and

oxygenation. Occlusions can be broadly divided v (venule) occlusions
and artery (arteriole) occlusions, the former bamgre common. Occlusions
can be further divided into central occlusionseetiihg the central retinal vein
or artery, and branch occlusions, affecting brasalfehe central vessels. Still
further classifications are possible; central i@tinein occlusions are for
example often divided into ischaemic and the lesgere non-ischaemic
occlusions, although such classification is naigtitforward (Hayreh, 2005).
The vascular occlusions considered in this thests aentral retinal vein

occlusion and branch retinal vein occlusion. Priglary data on central retinal
artery occlusion is also included.

1.1.3 Central retinal vein occlusion

Central retinal vein occlusion is caused by a thromin the central retinal
vein. The central retinal vein usually drains albdd from the retinal

vasculature and empties into the superior ophtltaimain or directly into the

cavernous sinus (Hayreh, 2011). Occlusion of thetrak retinal vein can

therefore reduce the blood flow in the entire ticirculation. The occlusion
rarely stops the retinal blood flow completely, eviethe central retinal vein is
usually completely blocked (Hayreh, 2005). The oeass that blood can
escape through tributaries of the central retie@h v the optic nerve, anterior
to the occlusion. The amount of remaining bloodavfimost likely varies with

the site of the occlusion and the number and dizebutaries anterior to the
occlusion, which can support collateral circulatiomdocyanine green
angiography has been used to study the route otdHateral flow and has
shown flow from the retina through loops to choabigeins (Suzuki et al.,
2000; Takahashi et al., 1998). The loops are |olceltese to the optic disc.



Opening of the thrombus (re-canalisation) with tira#er the initial
occlusion can also contribute to blood flow. Gresnal. (1981) studied
enucleated eyes with central retinal vein occlusiad found evidence of re-
canalisation in almost all of them. The re-canélisaappears to start early,
within days or weeks, and then continue with tinffde study is most
representative of ischaemic central retinal veiolugions since most of the
eyes were enucleated due to neovascular glaucohahwan be associated
with ischaemic occlusion (see chapter 1.1.4 orcdmsequences of hypoxia).

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

Oxygenation of the retina in patients with centedinal vein occlusion has
also been measured non-invasively. Yoneya et @2Rused interferometry to
measure a spectrum in each pixel in a fundus imEgse.information was used
to calculate oxygen saturation in the fundus aedésults show low saturation
in areas where fluorescein angiography demonstep#lary non-perfusion.
However, it is very difficult to reliably measureymen saturation in the fundus
outside the major retinal vessels, for exampletduée small amount of blood
present in the retinal capillaries and the poss#flects of the choroidal
background (see chapter 1.2 for more information noethodology). The
reliability is especially questionable when thesditile perfusion of capillaries.
The published colour-coded maps of saturation st@at variability and some
of them show very high saturation in the tissuapiltaries.

Nevertheless, some degree of retinal hypoxia ig fitady present, at least
at some stage, in many cases of central retinal @etlusion, even if direct
measurements are scarce and difficult. Furthereexie for hypoxia in central
retinal vein occlusion can be found by studying ttensequences of the
occlusion, which are in some cases neovasculamsagnd oedema.
Neovascularisation and oedema can also result fooamch retinal vein
occlusion or diabetic retinopathy. The Ilink betweehypoxia,
neovascularisation and oedema is discussed inehhit4.

1.1.3.1 Branch retinal vain occlusion

Branch retinal vein occlusion has different aetygidrom central retinal vein
occlusion. The main risk factor for development lmianch retinal vein
occlusions is hypertension (Appiah and Trempe, 1888in et al., 2000; The



Eye Disease Case-control Study Group, 1993). Tletusion occurs where a
branch retinal artery and vein cross (Christofferaed Larsen, 1999; Clemett,
1974). At the crossing, both vessels share a consheath and it is believed
that the conditions for thrombus formation and osin are created when the
arteriole compresses the venule. At the crosstrig,im general more common
that the arteriole is above the venule and thissgecially common where
occlusions occur (Christoffersen and Larsen, 199%er and Brown, 1989;

Sekimoto et al., 1992; Weinberg et al., 1990; Zégal., 1993).

Several studies have been performed on blood fiowranch retinal vein
occlusion and, not surprisingly, the results inicdecreased blood flow. Fujio et
al. (1994) used a laser Doppler technique to neasinely measure decreased
blood flow in the arterioles supplying the regidfeeted by branch retinal vein
occlusion in two patients and Yoshida et al. (20f@@ind similar results with
similar technology in one patient. Horio and Hodlu(2004) found decreased
blood flow in the retinal segment affected by tkelasion. They measured during
vitrectomy in patients with macular oedema duertmth retinal vein occlusion.
Avila et al. (1998) found decreased capillary bldlosv in affected areas. Kang
and Lee (1995) found increased arteriovenous padsag in branch retinal vein
occlusion and Noma et al. (Noma, Funatsu, Sakatdné Mimura et al., 2009;
Noma, Funatsu, Sakata, Harino, Nagaoka et al.,)2fadfd decreased blood
velocity in perifoveal capillaries. Genevois et €004) studied the capillary
network in detail in rats and found that some tap#ls closed while at similar
time, blood is re-routed through others. Accordittg studies on monkeys
(Minamikawa et al., 1993 - English abstract) andiature pigs (C. J. Pournaras,
Tsacopoulos, Strommer et al., 1990a), re-openinghef thrombus does not
necessarily re-open closed capillaries.

Decreased blood flow due to branch retinal veidusion can be expected
to affect retinal oxygenation. Most studies on cyation in vein occlusions
have been made on artificially induced branch aktivein occlusions in
animals. Such occlusions have been shown to dectbaspartial pressure of
oxygen, measured in the preretinal vitreous abbeeatfected area (Noergaard
et al., 2008; C. J. Pournaras et al., 1997; C. aurraras, Tsacopoulos,
Strommer et al. et al., 1990a; J. A. Pournarad.e@04; Stefansson et al.,
1990). Pournaras et al. have also measured dedrgmséial pressure of
oxygen directly within the inner retina with intetinal electrodes (C. J.
Pournaras, Tsacopoulos, Riva et al., 1990).

Occlusions of branch retinal venules in humans rhaye different
outcome from the experimental occlusions in animdlke experimental
occlusions are produced by suddenly blocking aiposly healthy venule in



the animal while the constriction may progress ngnadually in the human

disease. Constriction of venules at the arteriousnmrossing is for example
often seen in hypertensive patients, who have stmiyi of occlusion. This is

called arteriovenous nicking and is visible on fusd photographs.

Development of collateral circulation and re-casetion of the thrombus as
well as atrophy of the tissue may also complicatea@mes of both animal
studies and human branch vein occlusions, althooginecessarily in the same
way. Direct measurements of oxygenation in humatieps with branch

retinal vein occlusions are necessary to deterrhime the human condition
compares to the animal experiments.

1.1.32 Central retinal artery occlusion

Central retinal artery occlusions are generally pl@te occlusions although
there is, in many cases, some blood flow to thmaktvasculature through
collateral circulation and through a cilioretinatteay, if such an artery is
present. This remaining blood flow is, however, mobtective, with the
exception of larger cilioretinal arteries (Hayr&t@11). Central retinal artery
occlusion is often due to an embolus although otleises, such as giant cell
arteritis are also known (Foroozan et al., 2003yrela, 2011; Hayreh et al.,
2009). The symptoms are generally sudden and di@n@ds of vision,
although some improvement is possible in the fiests after the initial insult
(Hayreh and Zimmerman, 2005; Yuzurihara and liji2@04).

As described above (chapter 1.1.1), the retinaselesnourish the inner
retina and occlusion of the retinal vasculature tiearefore be expected to
affect the inner retina in particular. Preretinaleasurements in cats
(Stefansson, 1981) and intraretinal measurementats (Alder et al., 1990)
and rats (Braun and Linsenmeier, 1995; Yu et @Q72 have indeed shown
that the partial pressure of oxygen in the inndmaefalls to zero during
experimental central (Alder et al., 1990; Stefanssi®81) or branch (Braun
and Linsenmeier, 1995; Yu et al., 2007) retinabmrtocclusion while the
partial pressure in the outer retina is close tonab or slightly decreased. The
choroid is not able to supply the whole retinatipatarly not in the dark, when
the oxygen consumption in the outer retina is great

As mentioned previously, the concentration of oxyges not seem to
have much effect on choroidal blood flow. Inhalatiof pure oxygen will
therefore raise the partial pressure in the choanid allow more oxygen to
reach the inner retina. Studies on cats and monkaye shown that during
inhalation of 100% oxygen after central artery aswn, the partial pressure of
oxygen in the vitreous, reflecting the partial gtee of oxygen in the inner
retina, is raised to normal or higher than normalels (Landers, 1978;



Stefansson, 1981; Wolbarsht et al., 1987). Landeen saw recovery of the
electroretinogram and visual evoked response icdhevith inhalation of pure
oxygen after central retinal artery occlusion. $mresults have been found
with intraretinal measurements of oxygen tensiomrats (Alder et al., 1990;
Braun and Linsenmeier, 1995), and rats (Yu et2§lQ7) although the inner
retinal hypoxia or electrical signs of function warot completely normalised
in all cases (Braun and Linsenmeier, 1995; Yu ¢t28l07). It should be noted
that, during the occlusion, the supply of glucosd ather nutrients is of course
diminished as well. Nevertheless, only adding seimgntal oxygen has
beneficial effects on function in experimental mati artery occlusions, as
measured by electrophysiological methods.

Despite the beneficial effects of supplemental exy@n experimental
artery occlusions, there is currently no generadlgepted treatment for central
retinal artery occlusion, except for steroid treatitnin the case of giant cell
arteritis. Experiments on monkeys have shown ts&al damage occurs after
about one and a half hour and increases after(ttetreh and Jonas, 2000;
Hayreh et al., 2004). Possible treatment will tfaneehave to be initiated very
soon after the occlusion although there are repursuccessful treatment in
individual cases after longstanding occlusion (Mamsand Younis, 2011; J. A.
Pournaras et al., 2010).

1.1.4 Diabetic retinopathy

Diabetic retinopathy eventually affects the greaiarity of diabetic patients,
although the severity varies widely (Williams et, &004). The disease is
characterised by damage to the retinal capilldagan and Kuwabara, 1963;
Cogan et al.,, 1961; Kohner, 1993). Capillary basgnmembranes thicken
(Ashton, 1974; Roy et al., 2010), microaneurysmenfand some capillaries
are obliterated while others become wider (Cogad &mwabara, 1963;
Kuwabara and Cogan, 1963). All of this is eventualiused by elevated blood
glucose. The exact biochemical processes are campie fully known and
outside the scope of this thesis. The consequefdie capillary damage are
poor distribution of blood, which can lead to hyfoi the retinal tissue.

Hypoxia has been confirmed in long-term diabetits chinsenmeier et al.
(1998) used oxygen sensitive intraretinal electsoaled found that the partial
pressure of oxygen in the inner retina was decceasen before signs of
retinopathy were present. Other studies, on ca&fgissson et al., 1986), dogs
(Ernest et al., 1983; Stefansson et al., 1989)ratsd(Alder et al., 1991), have
not found evidence of hypoxia in models of diabeteshowever, remains
guestionable whether the short-term models, usedhése studies, are
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comparable enough to the human condition, whicleld@s over years. The
animal models do generally not develop visiblenagtathy.

Recently, Holekamp et al. (2006) measured partiesgure of oxygen in
the vitreous cavity in patients undergoing vitreeyofor either proliferative
diabetic retinopathy or non-diabetic disease, preretinal fibrosis, macular
hole and retinal detachment. The partial press@irexggen in the diabetic
patients was found to be lower than in the nonstiatpatients. This was true
for measurements adjacent to the lens as well #seircentre of the vitreous
cavity. In a similar experiment, Lange et al. (20¥dund higher partial
pressure of oxygen at the posterior pole, just alitbe retina of patients with
proliferative diabetic retinopathy, when comparednbn-diabetic vitrectomy
patients. This was attributed to neovascular corgglewhich have previously
been shown to be associated with high partial pressf oxygen (Maeda and
Tano, 1996) and the partial pressure of oxygen wiaslar in the mid-
periphery in diabetic patients and controls. Simitathe results of Holekamp
et al., (2006) Lange et al. (2011) found lower iphfiressure of oxygen in the
mid-vitreous in the diabetic patients.

The vitreous gel is avascular and its oxygen isvddrfrom the adjacent
vascularised tissues, including the retina. Lowaatial pressure of oxygen in
the mid-vitreous may therefore indicate that theiglapressure of oxygen in
the retina in proliferative diabetic retinopathyois average decreased although
other factors, such as diffusion from the antepant of the eye, will influence
the measurements. It should be noted that all atistudied by Lange et al.
(2011) and some, studied by Holekamp et al. (20@6) undergone panretinal
photocoagulation, which may have influenced theultegStefansson, 2006;
Stefansson et al., 1986), even if Holekamp et28106) state that they saw no
difference between treated and untreated patients.

Non-invasive measurements of retinal oxygenatiorvehalso been
performed in diabetic patients. During the firsteatpts of non-invasive
oximetry, Hickam et al. (1959) measured a smallugrof diabetic patients,
most of whom had some retinopathy. They found nbrmegnous oxygen
saturation. Tiedeman et al. (1998) measured oxggturation in retinal vessels
in diabetic patients, who had no retinopathy. Thmsed dual wavelength
oximetry and found increased arteriovenous diffeeein saturation during
hyperglycaemia. They interpreted this as increasggen consumption of the
retina in hyperglycaemia, assuming that blood flsuncreased. Greater blood
flow with higher blood glucose has been shown imeatudies (Bursell et al.,
1996; Grunwald et al., 1987; Pemp et al., 2010)rnmatall (Gilmore, Hudson,
Nrusimhadevara, Ridout et al., 2007; Sullivan et #91) and the possible,
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direct effects of insulin on ocular blood flow mualso be kept in mind
(Schmetterer, Muller et al., 1997). Schweitzer let(2007) measured retinal
vessel oxygen saturation with a multispectral oxené patients with mild or
moderate non-proliferative retinopathy. At baselirduring inhalation of
normal atmosphere, they found slightly higher me@nous saturation in
diabetic patients, when compared to healthy voknstalthough this did not
reach statistical significance. The same group (iHam Vilser et al., 2009)
used a dual wavelength oximeter in a later studg #ound that venous
saturation was increased in patients with diabetimopathy. The saturation
increased with severity of retinopathy.

The elevated (or normal) saturation in retinal Yesuin patients with
diabetic retinopathy may seem to contradict thethef hypoxia in diabetic
retinopathy. This is not necessarily the case. @©rygaturation in retinal
vessels can be high at the same time as therssigetinypoxia due to poor
distribution of oxygen by the capillary network apadssibly other factors (see
further discussion in chapter 5.3.)

Further evidence for hypoxia in diabetic retinoyaith provided in studies
where supplemental oxygen is given and the effacstoucture or function
studied. Oscillatory potentials of the electrorejram are believed to reflect
inner retinal activity (Wachtmeister, 1998). Draset¢ al. (2002) found
decreased oscillatory potentials in diabetic pasiemhe oscillatory potentials
were normalised with supplemental oxygen. Similagdypplemental oxygen
improved contrast sensitivity in patients with mmail retinopathy (Harris et al.,
1996) and improved colour vision defects in pasemtth no or minimal
retinopathy (Dean et al., 1997). Kurtenbach et (a006) found that rod
sensitivity was decreased in diabetic patients @ethto healthy individuals
and that rod sensitivity improved with supplememtaygen. A small study on
patients with diabetic macular oedema indicated thacular thickness was
decreased by supplemental oxygen (Nguyen et &4)2&upplemental oxygen
also leads to less decrease in blood flow in dialpsttients (no retinopathy or
various stages of retinopathy) compared to healttdividuals (Gilmore,
Hudson, Nrusimhadevara, Harvey et al., 2007; GigmorHudson,
Nrusimhadevara, Ridout et al., 2007; Grunwald, RBeucker et al., 1984;
Grunwald, Riva, Petrig et al., 1984; Justesen gt28l10; Patel et al., 1994).
The decrease in blood flow may be blunted becahsetissue is hypoxic
during breathing of normal air and the signallifgvasoconstriction due to
added oxygen when breathing oxygen enriched aioiseneficial. However,
the cause may also be poor regulation of blood.flow
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1.1.5 Consequences and treatment of retinal hypoxia foll@ing
vein occlusions or diabetic retinopathy

As outlined in chapters 1.1.2 and 1.1.3 above etlierconsiderable evidence
for hypoxia in both retinal vascular occlusions amdiabetic retinopathy. The
arguments are summarised below.

1. The pathogenesis of the diseases strongly suggiestshypoxia is
involved; occlusions of vessels are obviously k& interfere with
oxygenation and so is dropout of retinal capillarisn diabetic
retinopathy.

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

3. Low partial pressure of oxygen in the mid-vitreaospatients with
diabetic retinopathy may indicate less diffusionaxfygen from the
retina.

4. High oxygen saturation in retinal vessels may imgigoor distribution of
oxygen by retinal capillaries in diabetic retindpafsee chapter 5.3).

5. Beneficial effects of supplemental oxygen on pasiavith diabetes are
consistent with the role of hypoxia in diabetidmepathy.

Although retinal vessel occlusions and diabetiinogtathy are different
diseases, there are certain similarities betweegir tbonsequences and
symptoms, particularly between retinal vein ocauasi and diabetic
retinopathy. This is perhaps not surprising sinoth lretinal vein occlusions
and diabetic retinopathy seem to cause more ordesmic retinal hypoxia
(while the arterial occlusions are more acute). ide mechanisms are
activated in retinal hypoxia, many of them througinscription factors called
hypoxia inducible factors (HIFs), of which isoforth is the best known.
Hypoxia inducible factor 1 is stabilised in hypoxiand induces the
transcription of many genes, whose products arelwed in the response to
hypoxia (Arjamaa and Nikinmaa, 2006; Benita et &009; Lange and
Bainbridge, 2011). Among the best studied of thissgascular endothelial
growth factor (VEGF). There is evidence that comion of both HIF-1 and
VEGF are increased in diabetic retinopathy andhaétvein occlusions (Aiello
et al., 1994; Ehlken et al., 2011; Funk et al.,20doma et al., 2011; Noma et
al., 2012).

13



Hypoxia in the retinal tissue poses two major ttgda vision, partially
through HIF and VEGF dependent mechanisms. Thegentajor threats are
oedema and neovascularisation. Treatment, suchaser ltreatment and
vitrectomy, may work by alleviating retinal hypoxi@or review and
hypotheses see Stefansson, 2006).

Hypoxia stimulates oedema mainly through two metdmas; increased
permeability of vessels and increased hydrostatesqure. Normal retinal
capillaries form a barrier with tight junctions eten endothelial cells and
regulate the transport from blood to tissue (Kaugle 2008). This barrier
breaks down in hypoxia and the permeability ofraticapillaries is increased,
partly due to the upregulation of vascular enddgheirowth factor during
hypoxia. Increased permeability allows moleculeat thre retained in the
vasculature under normal circumstances to escdrs.ificreases the driving
force for osmosis and water accumulates in thaeiss

Hypoxia may also lead to increased hydrostaticspresin the capillaries,
which further helps driving water from the vascuttatto the tissue. This is because
the retinal arterioles dilate in response to hypdfgee chapter 1.1.1) and the
downstream hydrostatic pressure increases. Althaagiodilation is a general
response to hypoxia, vessel diameter changes hetdiaretinopathy are complex
and, in many cases, small (Klein et al., 2006; AT<ai et al., 2011). Hydrostatic
pressure may also be increased upstream of a veinsmn (Attariwala et al.,
1997; Hitchings and Spaeth, 1976; Jonas and H&2667,; Luckie et al., 1996),
simply because of the increased resistance iretbauiature due to the occlusion.

The other major threat posed by hypoxia is neovassation. New retinal
vessels are formed in an attempt to correct theXigp The new vessels are
fragile and create a risk of haemorrhage, whiclthkdgpassage of light to the
photoreceptors and creates shadows in the viseldl fNew vessels can also
form in the anterior part of the eye, in the idsd this may be a consequence
of retinal hypoxia and diffusion of growth factdiem the retina to the iris
(Laatikainen, 1977; Stefansson, 2006).

