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Abstract

Intraocular pressure (IOP) measurement is a routine procedure and a
fundament in glaucoma care. Elevated IOP is the main risk factor for
glaucoma, and to date, reduction of IOP is the only possible treatment.

In a retrospective clinical material, the prevalence of open angle glaucoma
was estimated on the west coast of Iceland. IOP measurement and optic
nerve head examination were used to capture glaucoma suspects, within the
compulsory ophthalmological examination for the prescription of eye
glasses. The results were mainly in agreement with a recent prospective
study in the same region. This indicated that retrospective data, under
certain conditions, may contribute with useful information on the prevalence
of glaucoma. However, normal tension glaucoma is underestimated if
perimetry and/or fundus photography are not included in the examination.

Three studies focused on the measurement of IOP. Goldmann applanation
tonometry (GAT) is the standard method. GAT is affected by corneal
properties, e.g. central corneal thickness (CCT) and corneal curvature (CC).
Refractive surgery changes these properties. This has put focus on how
corneal biomechanics translate into tonometric errors and stimulated the
development of new methods. As a result, Pascal® Dynamic Contour
Tonometry (PDCT) and Icare® rebound tonometry have been introduced. A
method under development by our research group is Applanation Resonance
Tonometry (ART). It is based on resonance technology and estimates IOP
from continuous measurement of force and contact area.

Comparison of PDCT, Icare and GAT in a prospective study showed that the
concordance to GAT was close to the limits set by the International Standard
Organization (ISO) for PDCT, while Icare was outside the limits.

To investigate if laser-assisted subepithelial keratectomy (LASEK) affects
tonometry, a study was performed where measurements with GAT, PDCT
and ART were obtained before, three and six months after LASEK. The
hypothesis was that PDCT and ART would be less affected by LASEK than
GAT. The results showed a statistically significant reduction of measured
IOP three and six months after LASEK for all tonometry methods. Change in
visual acuity and IOP between three and six months suggested a prolonged
postoperative process.

A servo-controlled prototype (ARTservo) was developed. A study was
undertaken to assess the agreement of ARTsw, and a further developed



manual prototype (ARTmanuva) with GAT. The study design was in accordance
with the requirements of the ISO standard for tonometers. ARTmanual fulfilled
the precision requirements of the ISO standard. ARTservo did not meet all the
requirements of the standard at the highest pressure levels.

Four tonometry methods, GAT, PDCT, Icare and ART, were investigated.
None of them was independent of both CCT and CC. The inconsistencies in
the results emphasize the importance of study design. A meta-analysis
comprising healthy eyes (IOP < 21 mmHg) in the three papers, revealed age
as an important confounder.

In summary, glaucoma prevalence in Iceland was investigated and the
results indicated that a retrospective approach can contribute with
meaningful information. ART and PDCT had a similar agreement to GAT.
ARTmanuat fulfilled the precision requirements set by the ISO-standard,
ARTservo and PDCT were close, while Icare was distinctly outside the limits.
All tonometry methods were affected by LASEK and no method was
completely independent of corneal properties.



Svensk sammanfattning

Mitning av 6gontryck ir en rutinmetod inom 6gonsjukvérden. Ogontryck r
viktigt for behandling och uppféljning av glaukom men ingér inte langre i
diagnosdefinitionen. Forhojt ogontryck dr den storsta riskfaktorn for att
insjukna eller forsamras i sjukdomen. Sankning av 6gontrycket ar idag den
enda kinda behandlingsmetoden.

Ogontrycksmitning ir siledes intimt forknippat med glaukom och anvinds
ofta tillsammans med undersékning av synnerven och/eller synfiltet som en
typ av screeningmetod for att avsléja glaukom. De regler som tidigare gillde
pd Island vid glasdgonforskrivning samt befolkningsstatistikuppgifter i
kombination med en systematisk retrospektiv journalgenomging
mojliggjorde att prevalensen av oppenvinkelglaukom pa Islands vastkust
kunde skattas. Métning av 6gontryck och unders6kning av synnervshuvudet
anviandes for att identifiera misstinkt glaukom. Resultaten av denna
undersokning liknade i manga avseenden en prospektiv studie frdn samma
region, men antalet normaltrycksglaukom var betydligt farre. Vi drar darfor
slutsatsen att retrospektiva undersokningar, under speciella forhallanden,
kan bidra med information om glaukomprevalens.