Laser treatment and vitrectomy, used in some cé&sesombat retinal
neovascularisation and oedema, may function bwiatieg hypoxia (for
review and hypotheses see Stefansson, 2006). Eke dstroys part of the
retina, particularly the photoreceptors. This dases oxygen consumption of
the retina and increases the available oxygen l@ temaining tissue.
Beneficial effects on the partial pressure of oxygdove the laser treated
retina have been found in animal experiments (Funat al., 1997, Landers et
al., 1982; Molnar et al., 1985; Novack et al., 1:980J. Pournaras, 1995; C. J.
Pournaras, Tsacopoulos, Strommer et al., 1990Har&tson et al., 1986;
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Stefansson et al.,, 1981; Yu et al.,, 2005) and imdns (Stefansson et al.,
1992). Recently, Budzynski et al. (2008) found @ased partial pressure of
oxygen in the inner retina of laser treated cats.

Vitrectomy often results in replacement of the edws with less viscous
material (silicon oil is an exception). Decreasedcaosity may facilitate
diffusion and flow of oxygen from well perfused aseof the retina or even
from the anterior part of the eye to poorly pertusareas of the retina
(Holekamp et al., 2006; Holekamp et al., 2005; 8te$on et al., 1981, , 1982;
Stefansson et al., 1990).

The detailled mechanisms, by which hypoxia causedema and
neovascularisation, and the details of treatmefetes are beyond the scope of
this thesis. Drug treatment for neovascularisairalso omitted here. The
importance of hypoxia in vein occlusions and diabettinopathy, however,
points to the necessity of practical methods foasneing 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 groupsehses. It is characterised
by degeneration of the optic nerve and a concomiless of visual field
(Quigley, 2011). The diagnosis of glaucoma is @majing and there are many
types of the disease. Glaucoma can for exampledaly divided into open-
angle glaucoma and the less common angle-closareg@na, depending on
the size of the irido-corneal angle. The causeglaaicoma remain to be fully
elucidated and the causes are most likely not dahgesfor all patients. Recent
studies have for example shown that patients wijtknoangle exfoliation
glaucoma (almost) all have a common sequence vamam@ single gene
(Thorleifsson et al., 2007) while genetic associaifor open angle glaucoma
in general appear to be more complex (Ramdas, &(l1).

Traditionally, glaucoma has been linked with higttraocular pressure
although it is now clear that glaucoma does noessarily develop in an eye
with high pressure and many glaucoma patients hauw®al or low intraocular
pressure (Quigley, 2011). Nevertheless, high iy pressure remains a risk
factor for (some forms of) glaucoma and loweringha# intraocular pressure,
pharmacologically or surgically, is the only acesptreatment for glaucoma.
Lowering of the intraocular pressure generally slothe progression of
glaucoma, even in patients with low pressure.

The effects of intraocular pressure on glaucoma b&ynore or less direct
mechanical effects (Sigal and Ethier, 2009) buy they also be through the
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effects of intraocular pressure on ocular blood/flDecreased ocular blood flow
and poor regulation of blood flow have been progaseplay a role in at least

some cases of glaucoma (for reviews see Flamnadr, @002; Grieshaber et al.,
2007; Resch et al.,, 2009; Schmidl, Garhofer et 26111) and there is some
evidence of hypoxia in the optic nerve head anddtiea in glaucoma (Tezel and
Wax, 2004). Theoretically, decreased blood flove itite eye may be linked to

increased intraocular pressure because the intesquessure opposes the blood
entering the eye globe. In the retina, for exanple pressure difference between
the retinal arterioles and venules drives the bitbwdugh the retinal circulation

and the pressure in the retinal venules has beem fto be close to (Bill, 1963;

Morgan et al., 1997; Westlake et al., 2001) oreast positively correlated with

(Attariwala et al., 1994; Glucksberg and Dunn, )98® intraocular pressure.

Other factors being equal, higher intraocular pressvould therefore reduce

retinal blood flow. An extreme case of the effethmh intraocular pressure is

seen in ophthalmodynamometry, where the intraoguéssure is raised above the
retinal arterial blood pressure until the retinabld flow stops.

Retinal blood flow does, however, not follow chasg@ intraocular
pressure in a linear manner. As mentioned in chdpfel, retinal blood flow
is regulated to compensate for the effect of pmessthe regulation functions
by changing the vessel diameter. This can be destr{qualitatively) by
comparison with Hagen-Poiseuille’s law for lamiflaw in cylindrical tubes.

The law states that,
AP

F= R (Equation 1)

where F is flow,AP is the pressure gradient along the tube, d is the
diameter of the tube and k is a constant, whiagleleted to the viscosity of the
fluid and the length of the tube. Feke et al. (J98@ind that blood flow in
retinal vessels in healthy volunteers increasedh wiameter of the vessel in
approximately the fourth power, consistent with eladPoiseuille’s law. If, in
the retina AP is decreased, for example due to increased mit@opressure,
well regulated vasculature would increase vessehdiers (d) and compensate
so that the flow is not changed. If the regulai®overwhelmed the blood flow
will decrease. It has for example been shown tloth bbetinal arteriolar and
venular oxygen saturation in the monkey decreasenwthe intraocular
pressure is raised dramatically (Beach et al., 2RBdobehi et al., 2004).

The retinal circulation is used above as an examptbe possible effects
of intraocular pressure on ocular blood flow. Otlparts of the vasculature
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within the eyeball can also be affected by theamtular pressure. This
includes the choroid (Schmidl, Garhofer et al., D0dnd the optic nerve head
circulation. Measurements in the optic nerve hegllaries of monkeys have
for example shown that oxygen saturation decreagbsdramatic increases in
intraocular pressure (Beach et al., 2007; Khoole¢lal., 2004). Experiments
on pigs have shown have that the partial presstiexygen over the optic

nerve head decreases with increased intraoculasyme although there was
evidence of regulation of blood flow at lower prees (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 lowgi intraocular pressure
are of particular interest if ocular blood flowaHected by intraocular pressure
and if ocular blood flow is involved in the pathogsis of glaucoma. Several
studies have been performed on ocular blood flobl@od velocity before and
after lowering of intraocular pressure with surgeffie results vary and there
is no consensus on whether glaucoma surgery irdegeacular blood flow. An
increase in blood velocity in the central retingesy was found in one study
(Trible et al., 1994) while another study foundai@mnge (Cantor, 2001). Two
studies found that surgery increased superficigicaperve head blood flow
(Berisha et al., 2005; Hafez et al., 2003) while tather studies found no
change in optic nerve head blood flow (Cantor, 2@ ¥low velocity (Tamaki
et al., 2001). Furthermore, two studies found range in capillary blood flow
in the peripapillary area (Cantor, 2001; Hafez let 2003). Pulsatile ocular
blood flow is believed to mostly reflect choroiddbod flow and three studies
have shown this flow to be increased after glauceorgery (Berisha et al.,
2005; Boles Carenini et al., 1997; James, 1994)vaver, blood velocity in the
short posterior ciliary arteries, which partly slyptne choroid, has been found
to be increased (Trible et al., 1994) or unchar{@shtor, 2001).

The glaucoma drug dorzolamide lowers intraocul@sgure but may also
have an effect on retinal blood flow through a alint mechanism.
Dorzolamide inhibits the enzyme carbonic anhydi&ds€arbonic anhydrases
catalyse the formation of bicarbonate and protoosfcarbon dioxide and
water:

CO, + H,0 O B r"™'eF . HCO; +H* (Equation 2)

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

Many studies have been performed on the effecocfalamide and other
carbonic anhydrase inhibitors on ocular blood flovd they have shown varied
results. This may partly be due to different metilogies used and different
vessels measured. Some instruments, for examgienwasure blood velocity
and not flow. Some measure at the optic nerve ndald others measure in
the retina. In a literature review and meta-analySiesky et al. (2009) found
that most published studies indicate that oculaodlflow or blood velocities
are increased with topical carbonic anhydrase itdri

The effect of dorzolamide on retinal and optic mehead oxygenation has
also been studied. Intravenous dorzolamide (or rédated acetazolamide)
increased the partial pressure of oxygen over fgie oerve (Kiilgaard et al.,
2004; la Cour et al.,, 2000; Pedersen et al.,, 2@dfansson et al., 1999;
Stefansson et al., 2005) and retina (Pedersen, &08I5) in pigs. Siesky et al.
(2008) found indications of higher venous saturatien patients were taking
dorzolamide eye drops three times a day comparéaettimolol eye drops two
times a day. Timolol is a beta blocker, which alsduces intraocular pressure by
reducing aqueous humour formation. However, theceffof topical timolol on
ocular blood flow seem to be minimal. Timolol haseb found to increase
(Arend et al., 1998; Bergstrand et al., 2001; Graldw1986, , 1990; Steigerwalt
et al.,, 2001) or decrease (Altan-Yaycioglu et 2001; Carenini et al., 1994;
Kitaya et al., 1997; Sato et al., 2001; Schmett&tenn et al., 1997; Yoshida et
al., 1991; Yoshida et al., 1998) various parametetated to ocular blood flow,
and several studies show no effect (Arend et &032 Evans et al., 1999;
Fuchsjager-Mayrl et al., 2005; Galassi et al., 20@deck et al., 2001; Nicolela
et al.,, 1996; Tamaki et al., 1997; T. H. Wang et ¥997). In studies on pigs,
intravenous timolol has been found to have no effamptic nerve oxygenation
whereas large intravenous doses of dorzolamidelglelgvated partial pressure
of oxygen above the porcine optic nerve head (&ifgl et al., 2004).

Increasing ocular blood flow with glaucoma treatinén based on the
premise that ocular blood flow is insufficient befareatment. Evidence of
decreased ocular blood flow in glaucoma does, hewewt necessarily mean
that blood flow is involved in the pathogenesisgtducoma. The decreased
blood flow may simply be secondary to tissue atyofdanglion cell death).
Measurements of retinal oxygenation before and afeatment may provide
clues to the role of blood flow and oxygenatiorglaucoma. If, for example,
the retina of a glaucoma patient receives enouglodblfiow before any
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treatment, the lowering of intraocular pressure rsayply be matched by
regulation of vessel diameter to keep the blooa flamilar to what it was
before lowering of pressure. If on, the other hatha, retina is hypoxic in
glaucoma, the lowering of intraocular pressure rMead to less change in
diameter, allowing blood flow and oxygen supplyriorease.

1.2 How to measure retinal oxygenation?

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

1.2.1 Invasive measurements

Much of our knowledge on retinal oxygenation confiesn studies using
oxygen sensitive probes that are placed aboveetingaror even penetrate the
retina. In general, there are two types of probgggen sensitive polarographic
electrodes and probes that contain an oxygen sengiye. The electrode
technique is based on an electrochemical reactibich requires oxygen as a
substrate. A polarising voltage is applied acress ¢lectrodes. The rate of the
reaction is dependent on the concentration of bisdooxygen in the vicinity
of the electrodes and a current, which is propodioto the oxygen
concentration, can be measured (see for example @hch Bill, 1972a;
Linsenmeier, 1986; Stefansson, 1981; Stefanssah, &005; Tsacopoulos and
Lehmenkuhler, 1977; Yu et al., 1990).

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

The invasive probes, containing either electrodearo oxygen sensitive
dye, can be placed in the vitreous cavity to meapartial pressure of oxygen,
for example above the retina or the optic discrdmal measurements of the
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partial pressure of oxygen are believed to reptesawstly the inner retinal
oxygenation (Alder and Cringle, 1990; Stefanssaal.eP005). The location of the
probe will greatly affect the results since thexeun outward gradient of oxygen
concentration from the retinal arterioles and emerninward gradient of oxygen
concentration towards the retinal venules. This feen measured in miniature
pigs (Molnar et al., 1985; Riva et al., 1986) amddats (Alder and Cringle, 1990).
To obtain a measurement that represents the régeak it may be best to place
the probe as far away from large retinal vesselspassible. Intraretinal
measurements have also been made with oxygeniweesitctrodes that are small
enough to penetrate the retina without too muchadenisee for example Alder et
al., 1983; Linsenmeier, 1986; Tsacopoulos et @r61L

Less invasive techniques for oxygen measuremerss &hich are based
on injecting an oxygen sensitive dye into the blstbbdam (Shonat et al., 1992;
A. G. Tsai et al., 2003), instead of fixing the dgethe aforementioned fibre
optic probes. The injected dye is carried to thé&naé and choroidal
vasculature, as well as to the rest of the vasaddn the body. The retina and
choroid is then illuminated with light of a certamavelength and the light
coming back from the eye will contain informationn othe oxygen
concentration in the vicinity of the dye. The dgebiound to albumin and is
therefore mostly confined to the vasculature. Satbemin will escape from
the vasculature and the oxygen measurement is epengnt on the
concentration of the dye, given some conditions GA.Tsai et al., 2003).
However, the technique has mostly been used fatystf the vasculature.
Emission from various depths, for example emis$éiom the choroid and the
retina, can be distinguished with optical methoald semi-continuous profiles
through the retina of partial pressure of oxygevehaeen published (Shahidi et
al., 2010). However, the depth resolution may bss lthan for intraretinal
microelectrode measurements.

Unfortunately, the injected dye is not safe for honuse. Oxygen sensitive
probes have been used in several studies on hufhmtekamp et al., 2006;
Holekamp et al., 2005; Siegfried et al., 2010; &ts$on et al., 1992) but their use
is obviously limited to patients, who are undergasarrgery (vitrectomy). Invasive
studies have mostly been performed on animals aweé provided wealth of
information on oxygenation of the retina and charoi health, retinal vascular
occlusions and diabetic retinopathy (see chaptérs 11.1.4 above).

1.2.2 Haemoglobin and oxygen saturation

Non-invasive measurements of retinal oxygenatienbased on measurements
of the colour of haemoglobin. It is therefore halpfo review the main
characteristics of haemoglobin and oxygen transpdiood.
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Oxygen is carried in blood either bound to haemioigl@r dissolved in the
plasma. During inhalation of normal atmosphere,uat8mmol of oxygen is
carried bound to haemoglobin in each litre of #tdrlood and a little more
than 0.1mmol/L of oxygen is dissolved in the plag@ssuming haemoglobin
concentration of 150g/L, calculated assuming stahged, carbon dioxide
concentration and temperature with information fréijfstra et al. 2000). The
fraction of dissolved oxygen is also very smalénous blood. Measuring the
amount of oxygen bound to haemoglobin thereforegyav good estimate of the
oxygen content in blood. Oxygen saturation is offefined as the proportion
(percentage) of haemoglobin that is bound to oxygen

[HbO, ]

Oxygen saturation = W
2

x100% (Equation 3)

, where [Hb(@] is the concentration of oxygenated haemoglobuh[&tb] is
the concentration of deoxyhaemoglobin. This ddbinitis a simplification
since there are more than two forms of haemogliwbioiood.

The most common type of haemoglobin in adult hunitdood is
haemoglobin A, which is composed of two alpha amd beta globin protein
subunits. Each of these four subunits containseanBagroup with one iron ion
(F€"), which can bind one oxygen molecule. Anywherarfraero to four
oxygen molecules can be bound to each molecule agimbglobin at a
particular point in time and these oxygen moleculas be bound to either
alpha or beta subunits of haemoglobin A in variawangements and the ratios
between the forms depend non-linearly on the paprassure of oxygen
(Bellelli, 2010; Bellelli and Brunori, 2011, Winsloand Vandegriff, 1997).
Oxygen saturation can therefore more accuratelyldfsed as the ratio (or
percentage) of occupied binding sites for oxygesteNhat this is a ratio of the
total number of functional binding sites. As delsed below, some forms of
haemoglobin do not bind oxygen and these formsldhmat be included in the
calculation of oxygen saturation (Toffaletti angltra, 2007).

Haemoglobin A usually comprises over 90% of haewinigl in the blood
of a healthy adult and haemoglobin A2, which hdsdehains instead of the
beta chains, accounts for about 2% (Schechter,)2@@8ally less than 3%
(Steinberg and Adams, 1991). Foetal haemoglobienfoglobin F) accounts
for less than 1% on average although this can eansiderably in healthy
adults (Rochette et al.,, 1994; Schechter, 2008)erO1000 variants of
haemoglobin are known. The vast majority of theargs contain single amino
acid changes. Some are associated with diseasee witfilers cause no
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symptoms (Wada, 2002; "Database of Human Hemogldtanants and
Thalassemias”, 2011 ).

Normal haemoglobin A2 and F transport oxygen bist inot the case for
the so called dyshaemoglobins. The most signifiayghaemoglobins are
carboxyhaemoglobin and methaemoglobin. Carboxyhgkhim has carbon
monoxide instead of oxygen bound to the iron iothenhaeme moiety. Carbon
monoxide is produced within the body and inhaled simall amounts.
Haemoglobin has much greater affinity for carbommade than for oxygen
and normal levels of carboxyhaemoglobin are theeefop to 2% of all
haemoglobin but can rise to 4-8% in smokers (Fiachkand Dunning, 2009).
Methaemoglobin is present at low levels in healtigividuals. The normal
level is about 1% (Fischbach and Dunning, 2009)thetlevels can rise when
certain drugs are taken (Skold et al., 2011). Tae in methaemoglobin is in
the form Fé&*, not the F&, which is the form needed for carrying oxygen.

In addition to the above mentioned forms of haewioigl, it can also be
affected by several molecules, which can bind touilside the haeme moiety
and affect its affinity for oxygen. Carbon dioxidad protons for example
decrease the affinity of haemoglobin for oxygena(®t Sr, 1998) while
glycated haemoglobin has increased affinity forgety (Ditzel, 1976). The
concentration of glycated haemoglobin (haemogldklie) is correlated with
long term blood glucose levels. Normal values abeua 5-7% of total
haemoglobin in healthy individuals (Fischbach anahifing, 2009) but the
values can rise in poorly controlled diabetes (thatdottir et al., 2009).

1.2.3 Haemoglobin light absorbance

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

Figure 4 below shows the absorptivities of seviads of haemoglobin as
a function of wavelength (absorptivity is a measofehow much light a
solution absorbs per unit concentration of the temtuand per unit path length
through the solution).

As can be seen in Figure 4, light absorptivity xygenated and deoxygen-
ated haemoglobin A is different at most wavelengttislight. At some
wavelengths, the absorptivity is the same and theseeslengths are called
isosbestic wavelengths.
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Figure 3. A healthy fundus. The retinal vessels enter aadé with the optic nerve.
The bright circle is the end of the optic nerveog@ inspection reveals a
colour difference between retinal arterioles anawes.
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Figure 4. Light absorptivity of several forms of haemogloHinght absorptivity is a
measure of how much light a solution absorbs p&rcamcentration of the
solution and per unit path length through the sofutThe image was
prepared from data in Zijlstra et al. (2000).
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As described in chapter 1.2.2, blood contains aturgxof haemoglobin
derivatives and functional haemoglobin can be boundarious ligands, for
example zero to four oxygen molecules as well asoradioxide and glucose.
The question therefore arises if absorptivitiesfully oxygenated and fully
deoxygenated haemoglobin A (Figure 4) can be usedrfalysis of blood.

Firstly, the absorbance changes with oxygenatiorha#gmoglobin have
been assumed to be linearly dependent on the ovemation of occupied
haeme moieties. This implies for example that apditiyetical) solution of
haemoglobin molecules would have the same coloall ibf the haemoglobin
molecules were bound to two oxygen molecules asilif of the haemoglobin
molecules were bound to four oxygen molecules aalfl Wwas devoid of
oxygen. This approximation appears to be validoaltfn some non-linearity
can be found, at least at wavelengths close toid(Doyle et al., 1988).

The next question is how haemoglobin types, otten haemoglobin A, are
likely to influence the light absorbance of bloéd can be seen from Figure 4
above, haemoglobin A and F have almost the samerpivities at all
wavelengths shown and this is true for both oxygehand deoxygenated forms.
According to Kunkel et al. (1957) haemoglobin A2 llae same light absorbance
as haemoglobin A, at least between 520 nm and B90tns therefore unlikely
that haemoglobin F and A2 confound oxygen saturatieasurements.

Dyshaemoglobins, such as carboxyhaemoglobin antiametoglobin, do
not affect oxygen saturation, since oxygen satmai defined as the ratio of
occupied binding sites to the number of functigiaakilable) binding sites for
oxygen and this depends mostly on the partial pressf oxygen (Toffaletti
and Zijlstra, 2007). However, binding of haemogiotn carbon monoxide will
of course affect the oxygen carrying capacity afoll and the same is true of
the concentration of methaemoglobin. Furthermofecarboxyhaemoglobin
and methaemoglobin absorb light of the wavelengted for oximetry, they
may affect the results of oxygen saturation measents. As can be seen in
Figure 4, carboxyhaemoglobin has somewhat simbaoiptivity as a function
of wavelength as oxygenated haemoglobin A (or Fgthdemoglobin also
absorbs considerable light in the wavelength rafitigure 4), although the
profile and therefore colour is different (Brunedeal., 1996).