Alla metoder for 6gontrycksméatning som anvands kliniskt ar indirekta, dvs
mater utanpd o6gat. Goldmanns applanationstonometri (GAT) é&r
standardmetod. Matningar med GAT, liksom med andra instrument som
utnyttjar applanationsprincipen, péverkas av hornhinnans egenskaper, t.ex.
av hornhinnans tjocklek och kurvatur. Refraktiva kirurgins fordandring av
dessa egenskaper har medfort ett okat intresse for hur biomekaniska
egenskaper paverkar égontrycksmétningen och ocksa drivit utvecklingen av
nya metoder for att mita ogontryck. Pascal® Dynamic Contour Tonometry
(PDCT) och Icare® rebound tonometry ar metoder som nyligen
introducerats. Applanationsresonanstonometri (ART) ar en ny metod som
utvecklats av var forskargrupp. Den baseras pé resonansteknik som berdknar
ogontrycket utifrén kontinuerlig mitning av béade kraft och kontaktyta
(frekvensskifte).

En jimforelse av PDCT, Icare och GAT i en prospektiv studie visade att
PDCT var nira att uppfylla kraven for 6gontrycksmitare enligt svensk och
internationell standard (ISO standard) ndr den jamférdes med
referensmetoden, GAT. Icare hade simre 6verensstimmelse och klarade inte
ISO standarden.

Vi



I nista studie undersoktes hur refraktiv kirurgi med LASEK-metoden (laser-
assisted subepithelial keratectomy) péverkade Ggontryckmatningar.
Ogontrycket mittes med GAT, PDCT och ART fére LASEK-operationen,
samt tre och sex minader efter operation. Med alla metoder uppmattes ett
lagre tryck efter operationen. Hypotesen att 6gontryck métt med PDCT- och
ART-metoderna skulle paverkas mindre an GAT kunde dirmed inte
bekriftas (p = 0.11). Forandring av synskirpa och tryck mellan tre och sex
ménader tyder pa en forldngd postoperativ lakningsprocess.

ART metoden har vidareutvecklats och en servokontrollerad prototyp
(ARTservo) har tagits fram. I en prospektiv studie undersoktes
overensstimmelsen mellan ARTservo respektive en vidareutvecklad manuell
prototyp (ARTmanual) och GAT. Studien genomférdes i enlighet med ISO
standarden. ARTmanua uppfyllde ISO standardens precisionskrav. ARTservo
klarade inte kraven i den hogsta tryckgruppen.

Fyra mitmetoder, har studerats i denna avhandling. Ingen var oberoende av
bade hornhinnetjocklek och hornhinnekurvatur. Alder kan vara en
bidragande orsak till beroendet vilket visar att studiedesign ar viktig.

Sammanfattningsvis undersoktes glaukomprevalens pa Island och resultaten
visade att en retrospektiv studie under vissa férhallanden kan bidra med
virdefull information. Ogontrycksmitarna ART och PDCT uppvisade
liknande 6verensstimmelse med GAT. ARTmanual uppfyllde internationellt
stillda krav pa 6gontrycksmitare, ARTservo och PDCT var nira, medan Icare
var tydligt utanfor kraven. Alla tryckmatningsmetoder péaverkades av
LASEK behandlingen och ingen av metoderna var helt oberoende av
hornhinnans egenskaper.
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Almenn samantekt

Maling augnprystings er fastur hluti augnskodunar. Haekkadur
augnprystingur er ekki lengur hluti glakuskilgreiningar en er engu ad sidur
mikilvaegur pattur vid greiningu glaku og sérstaklega fyrir medferd og eftirlit
sjakdomsins. Hingad til hefur laekkun augnbrystings verid eina mogulega
medferdin.

Augnprystingsmeling er par af leidandi natengd glaku og er oft notud dsamt
smasjarskodun sjontaugardss og/eda sjonsvidosmelingu sem eins konar
skimunaradferd til ad finna glaku. St stadreynd ad augnlaeknar hofou einir
rétt til sjonmeelinga 4 {slandi par til fyrir fieinum drum gerdi pad ad verkum
ad heegt var ad asetla tidni glaku 4 Vesturlandi med afturvirkri skodun &
sjakraskram og hlidsjon af upplysingum fra Hagstofu Islands.
Augnprystingsmeling og skodun sjontaugaréss voru notadar sem
skimunaradferdir til ad finna einstaklinga med glaku. Nidurstodur
rannsOknarinnar voru ad morgu leyti svipadar nidurstbdum nylegrar
framvirkrar rannséknar 4 svipudu svaedi en fjoldi einstaklinga med
normoétensiva glaku var laegri. Vid alyktum pvi ad afturvirk rannsékn geti
undir vissum kringumstaedum gefid gagnlegar upplysingar um tidni glaku en
a0 sérstaklega verdi ad taka tillit til skekkjuvalda.

Allar adferdir til ad mala augnprysting sem notadar eru kliniskt eru 6beinar,
p.e.a.s. mala prystinginn utan 4 auganu. ,Goldmann Applanation
Tonometry“ (GAT) er algengasta augnprystingsmeeliadferdin i dag og vid
hana midast nyir augnprystingsmelar. Melingar med GAT eru hadar
hornhimnueiginleikum svo sem  hornhimnupykkt og  —sveigju.
Sjonlagsadgerdir breyta pessum eiginleikum. Pessi stadreynd hefur beint
athygli ad pvi hvernig hornhimnueiginleikar hafa 4hrif a
augnprystingsmeelingar og par af leidandi 6rvad préoun 4 nyjum adferdoum til
ad mela augnprysting. ,Pascal® Dynamic Contour Tonometry“ (PDCT) og
slcare® rebound tonometry” eru meeliadferdir sem hafa nylega verid kynntar
til sogunnar. Ranns6knarh6pur okkar hefur hannad og préad nyja adfero til
ad mela augnprysting sem nefnist ,Applanation Resonance Tonometry“
(ART). Adferdin byggist 4 eins konar 6munartakni sem melir augnprysting
at fra samfelldum meelingum 4 baedi krafti og snertiflatarmali.

Samanburdur & PDCT, Icare og GAT i framvirkri rannsékn syndi ad PDCT i

samanburdi vid GAT uppfyllti naestum pvi krofur alpjodlegra stadla fyrir
augnprystingsmeela (ISO) en Icare var klarlega utan stadlanna.

viii



Til ad rannsaka hvort ein tegund sjonlagsadgerda, ,laser-assisted
subepithelial keratectomy“ (LASEK), hefdi dhrif 4 augnprystingsmeelingar,
framkvemdum vid rannsékn par sem maeldur var augnprystingur med GAT,
PDCT og ART fyrir LASEK sem og bpremur og sex manudum eftir adgerd.
Nidurstodur syndu fram a tolfreedilega marktaeka leekkun a4 maeldum
augnprystingi premur og sex méanudum eftir LASEK med o6llum
meliadferdum. Vinnutilgatan ad augnprystingur maeldur med PDCT og ART
yroi fyrir minni dhrifum af LASEK en GAT var bvi ekki stadfest (p = 0.11).
Breytingar 4 sjonskerpu og prystingi & milli priggja og sex méanada gafu i
skyn a4framhaldandi breytingar i hornhimnu eftir prja manudi.

ART adferdin var préoud afram og sjélfstyrour meelir (ARTsevo) kynntur.
Framvirk rannsékn var framkveemd til ad meta 95% samramismork milli
ARTservo 0g nyrrar tegundar af handstyrdoum ART (ARTmanual) annars vegar og
GAT hins vegar. Rannsoknin var framkvemd samkvaemt krofum ISO stadla
fyrir augnprystingsmaela. ARTmanua uppfyllti allar nakvemnikrofur
stadlanna. ARTservo uppfyllti ekki krofur 1 heesta prystingshopi.

I samantekt var glakutidni 4 Islandi rannsokud og nidurstédurnar gafu til
kynna ad afturvirk nalgun vid sérstakar adstedur gaeti gefid gagnlegar
upplysingar. ART og PDCT hofou svipad samrami vid GAT. ARTmanual
uppfyllti nakvemniskréfur ISO, ARTsewo 0g PDCT voru nélaegt bvi ad
uppfylla stadlana en Icare var klarlega utan peirra. Allar maeliadferdir urdu
fyrir Ahrifum af LASEK og enginn beirra augnprystingsmeela sem
rannsakadir voru reyndist algjorlega 6hadur eiginleikum hornhimnunnar.
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1 Introduction
1.1 Glaucoma

Background

Glaucoma is a group of diseases that all have degeneration of the optic nerve
in common. It is the second leading cause of blindness worldwide (Quigley &
Broman 2006). The largest group of glaucoma is open angle glaucoma
(OAG). The aetiology of OAG is still not completely understood (SBU 2008).

Glaucoma was once believed to be a disease synonymous with increased
intraocular pressure (IOP) and for many years elevated IOP was part of the
definition. In recent years the definition has changed and does not include
IOP anymore. Today OAG is defined as a chronic, progressive optic
neuropathy associated with characteristic visual field defects and/or
morphological damage of the optic nerve head (EGS 2008; SBU 2008).