In addition to the above mentioned forms of haewioigl, it is conceivable
that ligands, which bind outside the haeme moigtneay change the light
absorbance of haemoglobin. Large changes in pHaagpehave only slight
effects on the light absorbance of oxygenated hghm and even less (if
any) effect on the light absorbance of deoxyhaeoimgl (Wimberley et al.,
1988). The same study found no effect of carbonid@® concentration on
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oximetry readings (the oximeter used 535, 560, %22, 636 and 670 nm
wavelengths). This does not preclude the possibdit interference due to

carbon dioxide if other wavelengths are used. latioh of haemoglobin

solutions with glucose does affect the light abande although the shape of
the absorbance curve is not dramatically changeghgsiological glucose

concentrations (Lazareva and Tuchin, 2007).

1.2.4 Measurement of light absorbance

Light absorbance of a solution, for example a smtubf haemoglobin, can be
described with optical density. Optical densitgesined as

oD = |og||_0 (Equation 4)

, where OD is optical density lis the original light intensity before
attenuation of light due to absorbance and | is light intensity after
absorbance in the sample / solution has diminishedight intensity. As can
be seen from equation 4, higher optical densitynaemeater absorbance.

Optical density of a blood vessel, measured at s@sbestic (oxygen
insensitive, see Figure 4) wavelength will depend/essel diameter and other
factors but not on oxygen saturation. Optical dgnsit a non-isosbestic
wavelength (oxygen sensitive), will depend on samifactors as the optical
density at an isosbestic wavelength but also omexysaturation. The ratio of
optical densities at a non-isosbestic and an istisb@avelength will therefore
be sensitive to oxygen saturation while the effedftother factors, such as
vessel width, will tend to cancel out. It can bewh (Beach et al., 1999;
Harris et al., 2003; Hickam et al., 1959) that dosolution of haemoglobin in
water there is an approximately linear relationgbgtween such a ratio and
oxygen saturation;

. oD, . :
Oxygen saturation = a + b x ——on-isosbestic. (Equation 5)
Disosbestic

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

ODR= —ODnon—isosbﬂiC (Equation 6)

ODi sosbestic

Substitution into equation 5 gives
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Oxygen saturation = a+bxODR (Equation 7)

Equation 7 holds for a solution of haemoglobin andh a two wavelength
model assumes that there is only one form of hathiogin the solution,
which can either be oxygenated or deoxygenateds(j et al., 2000).
Calculation of the optical density ratio requiresasurements of light entering
and exiting the solution, that is | angdflom equation 4, for two wavelengths.

It is considerably more complex to measure bloodeiinal vessels than a
solution of haemoglobin in a test tube. Light sgaity by blood cells and vessel
walls makes equation 7 inaccurate (Delori, 1988nier et al., 2001; Hammer et
al., 1998; Hammer et al., 2002; Pittman and Dulir®y,5; Schweitzer et al., 1995).
Furthermore, the light intensities, | agdhaive to be estimated from reflected light
rather than transmitted light and the differenaespigmentation in the retina
(within and between subjects) can influence thesomeanent (Beach et al., 1999;
Hammer et al., 2002; Schweitzer et al., 1995; Satitd., 2001).

The retinal measurements can, for example, berpsgtbwith fundus camera
based oximeters. The light intensitigsaihd |, can be estimated from brightness
values at chosen locations in the fundus imagesrigeire 5.

Figure 5. Measurements of light intensities for oximetryglit intensity is measured to
the side of blood vessels to represent light thatrot interacted with blood
in the vessel (light blueg)l Light intensity on the vessel is influenced by
light absorbance in the vessel (yellow, I). Théoraf brightness inside and
outside the vessel is used for calculation of lgfigorbance by the vessel,
which is then used for calculation of oxygen satara
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The light intensity after interaction of light withlood is estimated by the
brightness value on the vessel. This brightnesseves obviously affected by
light absorbance by blood in the vessel. The refaelight intensity, d is
estimated by the brightness value of the image texthe vessel of interest.
This brightness value is not affected by light abaace by the blood vessel.
By choosing a brightness value close to the vessdhe reference (), the
light intensities, | andy) are affected by similar factors except for trghti
absorbance by the vessel.

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

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

1.2.5 Development of technology for non-invasive retinabximetry

1.2.5.1 Retinal vessel oximetry with two wavelengths

Non-invasive blood oximetry was first performedtie 1930s in Germany and
the first ear oximeter was made in 1936 (for reveme Severinghaus, 2011).
Hickam et al. (1959) were the first to attempt & wimilar principles in the
eye. They applied special filters to obtain fundnages with two wavelengths
of light and used densitometric measurements ofggnaphic films to estimate
the light intensities, which were then used to wale retinal vessel oxygen
saturation. They demonstrated the sensitivity efrtmstruments for changes
in oxygen saturation by measuring the effect adrali proportion of oxygen in
inhaled air. Broadfoot et al. (1961) measured fendeflectance at three
wavelengths in an attempt to develop a choroidameter and found that
reflectance changed in the expected direction dumarious stimuli or
experimental conditions vitro andin vivo in rabbits and humans. Choroidal
oximetry with two wavelengths was later developgdLUaing et al. (1969).
Preliminary evaluation of the choroidal oximeterdicated sensitivity to
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changes in oxygen saturation but the calibratiopeaps to have been crude.
Laing et al. (1975) also developed a two wavelengytem for retinal
oximetry and demonstrated sensitivity to changegtimal arteriolar saturation
in rabbits.

Beach et al. (Beach et al.,, 1999; Tiedeman et ¥198) used two
wavelengths and similar principles for oximetryctaditions as Hickam et al.
(1959) did in their early experiments. The main iaygments came from the
use of digital camera technology and optical sohgithat had not been used in
this context before. Beach et al. (1999) also gitethto correct for the effect
of vessel diameter and fundus pigmentation. Thegafeom a fundus camera
was split so that two images of the same areaefithdus were taken at the
same time, one with a wavelength sensitive to omygaturation and one
insensitive (isosbestic). Both images were captaethe same time, with a
single camera flash, on the same camera sensarh whininated the problem
of eye movement.

The oximetry technology used in this thesis is base the technology of
Beach et al. (1999, see more details in chaptetsaBd 3.2). Computer
programs have been developed to analyse the imagésreturn relative
haemoglobin oxygen saturation. The automation @ itmage processing
dramatically improved the repeatability of the megasents and the method
has been shown to be sensitive to changes in fretisael oxygen saturation
(Hardarson et al., 2006). A similar two-wavelengipproach was used by
Crittin et al. (2002), who tested their instrumenttwo healthy individuals and
found changes in the optical density ratio (chagdt@.4) in retinal venules
when the volunteers inhaled pure oxygen. ReceHiynmer et al. developed
an instrument, which also captures two fundus ireagéh two wavelengths of
light simultaneously although the optical appro&cHifferent. The instrument
has been used for measurements of healthy volsntde&betic patients and
patients with retinal arterial occlusion (HammeigRer et al., 2009; Hammer,
Vilser et al., 2009; Hammer et al., 2008).

1.2.5.2 Multiwavelength retinal and gptic nerve head oximetry

The approximations made in two-wavelength oximetrgke it difficult to

achieve absolute oxygen saturation. The resultsvofwavelength oximeters
can for example be sensitive to differences in eledmmeters and differences
in fundus pigmentation. Several groups have attedhpv measure absolute
retinal oxygen saturation by using more wavelengtit different modelling to

estimate the saturation from light intensities. $oaf these methods have
required long exposure time (image acquisition }igyed are mainly suitable
for immobilised eyes in animal studies while othdrave reduced the
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measurement area so that accurate data can beleddor a short time with
tolerable light intensities.

Delori (1988) built an instrument, which scans withee wavelengths and
detects reflected light electronically. The usetlfiee wavelengths allowed
compensation for the effect of light scatter. Véssacking was use to
minimise the effects of eye movements during seannihe instrument was
used for measurements of patients with neurogeptic atrophy (Sebag et al.,
1989) and it showed, somewhat paradoxically, th@riavenous difference in
oxygen saturation was increased in the affected elmvever, when the
decrease in blood flow was taken into account #wilts showed decreased
oxygen delivery in the affected eye. One disadygmtat this method is that it
only measured a small area at a time.

Denninghoff et al. later developed at method, whighalso based on
scanning. Their first instrument performed a linsean with four wavelengths
but a later version of the instrument scanned dlsarea of the fundus with a
different set of four wavelengths. The goal hasnbée achieve absolute
calibration (Smith et al., 2000b). Studies havewshthat the retinal saturation
measurements are correlated with systemic satardticing blood loss in pigs
(Denninghoff et al., 1997; Denninghoff et al., 198&nninghoff et al., 2003)
and this group has made efforts to control for #féects of fundus
pigmentation (Smith et al., 2001) and differenhtigaths (Smith et al., 2000a)
on oximetry results.

Schweitzer et al. (1999, 1995, 2001) coupled argingaspectrograph with
a fundus camera. This allows the simultaneous capbb light at multiple
wavelengths, down to less than 2 nm apart, oveanger of several hundred
nanometres. A model was developed for calculatibnalesolute oxygen
saturation. Samples of fully oxygenated blood iasgl cuvettes have been
accurately measured (Schweitzer et al., 2001).riiéhod may yield absolute
measurements of retinal oxygen saturation, althdbghis of course difficult
to confirm experimentally. The main drawback of thethod is that only a slit
of 1.5 mm x 40 um is measured at a time. This alsinultaneous measure-
ment of a retinal arteriole and venule if theydiese together.

Several other groups have also developed oximetdnigh use multiple
wavelengths for measurements. Yoneya et al. (20@@)inated the retina in
patients with central retinal vein occlusion withght light for six seconds and
separated multiple wavelengths with interferomelrige method is claimed to
yield oxygen saturation in every pixel of a 35°dus image. Khoobehi et al.
(Beach et al.,, 2007; Khoobehi et al., 2004; Khoobsthal., 2011) used a
hyperspectral system, which has a spectral resploti 2.5 nm and a range from
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410 nm to 950 nm. Measurements were made in angbetretinal arterioles and
venules at the optic nerve head of monkeys. Thetagas eight seconds.

One of the main challenges of multispectral (hypecsral) imaging is
gathering information on multiple wavelengths in short time without
exceeding safe light levels. This can be achievedduucing the area of
measurement as Schweitzer et al. (1999) did by umeasonly a slit at the
fundus. This can also be achieved by increasingetposure time or light
intensity as Yoneya et al. (2002) and Khoobehi.g2804) have done but this
may limit the methods to animal studies where thesecan be immobilised
and light levels are less crucial. Neverthelessnega et al. (2002) have
performed measurements in humans.

At least three novel approaches have been trieccajmure multiple
wavelengths in a snapshot. Ramella-Roman et al7(2P008) used a lenslet
array and different filters behind each lensletisTdllows capture of an image
at several different wavelengths simultaneouslystig on samples of
haemoglobin and on healthy volunteers was carngavdh six wavelengths of
light. Harvey et al. (2005) have developed an uragnt that captures informa-
tion on eight wavelengths simultaneously by usipgctral demultiplexing.
The same group has used another system, whichdseagoformation on
different wavelengths sequentially, to develop ates$t their oximetry
calculations (Mordant, Al-Abboud, Muyo, Gorman, 18al, Ritchie et al.,
2011; Mordant, Al-Abboud, Muyo, Gorman, Sallam, Redl et al., 2011).
Another approach to multi- / hyperspectral retioaimetry was taken by
Johnson et al. (2007), who used a method basedlogram technology to
separate up to 50 wavelengths in snapshot imadeseThas been limited use
of the system in humans but validation results froabbits, using 28
wavelengths, were recently published (Kashani.ef@all1).

Non-invasive oximetry has mainly been used to stbidyd in the larger
retinal vessels. Attempts have been made to measts&le the larger vessels
with multi-wavelength oximeters. Such measureméatge been made in the
optic nerve head (Beach et al., 2007; Khoobehi.e2804) and in the retina
(Yoneya et al., 2002). The main challenge for thesasurements is to isolate
a small signal, which comes from the capillariesraérest. As described in
chapter 1.1.1, the retinal capillaries are divided a maximum of three layers.
Each capillary is several micrometres wide and rtfean distance between
them is many times the capillary width. The attemmmaof light by the retinal
capillaries is therefore minimal (otherwise visiamuld be disturbed). This
attenuation is the signal that must be used tonagti saturation in the retinal
capillaries and it should be borne in mind that $lgnal can be contaminated
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by the choroid in the background. At any particuiane point the choroid
holds much more blood than the retinal circulatma the contribution of this
blood to the total signal differs depending on pigmentation of the fundus.
Furthermore, some of the more interesting retiraations for oxygen
measurements contain decreased density of cagdlan even no capillaries,
such as parts of retinas in diabetic retinopathy.

Similar issues arise when measuring the optic nbeead capillaries. The
superficial layer of the optic nerve head is mastigplied by the retinal circulation
but the posterior ciliary arteries may contributiayreh, 1999). Behind the most
superficial layer the origin of blood supply doed imclude the retinal circulation
until, in some cases, behind the lamina cribrogght].which hits the optic nerve
head, may therefore be absorbed by vessels imatiffeascular 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 aktiximeter to test if

changes in retinal vessel oxygen saturation cafolmed when physiological

stimuli are applied and if retinal vessel oxygetusation is changed by certain
diseases or treatment. More specifically, the rebeguestions are:

1. Does retinal vessel oxygen saturation chandedes light and
darkness in healthy individuals (paper 1)?
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 affecteddiaypetic 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, pHje
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3 Materials and methods

3.1 The retinal oximeter

The retinal oximeter (prototype no. 2, Oxymap eReykjavik, Iceland) is
based on a non-mydriatic fundus camera (Canon CGRB# Canon Inc.,
Tokyo, Japan). An image splitter (MultiSpec Path@ager; Optical Insights,
Tucson, Arizona, USA) is attached to the fundus ex@mwith a standard
adapter (Canon CR-TA). The image splitter contaivs dichroic mirrors and
four narrow band-pass light filters. The dichroianars split the beam from
the fundus camera into four beams according tomMéneelengths of light. The
four beams are then further filtered before théyiilthe same camera sensor.
Therefore, the oximeter simultaneously delivers fimages of the same area
of the retina with different wavelengths of ligke€é Figure 6).

Fundus Beam Digital
camera splitter 4 camera

Figure 6. The retinal oximeter (left) and an unprocesseagen(right), showing the
same area of the fundus with four wavelengthsgbitli

The filters have centre wavelengths of 542 nm, %8 586 nm and 605 nm.
The full bandwidth at half maximum is 5nm for tla¢tér three filters but 9 nm for
the 542 nm filter. This means that the range ohdnaitted wavelengths,
measured between the two wavelengths where thentittance is half of the
maximum transmittance, is 5 nm or 9 nm. The digi@inera (SBIG ST-7E,
Santa Barbara Instrument Group, Santa Barbarao@al), which records the
image from the image splitter, has a cooled CCB@eto reduce noise in the
image. The sensor contains 0.4 megapixels. It pasated at 2x2 binning to
increase sensitivity. This reduces the resolutiowrdto 0.1 megapixel. The
sensor was operated at minus 2°C to reduce thet @ffenoise. A dark frame,
i.e. an image which was taken with the camera shatosed, was subtracted
from each image. This further reduces the systerpatit of the sensor noise.
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All analysis was performed with the 586 nm (isoslbgsand the 605 nm
(non-isosbestic) images. The 542 nm and 558 nm amamgere not used.
Discarding of 542 nm and 558 nm was based on e&ghting, which revealed
that optical density ratios, using these wavelesgtive less reliable results.

All images were taken with the 45° setting on thedus camera adapter.
However, the image splitter only allows passage ohuch smaller field of
view, see Figure 6. Within each experiment, cars t&ken to align the camera
such that the same retinal area was imaged, eemtin retinal vessels, close
to the optic disc. However, the images of healtblynteers were taken under a
slightly different angle than images of diabetidigrats (discussed in chapter
5.3.5). Some adjustment was made in the imagindeaingsome cases of
branch retinal vein occlusion, so that the occlusiself could be included.

For all experiments, except for the experimentsteneffect of light and
dark (see chapter 3.5.1), the light conditions veréollows. Oximetry images
were acquired in minimal light. Room lights werd afd the infrared filter of
the fundus camera was used, allowing only a dinligid to pass to the eye of
the subject. Light impermeable curtain blocked wWiadow although some
light escaped to the side of the curtain (for @atitin). Dim light came from a
laptop computer screen and the screen of the fundosera, both of which
faced away from the subject being measured. Imagge acquired with the
unmodified xenon flash of the camera. Images wakert at an interval of
about one to two minutes (most often closer to mimeute). Care was taken to
image both eyes of the subject and all subjectiensame experiment under
similar conditions.

3.2 Image processing and calibration

The images were processed with a custom made seft¢@xymap ehf.,
Reykjavik, Iceland). The first step is automatiggmaiment of the four sub-
images into the same coordinate system. The sddtthan finds retinal vessels
in the image, i.e. uses supervised classifyingefind each pixel as belonging
to a vessel or not. The software chooses measutgroeris on the vessel for
measurement of light intensity (I) and outside thssel for the reference light
intensity b (see chapter 1.2.4 and Figure 5). The points ervéissel itself are
chosen to avoid the central light reflex on theseés For each chosen point on
the vessel (for intensity 1) the program finds sethby three pixels box around
the point. The program excludes non-vessel pixel¢his box and uses the
median value from the remaining pixels. For eaclthswalue of | a
corresponding value fog Wvas found. A point was found beside the vessel on
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line, which is perpendicular to the vessel diratti&ach value forglwas a
median value from a five by five pixels box arouhts point.

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

Optical density ratios were transformed into relthaemoglobin oxygen
saturation with equation 7 from chapter 1.2.4. I@alion, i.e. the
determination of a and b in equation 7, was peréatroy setting the mean
oxygen saturation in main retinal arterioles answes to values from a
calibrated oximeter. The mean value in healthyidgdials was set to 92.2% in
the main retinal arterioles and 57.9% in the maimal venules. These values
were obtained by Schweitzer et al. (1999) with &bcated multispectral
oximeter. This gives two equations (one for artesoand one for venules)
which can be solved for a and b. The calibratiorthef current oximeter was
performed repeatedly as slightly different versiofishe software were used.
The relative oxygen saturation values are not cetapyl comparable across
studies (papers I-VII) since minor differences rhaye resulted from changing
the version of the analysis program. The same aersi the analysis program
as well as the same calibration coefficients, atafrdm equation 7, were used
within each study.

Since the optical density ratios are linearly edatto the calculated
saturation, the level of statistical significanagesl not depend on calibration
and the p-values are the same for optical densitips and for calculated
saturation.

The program can also be used for vessel diametasumements. As
mentioned above, the program defines points asreitblonging to a vessel or
not. The program finds the centre pixel on the &kasd a vector, which is
perpendicular to the direction of the vessel. Thesel diameter measurement
is made by counting the pixels that are definetedsnging to the vessel and
lie on the perpendicular cross-section. The effectesolution of the digital
camera in the oximeter used in the studies, de=ttrib this thesis, is 0.1
megapixels, which means that the larger retinadelesare about 5 pixels wide.
The vessel diameter option has not been systerthatiested with the oximeter
used in the studies described in this thesis. ig$tas been made on a similar
algorithm on images from a later, higher resoluti@nsion of the oximeter
(Blondal et al., 2011)
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3.3 Ethical considerations

The studies were approved by the National BioetBms)mittee of Iceland and
the Icelandic Data Protection Authority and adhetedthe tenets of the
Declaration of Helsinki. Participants signed arornied consent form after the
nature of the study had been explained to them.

3.4 Statistical analyses

Statistical analyses were performed with Prism EapBpad Software, La Jolla,
California) in all cases except for data on glauaaurgery (paper Ill), where R,
version 2.6.1 was used (provided in the public dorbg the R Foundation for
Statistical Computing, Vienna, Austria, availatidip://www.r-project.org/). The
type of statistical test varied according to vddabetup of the studies and
comparisons and the variable nature of the dawadh paper. The test used is
mentioned where the results are reported (chaptdihé choice of statistical tests
and the interpretation of the results is discussetapter 5.5.