Epidemiology

Prevalence studies regarding glaucoma usually include people 40 years of
age and older because glaucoma is uncommon below 40. With growing and
older populations, the number of people with glaucoma worldwide has been
estimated to become approximately 60 million by 2020 (Quigley & Broman
2006). At least half of the population diagnosed with OAG are not aware of
the disease (Gredum et al. 2002; Leske 2007). There are substantial
variations in prevalence throughout the world due to genuine differences in
populations but also due to methodological differences, such as differences
in diagnostic criteria and sampling methods. The average prevalence of OAG
in European populations > 40 or > 70 years of age is estimated to 2%
(Quigley & Broman 2006) and 6% (Rudnicka et al. 2006), respectively.

There are indications of regional differences regarding prevalence in the
Nordic countries. OAG seems to be more frequent in the northern parts of
the region including Iceland, Norway, Finland and northern Sweden
(Ringvold et al. 1991; Hirvela & Laatikainen 1995; Ekstrom 1996; Jonasson
et al. 2003; Astrom & Linden 2007; Astrom et al. 2007) compared to
southern Sweden (Bengtsson 1981) and Denmark (Goldschmidt et al. 1989).
However, comparison is difficult because of methodological differences. A
recent large population study, the Malmo Eye Survey, comprising
approximately 33 000 subjects, showed a prevalence of > 5% in people 75
years of age (SBU 2008).



In the Nordic countries pseudoexfoliation (PEX) glaucoma is usually
regarded as a subgroup of OAG, although in many countries it is classified as
secondary glaucoma. PEX glaucoma is prevalent in the Nordic countries
(Ringvold et al. 1991; Hirvela & Laatikainen 1995; Ekstrom 1996; Jonasson
et al. 2003; Astrom & Linden 2007), and it may contribute to the high
prevalence of OAG in the area. In many cases, PEX glaucoma has a more
difficult and severe course with faster progress of visual field defects
compared to other subgroups of OAG (Heijl et al. 2009).

Risk factors

The most important risk factor for the development (Kass et al. 2002) and
the progress (Heijl et al. 2002; Bengtsson et al. 2007) of OAG is elevated
IOP. Elevated IOP is still the only risk factor that is modifiable (Leske 2007;
Sena et al. 2010). Other ocular risk factors include thin corneas (Gordon et
al. 2002) and PEX in combination with elevated IOP (Grgdum et al. 2005),
which increase the risk for both OAG development and progression of the
disease.

The prevalence increases with increased age (Rudnicka et al. 2006). Being of
African ancestry implies a higher risk for development of OAG (Leske et al.
1994). Having a close relative with OAG also increases the risk (Leske et al.
2008).

1.2 Physiology of IOP

IOP is a result of a fluid system in the human eye where balance between in-
and outflow determines the level of IOP. It is maintained by the production
of aqueous humor in the ciliary body in the posterior chamber and the
outflow through the trabecular meshwork or the uveoscleral pathway
originating in the anterior chamber (Figure 1) (Goel et al. 2010). The flow of
aqueous humor against resistance in a healthy eye creates an IOP of
approximately 16 mmHg (Leydhecker et al. 1958; Shiose 1990). An
imbalance of this system, by increased production or increased outflow
resistance, results in an increase of IOP. Aqueous humor is produced at a
flow rate of 2.75 ul/min (Brubaker 1991) and the uveoscleral outflow is
approximately 1.1 — 1.5 pl/min (Toris et al. 1999) .
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Figure 1. A cross section of the anterior segment of the eye. The flow of the

aqueous humor is shown with arrow.
Ilustration by G. Andersson.

1.3 Intraocular pressure

IOP plays a central role throughout ophthalmology. It is part of routine
ophthalmologic examinations and important in the management and follow-
up of glaucoma patients.

The association between glaucoma and elevated IOP was established in the
first half of the 19th century (Mackenzie 1830). The first instruments to
measure IOP, tonometers, were introduced in the latter half of the same
century (Donders 1863; Draeger 1961). Since then, numerous techniques to
measure IOP have been introduced, each with its advantages and
disadvantages. Hitherto, no method is regarded to be totally independent of
corneal properties and no method measures the true IOP.

Glaucoma can develop irrespective of IOP level, and glaucoma with “normal”
IOP has in large population studies been shown to account for a considerable
portion of OAG (Dielemans et al. 1994; Grgdum et al. 2002; Jonasson et al.
2003). Statistically, 21 mmHg can be argued to be a correct level for normal
pressure. Based on large screening studies, the mean IOP for healthy
individuals is approximately 16 mmHg with a standard deviation of 2.5
mmHg (Leydhecker et al. 1958; Shiose 1990).



1.4 Tonometry methods

Direct measurement of IOP requires invasive methods during surgery and is
not used in clinical practice. Thus, all current clinical tonometry methods
measure IOP indirectly, i.e. it is an estimation of the true IOP.

Tonometry methods can be divided into four different categories according
to their principles of measurement: applanation, indentation, contour
matching and rebound tonometry (Kniestedt et al. 2008).

Applanation tonometry

The gold standard for tonometry methods is the Goldmann Applanation
Tonometer (GAT) (Figure 2). Goldmann and Schmidt based their novel
tonometer on the law of Imbert-Fick (Eq.1) which states that the IOP is
proportional to the force (F) needed to applanate a pre-defined area (A)
(Goldmann 1957).

IOP F
T A

Eq. 1. Imbert-Fick’s law

However, Eq. 1 is only applicable to an infinitely thin membrane with perfect
elasticity and a dry surface (Goldmann 1957). Since the cornea meets none of
these conditions, Goldmann and Schmidt compensated for potential errors
by presuming that the corneal thickness would be approximately 500 pm in
most healthy eyes. Furthermore, they recognized that the influence of the
tear fluid and the rigidity of the cornea would cancel out each other at a
contact area with a diameter of approximately 3.0 mm (Figure 3). The pre-
defined area of the tonometer probe was chosen to be 7.35 mm2 (diameter
3.06 mm) because of practical reasons; then 1 g of force is interpreted as 10
mmHg (Goldmann 1957). GAT has been shown, in numerous studies, to be
dependent on corneal properties such as central corneal thickness (CCT) and
corneal curvature (CC). Additional sources of error include high
astigmatism, inter- and intra-variability, etc (Thorburn 1978; Whitacre &
Stein 1993; Doughty & Zaman 2000; Kniestedt et al. 2008).



Figure 2. The Goldmann Applanation Tonometer.
Tlustration by A.Wahlin.

In order to measure IOP with GAT, a drop of anaesthetic and fluorescein is
instilled in the eye. Through an optical prism, the examiner sees two
semicircles and adjusts the force until the inner edges of the semicircles
connect. GAT is mounted on a biomicroscope and thus requires the patient
to be in a sitting position. Perkins and Draeger are handheld versions of
GAT.



tonometer .

T Frigidity

tear fluid

Figure 3. A schematic illustration of forces affecting the applanation force
in GAT. Frigdity acts as a repelling force while Fiear fiuid acts as an adhesive force on
GAT. Goldmann presumed that in normal corneas, Frigidity and Ftear iuia would cancel

each other out.
llustration by A.Wéhlin.

The applanation principle is also used by the Tono-Pen®. After applanating
the cornea with this handheld tonometer, it presents an average IOP of
several measurements (Hessemer et al. 1989). The Tono-Pen is especially
useful in irregular corneas and in patients who cannot sit at the
biomicroscope (Kniestedt et al. 2008).

Noncontact tonometry (NCT) works with the applanation principle. An air
pulse applanates a predefined area of the cornea. An optical sensor registers
when the applanation is complete and IOP is calculated depending on the
force needed to applanate the cornea (Forbes et al. 1974). The NCT
technology has been further developed into the Ocular Response Analyzer®
(ORA) that has the advantage of being able to measure a parameter believed
to describe the visco-elastic dampening of the cornea, corneal hysteresis
(Luce 2005).

Applanation Resonance Tonometry (ART) is a tonometry method under
development by our research group (Eklund et al. 2003a; Eklund et al.
2003b; Hallberg et al. 2004; Hallberg et al. 2006a; Hallberg et al. 2006b;
Hallberg et al. 2007). It is based on the same principle as GAT, i.e. Imbert-
Fick’s law, but instead of a single reading of contact force and area, as with
GAT, it samples information continuously. An early prototype of ART has
been shown to fulfil the requirements of the International Standard



Organisation (ISO) for tonometry methods (Hallberg et al. 2007). The
method is described in more detail in the method section.

Indentation tonometry

The Schigtz tonometer was widely used before GAT was presented. It is still
used in many regions in the world. The technique is based on assessing how
much indentation of the cornea that is caused by a particular weight (Schigtz

1905).
Rebound tonometry

Icare is a recently launched tonometry method based on a rebound
technique. Icare is a hand-held apparatus that consists of two coils coaxial
with the probe shaft. A solenoid coil propels a probe to the cornea and a
sensing coil monitors the movement. IOP is calculated by the deceleration in
the probe’s velocity. One measurement consists of six corneal readings. An
average IOP is presented after the highest and lowest readings have been
eliminated in order to minimize the standard deviation. Icare has a quality
indicator that indicates how reliable the measurement is (Kontiola 1997).
Icare requires no anaesthetics and is user-friendly, thus the field of
application includes children and disabled people.