3.5 Lightand dark

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

Images were taken after dilation of the subjectgdipwith tropicamide
HCI (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA)

Retinal vessel oxygen saturation was measured @ roajor temporal
arteriole and venule. An average saturation wassuored in a segment that
reached from just outside the optic disc margin apdo or nearly up to the
first branching of the vessel. Retinal vessel di@me/as measured in the same
images and the same vessel segments although dsidiane at a later time
with a later version of the analysis software. s tre-analysis of the data,
various ratios of brightness values (I agdskee chapter 1.2.4) were calculated
to search for possible artefacts (see chapters drid 5.1).

3.5.1 Lightlevels

Light levels were measured with a digital photomeflavolux; Gossen
GmbH, Erlangen, Germany). Measurements were matte thve luminance
attachment of the photometer. The end of the attaoh was placed 4-5cm
from the lens of the fundus camera, in the saméiposas the cornea of the
eye when an image is taken. The photometer wadyskhifted from left/right
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and up/down until a maximum reading was obtainethiat distance and this
reading was recorded. The aperture angle of thename attachment on the
photometer is 20°.

Healthy volunteers sat in darkness for 30 minutesathieve dark
adaptation. To avoid interfering with the dark ad#ipn, infrared light was
used when the camera was adjusted. This can bevadhby using the standard
infrared filter in the fundus camera, on which thémeter is based. The fundus
camera allows the user to view the fundus on aesc¢Hacing towards the user
and away from the subject being imaged. During iman the dark, the only
sources of light were a slight red glow, which gesathrough the infrared
fiter and dim light from the viewing screen andetlscreen of a laptop
computer. Both screens faced away from the sulbecty measured. During
these conditions, the photometer reading in frétthe lens was 0 cdf{same
setup as during light, the photometer measuresivlexcd/ m).

The aiming light of the fundus camera was usedidgbt adaptation in both
experiments. Visible light, from a tungsten bulbsvpassed through the lens of the
fundus camera by removing the infrared filter frdme light path. In the first
experiment, where only one light level was used,dherhead white fluorescent
room lights were also used. The bulbs were Phiigg/830 New Generation
(Royal Philips Electronics NV, Amsterdam, The Neteds). When the overhead
lights were on, the light levels directly to thdesiof the fundus camera lens were
approximately equal to the light levels in fronttbé lens, measured as described
above. In the second experiment, where differght lintensities were used, the
only source of light was the aiming light of thereaa at three different settings
(and the dim lights of the screens, mentioned gbove

The light used was not evenly distributed overrétna, since the fundus
camera does not illuminate the whole retina equaltyl neither does ordinary
office lighting. The light levels given are thersdoapproximate and do not
represent evenly distributed light (not Ganzfeldels). Relative intensity of
light can, however, be compared since all measuntsved light were carefully
performed in the same manner.

The oximetry measurement itself requires the usdeienon flash of the
fundus camera, which lasts several millisecondsingle flash is sufficient for
each measurement. The minimum time between measuatemas 5 minutes.

3.5.2 Darkness vs. 80 cd/mlight

The first light and dark experiment involved conipan of darkness to one
light level of approximately 80 cd/imEighteen healthy volunteers participated
but data from three of them were excluded due twr pmage quality. Images
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during dark adaptation and light adaptation hateéamf similar and sufficient
quality and one poor quality image required tha¢ thhole set from that
particular individual was omitted. After exclusiahe mean age was 30 years
and the range was 21 to 57 years (13 men and 2 mjome

The volunteers were placed in the dark for 30 n@gubefore the first
measurement was made. The volunteers were theadpklternately in light
(80 cd/nf) and dark. Each period of light or dark lasted Butes, and a
measurement was performed with the oximeter a¢tigeof each period.

3.5.3 Darkness vs. 1-100 cd/m2 light

The second light and dark experiment compareda#arduring darkness and
1, 10 or 100 cd/f Twenty-three volunteers participated in the sdcon
experiment. Four individuals were excluded fromlgsia due to poor image
guality. After exclusion, the mean age was 25 yeard the range was 22 to 30
years (11 men and 8 women).

As in the first experiment, the volunteers werecethin the dark for 30
minutes before the first measurement. The volustere then placed in light
successively at approximately 1, 10, and 100&dmach period lasting 5
minutes. Finally, the volunteers were adapted tok dar 5 minutes. A
measurement was performed with the oximeter ag¢tideof each period.

3.6 Retinal vascular occlusions

Measurements were made of retinal vessel oxygematan in patients with
three different major types of retinal vascularlosons; central retinal vein
occlusion, branch retinal vein occlusion and cémétnal artery occlusion.

3.6.1 Central retinal vein occlusions

Oxygen saturation measurements were made in 1G:cotige patients with
unilateral central retinal vein occlusion aftererel from their ophthalmologist
(convenience sample). Measurements were made bafigréreatment, except
for successful treatment of acute glaucoma in oatempt. Data from two
patients were excluded because of poor qualityxahetry images. Clinical
characteristics of the patients are described thiglresults (chapter 4.2.1).

Pupils were dilated with 1% tropicamide HCI (Mydmwd Alcon Inc., Fort
Worth, Texas, USA), which was sometimes supplententdgth 10%
phenylephrine hydrochloride (AK-Dilate; Akorn Intake Forest, lllinois,
USA), as deemed necessary by the nurses or oplttugisis in the clinicThe
fellow eye (no vein occlusion) did not receive tiilg eye drops in three cases.
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In these cases, there was adequate dilation opubpéd in darkness and the
patients requested that the dilating drops woutderaised for this eye.

Oxygen saturation was measured in all main retn@rioles and venules,
for which reliable measurements were possible. éscdbed in chapter 1.2.4,
the oximeter uses brightness values inside anddeutbe retinal vessels to
calculate relative oxygen saturation. Care was efbee taken to avoid
measuring vessel segments with adjacent haemoshagech could have
caused artefacts. When possible, measurementscbfvessel segment were
averaged from close to the optic disc up to orlgaar to the first branching of
the vessel. A mean was calculated for arteriolek fan venules in each eye.
Each mean saturation value was constructed from dhme ratio of
temporal/nasal vessels as the mean in the oth@ndlge same patient. In order
to achieve this matching, in some cases, two vessgients (temporal or
nasal) were averaged and entered as one for didcutd the mean for the eye.

3.6.2 Branch retinal vein occlusions

Oxygen saturation measurements were performed onoBdecutive patients
with branch retinal vein occlusion after referrabrh their ophthalmologist
(convenience sample). Images were taken afteriadilaif the subjects’ pupil
with tropicamide HCI (Mydriacyl; Alcon Inc., Fort @th, Texas, USA), which
was in some cases supplemented with 10% phenylephyidechloride (AK-
Dilate; Akorn Inc, Lake Forest, lllinois, USA) asa@med necessary by the nurses
or ophthalmologists in the clinic. The pupil of tfetlow eye was not dilated in
two cases (requested by the patients). The pujgiis wdequately dilated in the
dark for imaging with the infrared aiming light thfe fundus camera.

Retinal vessels were divided into three catego(iEsVessels affected by
the occlusion, (2) vessels in the diseased eyechwaie not affected by the
occlusion and (3) vessels in the fellow eye. Vesa#ected by the occlusion
were either the occluded venules or downstream lgsnwvhich collected
blood from the occluded venule and another noneated venule (two separate
analyses performed, see results). Affected aresiolere chosen as the
arterioles that supplied the affected area to tleatgst degree. The measured
vessels, not affected by the occlusion (categ@iasd 3), were chosen so that
they were comparable in location to the affectessets in the same patient.
For example, if a major superotemporal venule wasluded, a major
inferotemporal venule was chosen for comparisothénsame eye and a major
temporal venule (preferably superotemporal) in tielow eye. As in
measurements of patients with central retinal weitiusion (see chapter 3.6.1),
care was taken to avoid measurements close to meeages.
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All measurements were made before treatment of afiected eye.
Measurements could be made in all categories efialgs in 18 patients and in
all categories of venules in 22 patients. This udek venules, which were
measured downstream of the occlusion and receiwettilbution of from non-
occluded venules. Furthermore, some of the oximehgges were of poor
quality. A subgroup analysis was made for patievisre the occluded venule
could be measured and the image quality was hgtté).

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

3.6.3 Central retinal artery occlusions

Four patients with a history of unilateral centretinal artery occlusion were
measured with the retinal oximeter. A descriptiérthe patients can be found
in Table 10 in chapter 4.2.3 (results section). Plad¢ients were invited to
participate when visiting their ophthalmologist fgenience sample). Images
were taken after dilation of the subjects’ pupil ttwitropicamide HCI
(Mydriacyl; Alcon Inc., Fort Worth, Texas, USA). dpicamidewas in some
cases supplemented with 10% phenylephrine hydradel¢dAK-Dilate; Akorn
Inc, Lake Forest, lllinois, USA) as deemed necgsday the nurses or
ophthalmologists in the clinic.

Oxygen saturation was measured in all main retni@rioles and venules
in an attempt to measure (almost) all of the bleatering and leaving the
retina. An average was taken for all main artesi@lad, separately, for all main
venules in each eye. The vessels were measuredusbroutside the optic disc
and up to or nearly up to their branching.

3.7 Diabetic retinopathy

Thirty one healthy volunteers and 28 patients wvdtabetic retinopathy of
various stages participated in the study. Tableskcdbes the groups compared
in the study.

Images were taken after dilation of the subjectgdipwith tropicamide
HCI (Mydriacyl; Alcon Inc., Fort Worth, Texas, USAyhich was in some
cases supplemented with 10% phenylephrine hydradeldAK-Dilate; Akorn
Inc, Lake Forest, lllinois, USA) as deemed necegsday the nurses or
ophthalmologists in the clinic.
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Oxygen saturation was measured in one major terhgiinst or second
degree) retinal arteriole and venule in one eyeaoh subject. The measured
vessel segment ranged from just outside the opecahd up to or nearly up to
the first major branching of the vessel.

Table 1. Clinical and demographic data for the groupsistidDR 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 |, 4 type Il
Duration with diabetes 17+11 years (meantSD)

Diabetic macular oedema, no treatment, n=7

Age 6015 years (meanzSD)
Gender 5 males, 2 females
Number with type of diabetes 5 type |, 2 type Il
Duration with diabetes 1949 years (meantSD)

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 |, 1 type Il
Duration with diabetes 2045 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 |, 3 type Il
Duration with diabetes 2145 years (mean+SD)
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3.8 Glaucoma

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

3.8.1 Glaucoma surgery

All consecutive patients with open-angle glaucomigh and without pseudo-
exfoliation syndrome, undergoing glaucoma surgariceland in a six month
period were invited to participate in the studyl phtients were using topical
glaucoma drugs before their surgery, and one wa® dbking oral

acetazolamide (Table 2).

None of the patients used glaucoma drugs at the timpostoperative
oximetry. Twenty-five patients were measured befamd after surgery. Six
patients were excluded from analysis because af gutical quality of the eye.
Of the remaining 19 patients, 12 had primary opegleéaglaucoma and seven
had exfoliative glaucoma. Fourteen patients undetvieabeculectomy with
mitomycin C and five patients underwent glaucomdndge device surgery
with the Ahmed tube. All surgeries were performgdhe same surgeon.

Images were taken after dilation of the subjectgdipwith tropicamide
HCI (Mydriacyl; Alcon Inc., Fort Worth, Texas, USAyhich was in some
cases supplemented with 10% phenylephrine hydradel¢dAK-Dilate; Akorn
Inc, Lake Forest, lllinois, USA) as deemed necgsday the nurses or
ophthalmologists in the clinic.

Oximetry was performed in first and second degréiealearterioles and
venules. Oximetry was performed before glaucomagesyr and again
approximately one month after surgery. An averags taken of measurable
arterioles and venules in each eye and the samselgsesegments were
averaged before and after surgery.

3.8.2 Dorzolamide

The study compared oxygen saturation in retinalselssin patients with
chronic glaucoma or ocular hypertension while theye taking either timolol
eye drops or drops containing a mixture of timadold dorzolamide. The
difference between the study periods was therd¢f@addition of dorzolamide
to timolol. Dorzolamide could not have been adntérsd alone and compared
to placebo drops since at least some of the paatits (the glaucoma patients)
required treatment.
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Table 2. Clinical data for the 19 patients (eyes), whoiactuded in the results of
study on glaucoma surgery.

Age 737 years (meantSD)
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 surgey, no. eyes

Timolol+Dorzolamide+Latanoprost 7

Latanoprost

Betaxolol+Latanoprost

Timolol+Pilocarpine+Latanoprost

3

2

Timolol gel+Latanoprost 2
1

1

Timolol+Brimonidine+Latanoprost

Pilocarpine+Propine+Travoprost 1

Brimonidine+Latanoprost+Acetazolamide 1

Timolol gel 1

In total, 20 subjects were recruited for the studye subjects were
classified by an ophthalmologist as having operleagtaucoma (11 subjects),
or ocular hypertension without a confirmed diagaosf glaucoma (nine
subjects) based on optic nerve head appearaneml ¥islds and intraocular
pressure. The exclusion criteria were allergies smspicion of other
vulnerabilities to any aspect of the study, bestamted vision less than 20/40,
history of ocular or orbital trauma and a histofyany respiratory disease (such
as asthma or emphysema). One subject with oculggrtension discontinued
participation before being randomised becauseptdianed pregnancy.

The study timeline or setup is shown in Figure 7.

The study was a prospective, randomised, doubtetbl2x2 cross over
study. For the first four weeks, all subjects reedi0.5% timolol maleate eye
drops (Merck, Whitehouse Station, New Jersey). rAfeseline measurements,
the subjects were randomised into two groups. Omeipg (nine subjects)
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continued with the same timolol drops and the otgeyup (10 subjects)
received a combination of 0.5% timolol maleate af@ dorzolamide (Merck,
Whitehouse Station, New Jersey). Neither the pejemor the investigators
knew who received which drops. Complete blindingsw&owever not
possible, since dorzolamide can cause some ocigaordfort immediately

after inst

illation.

, Timalol Timolol
Group 1 5 ;lmoliL 4 weeks —>| +dorzolamide
months wash-out 8 months
Timolal
4weeks |
un-in
Groun 2 Timolal Timolol Tirmolol
210Up < | +dorzolamide dweeks > almo 1ths
2 months wash-out :

Figure 7. The timeline of the study of the effect of dorzoidenon retinal vessel
oxygen saturation. Both groups received timoldifimolol and dorzolamide
in combination. Oximetry measurements were madkeea¢nd of run-in and
washout periods as well as at every two monthe@Btmonths study
periods.

After eight months from the baseline measuremeaitssubjects received
timolol only for four weeks as a wash-out for theeend eight months study
period, in which the patients received the altéweatirops with respect to the
first study period. Measurements were made at #selime, at the end of the
washout period and every two months during theyspadiods.

Six subjects out of nineteen (two with glaucomaurfavith ocular
hypertension) discontinued participation before ihgv at least one
measurement from both test periods. The most commoaunses for
discontinuation were inadequate control of intrdacypressure or irritation
from eye-drops. Thirteen subjects (nine with glanap four with ocular
hypertension) were able to follow the study protocatil at least two
measurements had been performed during the seeshgdriod. The age of
these subjects was 63+11 years (meantSD, rangel 4@8&s, 10 males, 3
females). Ten subjects (seven with glaucoma, tivige ocular hypertension)
completed all four measurements in both test psriod

Images were taken after dilation of the subjectgdipwith tropicamide
HCI (Mydriacyl; Alcon Inc., Fort Worth, Texas, USA)
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Oximetry measurements were performed in first-aewbsd degree retinal
vessels in both eyes, and an average was takeadorpatient. Blood pressure
and heart rate were measured using an automatgdrapmanometer (Omron
HEM705CP, Omron, Kyoto, Japan). The mean arterie¢égure was calculated
from systolic and diastolic pressure values, with

. 2 . , 1 .
Mean arterial pr&esurezg Diastolic preswre+§ Systolic pressure
(Equation 8)
Intraocular pressure measurements were performegiadsof a routine
ophthalmic examination at two eye clinics in Reykfawith Nidek NT-2000
(Nidek, Gamagori, Japan) and Reichert AT555 (Retclizepew, New York)
tonometers. As described in chapter 1.1.5.1, thesore in the retinal venules

is close to the intraocular pressure. Ocular p@fupressure values were
therefore calculated from mean arterial pressudeir@naocular pressure as

Ocular perfusion pressure
2 .
:§ Mean brachial artery pressure - Intraocular pressure

(Equation 9)

Two thirds of the mean brachial artery pressureised as the standard
approximation of ophthalmic artery pressure.
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4 Results

4.1 Light and dark

Two experiments were performed to study the effedtéight and dark on
retinal vessel oxygen saturation. The first expentninvolved comparison of
retinal vessel oxygen saturation in healthy volardén darkness and about 80
cd/nf constant light. The second experiment comparadtatian in darkness
and 1, 10 or 100 cd/nlight.

4.1.1 Darkness vs. 80 cd/m2

Table 3 and Figure 8 show retinal vessel oxygenraaon in darkness and
about 80 cd/mlight. Measurements were made after 30 minutegaitk and
then after successive 5 minute periods in lighdark. Statistical comparison is
given in Figure 8 (paired t-tests). The arteriouendifference did not change
between light or dark (p>0.17, consecutive compagsof measurements in
the same manner as in Figure 8).

Table 3. Retinal vessel oxygen saturation in darknesslight/(80 cd/m) in 15
healthy volunteers. Mean+SD and 95% confidenceate?

30 min. | 35 min. | 40 min. | 45 min. | 50 min. | 55 min.
Dark Light Dark Light Dark Light

Arterioles 92+4 8915 92+4 89+4 91+5 88+5
90-94 86-92 90-94 87-91 88-93 85-91

Venules 60+5 55+10 59+7 5515 57+7 54+9
58-63 49-60 56-63 52-58 54-61 49-59

Arteriovenous 3246 34+9 33+6 34+6 33+7 34+6
difference 29-35 | 29-39 | 29-36 | 30-37 | 30-37 | 31-38

a
The time given is from the start of the first dadkaptation. 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 darknessddned/n? light in 15 healthy
volunteers. The time given is from the start offirgt dark adaptation. The
points denote the mean and the bars denote thdesthdeviation. The p-
values are from paired t-tests, where each poititria is compared to the
next. Reprinted from paper | (Invest Ophthalmol 8, 50(5), 2308-2311,
©Assaociation for Research in Vision and Ophthalrglo

Additional measurements of diameter and brightvedises were performed
with a later version of the analysis software. &abkhows the diameter of the same
vessel segments as in Table 3 and Figure 8. Figued show the ratios of
brightness values (see chapter 1.2.4 for desaripfiband §). The brightness values

were extracted to allow examination of possiblefacts in the saturation results (see
chapter 5.6.2 for discussion).
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Table 4. Retinal vessel diameter in darkness and light 867 in 15 healthy

volunteers
Time? Vessel diameter Compa_red to
light/dark . value in the
(light/dark) (pixels, mean+SD) | o Jnove
30 min. (dark) 5.310.4
35 min. (light) 5.2+0.8 p=0.22
40 min. (dark) 5.41+0.5 p=0.17
Arterioles
45 min. (light) 5.240.6 p=0.07
50 min. (dark) 5.3+0.6 p=0.35
55 min. (light) 5.340.6 p=0.88
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
Venules
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 dadaptation. 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.

51



A. Arterioles, brightness on vessels s B. Arterioles, brightness of background

0.002 0.009 0.010 0.013 _0.037
64 6 _
8 3 0.004 0.003 0.005 0.007 _0.025
i o
~ 41 < 4
g g
- =
2 2
C T T T T T T O T T T T T T
D ) D Q D Q) D D D D D Q
¢ & ¥ S¢S ¢ & ¢ § ¢ ¢
R N N R R o ST PSR P &
Time (minutes) Time (minutes)
8- CFt).:VenuIes, brightness on vessels 8- D. Venules, brightness of background
0.005 0.005_0.0003 0.012 T 0.053
6 AG- p=
© S 0.023 0.0007 <0.0001 0.002 0.010
& g
-~ 44 %4_
g g
= ©
2 24
O T T T T T T C T T T T T T
» O H O ® @ O I A A AN
F & ¢ § ¢S ¢ $ ¢ e ¢S
S < R R ST ST R P D P
Time (minutes) Time (minutes)

Figure 9. Ratios of brightness values. | is the brightnedae; measured on the vessel,
and | is the brightness value to the side of the ve3ged.subscripts denote
whether the brightness was measured at 586 nm5oni®0 The ratios were
calculated to allow analysis of possible artefalts to bleaching of
photopigment during light adaptation (see chapte2}. The p-values are
from paired t-tests, where each point in time isipared to the next.