Contour tonometry

The PDCT is also recently launched (Kaufmann et al. 2003; Kanngiesser et
al. 2005). The method is based on direct trans-corneal IOP measurements.
Many studies have shown PDCT to be less dependent or even independent of
corneal biomechanics (Kaufmann et al. 2004; Pache et al. 2005; Barleon et
al. 2006; Ku et al. 2006; Schneider & Grehn 2006), although conflicting
results exist (Francis et al. 2007; Salvetat et al. 2007; Muller & Kohnen
2009). The device has a concave sensor tip which enables the cornea to take
the contour of the tip at contact. The IOP is then measured through a
piezoresistive pressure sensor in the centre of the probe. Similar to GAT, it is
mounted on a biomicroscope and requires anaesthetics. A quality control
indicates how reliable each measurement is. Apart from measuring IOP,
PDCT is able to measure the ocular pulse amplitude (Kanngiesser et al.
2005; SMT Swiss Microtechnology AG 2005).



Standard for new tonometry methods

As early as 1929, a commission was appointed at the International Congress
in Amsterdam to try to standardize tonometers (Friedenwald 1937). In
recent years, the ISO has established a standard for tonometry methods to
warrant the accuracy of new methods. In order to fulfil the ISO standard
(ISO 2001), the new method has to meet certain requirements that are
regarded as minimum for tonometers used in clinical practice. These include
measurements from at least 150 eyes with IOP divided into three subgroups
with > 40 eyes in each group. Furthermore, the 95% limits of agreement
compared to the reference method (GAT) have to be smaller than + 5 mmHg
for + 1.96 SD (ISO 2001). Studies II and IV were designed in accordance with
the requirement of this ISO standard for tonometers. In 2009, a new
standard was published. The requirements of the new standard are similar to
the ISO 2001 with certain important exceptions. These include a reduced
minimum amount of eyes to 120 and additional exclusion criteria regarding
CCT (ISO 2009).

1.5 Corneal properties

Corneal properties measured in these studies comprise CCT and CC. The
normal CCT is estimated to be 534 um according to a meta-analysis of 300
data sets identified from nearly 700 publications (Doughty & Zaman 2000).
Goldmann and Schmidt assumed that CCT did not differ much from 500 um
when they invented their tonometer in the 1950s (Goldmann 1957). It is now
recognised that the variation in the normal population is approximately 470
to 600 um (Doughty & Zaman 2000). A significant relationship between
CCT and IOP measured with GAT is established; a thick cornea may give a
false too high IOP reading and vice versa for a thin cornea (Whitacre & Stein
1993). However, there is an ongoing debate on how much of the IOP
measurement variance can be explained by CCT alone (Kotecha 2007).

Normal CC is often in the range of 7.7 — 7.9 mm (Jonsson et al. 2006; Kim et
al. 2010). True IOP may be overestimated when measured with applanation
tonometry on steep corneas and underestimated in eyes with flat corneas. As
for CCT, only a small portion of IOP measurement variance can be explained
by variations of CC (Kotecha 2007).

Geometrical properties such as CCT and CC together with elastic properties
of the cornea will have potential to affect IOP measurement due to corneal
rigidity. Capillary forces due to tear fluid will also act on the applanation
probe (Figure 3). These properties influence the tonometry in opposite
directions. When a tonometer comes into contact with the eye, the tear fluid



acts as an adhesive and can therefore theoretically facilitate the applanation.
Corneal rigidity, on the contrary, offers resistance to the tonometer and
thereby potentially affects the IOP measurement toward a falsely high IOP
(Goldmann 1957).

Mechanics can be applied to the analysis of dynamic systems and when
applied to biology it is termed biomechanics (Fung 1993). CCT and CC are
examples of structural attributes that give rise to biomechanical properties of
the cornea. Biomechanical properties have been difficult to measure
routinely. Recently, a new biomechanical parameter of the cornea, corneal
hysteresis, has been introduced. It is a parameter that is believed to describe
the viscoelastic properties or dampening effects of the cornea. Hitherto, only
one apparatus is available on the market that is able to measure corneal
hysteresis, the ORA (Luce 2005; Kotecha 2007).