4.1.2 Darkness vs. 1-100 cd/m2

Table 5 and Figure 10 show retinal vessel oxygeuaration in darkness and
successively stronger light. Statistical comparisogiven in Figure 10 (paired
t-tests). The arteriovenous difference did not geabetween light or dark,
p>0.63 for comparisons as made in the same masrierfagure 10.
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Table 5. Retinal vessel oxygen saturation in darkness larettlevels of light in 19
healthy volunteefs The table shows meanzstandard deviation and 95%
confidence intervals. Statistical comparison isgiin Figure 10.

Light level Ocd/m? | 1cd/mf | 10cd/nf | 100 cd/nf | O cd/n?
Time (min.) 30 35 40 45 50
Arterioles 92+4 91+6 91+5 88+7 91+6
89-94 89-94 89-93 85-92 88-94
Venules 59+9 59+10 58+7 55+10 58+10
55-64 55-64 55-62 51-60 53-63
Arteriovenous 3249 3248 33+6 3348 337
difference 28-36 | 28-36 30-36 29-37 29-36

a
The first period of darkness lasted 30 minutesatiusuccessive periods of light and darkness
lasted 5 minutes.

p=0.012 0.012
100~ I 1l |
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Figure 10.Retinal vessel oxygen saturation in darkness aree tight levels in 19
healthy volunteers. The points denote the mearttentars denote the
standard deviation. The p-values are from pairedts. Reprinted from
paper | (Invest Ophthalmol Vis Sci, 50(5), 2308-23®Association for
Research in Vision and Ophthalmology).

Table 6 shows the diameter of the same vessel sg¢gras in Table 5 and
Figure 10.
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Table 6. Retinal vessel diameter (pixels) in darknessridD and 100 cd/fdight in
19 healthy volunteers. The table shows mearf+SD

0 cd/n? 1 cd/nf 10 cd/nf | 100 cd/nf | O cd/nf

(30 min.)’> | (35 min.) (40 min.) (45 min.) (50 min.)

Arteriole 4.6+0.8 4.60.8 4.&¢0.9 4.5%0.7 4.5%0.8
c

Venules 6.0+0.6 6.@0.5 6.1%#0.6 6.20.5 5.60.6

aNone of the differences in vessel diameters weatissitally significant. The p-values for the
difference between 0 cdfn30 min.) vs. 100 cd/fm(45 min.) were 0.65 for arterioles and 0.057
for venules (paired t-test). The p-values for 1680m (45min.) vs. 0 cd/M(50min.) were 0.95
for arterioles and 0.12 for venules.

®The first period of darkness lasted 30 minutesadusuccessive periods of light and darkness
lasted 5 minutes.

4.2

Three studies were performed on retinal vasculalusions; on occlusions of
the central retinal vein, branch retinal veins #relcentral retinal artery.

Retinal vascular occlusions

4.2.1 Central retinal vein occlusions

Table 7 gives age, gender, duration of occlusiah aatditional information is
for each patient with central retinal vein occlusio

Table 7. Clinical characteristics of patients with cennetinal vein occlusion.

Patient Age Duration of vein
no. (gender) 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 monthdiexar
8 57 (M) About 6 months Affected eye amblyopic.
MeanSD 61+12

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

Table 8. Retinal vessel oxygen saturation (%) in eighigues with central retinal vein
occlusion. The table shows mean+SD and number aared vessels in
each eye (in parenthesis).

Patient | Duration of Affected eye Fellow eye
no. occlusion | Arterioles | Venules | Arterioles | Venules

1 1 day 954 (2) 53+2 (3) 9443 (2 59+1 (3)

2 1-2 days 99+4 (4) 50+12 (4) 9613 (3 6217 (3)

3 2 days 102+1 (2)) 30+25(5) 103+10 () 67+11 (4)
About 1 0

4 month 101% (1) 54+17 (3) 92 (1) 683 (3)
About 3

> months | 26%05(3)| 3910 (5) 96+0.6(3) 6049 (5)
About 3

® months 1005 (2) | 72£7(5)| 98£3(2)| 76%5(9)
About 3

! months | 102#2(2) | 50+10 (6) 1082 (2]  64+7 (4)
About 6

8 months 103 (1) | 47#13(4) 105(1) | 664 (4)

+
?ﬂfg?'SD 9943 49+1F 9916 65+6a

aAffected venules have significantly lower saturatitian venules in the fellow eye (paired t-
test, p=0.003).

Figure 11 shows a plot of the oxygen saturationratinal vessels of
patients with central retinal vein occlusion (datso in Table 8). Figures 12
and 13 show examples of oximetry images from ptgienth central retinal
vein occlusion.
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Figure 11.Retinal vessel oxygen saturation in patients wéhti@al retinal vein

occlusion (CRVO). Each point denotes the mean atdur within an eye.
The bars denote mean+SD for all 8 patients. Thalpevis from a paired t-

test. Reproduced from paper IV (Am J OphthalmoQ(&%, 871-875,
©Elsevier Inc.)
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Figure 12.Oxygen saturation map of patient no. 5 in Tabl&él& eye affected by
central retinal vein occlusion is displayed onlgfeand the fellow
(healthy) eye is on the right. The frames on tHewdfundus photographs
indicate the retinal area on the oxygen saturatiaps above. Reprinted
from paper IV (Am J Ophthalmol, 150(6), 871-875,|€#vier Inc.)
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Figure 13.Oxygen saturation map of patient no. 8 in Tabl€l8& images on the left
are of the affected eye before treatment. The isagethe right are taken
of the same eye three months later after treatmightiaser, bevacizumab
and triamcinolone

4.2.2 Branch retinal vein occlusions

Table 9 shows the results of saturation measuresmiemt all measureable
vessels. Some of the measured affected venularesggmeceived blood also
from non-occluded branches, i.e. blood was measdogdhstream of joining
of the occluded venule and a non-occluded venuie.ihage quality was poor
in some cases. A separate analysis was performed sfibgroup where
occluded venules could be reliably measured in aateqquality images. The
results for both analyses are displayed in Tableigure 14 shows individual
values from the subgroup with more reliable measerdgs of occluded
venules (the subgroup with n=7 in Table 9).
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Table 9. Retinal vessel oxygen saturation (%) in patienth Wwranch retinal vein
occlusion (median and range)

Affected eye Fellow eye| Friedman’s
Affected Unaffected dilfl?esrtefr?(g es
vessel vessel in
saturation
Arterioles (n=18) 101 95 98 p=0.024
89-115 85-104 84-109
Venules (n=22) 59 63 55 p=0.66
12-93 23-80 39-80
Occluded venules 49 63 53 p=0.96
only, good image 12-93 40-75 48-72
quality (n=7)

a . . . .
The difference between affected arterioles and feoid arterioles in affected eye was

significant according to Dunn’s post test (p<0.08p other Dunn’'s tests showed statistical
significance at p<0.05.

b . .
Some of the affected venules received blood alem fnon-occluded branches and image
quality was poor in some cases. A subgroup anakysisown in the next row in the table.
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Figure 14. Oxygen saturation in retinal venules in patiemtt branch retinal vein
occlusion. Each point denotes one venule and ties link points from the
same patient. The difference between the thregoaés is not statistically
significant (p>0.05, Friedman’s and Dunn’s tes®gproduced from paper
V (Acta Ophthalmol, 2011, Apr 21, epub ahead ofif)ri

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

Figure 16. A patient with branch retinal vein occlusion. Tiheges to the left show
the affected eye. The occluded and tortuous vasidkown in the lower
left image. The images to the right are of the thgakellow eye.
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4.2.3 Central retinal artery occlusions

Four patients with clinically diagnosed centralirret artery occlusion were
measured. The patients varied in their clinicalrabgeristics as can be seen in
Table 10. Table 11 shows oxygen saturation in aktiressels in the patients

described in Table 10.

Table 10 Clinical characteristics of patients with ceh&tdery occlusion

Patient no. Age Duration of | Visual acuity Comment
(gender) | occlusion (affected
eye)
1 (before 69 (F) 1 day Light Giant cell arteritis.
treatment) perception | Very little blood flow
(segmented blood
column)
1 (after 69 (F) 1 month Hand Treated with
treatment) movement prednisolone, blood
column not segmented
anymore
2 79 (M) 1 day Hand Initially diagnosed as
movement | inferotemporal branch
retinal artery
occlusion. Diagnosis
later changed to
central retinal artery
occlusion.
3 69 (M) 1 month Finger Re-established blood
counting flow?
4 75 (M) 2 weeks Finger Two to three months
counting later the visual acuity
was 1.0 for the
affected eye.
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Table 11. Retinal vessel oxygen saturation (%) in four pasiewith a history of

central retinal artery occlusion. The table shovesanxSD for the major
retinal vessels in each eye.

Patient Duration Affected eye Unaffected eye
no- of occlusion | Arterioles | Venules | Arterioles | Venules
1 1 day 7149 6349 95+5 66+8
12 1 month 100+4 5445 100+4 60+6
2 1 day 82+7 34+12 8543 49+17
3 1 month 101+4 64+8 99+6 60+11
4P 2 weeks 93 49+6 97+7 5145

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

in Table 10.

b . .
For patient four, only one affected arteriole wasasureable

Figure 17 shows the fundus of the patient with gwell arteritis, the day
after vision loss occurred. Interruption of the daoflow can clearly be seen
(segmented blood column) as well as low measurdédrageon in retinal

arterioles.
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Figure 17. A patient with central retinal artery occlusioredo giant cell arteritis.
Above: The fundus image taken one day after oamiushows “box-
caring”, i.e. segmentation of the blood columnémeral vessels, indicating
little or no blood flow. The black box in the imanelicates the
approximate area from which the oximetry measurdésnere taken.
Below to the left: A pseudo-colour map of relatoseygen saturation one
day after occlusion. Below to the right: The pseadtour map of oxygen
saturation one month after occlusion and treatméhtprednisolone.
Blood flow had improved (no “box-caring”). Reproautfrom paper VIl
(Acta Ophthalmol, accepted for publication).

4.3 Diabetic retinopathy

Retinal vessel oxygen saturation was measured aithye volunteers and
patients with various categories of diabetic rgtatby. Table 1 (chapter 3.7)
gives a description of the groups studied. Oxyganration was measured in
one major temporal arteriole and venule in oneieyach subject.
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The saturation in healthy volunteers was 93+4%terimles and 58+6% in
venules (mean+SD, n=31). In the diabetic patiemiso(e group, n=20) the
oxygen saturation was significantly higher; 101tbParterioles and 68+7% in
venules. The difference between healthy volunteeds diabetic patients was
statistically significant (p<0.001 for arteriolesdavenules, unpaired t-test). The
arteriovenous difference was not different betwéealthy volunteers and

diabetic patients (p=0.53).

The results for subgroups are shown in Figure BTable 12.
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Figure 18.0Oxygen saturation in retinal vessels in healthyettb and in patients with
various stages of diabetic retinopathy. Each paémiotes one major
temporal arteriole or venule. Only one arteriold ane venule were
measured for each individual (number of individuzas be found in Table
12). The bars denote means and standard deviaB@#. Background
diabetic retinopathy. DMO: Diabetic macular oedePRR: Proliferative
diabetic retinopathy. One way ANOVA and Dunnetésts were used for

statistical analysis.
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Table 12 Retinal vessel oxygen saturation (%) in retimggréoles and venules. The
table shows mean+S@nd 95% confidence intervals. DR: Diabetic

retinopathy.
Arterioles Venules

Healthy volunteers, n=31 93+4 5816

92-95 56-60
Background DR, 103+6 704
no macular edema, n=6 96-114 66-74
Diabetic macular oedema, 102+6 6619
no treatment, n=7 95-107 57-75
Pre-proliferative / 10045 67+8
proliferative DR, no 92-106 59-75
treatment, n=7
Proliferative DR, 100+9 66+11
stable after treatment, n=8 93-108 57-75

a
All subgroups with DR have higher saturation thae healthy group (p<0.05, arterioles and
venules, one way ANOVA and Dunnett’s test).

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

4.4 Glaucoma treatment

Two studies were performed on the effect of glauewdmeatment on retinal
vessel oxygen saturation; one on the effect ofagima 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 afe= eye increased by 2 percentage
points (p=0.046, n=19, paired t-test) after surgevihich lowered intraocular
pressure from 2 mmHg (measSD) to 1@&4 mmHg (p<0.0001). No other
significant changes in oxygen saturation were fqipa@.35). Table 13 shows means
and standard deviations while Figure 20 showgittiigidual data points.

Table 13. Retinal vessel oxygen saturation (in %, me&D) in operated and fellow
eyes in 19 patients before and after glaucomaifilgesurgery.

Operated eye Fellow eye
Before After Before After
surgery surgery surgery surgery
Arterioles 97+4? 99+6° 96+5 96+5
Venules 635 646 646 63t8
Arteriovenous 34+6 36t8 32t6 328
difference

a
The increase in arterioles in operated eye waistitally significant, p=0.046 (paired t-test).
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Figure 20.0xygen saturation in (A) retinal arterioles and yBhules before and after
glaucoma filtering surgery. The pre- and post-ofpegadata points for each
eye are connected with a line. Same measuremeirtsTable 13.

A post-hoc power analysis was performed to estirtiaegoossibility that a
real difference in saturation was undetected dulewostatistical power. The
result of the analysis is that the probability aftatting a difference of 5
percentage points with surgery was 99% for artesioB7% for venules, and
70% for arteriovenous difference.
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Figure 21 shows an example of oximetry images friba study on
glaucoma surgery:

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

4.4.2 Dorzolamide

Table 14 shows the mean saturation values for eaaty period, where the
subjects took either timolol alone or a combinatiérniorzolamide and timolol.
Out of the 13 subjects in Table 14, three did rmhglete the whole study
protocol. For each subject, an average was takeall cdivailable oximetry
measurements within each study period.
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Table 14.Retinal vessel oxygen saturation in retinal vassetl other physiological
parameters during the two different drug treatmémt&3, meanSD)

Dorzolamide-timolol .
L Timolol monotherapy
combination
Retmal_ arteriolar 97+2% 96%:+2%
saturation
Retinal venular saturation 66+5% 65%+6%
Arteriovenous difference 31+4% 31+5%
Intraocular pressure? 14+2 mmHg 17+3 mmHg
Mean arterial blood 96411 mmHg 98+9 mmHg
pressure
Ocular perfusion pressure 49+6 mmHg 49+6 mmHg
Finger pulse oximetry value 96+1% 96+1%

a . . . S
The intraocular pressure was significantly lowerimiy the combination treatment (p=0.001,

paired t-test).

Table 15 shows the oxygen saturation values, cassgbby order of drug
treatments. Subjects, who started on dorzolamideltil combination, showed
a significant reduction in arteriolar and venulatusation when changing to
timolol monotherapy. No significant changes werdedoin subjects, who
started on timolol and changed to dorzolamide-tohobmbination.

Table 15.Retinal vessel oxygen saturation (%), categorigedrder of drug
treatments (mean+SD)

Timolol in period 1 (n=7)

Dorzolamide-timolol in period

1 (n=6)
. Dorzolamide- | Dorzolamide- .
Timolol timolol timolol Timolol
monotherapy combination combination monotherapy

Arterioles 97+2 96+2 98+2 95+2
Venules 64+7 64+5 69+5 66+6°
AV 3245 32+4 29+4 3045
difference

a
Significant difference between periods, p< 0.01r({8aoni post-test after two-way repeated
measures ANOVA).

b
Significant difference between periods, p< 0.05r(f8oroni post-test after two-way repeated
measures ANOVA).
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Ten subjects completed the entire study protoeolwiere measured four times
during the dorzolamide-timolol period and four tsr@uring the timolol period .
Figures 22 and 23 show results of their measurenmiotted over time.
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Figure 22.Retinal vessel oxygen saturation at the four suisiys in each period of
the dorzolamide study. Top: Dorzolamide-timololipdr Bottom: Timolol
period. Only the ten subjects, who completed thel/ktudy protocol are
included. The graph shows means and standard aagaReproduced
from paper Il (Br J Ophthalmol, 93(8), 1064-1067).
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The stability of the oxygen saturation measuremewsr time can be
examined by tracing the lines for each subjectiguife 23. Table 16 shows a
numerical measure of the stability, i.e. the stathddeviation of oximetry
measurements over time.
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Figure 23.Retinal vessel oxygen saturation at each studyivishe dorzolamide
study. Each line shows changes with time in oxyggtaration in arterioles
(above) and venules (below) in a single subjedeAfun-in (one month of
timolol) the subjects received either timolol orzwamide-timolol
combination (see Figure 7). After washout (montt09the subjects
changed to the other treatment. Only the ten stfjetio completed the
whole study protocol are included. Reproduced fpaper Il (Br J
Ophthalmol, 93(8), 1064-1067).

Table 16. Standard deviation of measurements over time iystdi dorzolamide. For
each individual, the standard deviation was catedl&®etween 10
measurements, one or two months apart in aboutatith® period (see
Figure 23 for each individual). The numbers arpencentage 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 banused for studies of
normal retinal physiology as well as for studiesretinal vascular occlusions,
diabetic retinopathy and glaucoma. The major figdiare discussed below.

5.1 Lightand dark

The two experiments, performed to study the eféédight and darkness, both
support the conclusion that oxygen saturation m itiain retinal vessels is
higher in dark than in light. Saturation increaseboth arterioles and venules
and the arteriovenous difference is unchanged. éfffext was clearer in the
first experiment, where arteriolar and venular sian in the dark was
repeatedly measured higher than in 80 édight. There was no statistically
significant difference between dark and the lowghtl intensities, 1 and 10
cd/nt, in the second experiment. At 100 cltime saturation was lower than in
the dark although this was not quite significanthie venules. The saturation
was only a few percent higher in dark than in 8A@® cd/m. This is similar
to the standard deviation of repeated measuremeiits the oximeter
(Hardarson et al., 2006). A larger group of volenseis therefore needed to
investigate if 1 and 10 cdfrlight causes smaller changes in saturation.

Increased retinal oxygen consumption in the dark fivat showrin vivo in
monkeys (Stefansson, E., 1981). An increase in @xysaturation in retinal
vessels in the dark, seen in the present studiag,anfirst seem to contradict
these results and other studies, which show ineccasiter (Ahmed et al.,
1993; Ames et al.,, 1992; Birol et al., 2007; Braamd Linsenmeier, 1995;
Braun et al., 1995; Cringle et al., 1999; Haughegdty Griff et al., 1995;
Haugh-Scheidt, Linsenmeier et al., 1995; Haughlet1®90; Linsenmeier,
1986; Linsenmeier and Braun, 1992; Linsenmeier¥auacey, 1989; Medrano
and Fox, 1995; L. Wang, Kondo et al., 1997; L. Wahgrnquist et al., 1997a;
Zuckerman and Weiter, 1980) and total retinal (Alded Cringle, 1990;
Medrano and Fox, 1995; Murray et al., 1991; Stefans1988; Stefansson et
al.,, 1983; Tillis et al.,, 1988; Zuckerman and Weited980) oxygen
consumption in the dark. However, the increasedratibn may well be a
consequence of increased demand for oxygen in diter oetina. It is well
established that the photoreceptors in the outamrardave high demand for
energy, particularly in the dark when their cGMReghcation channels are
open and the cell membrane is depolarised (Amak,et992; Zuckerman and
Weiter, 1980). The Na/K ATPase pump maintains ldawhile the cation
channels are open and this explains a large poofiche energy requirements
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of the photoreceptors in the dark. The mitochomdith inner segments of the
photoreceptors produce the ATP needed and consuygem in the process.
This consumption and the distance from the oxygemce (choroid and retinal
capillaries) cause the partial pressure of oxygefali to almost zero in the
dark in a part of the outer retina, most likelyta¢ inner segments of the
photoreceptors or on their inner side (Birol et aD07; Linsenmeier, 1986).
Transretinal profiles for partial pressure of oxyge the animals show that, in
the dark, there is an oxygen concentration (pre$sgradient towards this
minimum in the outer retina from both the retinapitlaries and the choroid.
From these profiles, it has been estimated thabtiber retina receives about 7
to 15% of its oxygen from the retinal vasculatunethe dark (Ahmed et al.,
1993; Birol et al., 2007; Braun and Linsenmeiei93;9 insenmeier and Braun,
1992). In the light, on the other hand, the phateptors use much less oxygen
so that the gradient from the choroid has beenddonextend into the inner
retina in most studies and the calculated coniobudf choroid to the inner
retina in the light is 0-11% (Ahmed et al., 1993r0Bet al., 2007; Braun and
Linsenmeier, 1995; Linsenmeier and Braun, 1992 dioroid does not seem
to react to the increased need for oxygen. Althahghhas not been studied in
detail, published transretinal profiles seem tadatk that the partial pressure
of oxygen in the choroid is similar (and high) iothy dark and light (Ahmed et
al., 1993; Birol et al., 2007; Braun and Linsenmel®95; Haugh et al., 1990;
Linsenmeier, 1986; Linsenmeier and Braun, 1992sémmeier and Yancey,
1989), even if the choroidal blood flow may increas the_light possibly to
dissipate heat (Nagaoka and Yoshida, 2004; Patadr, 4980).

The retinal vasculature must therefore supply timeii retina and a part of
the outer retina with oxygen in darkness whileas o supply less than the all
of the inner retina in constant light. The innetim@ oxygen consumption
appears to be about the same in constant lightlaristhess (Braun et al., 1995;
Medrano and Fox, 1995) so the net transfer of oxyf§fem the retinal
capillaries to the retinal tissue has to increaghe dark due to the contribution
that the retinal capillaries make to the outemeetin the dark. A net increase in
diffusion of oxygen from the retinal capillariesttte (outer) retinal tissue can
only occur by an increase in the concentrationsguree) gradient for oxygen.
Lower partial pressure of oxygen in the outer eetim the dark will tend to
increase the diffusion but so will an increase amtipl pressure in the retinal
capillaries.

An increase in partial pressure of oxygen in thnaé capillaries in the
dark would therefore assist the choroid in supglythe outer retina with
enough oxygen. The increase in partial pressupxyden in retinal capillaries
could be accomplished by an increase in retinabdlfiow. The original
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studies on retinal blood flow in light and dark icated that blood flow was
increased in the dark (Feke et al.,, 1983; Riva,n@aid & Petrig, 1983).
However, the studies used visible laser light far measurements and this may
have confounded the measurements. A later studyneiar infrared laser light
found only a transient difference (Riva et al., 7P8Another study found
increased blood velocity in the central retinakgrtin the dark (Havelius et al.,
1999).

Barcsay et al. (2003) found small changes in diamieétween light and
dark and the results were not the same for aréwi@nd venules. Their
conclusion was that diameter changes were too smaalbe clinically
significant. In the present study, a weak trend Veamd towards dilation in
darkness compared to light. This was, however coasistent and not seen in
the second part of the studies, where diametercaampared between darkness
and 1, 10 and 100 cdfnfight. It should be noted that the resolution loé t
oximeter is low for diameter measurements (seeteh&a2). There is therefore
some evidence, from earlier and present studiesndoeased blood flow in the
dark although the measurements are difficult ane thsults somewhat
contradictory.

Even if studies on blood flow give contradictorysu#s, there are other
signs of increased blood flow. An increase in phgressure of oxygen in the
inner retina in the dark has been shown in a stodsats (Linsenmeier and
Braun, 1992), although this was not confirmed Bty in a monkey (Birol et
al., 2007). Inner retinal consumption is most kksimilar in light and dark
(Braun et al.,, 1995; Medrano and Fox, 1995). Anrdase in the partial
pressure of oxygen in the inner retina, if realuldotherefore most likely be
caused by increased blood flow and not decreasesliogotion in the dark.

Another sign of increased blood flow in the darkhse elevated oxygen
saturation in retinal arterioles, found in bothtloé present studies on light and
dark. Oxygen saturation was measured along maimpdeah retinal vessels,
starting from close to the optic disc and up toftrst branching of the vessel.
The walls of arteries and arterioles are of courmseimpermeable to oxygen
and various signs of diffusion directly from retiraterioles have been found.
In miniature pigs (Molnar et al., 1985; Riva et 4986) and in cats (Alder and
Cringle, 1990) an oxygen concentration gradient feamd away from the
retinal arterioles. Schweitzer et al. (1999) meadunxygen saturation on a
cross section of retinal vessels and found higlkggen saturation in the centre
of retinal arterioles than close to the walls. Aubdially, the density of retinal
capillaries is markedly decreased around the alés;jindicating that diffusion
through the retinal arteriolar walls is sufficieior the tissue adjacent to the
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arterioles (McLeod, 2010). Oxygen may be deliveiethe surrounding tissue
from the retinal arterioles. There appears to banarard gradient towards
retinal venules (Alder and Cringle, 1990; Molnarakf 1985; Schweitzer et al.,
1999) and a counter-current mechanism has beerogedp whereby oxygen
diffuses from arteries/arterioles into adjacennsggienules (Buerk et al., 1993;
Karlsson et al., 2007; Riva et al., 1986, Tenglet2812). It should be noted
that loss of oxygen can occur both along the measarteriolar segment and
upstream, for example in the optic nerve wherecenatral retinal artery and
central retinal vein lie close together. The lo$soxygen from arteries and
arterioles may be dependent on blood flow, i.es teg/gen being lost from per
unit volume of blood as the flow increases and thesy help to explain the
increased saturation in the retinal arterioleshandark, provided that the blood
flow is increased in the dark.

The hypothesis to explain the increased saturatiadhe dark is therefore
that retinal blood flow is increased in the darkr@sponse to increased outer
and total retinal oxygen consumption in the darke Tncreased blood flow
increases the partial pressure of oxygen in thaaletcapillaries, which
facilitates diffusion of oxygen from the capillasi¢o the outer retina. The
measured consequence of the increased blood fltve i;icrease in saturation
in both arterioles and venules. An unchanged aserious difference in
saturation coupled with a postulated increase aodlflow yields increased
delivery of oxygen to the tissue.

Both experiments on the effect of light and darkl Iseveral weaknesses
although none of the weaknesses is likely to h&wenged the conclusions.
First, the light used for adaptation was not umfand the intensity could not
be very accurately measured, as the result of thasorement depended on
how the eye and the photometer were aligned. Awrtefivas made to
standardise the alignment of the eye, with respethe light sources and to
mimic this alignment with the photometer. Evenhe tintensity of the light
could not be accurately measured and the lightneaginiform it is clear that
differences between dark and moderate light intessi(up to office light
values) were tested and this served the purpoeeaxperiment, i.e. to test if
light or dark had an effect on saturation. Unifdighting of known intensity
would have been preferred but this requires extentgchnical modifications
as the light source of the fundus camera has @t of the lighting.

Another possible weakness is the possible contdgimmaof the dark
adaptation by lights from the screen of the funclusera and the screen of the
laptop computer used as well as from the small anofi light that leaked
through the infrared filter of the fundus cameraeTight was clearly visible
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and this may have affected the results somewhateMer, the light was of
very low intensity and in fact not measureable bg photometer (0 cd/m
reading). The lower light settings tested (1 and ctdnf) did not give
significant changes in saturation and this mayadat# that the response is
related to intensity. Therefore, a very low ligatél during the dark periods is
unlikely to have had a large effect.

The completeness of the dark adaptation may alge been influenced by
the xenon flashes used and the short time betwa®e sf the measurements
(five minutes). The first dark adapted image waeeaafter 30 minutes in
darkness. The xenon flash and the background dighihg the periods of light,
adapted the retina to light and a clear afterimage seen by the subjects after
the flash. However, the results were similar aflerk adaptation for 30
minutes or five minutes.

Finally, the saturation measurements could have bffected by changes
in the colour of the fundus (bleaching of photopémt) or by changes in vessel
diameter, even if we did not conclusively demoristihe latter. These factors
may have had a small effect in all of the studmethis 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 veamd to be significantly lower
in eyes affected by central retinal vein occlusgi@n in the fellow eyes in the same
patients. No difference was found in retinal aoles. There was considerable
variability between affected eyes (see Table 8yelbas between venules within
the same eye. The variation within eyes can be Bgexxamining the standard
deviations in Table 8 and the examples in FiguBesntd 13.

The most likely explanation for low oxygen satusatin venules in eyes
affected by occlusion is that more oxygen is lostrf per unit volume of blood
to the tissue as less blood flows through the aétcapillaries after the
occlusion. A decrease in venous saturation in aergtinal vein occlusion is in
agreement with invasive measurements with oxygemsithee electrodes,
which showed decreased partial pressure of oxygdhea vitreous above the
retina (Williamson et al., 2009). Decreased oxygaturation in central retinal
vein occlusion was also seen by Yoneya et al. (R08Bhough the inter-
pretation of their saturation measurements isaliffi(see chapters 1.2.5.2).

The reasons for the apparently modest decreasaturafon in some
affected eyes are unclear. Collateral blood flowy wary between patients due
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to different location of the occlusion within thentral retinal vein (Hayreh,
2005). Blood flow can also vary with the extent refcanalisation of the
thrombus (Green et al.,, 1981). Furthermore, the asheinfor oxygen may
decrease after the occlusion and this may affecs#turation. Wolter (1961),
for example, reported death of inner retinal nesriona histological study of
two eyes with central retinal vein occlusion. QGidhath and decreased function
will decrease the demand for oxygen. If the bldod/fincreases again, through
maturation of collateral circulation and / or due re-canalisation of the
thrombus, the venous saturation will rise and otfee new balance between
blood supply and oxygen consumption. It should bea that ischaemia may
also increase with time in some cases (Hayreh.efl@94; The Central Vein
Occlusion Study Group, 1997).

The variability between venules within the same eyas somewhat
surprising. The saturation in each retinal veneléects the balance of oxygen
supply and demand for the retinal area drainedhleyparticular venule and
different saturation in the venules reflects eittbeboth different blood flow or
different oxygen consumption. It is well known thhé distribution of retinal
cells is not uniform and it is therefore likely thaxygen consumption is
heterogeneous as well. However, retinal blood fiswvat least to some extent
adjusted to match this heterogeneity. The prestgas in the venules upstream
of the occlusion and this increase appears to &atgrin ischaemic than non-
ischaemic occlusions (Jonas and Harder, 2007).s luriknown whether
different haemodynamics produce different relatieerease of blood flow in
different vessels.

Unfortunately, neither fluorescein angiography asneasure of blood flow
was available for the patients measured and exjensaof the variability in
venous saturation between and within eyes will dftee be based on
speculation. It should be noted that technicalalality may be a part of the
explanation, even if care was taken to avoid tiecef of haemorrhages on the
measurements. Vessel diameter will for example emy this can have some
effect on the measurement (see chapter 5.6.3) made quality was not
always optimal (see for example Figure 13).

The mean arteriolar saturation was exactly the sartiege affected and the
unaffected eyes. In other studies in this thedimnges have been seen in
arteriolar saturation and the suggested explanasiarhanges in blood flow.
The increased saturation in darkness in healthynteers for example, may for
example be explained by increased blood flow awdsequently, decreased
loss of oxygen from per unit volume of blood byfdion through arteriolar
walls (see chapter 5.1). A decrease in retinaldlitmwv could, therefore, have
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been expected to decrease the arteriolar saturistieyies affected by central
retinal vein occlusion. The reason for the lacklafnge is unclear. A decrease
in oxygen consumption in the retinal tissue arotimal retinal arteriole may
possibly play some role although this is only adtiipsis. Decreased arteriolar
diameter would also tend to raise the saturatioasmement (artefact, chapter
5.6.3) and there is evidence of decreased artedidaneter after experimental
branch retinal vein occlusion (chapter 5.2.2 beloWghether changes in
arteriolar diameter play a role after central r@tiwein occlusion is unclear.

The results show that changes in retinal vessajexysaturation are more
complex than a uniform decrease. Further studies remeded with more
patients and more information on blood flow so ttizd effects of central
retinal vein occlusions on retinal oxygenation barclarified.

5.2.2 Branch retinal vein occlusions

Oxygen saturation is variable in venules, affedbgda branch retinal vein
occlusion, while affected arterioles showed slightlgher saturation values
than unaffected arterioles in the affected eyeuradbn in occluded venules
was measured down to 12% and up to 93%. Althougmesdechnical

variability may have affected these extremes, itlear that there is not a
uniform decrease in saturation in occluded venules.

The possible explanations for either low or highygen saturation in
affected venules are similar to those already dised for central retinal vein
occlusion. The reason for low venous saturatiowdoluded venules is most
likely that more oxygen is lost from per unit volanof blood as the blood
flows in less quantity than before the occlusiorgiHor normal) saturation, on
the other hand, may be explained by collateral dlidaw / shunting of blood
(Christoffersen and Larsen, 1999; Danis and Wall&@@87; Frangieh et al.,
1982; Genevois et al., 2004; Hamilton et al., 199&milton et al., 1974; Pieris
and Hill, 1982), re-canalisation of the thrombusafigieh et al., 1982) and/or
decreased oxygen consumption due to cell deaththfteocclusion (Donati et
al., 2008; Frangieh et al., 1982; Hamilton et 4879; Hockley et al., 1979).
These mechanisms may have an effect soon aftectiesion as well as more
gradual effects with time. Donati et al. (2008) éder example shown that cell
death starts within hours after experimental braretal vein occlusion in
miniature pigs and progressive atrophy appear®mtiraie for weeks (studied
up to three weeks). Re-routing of blood in thenaticapillary network starts
immediately after experimental venous occlusiotherat and re-modelling of
the vasculature continued for 30 days even if t@usion had re-canalised in
three days (Genevois et al., 2004). Pieris etl®82) reported appearance of
collaterals two to eight months after the occlusaoid the collateral formation
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was increased if the thrombus did not re-canalisshould be noted that re-
routing or shunting of blood away from the occlusimay mean that nearby
tissue receives more blood than under normal conditand the blood coming
from this tissue may therefore have higher satmatihan under normal
conditions. Raised venous saturation, in some cafdwanch retinal vein

occlusion may therefore partly be explained by lsimimechanisms as
proposed for diabetic retinopathy in chapter 518Wwe

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

The cases, measured with low saturation here,canparable to results from
animal studies. Decreased partial pressure of oxygehe vitreous above the
affected area has been found in miniature pigsJ(@ournaras, Tsacopoulos,
Strommer et al., 1990a), pigs (Noergaard et aD8p0cats (Stefansson et al.,
1990) and monkeys (Pournaras et al. 1997). Ong stadnonkeys showed no
difference in the partial pressure of oxygen ovézcted and non-affected areas
(Ernest and Archer, 1979). In that study, five bé tsix occlusions were
examined several months after the occlusion anoplayr of the tissue had
occurred, which most likely decreases the oxygemswmption and raises the
partial pressure on the inner side of the retinawéVver, one monkey was
measured 30 minutes after the occlusion and sheineldr results.

The partial pressure of oxygen in the vitreoust pisove the retina, is
believed to reflect the oxygen pressure within(ihaer) retina (Alm and Bill,
1972a). Pournaras et al. (C. J. Pournaras, Tsalmspdriva, 1990) have also
measured decreased partial pressure of oxygertidiwithin the inner retina
following experimental branch retinal vein occlusia miniature pigs.

The arterioles, which supplied the affected arethéogreatest degree, had
slightly higher saturation than the unaffectedrates in the affected eye. It is
likely that blood flow decreases in the affectete@anles and this could have
led to a decrease in saturation due to more ddfusif oxygen from per unit
volume of blood from the arteriole to the surroungditissue. The observed
increase in saturation is therefore difficult tgkn but it should be noted that
the affected arteriole was simply chosen from funghihotographs as the
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arteriole, which appeared to supply the affectezhao the greatest degree.
Fluorescein angiography data may be necessaryotusefthe affected arteriole
more precisely. Furthermore, the arteriole may becoarrower (Donati et al.,
1997; Donati et al., 1998) and sheathed with tifiter acclusion (Hamilton et
al., 1974). This was not observed in the currentystbut accurate vessel
diameter measurements were not possible. Narrowihgrterioles could
potentially elevate the measured saturation ariegddlyg (see chapter 5.6.3).

Measurements of oxygen saturation in occluded Ibraetinal venules are
technically challenging and sometimes impossibléhwihe technology used
here. The occluded venule was in some cases smadllsarrounded by
haemorrhage and the image quality was in some ¢as@s The oximeter can
only measure larger first or second degree vesskdbly and vessel diameter
may affect the results of measurements (see ch&pbeB). Haemorrhages,
which are close to the measured vessel segmentnfiaance the measured
brightness, used as a reference in the saturadionlation (see chapter 1.2.4).
These technical limitations meant that, in 15 ofe32s, the occluded venule
itself could not be reliably measured. In theseesaa downstream venule was
measured. The downstream venule will have carrmdesblood from the
affected area, either by collateral circulation dsging the occlusion or through
re-canalised occlusions.

The effect of the occlusion may therefore appedhéndownstream venule
although this measurement is not ideal and the dtveaim venule may contain
blood from well perfused areas of the retina. Agobp of patients, where the
occluded venule could be more reliably measured, amalysed separately and
the results were similar to the results for therergroup, i.e. the saturation in
affected venules varied from very low to very highile the affected arterioles
showed slightly elevated saturation.

5.2.3 Central retinal artery occlusions

Central artery occlusion is a rather rare occuregnad only four patients with
variably long history of occlusion were measurede Tesults were also rather
variable. The patient with giant cell arteritis sfeal markedly lowered satura-
tion in retinal arterioles in the affected eye hhe venules had similar
saturation in both eyes. Fundus photographs shdwedhe blood column was
segmented in several vessels in the affected egsmhwndicates that blood
flow was very slow or completely stagnant. It igridfore not surprising that
the arterioles have only slightly higher saturatioan the venules. Oxygen will
diffuse through the vessel walls and the blood valich equilibrium with the
surrounding tissue. What is perhaps surprisingh#é the saturation in the
affected eye is similar to the venous saturationthe unaffected eye.
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Measurements after experimental occlusion of retnries in animals have
indicated that the partial pressure in the innénaeis close to zero (Alder et
al., 1990; Braun and Linsenmeier, 1995; Yu et2i(Q7) and if this was true in
the patient with giant cell arteritis the saturatiof stagnant blood in (inner)
retinal blood vessels should be much lower. Oneiptes explanation for this
discrepancy is that more time elapsed between tbdugion and the
measurement in the case of the patient (one dagjpared to the experimental
animals. Oxygen consumption in the inner retina theyefore have decreased
more in the patient due to cell death and this ddehd to more oxygen
reaching the inner retina from the choroidal ciation. It is, however, unlikely
that this fully accounts for the high saturationcsi the diffusion distance from
the choroid to the retinal vessels is great and dhter retina is likely to
consume oxygen after the occlusion as well. Iige possible that a decrease
in vessel diameter in the affected eye contribudedhewhat to the high
measured saturation. Decreased vessel diametertaevill to elevate the
measured saturation — see discussion on this etrtafahapter 5.6.3.

After the patient with giant cell arteritis had bdaecated with prednisolone,
blood flow was re-established, i.e. no segmentatibthe blood column was
seen and the vessels appeared wider. The satumatiamerioles and venules
was then close to normal and even lower than jitist the occlusion. This is
surprising since cell death in the inner retindikely to have decreased the
inner retinal oxygen consumption and a high retverious saturation could
have been expected after the return of blood flNev.quantitative measure-
ments were made of blood flow but even a modeséase in blood flow could
have been expected to raise the venous saturdtibe inner retinal oxygen
consumption was unchanged (diminished from befordusion). An increase
in inner retinal consumption after treatment isgle but remains speculative.

One additional patient was measured one day afigusion. Arterial and
venous saturation were low in both eyes of thisepaand a part of the reason
may be rather poor image quality (see discussiotherffect of image quality
in chapter 5.6.4). His venous saturation was vexy In the affected eye,
considerably much lower than in the unaffected &ye clinical information
available on this patient was rather vague and &® initially diagnosed with
branch retinal artery occlusion. Some remainingtliow through collateral
circulation may explain why there was considerafieriovenous saturation
difference. This cannot be confirmed, since neitheasurement of blood flow
nor fluorescein angiography was available.

The remaining two patients had a longer historgaflusion (two weeks to
one month) and their saturation was similar betwten affected and the
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unaffected eye, indicating that the balance betvesggen supply (blood flow)
and oxygen consumption is similar in the affected the unaffected eye. One
of these patient had normal visual acuity aboutdhtims after the occlusion,
which indicates that this was not a usual centthal artery occlusion. The
changes in either blood flow or oxygen consumptame unknown. It is
therefore difficult to determine why the vesselusation in these cases, as in
the case with giant cell arteritis after treatméntlose to normal.