1.6 Refractive surgery

Improvements in terms of increased safety and predictable results have been
made in the field of refractive surgery during the last two decades. Refractive
surgery has become increasingly popular in recent years. The structural
modification of corneal properties, e.g. CCT and CC, by refractive surgery,
has augmented the risk for measurement error of IOP and consequently
brought attention to the IOP measurement. Generally, preoperative
examinations include a thorough ocular examination, refraction,
pupillometry, tonometry and measurements of corneal properties. Based on
these variables and individual needs, the surgical technique is chosen. The
techniques can mainly be classified into lamellar (e.g. laser in-situ
keratectomy (LASIK)) and surface (e.g. laser assisted subepithelial
keratectomy (LASEK)) ablation (Figure 4) (Sakimoto et al. 2006). LASEK is
a subgroup in which the effect on IOP measurement has been sparsely
investigated.
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|l Il

LASEK LASIK

Figure 4. A schematic picture comparing LASEK and LASIK procedures.
The grey layer represents the corneal epithelium and the white layer the corneal

stroma.
llustration by A.Wéhlin.

The fundamental difference between lamellar and surface ablation is the site
of laser treatment in the corneal stroma and the indications for surgery. In
lamellar ablation, a flap is created in the corneal stroma with a keratome and
ablation carried out deep in the stroma. The patient experiences a rapid
increase in visual acuity and few discomforting symptoms. During surface
ablation only the epithelium is loosened and moved aside followed by
external treatment of the stroma. The postoperative discomfort is greater
and visual acuity improvement slower than with lamellar surgery. A general
advantage with lamellar ablation is that patients with larger
myopia/hyperopia and/or astigmatism can be treated compared to surface
ablation (Sakimoto et al. 2006).
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2 Aims

The general objective of this thesis was to evaluate new tonometry methods.
An additional aim was to investigate if the prevalence of open-angle
glaucoma could be estimated from a retrospective clinical material, where

IOP and optic nerve head examinations were used as screening tools.

The specific aims of the thesis were

® to investigate if a retrospective design in a defined population could

be used to estimate the prevalence of OAG and to compare the

estimate with a recent prospective Icelandic study,

e to compare two newly introduced tonometry methods, PDCT and

Icare , to the reference method GAT,

e to evaluate three tonometry methods — the gold standard, GAT, a

new method, PDCT, and a method under development, ART — with

respect to IOP before and three and six months after LASEK,

® to assess if a further developed manual ART and a new motorized
prototype of ART fulfil the ISO standard by comparison to GAT,

e toinvestigate the influence of corneal properties on IOP
measurement with GAT, PDCT, Icare and ART.

11



3 Material and methods
3.1 Subjects

Population (Paper I)

The clinical data used in Paper I was collected through records from the sole
ophthalmologist serving the west coast of Iceland. Only records of patients
aged 50 years or more that were alive on December 1, 2001 were reviewed.
Patients with glaucoma were recognized and information about their disease
acquired from the records. After re-evaluation, glaucoma patients were
included in the study if the inclusion criteria were met and if they had visited
the eye clinic between December 1, 1996 and December 1, 2001. The study
was divided into two subcategories: one for the main clinic in the town of

Akranes and the other for the whole of the west coast region (Figure 5).

Municipalities on the
west coast of Iceland
Boundaries of each

municipality

Dalir/Reykholar

Sneefellsnes

\//\\\
Akranes >t

0 50 km @
-
1:2.000.000

Figure 5. A map of the west coast of Iceland.
The main study was carried out in Akranes where prevalence was investigated.

Minimum prevalence was calculated from the whole west coast (solid line).
Tllustration by G. Gudmundsson.
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Patients (Papers II-1V)

Glaucoma patients with and without elevated IOP from the Department of
Ophthalmology, Umea University Hospital, Ume4, participated in studies II
and IV. Healthy patients scheduled for LASEK at a private practice in Umes,
Koskela Eye Clinic, participated in study III.

Healthy volunteers (Papers I1 & IV)
Healthy volunteers participated in the studies presented in Papers II and IV.

More detailed information on all subjects is given in Papers I-IV. An
overview of demographic data in the studies is presented in Table 1.

Table 1. An overview of demographic data in Papers I-IV.

Study No. Sex (F/M)  Design Subjects Age
subjects/eyes mean (range)
Ia 1443%/- 757/686 R Population > 50
Ib 3782%/- 1867/1915 R Population > 50
I 76/150 42/34 P Patients/volunteers 58 (18-83)
III 53/53 28/25 P Patients 29 (19-52)
v 77/152 37/40 P Patients/volunteers 61 (43-88)

*Inhabitants > 50 years of age in Akranes (Ia) and on the west coast of Iceland (Ib).
R: retrospective; P: prospective.