Hammer et al. (Hammer, Riemer et al., 2009) ingastid branch and
central retinal artery occlusions with a two wawejih oximeter, based on the
same principles as the oximeter used in the stutkssribed here. As in the
current study, only a few patients were included aa statistical analysis was
performed. However, mean values for arterioles (98%d venules (65%) in
healthy individuals, published in the same papen be used as a rough
reference. At the time of diagnosis, which was wmitd8 hours of the
occlusion, they found low arterial saturation (78%)the occluded branch
artery and a considerable increase (91%) five datgs, after treatment with
pentoxifylline for improvement of blood rheologyat8ration after central
retinal artery occlusion was, however initially ®#oto normal (93%) although
it did increase after five days and treatment (1p3¥enous saturation in
central retinal artery occlusion was initially $ltty below normal (55%) and
had increased to 70% five days later. A later paperthe same group
confirmed the results for saturation in occludedioh retinal arterioles
(Gehlert et al., 2010).

Rather high saturation values, reported by Hamral. §Hammer, Riemer
et al., 2009), in both retinal arterioles and vesuin patients with central
retinal artery occlusion compare well with the epats measured here two
weeks or one month after the occlusion. Whetherseheatients have
considerable retinal blood flow and / or decreasmder retinal oxygen
consumption is difficult to determine. Inner retiatrophy is most likely partly
responsible for the outcome (Hayreh and Jonas,;2R80a and Kishi, 2010).
The remaining two patients, described here, werasomed soon after the
occlusion and had low saturation values, the aftgglues being similar to the
values reported by Hammer et al. (Hammer, Riemal.2009) and Gehlert et
al. (2010) for occluded branch arterioles befoeatiment.

Several variables are likely to have an effectl@ngaturation values, most
notably the magnitude of the remaining blood flthe time between occlusion
and measurement and changes in blood flow and oxggasumption with
time. Retinal vessel oximetry may be useful to eatd the physiological
consequences of an occlusion and the above medtfac®rs. Central retinal

85



artery occlusion is, fortunately, a rather rareedge and this is reflected in the
low number of patients studied here and in the iptesv publication by
Hammer et al. (Hammer, Riemer et al., 2009). Meaments of larger groups
of patients, preferentially with information on btbflow, are needed to clarify
the interplay between retinal vessel oxygen saturaand factors associated
with central retinal artery occlusions.

5.3 Diabetic retinopathy

The results show that oxygen saturation in majopt@al retinal vessels is higher
in patients with diabetic retinopathy than in haaltolunteers. This applies for
both arterioles and venules and for all categariekabetic retinopathy tested. The
categories tested were background diabetic retihppaithout macular oedema,
macular oedema, pre-proliferative / proliferatietimopathy before treatment and
proliferative diabetic retinopathy after treatment.

Higher retinal vessel oxygen saturation in diabegtthopathy may seem to
contradict evidence of hypoxia in the retina. Tikiaot necessarily the case. As
explained below, high saturation in retinal vessela be caused by 1) poor
distribution of oxygen to the tissue 2) increasaunrmal) oxygen supply, and
3) less consumption of oxygen by the tissue.

5.3.1 Distribution of oxygen to the retina in diabetic reinopathy

Poor distribution of oxygen can be caused by ajllaap closure and shunting
of blood, b) thickening of capillary walls and akgter affinity of glycosylated
haemoglobin for oxygen.

One of the main characteristics of diabetic retatbp is damage to retinal
capillaries (Cogan and Kuwabara, 1963; Cogan et1861; Kohner, 1993),
which is believed to create hypoxia in the affedisdue (Linsenmeier et al.,
1998). The hypoxia can then cause macular oedemd wetinal
neovascularisation through the mechanisms descitbedapter 1.1.4. While
some capillaries close, there is evidence thatrsthecome wider and act as
shunt vessels or preferential channels from thariahes to the venules (Cogan
and Kuwabara, 1963). The shunted blood will propéddse less oxygen than
blood travelling through a normal retinal capillargtwork and will therefore
tend to raise the saturation in the larger retugadules, which were measured
in the current study. Additionally, capillaries mag some cases, close and
later re-open (Yamana et al., 1988). If cell demtburs while the capillaries are
closed, the consumption is decreased and will eathr the same level even if
blood flow is restored.
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According to this hypothesis, which is summarisedrigure 24, the net
result of capillary closure and formation of prefaial channels is that parts of
the retinal tissue are hypoxic while, at the same tthe oxygen saturation in
the larger retinal vessels is normal or even highan normal. It should be
noted that shunt vessels may allow the total reblwod flow to stay constant
or even increase (see below), even if some partheotissue do not receive
enough blood.

1st or 2nd Poorly perfusedcap /I//ary n etwork 1st or 2nd
degree — degree
arteriole 0 seeereeeneeneeeeen venule
(measured) (measured)

2 2

Shunting of blood through preferential channels

Figure 24.Poor distribution of blood in diabetic retinopatfihe diagram explains
how poor distribution of blood and oxygen can léadormal or high
oxygen saturation in the larger retinal vesselslenparts of the retinal
tissue are hypoxic. Capillary closure leads tagsisypoxia. Preferential
channels, formed in the capillary network, shuobll from the arteriolar
side to the venular side and the net result is abanhigh oxygen
saturation in the larger retinal vessels.

Another factor that can adversely affect distribntof oxygen to the retina
is thickening of the capillary walls. Thickening tfe capillary wall is well
established in diabetic retinopathy (for review geshton, 1974; Roy et al.,
2010). Oxygen diffusion is inversely related to théfusion distance and
thickening of the capillary walls increases thetatise between the capillary
lumen and the tissue outside the capillary wallweheer, the distance between
the retinal capillaries (in the plane of the refiramany times the thickness of
the walls, and in fact many times the thicknesaroentire capillary. Increases
in diffusion distances due to capillary wall thickeg will therefore be very
small and the effects probably negligible (unldss diffusion coefficient for
oxygen in the capillary wall is much less favouealthan the diffusion
coefficient in the retinal tissue).

Higher concentration of glycosylated haemoglobirthie diabetic patients
may also play a minor role since glycosylation @ages the affinity of
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haemoglobin for oxygen. This may help to explaie tiigher saturation in
retinal arterioles as well as in venules. Unforteha the concentration of
glycosylated haemoglobin was not measured for thdigpants. It was
previously found (Bjoernsdottir et al., 2004) theglandic patients with type 2
diabetes had 7% of their haemoglobin glycosyladaling Icelandic adults
(20-30 years) with type 1 diabetes had on averafe & glycosylated
haemoglobin (Halldorsdottir et al., 2009). Normalues in healthy individuals
are about 5-7% (Fischbach and Dunning, 2009).

The increased affinity of glycosylated haemogldiinoxygen is unlikely to
play a major role in the present results, simplgaoee the difference in
concentration between diabetic patients and thighigeaomparison group is likely
to be small. Furthermore, the affinity of haemogidior oxygen is decreased by
2,3-disphosphoglycerate and the concentration ®fdiaphosphoglycerate can
fluctuate in diabetic patients (Ditzel, 1976). Téwed result may be that oxygen
affinity of blood in diabetic patients is similar mormal and the full explanation for
this is not necessarily given by concentration gearin glycosylated haemoglobin
or 2,3-disphosphoglycerate.

The high oxygen saturation in the larger retinadseds can, according to
the above, be explained by poor distribution of gedy to the tissue and it is
likely that shunting of blood is the major factohile changes in capillary wall
thickness and affinity of haemoglobin for oxygenynpéay a minor role

5.3.2 Supply of oxygen to the retina in diabetic retinopthy

The high saturation found may also be explaineihbseased oxygen supply.
The hypoxic tissue signals the need for more oxyaed this may lead to
increased total retinal blood flow even if the dizition of blood through the
capillary network is still dysfunctional. Howevengasurements of total retinal
blood flow have given contradictory results. Théhau of this thesis reviewed
the literature on blood flow in diabetic retinopatin 2008 (see in C. J.
Pournaras et al.,, 2008). At that time, publishegores on blood flow in
diabetic retinopathy were conflicting. Blood flovadh been found to be either
more, less or the same in patients with diabetégnwompared with healthy
individuals. This held true for patients with ndimepathy, with background
diabetic retinopathy, macular oedema or prolifemtiretinopathy before
treatment. After laser treatment for proliferativetinopathy, however, all
studies agreed that the blood flow is less thareadthy individuals.

Since this review was made, several studies hagae beblished, where
comparison is made between retinal blood flow ialthg individuals and in
patients with diabetes. These have not resolvedctrgusion. Burgansky-
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Eliash et al. (2012) found increased blood velogitysmall retinal vessels in
patients with diabetes but no retinopathy. On ttlerohand, Nagaoka et al.
(2010) found decreased velocity and flow in a ntaimporal retinal arteriole in

patients with diabetes and no retinopathy. Nagaetkal. (2010) also found
decreased velocity and flow in patients with mitthsproliferative retinopathy

and this agrees with another study by Burganskgshliet al. (2010), where
blood velocity was less in small retinal vesselaam-proliferative retinopathy,

when compared to normal. However, Pemp et al. (Rftlihd increased blood
flow in a combined group of patients with no repathy or non-proliferative

retinopathy, even if this difference was less aodstatistically significant after

blood glucose had been lowered in the diabeti@pti

Possible changes in total retinal blood flow arerdfore not completely
clear and the same is true for choroidal blood flowdiabetes (for review see
Pemp and Schmetterer, 2008). Increased oxygenasiatuiin retinal vessels,
found in the present study is, however, consisigtit increased total retinal
blood flow. If blood flow is indeed increased, thi®uld help to explain the
increased saturation in retinal arterioles as wasllvenules. This is because
saturation measurements were averaged along \sesgekents and oxygen can
escape with diffusion through the arteriolar watishe adjacent tissue or to an
adjacent venule. Increased blood flow would tenddézrease the loss of
oxygen through arteriolar walls from per unit voleof blood.

5.3.3 Oxygen consumption in diabetic retinopathy

The final major factor, which can help explain hmtygen saturation in retinal
vessels in diabetic retinopathy, is decreased axggasumption. The primary
damage in diabetic retinopathy is most often thotgloccur in the vasculature
and any degeneration of the retinal tissue or éddsinction is believed to be
secondary to the vascular damage. However, thersolise evidence for
primary degeneration of the neural retina. Histidagstudies on diabetic rats
and on human retinas have revealed that apoptbbistio vascular and neural
cells takes place in the diabetic retina and theraleapoptosis is not
necessarily dependent on vascular changes (faxwesée Barber et al., 2011).
Studies on zebrafish even indicate dysfunction ofes, which may be
independent of vascular damage (Alvarez et al.0R01

Measurements on retinal oxygen consumption in di@alvetinopathy are
scarce. Sutherland et al. (1990) found that oxygmrsumption was decreased
in diabetic rabbit retinan vitro, compared to non-diabetic rabbits. Tiedeman et
al. (1998) found that venous oxygen saturationebesed with hyperglycaemia
in diabetic patients with no retinopathy and codeld that oxygen
consumption was increased, assuming increased Hwmedn hyperglycaemia.
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However, no comparison is available on oxygen comdion in healthy
individuals and in diabetic patients.

High venous saturation, found in the present stadyld be explained by a
decrease in oxygen consumption. However, furthadiss are needed to
determine if the oxygen consumption is differentileen diabetic patients and
healthy individuals. The interplay of neural ancdsaalar damage (or lack of
interplay) also remains to be better elucidated.

5.3.4 Other studies on oxygenation in diabetic retinopati

The present results are in general agreement whlr gtudies on retinal vessel
oxygen saturation in diabetic patients. Hickaml et1®59) found no difference
in venous saturation between diabetic patients hedlthy individuals.
However, their small group of diabetic patients waixed, i.e. included
patients with and without retinopathy. Schweitzdr a. (2007) used a
multispectral, calibrated instrument to measureuraéibn in large retinal
vessels in patients with mild or moderate non-feaditive diabetic retinopathy.
They found that venous oxygen saturation was $jighigher in the diabetic
patients, when compared to normal, although thderifice was not
statistically significant. Hammer et al. (Hammeilser et al., 2009) used a two
wavelength instrument, similar to the oximeter ugedhe present study, to
measure oxygen saturation in all major retinalratees and venules around the
optic disc. The groups measured were healthy iddals, patients with mild
non-proliferative retinopathy, moderate non-prottése retinopathy, severe
non-proliferative retinopathy and proliferative ineipathy (some but not all
patients in the last group had a history of laseatment). Venous oxygen
saturation increased with severity of retinopathiiaugh not all comparisons
with healthy showed a statistically significantference. Arteriolar saturation
was increased with severity of retinopathy but thias not statistically
significant, compared to normal.

5.3.5 Limitations of the present study on diabetic retingpathy

The main limitations of the present study were thathealthy individuals were
not matched for age or gender and that the oximetgges of the healthy
volunteers were taken under a slightly differerglarthan the oximetry images
of the patients with diabetic retinopathy (see Fég9). Furthermore, it is
uncertain if changes in vessel diameter or therakneflex from the retinal
vessels in diabetic retinopathy (or other retifenges) may produce artefacts.

The difference in age is unlikely to have createctimbias in the results. The
diabetic patients were, on average, older thahehd#hy individuals. Results from
a later oximeter, based on similar principles @sdhe used in the present study,
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indicate that saturation decreases slightly witre ag healthy individuals
(Geirsdottir et al., paper in preparation). Theeffof the age difference between
groups in the present study may therefore have teatecrease the observed
difference slightly but not change the overall dosion. It should also be noted
that Schweitzer et al. (2007) found a slight insesi venous saturation with age
in patients with mild or moderate non-proliferatiatinopathy but no change in
healthy individuals. Whether this reflects the pesg of the disease with time or is
linked to age in a different manner is unknown.

The difference in imaging angle between the nomgnalip and the diabetic
patients may have caused some bias in the rebldtgever, recent preliminary
results from a later oximeter show very similautessas presented here, even if
there is no difference in the imaging protocol @ason and Stefansson, 2011)

As is discussed in chapter 5.6.3 below, increasessel diameter may
result in decreased measured saturation (artefiét@rences in diameter were
not analysed in the present study. Earlier stutie® indicated that differences
in vessel diameter between healthy individuals @atients with various
categories of diabetic retinopathy are complex ianchost cases small (Klein
et al., 2006; A. S. Tsai et al., 2011) in comparigath the changes needed to
markedly influence measured saturation (J. M. Beathal.,, 1999 and
unpublished own data) although there may be exaeptespecially in the case
of narrowing after laser treatment (Gottfredsdattiral., 1993; Kristinsson et
al., 1997, C. A. Wilson et al., 1988).

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

In summary, several factors may have confoundedethdts. However, the
increase in saturation in diabetic retinopathylésuicand statistically significant
for all categories of diabetic patients and forhbatterioles and venules. The
limitations of the study are not likely to have onbad the major conclusions
that the retinal vessel oxygen saturation is iregdan diabetic retinopathy.
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5.4 Glaucoma treatment

The main result of both studies on glaucoma treatnveas that neither
glaucoma surgery nor addition of dorzolamide tootwhhad a major effect on
retinal vessel oxygen saturation.

5.4.1 The implications of small changes in saturation wit
glaucoma treatment

Small changes were observed in retinal vessel oxygturation with either
glaucoma surgery or with dorzolamide treatment. gexysaturation in retinal
arterioles was increased by two percentage poites surgery and both retinal
arteriolar and venular saturation decreased byetlpercentage points in
patients switching from dorzolamide-timolol comidipa to timolol alone. No
change was observed in the subgroup, which stadkohg timolol and
switched to the dorzolamide-timolol combinatiorthie second period.

An increase in arteriolar saturation, with surgeryin a subgroup taking
dorzolamide in the first study period, is consistith increased retinal blood
flow. Oxygen escapes from retinal arteries andriates by diffusion (see
chapter 5.1) and the oximetry measurements mayffeeted by this as an
average is taken of saturation along retinal vesegients. Increased retinal
blood flow may lead to decreased loss of oxygemfper unit volume of blood
by diffusion through arterial and arteriolar wallds described in chapter
1.1.5.2, earlier studies on the effect of glaucmuegery or dorzolamide on
ocular blood flow give contradictory results altigbuthe result of a recent
meta-analysis (Siesky et al., 2009) was that cactamhydrase inhibitors, such
as dorzolamide, do indeed increase ocular bload fl@rious parameters).

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

The lack of large and consistent changes in retiessel oxygen saturation
with glaucoma treatment may provide indirect cluesthe role of retinal
oxygenation in the pathophysiology of glaucoma. #entioned in the
introduction (chapter 1.1.5.1), there is evidentcdexreased ocular blood flow
in glaucoma (Flammer et al., 2002). If decreasédakblood flow is a primary
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event, leading to hypoxia in the retinal tissuéineg venous oxygen saturation
might be expected to be low before treatment, tleod flow might be
expected to rise with decreased intraocular pressfier treatment and lead to
elevated retinal venous oxygen saturation. The fhett retinal venous
saturation seems to be normal and changes vdeywith treatment does not
support the hypothesis that glaucomatous retinfisrdtom lack of blood flow
and consequent hypoxia. A recent study by Olafsadzttal. (2011) gives more
direct evidence against ischaemia / hypoxia in @dawa. They found that
retinal venous oxygen saturation increased witlesgvof glaucoma, i.e. with
worsening visual fields. The most likely explanaties that glaucomatous
atrophy decreases the demand for oxygen and therefereases retinal
venous oxygen saturation. Michelson and Scibor @2d0und that retinal
venous saturation was normal in patients with nérteasion glaucoma,
providing further evidence against the role of mafihypoxia in glaucoma.
They found slightly lower arteriolar saturation mormal tension glaucoma,
compared to healthy volunteers and this may bdeelt less blood flow in
the glaucoma patients. In short, oximetry resuitsgiaucoma indicate that
changes in retinal vessel oxygen saturation ardl simeé most likely secondary
to the disease and not a primary cause of glaucoma.

Although the oxygen saturation measurements, vieinethe context of
earlier blood flow measurements, provide clueh&lack of role for oxygen in
the pathophysiology of glaucoma, this is by no nseaanclusive evidence
against the ischaemia / hypoxia theory on glaucdroagitudinal studies are
needed to clarify the potential role of hypoxia glaucoma. Furthermore,
oxygen saturation was only measured in major retuegsels and without
stimuli or conditions that may challenge the rdtimaoptic nerve blood flow.
The most likely site for the major glaucomatous dgenis at the optic nerve
head, since ganglion cells grouped together thezelast at the same time
(Quigley, 2011). The metabolic changes in the eetire therefore most likely a
consequence of ganglion cell death, initiated atobtic nerve head, rather than
a primary cause of glaucomatous damage.

It should also be noted that the choroidal cireafatmay be affected by the
lowering of intraocular pressure. Earlier studiedi¢gated that choroidal blood
flow fell linearly with increased intraocular press although later studies have
found evidence of regulation to cope with the dffet pressure (Kiel and
Shepherd, 1992; Polska et al., 2007; Schmidl, Gartet al., 2011; Schmidl,
Weigert et al., 2011). Although blood flow was moeasured in the current
studies, the possibility still exists that chorditéood flow is increased after
glaucoma treatment (Berisha et al., 2005; Berral.e2001; Boles Carenini et
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al., 1997; Fuchsjager-Mayrl et al., 2005; Jame94)1@nd if this is the case,
oxygen delivery to the retina may also increase.

The conditions, under which the oximetry measurémemre made, were
not designed to challenge the regulation of bldod.fThe measurements were
made in a dark room and aiming of the oximeter aetsieved with infrared
light. The major stimulus to the retina was the eearflash. The time between
repeated images of the same eye was about oneotmimutes. The patients
were of course awake and sitting upright. The [itgi should be mentioned,
that glaucoma treatment may have improved bloosl #od oxygenation under
more challenging conditions, for example when blqméssure decreases
during the night.

It is unclear why retinal vessel oxygen saturat@my changed in the
subgroup, which took the combination of dorzolamatel timolol first and
then switched to timolol. One theoretical posdipils enzyme induction. By
this hypothesis, carbonic anhydrase would be upeiei during the inhibition
by dorzolamide. Due to this upregulation of theyene, the effect of stopping
the dorzolamide administration would be greatemtkiae reverse effect of
starting dorzolamide administration. However, naderce for this hypothesis
has been found in the literature. It also has toképt in mind that the
subgroups are very small.

5.4.2 Earlier studies on the effect of glaucoma treatmendn ocular
oxygenation

No published papers have been found on human Iretigygenation before and
after glaucoma surgery. Spectrophotometric measmsmin monkeys have
shown decreased oxygen saturation in retinal alesrand venules as well as in
the optic nerve head when intraocular pressumcigased dramatically (Beach et
al., 2007). Experiments on pigs have shown thgpdneal pressure of oxygen over
the optic nerve head is decreased when the inteaqmessure is raised (la Cour et
al.,, 2000). This may seem to contradict the presesilts, which show little
change in saturation with change in intraoculasgree. However, the circulation
in healthy animals, especially in the optic nergad is not directly comparable to
the major retinal vessels in a glaucoma patientthEtmore, the decrease in
oxygen pressure in the pig was minimal until thieawmcular pressure is raised
considerably, most likely due to autoregulatiorodidow.

Similar experiments on pigs have shown that domama (and
acetazolamide) can increase the partial pressusgygfen over the optic nerve
head (Kiilgaard et al., 2004; la Cour et al.,, 206@&dersen et al., 2004;
Stefansson et al., 1999; Stefansson et al., 2G@bpeer the retina (Pedersen et

94



al., 2005). Again, the circulation in the pig optierve head may react
differently from the human retinal circulation amdhas to be kept in mind that
large intravenous doses were used in the pig erpets, compared to the
drops used twice a day eye in the present study.

A study on the effect of adding dorzolamide to tiohavas performed by
collaborators in Indianapolis with a similar pratbend at the same time as the
study described here (Siesky et al., 2010). Thed assimilar oximeter and the
results showed no changes in optical density ratith the addition of
dorzolamide to timolol. Optical density ratio, aalaulated in this study, is
related to oxygen saturation (chapter 1.2.4). Addilly, blood flow
parameters were measured with Heidelberg retimabrfletry (peripapillary
capillary beds) and colour Doppler imaging (blooeloeity in retrobulbar
vessels). The number of zero flow pixels on Heidajtretinal flowmetry was
decreased during the dorzolamide-timolol periodt ha other parameter
changed with addition of dorzolamide to timolol.

The two studies on addition of dorzolamide therefsihow small (present
study) or no changes (Siesky et al., 2010) in omygguration. However, in an
earlier study, Siesky et al. (2008) found eviderafe increased oxygen
saturation in retinal venules in glaucoma patietaking dorzolamide or
brinzolamide, compared to when the same patients taging timolol alone. It
is unclear why this result is so different from tbéher two studies (present
study and Siesky et al., 2010) on dorzolamide amtihal oxygen saturation.
The main difference is that in the earlier study;zdlamide (or brinzolamide)
alone, given three times a day, was compared toldinalone, given twice a
day. In the present study and the later study bgkyiet al. (2010), drops were
given twice a day and dorzolamide-timolol combioatiwas compared to
timolol alone. As described in chapter 1.1.5.2 otivhis not believed to have
significant effects on blood flow or oxygenation.d study on pigs, no effects
were found of timolol on optic nerve head oxygensten, regardless of
whether timolol was given alone or in combinatiorithwdorzolamide
(Kiilgaard et al., 2004).

5.4.3 Stability of oximetry over time

In the study of the effects of dorzolamide on r&tivessel oxygen saturation,
ten of the patients were followed for 18 months enehsured with one or two
months’ interval. As the effect of the differentugs on saturation was
minimal, the measurements can be viewed as repea¢adurements under
similar conditions over a long time period. Thenstard deviation of these
repeated measurements was very low (Table 16 iptehd.4.2). It can be
compared to two earlier repeatability studies,alth it has to be kept in mind

95



that the current standard deviation is for measargsnof mean arteriolar and
mean venular saturation for an eye while the otiverstudies measured single
vessels repeatedly. The current standard deviagoabout two to three
percentage points lower than the standard devisgtnween images of patients
with better optical quality of the eye, taken witlthe the same session in an
earlier study with the same instrument (Hardargoal.e2006). Hammer et al.
measured the standard deviation of repeated measaote with their oximeter
in healthy volunteers (one session, single vess@id)found it to be about one
percentage point higher than the standard deviatfound here (Hammer,
Riemer et al., 2009).

5.4.4 Limitations of the studies on the effect of glaucomtreatment
on retinal vessel oxygen saturation

Glaucoma is a complex disease and it is a limitatid both studies of its
treatment that the groups were small and not rigglyodefined. In the study of
glaucoma surgery, all patients, who were undergbiteging surgery for open
angle glaucoma were invited to participate. Alltlém had severe glaucoma.
However, some had exfoliation glaucoma whereagstied not.

In the study of dorzolamide, patients were clasdithis having open angle
glaucoma or optic nerve hypertension by their oglntlologist, based on optic
nerve head appearance, visual fields and intraoquksssure. The diagnosis
was made by two ophthalmologists and the glaucomi@enqs had mild
glaucoma. The reason for this loose inclusion gati®r the dorzolamide study
was that recruitment was difficult for the 18 momstiudy. The effect on the
results is unclear. However, in the parallel studindianapolis (Siesky et al.,
2010), neither the group with glaucoma nor the thgatontrol group showed
any effect of dorzolamide on retinal oxygen satorat

Another disadvantage of both studies is the paossddfect of other
treatments. The effects of dorzolamide had to kestigated by comparing the
combination of dorzolamide and timolol to timoldbrae simply because it
would have been unethical to leave the glaucomé&ergat untreated. As
mentioned in chapter 1.1.5.2, timolol is believedave little effects on ocular
blood flow or oxygenation and it is therefore likghat the comparison of
dorzolamide and timolol combination to timolol abowould have revealed the
possible effects of dorzolamide on oxygen satumatio

Stopping the glaucoma medication before the studthe effect of surgery
would also have been unethical. All patients undieig surgery took their
regular glaucoma medication before the surgerynbutafter surgery. Despite
this, the intraocular pressure was decreased cmagily and it is unlikely that
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stopping the glaucoma medication after surgery gédrthe conclusions of the
study. Nevertheless, some confounding effects ofefcample dorzolamide
before surgery cannot be ruled out.

Finally, the double-blinding of the dorzolamidedtuas not perfect since
the patients would frequently notice more irritatidue to the dorzolamide-
timolol combination than due to timolol alone aramplain about this to the
researchers. Nevertheless, the analysis of oximetages was performed
without knowledge of the study period in which theges were taken.

5.5 Statistical analysis

The statistical tests used are mentioned whereethdts are reported (Chapter
4). In most cases, the set up of the studies ondltere of the data meant that
more than one approach could have been taken torpestatistical analysis.
Below is a brief discussion of the main statistisalies.

In the light and dark experiments, the main intevess the simple question
of whether saturation changes between light and. darsimple statistical
approach was taken in the first experiment, i.ecdmpare a measurement in
the dark to the next measurement in light. Thiseghe same answer five times
in a row and the p-value was always lower than QFdgure 8). Interpretation
of the differences in saturation, found in thetflight and dark experiment, is
therefore not complicated by the multiple testsiia second light and dark
experiment, the results for the bright light (10@n¢), were similar to the
results for the 80 cd/mlight in the first experiment, although not quite
statistically significant for venules (Figure 10/hen viewed together, these
results clearly indicate that oxygen saturatiogrisater in darkness than in 80-
100 cd/m light. The probability of repeatedly obtaining seelow p-values if
there was no effect of light and dark on oxygenmrsdion is extremely low.

Other aspects of the light and dark experiment®wenrlysed in the same
manner for consistency. Interpretation of the lowajues for differences in
brightness ratios is straight-forward (Figure 9,values low). The differences
in diameter were not at all consistent and no strmonclusions were therefore
drawn. It was known beforehand that the diametessmeements were crude
due to low resolution.

Other statistical tests could have been used falysis of light and dark
experiments, particularly the second experimentrevtdifferent light levels
were compared to dark. Analysis of variance foresgpd measurements with
Dunnett’s post tests would have been more apprepite this experiment but
the simpler approach of t-tests was used for ctersmy with previous
experiment. The analysis of variance was testedgimmwn) and gave the same
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statistical significance, except that differencevenous saturation between
darkness and 100 cd/night was significant, instead of being borderline
significant. For experiment one (alternating liginid dark), using repeated
measures analysis of variance would have beengmattic. The time points in
darkness were for example not equivalent sinceddm& adaptation was 30
minutes in one case and five minutes in the otases. The magnitude of the
effect could have depended on duration of dark tatiap and history of dark /
light exposure. Treating all time points in thesfitight and dark experiment
equally in a combined test would have been quesien

The choice of parametric or non-parametric testgdtinal vein occlusion
measurements was not straight-forward. All the gatssed the Shapiro-Wilk
normality test. However, the samples are smallctvimmeans that the normality
tests are not powerful. Non-parmetric tests wekeseh for branch retinal vein
occlusions since the whole group included datackvhvas affected by poor
image quality in a fashion that was expected tadrerandom. This means that
it is questionable whether measured saturatiorrandh retinal vein occlusion
data is normally distributed. The subset of patiemith good quality images
was analysed with non-parametric tests for consigteParametric tests were
applied to the branch retinal vein occlusion datat §hown) and gave the same
conclusions, except that the difference betweerectdtl arterioles and
arterioles in the fellow eye became significant.

Parametric test were used for central retinal weiclusion data since they
were generally based on better quality images thanbranch retinal vein
occlusions and were, in most cases, averages efaexessels from each eye.
Non-parametric tests (not shown) gave the samedusioa.

For analysis of glaucoma surgery, two-way analg§igariance with Bon-
ferroni post-tests could have been more appropttiate the simple t-tests used.
This approach has been tested (not shown) andtgawame 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 oximeteesebn reflected light on two
wavelengths to calculate the oxygen saturation.s Thequires several
approximations and the calibration is done by caispa with literature values
from a multispectral device (Schweitzer et al., 99LCalibration of retinal
oximeters will always be challenging since accuragasurements vivo are
not possible. Schweitzer et al. (1999) used glagsllaries for calibration,
which may be more appropriate for their instrumiéivain the one used here,
because their measurements do not rely on backgroeffectance. A single
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oximetry measurement should be taken with cautecabse factors such as
vessel diameter and fundus pigmentation may inflaethe results (Beach et
al., 1999). The imperfection of the calibratiorfos example seen when single
oxygen saturation values are above 100%. Howeter,okimeter has been
shown to give repeatable measurements and to kstigento changes in
oxygen saturation (Hardarson et al., 2006). Pralidiat known confounding
factors are kept in mind, the oximeter can be deedomparison of groups (as
is most often the case in this thesis) or to del@ge deviations in retinal
oxygen saturation in individuals. The calibraticargmeters used to calculate
oxygen saturation from optical density ratios da imfluence the results (p-
values) of statistical tests because the relatiprisétween optical density ratio
and the calculated oxygen saturation is linear.

5.6.2 The effect of variable fundus reflectance on oximey

The oximetry calculations (chapter 1.2.4) are basedcomparison of light
intensities at the retinal vessels (I in equatipradd beside the retinal vessels
(Ip). Light intensity to the side of the vessel is iolngly dependent on fundus
reflectance. Light intensity at the retinal vessaly be dependent on the fundus
reflectance to a lesser degree, simply becauseopdne light is absorbed or
reflected without ever interacting with the fundugside the vessel (Hammer
et al., 2001). Differences in fundus pigmentatioithin or between eyes can
therefore create differences in calculated satumatiithin or between eyes.

Delori and Pflibsen (1989) found different fundefle@ctance in people of
different race and with different iris colour. Béfent melanin concentration,
especially in the choroid appears to have a sicanfi effect on fundus
reflectance. The difference in reflectance was mmanounced for red light
than for shorter wavelengths. This wavelength ddepeoy means that
calculated optical density in retinal oximetry igferently affected at the two
wavelengths and the resulting optical density ratid calculated saturation is
affected. Beach et al. (1999) and Hammer et al0O&Pthave both made
attempts to correct dual wavelength oximetry foe tinfluence of fundus
pigmentation.

Despite the influence of fundus pigmentation onviitial retinal oximetry
results, it is unlikely that the conclusions of tsteidies reported herein are
affected. The population studied consists predontipaf lightly pigmented
Caucasians. There is little reason to believe pliginentation is on average
dramatically different between diabetic patientsl dhe healthy comparison
group. In all other studies, each participant wasgared with him- /herself.
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Even if melanin in the fundus is unlikely to haviéeated the conclusions
of the current studies, the possibility remaing thl@aching of rhodopsin in
light and dark experiments could have created aor.eRipps et al. (1981)
found that fundus reflectance in the cat retinanged with light adaptation.
The change was small at the wavelengths used inrdtigal oximeter.
However, the change in light absorbance was sligirgater at 586 nm than at
605 nm and this may create artefactual differenieenicalculated saturation in
light is compared to saturation in dark.

A more detailed analysis of the light and dark expent was performed to
address the possibility that fundus absorbancelaréfore reflectance change
and affect the oximetry results. Figures 9A anch@usthe ratio between light
intensities inside retinal vessels at the two weawvglhs of the oximeter
(leod/Isg). Since only light reflectance at 605 nm shouldrade (increase) with
oxygen saturation, this ratio should be sensitoredikygen saturation. As can
be seen in figures 9A and C the ratio is highethm dark than in the light,
which is in an agreement with increased oxygenratitun in the dark. The
ratio of light intensities outside the vessglg¥lo.ss9 is also higher in the dark
(figure 9B and D) and this could create some hbismwvever, it can be seen
from equations 4 and 6 in chapter 1.2.4 that thiange in J will tend to
increase the optical density ratio in the dark aletrease the resulting
saturation in the dark. This is opposite to theillte3 herefore, this artefact will
tend to attenuate the differences seen in sataratid not affect the conclusion
of the study. The reason for the higher raji@dlqsge in the dark is unclear but
may be either or both, bleaching of photopigmentimgreased oxygen
saturation in retinal capillaries and choroidalotdature in the dark. Lack of
bleaching in the dark will probably decrease thighiness less at 605 nm than
on 586 nm. Increased oxygen saturation in capkaand in the choroid will
increase the brightness only at 605 nm.

In summary, global differences in fundus reflecéaacfundus absorbance are
not likely to have changed the conclusions of atylys reported herein. The
influence of extravascular haemorrhage is discusselthpter 5.6.4 below.

5.6.3 The effect of vessel diameter on retinal oximetry

Beach et al. (1999) and Hammer et al. (2008) hawend that oxygen
saturation, measured with a dual wavelength oximetiecreased with
increased vessel diameter. Beach et al. could detmade that this is most
likely a technical error since the relationshigpresent when healthy subjects
inhale 100% oxygen and oxygen saturation in allomagtinal arterioles is
likely to be very close to 100%. The reason forrlationship between vessel
diameter and measured saturation may be that pgttis are different for
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different sizes of vessels (Hammer et al., 2001 )wvider vessels, for example,
a greater proportion of the light coming from tressel is backscattered from
the blood while, in smaller vessels a greater pitogo travels through the

whole blood column, even twice. The contributioneaich light path to the

final signal is also dependent on the wavelengtiefight.

The effect of vessel diameter on the current restlds not been
systematically tested. Nevertheless, it is mogljikhat the same relationship
exists, i.e. decreased measured saturation witledsed diameter. This is in
agreement with experience, gained during the ustefinstrument. With a
later version of the oximeter used here, the artefd decrease in saturation
with increased vessel diameter was found to be tathét for every 10%
change in vessel diameter (unpublished own data)

A small decrease in measured saturation with ise@aessel diameter is
unlikely to have changed the conclusions of thedisg) presented here.
Theoretically, the small increase in arteriolausation after glaucoma surgery
may have been exaggerated by a decrease in vaasabtdr after surgery.
Decreased saturation in some venous occlusions likewise have been
exaggerated if the affected venules were wide. Hewethe vessel diameter
was not measured in either case. In other studeesftect of vessel diameter is
more likely to have attenuated the differencesatnirmtion, which were found.
Dorzolamide would for example tend to increase @imrather than reduce it
and this would tend to decrease the measured gatura

5.6.4 The effect of image quality on retinal oximetry

The effects of image quality on oximetry measureeme more difficult to

quantify and correct for. Experience indicates {abr contrast, for example
due to cataract, tends to lead to lower measurgdemxsaturation. Poor focus
seems to have less effect on results. This canobeluwled by inspecting
images of different quality of the same retina urtde same conditions.

In most studies, described herein, a systematferdiice in image quality
between the groups or time-points is unlikely. Plotages were excluded from
analysis. The most notable exceptions are theestuadi retinal vein occlusions,
where the haemorrhages can interfere with measmtsm&o minimise
confounding, care was taken to choose measureroaris pvhere there was no
haemorrhage and to use the better quality images. bEtter quality images
may, however, be of those with worse disease. Tdwrea separate analysis
was made on data from branch retinal vein occlysidmere more spurious
images were also included. This did not changedmelusion of the study.
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5.6.5 Other physiological confounders

In addition to fundus pigmentation and vessel diameseveral physiological
factors may influence the measurements of retiealsel oxygen saturation.
These factors include different haemoglobin typles,effect of light exposure
during measurements and the effect of pupil difatio

The different haemoglobin types are described iraptr 1.2.3.
Measurements of their concentration requires mialtipavelengths of light
(Zijlstra et al., 2000). Such measurements can besperformed in blood
samples although recent advances in pulse oxinalow at least approximate
non-invasive measurements of carboxyhaemoglobin amdhaemoglobin
(Barker and Badal, 2008). Examination of the eaqueti used for oximetry in
this thesis (chapter 1.2.4), shows that carboxylgérbin will increase
measured saturation and methaemoglobin is mordy lilce decrease it. No
measurements were made of different haemoglobiestypthe current studies
and finger oximetry values were not analysed. Neifinger oximetry values
nor the ratio of different haemoglobin types islikto be different between
groups or time-points in the studies with the exioep that glycosylated
haemoglobin may have had slightly higher conceptmain diabetic patients
than in the healthy comparison group.

As is reported in chapter 4.1, retinal vessel orygaturation changes
between light and dark. Therefore, light conditialusing measurements must
be standardised. The ambient light level in thenramas kept low (chapter
3.1). The effect of repeated measurement flashesoi® likely to have an
effect although no such effect was detected. Valudsch were compared,
were obtained with the same imaging protocol anflferdinces in flash
exposure are therefore minimal.

Dilation of pupils was performed for almost all maeements and is
therefore unlikely to confound comparisons. In somk the studies,
phenylephrine was added to tropicamide when deamedssary by nurses or
ophthalmologists during a regular clinical visitetBer standardisation of
dilation would have been preferred. Furthermorepaential increase in
intraocular pressure with dilation (Shaw and Lewi@86) or direct effects of
dilating drops on retinal vessels should be kephiimd.
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6 Conclusions and future perspectives

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

Studies in recent years, among them the studiesrided here, are
beginning to further our understanding of humamattoxygenation in health
and disease. We now have evidence for increasédalretessel oxygen
saturation in the dark. Together with earlier ressfifom animal studies and
from (limited) studies on retinal blood flow, theepent results clarify how the
retina copes with the large change in energy denhetdeen light and dark.
The results of studies on retinal vessel occlusiomsirm hypoxia in some
cases but not all and this may point to a varidelgree of recovery of flow or
decreased oxygen demand. The results of measureofetibetic retinopathy
are more uniform; patients with all categories iabétic retinopathy appear to
have high retinal vessel oxygen saturation and thé/ be due to poor
distribution of oxygen and other factors. Glaucdmeatment does not seem to
have large effect on oxygen saturation and thigiagreement with recent
evidence against hypoxia in glaucoma. Longitudistaldies are needed for
further clarification and it is still unclear whethintermittent hypoxia may
play a role in glaucoma, for example during perioti®ow blood pressure.

The present studies are therefore steps towarder batderstanding of
retinal oxygenation in various diseases and inthedlhey have shown that
dual wavelength non-invasive retinal oximetry caovjle valuable data. To
further build on these studies, a new retinal oxéanehas recently been
developed. It is based on the same principles lagt letter optics, more
resolution and wider field of view. This will allomore detailed studies of the
diseases studied here as well as other diseasesgiiie challenges ahead are
larger studies, which allow more comparison withichl features and the use
of vessel diameter measurements to help intergret axygen saturation
changes found. Refinement of the measurement wedniself by correcting
for known confounders will also be a major task.

Many common and serious retinal and optic nerveaties are believed to
involve disturbance in blood flow and / or oxygeaatand the current thesis
adds to the available evidence. The studies destiierein and similar on-
going studies aim at better understanding the piysiology. The final aim is,
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however, to be able to use the knowledge and téotwmdor better diagnosis,
monitoring and treatment of disease.
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