3.2 Methods for measuring IOP
Applanation Resonance Tonometry

Applanation Resonance Tonometry (ART) is a tonometry method under
development by our research group. ART is based on simultaneous and
continuous sampling of both contact force and contact area. The device
consists of a sensor with a piezoelectric ceramic element composed of lead,
zirconate and titanate and a force transducer. Alternating voltage is applied
through the element resulting in oscilliation in its resonance frequency.
When the sensor comes into contact with the cornea, the oscilliation changes
and results in a frequency shift. This frequency shift is proportional to the
contact area. Thus, knowing the contact area (A) and contact force (F), the
IOP can be calculated according to Imbert-Fick’s law (Eq. 1). The ART
technique is able to analyse data in two ways. Firstly, focus is on the dynamic
phase of the measurement, i.e. the indentation of the cornea, and secondly,
focus is on a more static phase when the cornea is fully applanated (Figure
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6). Two different prototypes were used, a manual version (Papers III-IV) and
a servo-controlled version (Paper IV). In both cases the ART sensor was
mounted on a biomicroscope in a manner similar to GAT.

35 1 400
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15 A
100 ®
P4 5 ;
E oy
- 0 2
g g
g ] g
Dynamic phase -100 T
.15
-200
25 1 -300
'
Static phase
-35 T T T T T  -400
0 500 1000 1500 2000 2500 3000
Time, ms

Figure 6. The relationship between force (black line) and frequency shift
(red line) over time with the ART technique. Two analyses were used, one
based on the initial dynamic phase, and one based on the static phase.

Manual ART

The manual ART instrument was moved by the operator towards the cornea
until a sound signalled for an acceptable application against the cornea. A
different sound indicated that the probe could be brought back from the
cornea. During the work of this thesis the development of the manual ART
has progressed and different further developed prototypes have been used in
the different studies. Initially, ART was planned to be included in Paper II.
Shortly before the start of the study, ART was modified and due to technical
problems, the prototype was out of order and measurement results were
incorrect.

Two manual ART prototypes were used in Paper III, the difference being the
length of the sensor element; one was 25 mm and the other 30 mm.

14



Servo-controlled ART

The servo-controlled ART (ARTservo) utilized the same technique for IOP
measurement as the original manual version. Instead of pushing the sensor
towards the cornea manually, the ART was brought approximately one
centimetre in front of the cornea and then a remote control was activated,
starting an automated applanation of the cornea. A miniature motor,
controlled by feedback information from the continuously measured area
and force, generated the sensor movement (Figure 7). In Paper IV, one
instrument containing both a servo-controlled and manual function was
used.

Sensor Element

Miniature Motor

Suspension Arm  s=p

e

Figure 7. Conceptual illustration of the ARTservo prototype (Paper IV).

The sensor is moved forward by a miniature motor. A force transducer connected to
the suspension arm measures the force and the sensor element measures the contact
area. The information from these measurements controls the movement of the
Ssensor.

Re-published with permission from Acta Ophthalmologica.

Other tonometry methods
Three other tonometry methods were investigated in this thesis: GAT

(Papers I-IV), PDCT (Papers II-III) and Icare (Paper II). They have all been
described in the Introduction.
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3.3 Methods for assessment of corneal properties

Several methods were used for documentation of the anterior segment.
Orbscan II® (CCTomscan) is a scanning slit (light)-based optical reflectance
method that requires no anaesthesia (Papers II &III). This procedure
enables the apparatus to topographically map the cornea (Doughty &
Jonuscheit 2010). The CCT was measured within a central sector with a
diameter of 3.06 mm.

The Handy Pachymeter SP-100® is an ultrasound instrument that measures
CCT (CCTpachymeter) through a contact probe placed perpendicular to the
central cornea. A mean of eight measurements was registered according to
the instrument manual (Paper III). In a recent review article, Doughty &
Jonuscheit conclude that Orbscan and pachymetry should be contemplated
as measuring different characteristics of the cornea instead of adjusting CCT
values of Orbscan to pachymetry (Doughty & Jonuscheit 2010).

In Paper IV, the anterior segment was photographed using a Pentacam®. It
is a Scheimpflug camera that rotates while it photographs and captures
detailed information of the anterior segment including CC and CCTpentacam
(Optikgerite 2003).

3.4 Surgery

LASEK, one of the refractive surgery procedures, was performed at the
Koskela Eye Clinic (Paper III). During this procedure the epithelium was
loosened using alcohol and moved to the side. A laser ablation was then
performed with Schwind ORK-CAM aspherical profile and Schwind ESIRIS
flyingspot excimer-laser in order to correct refractive errors. Lastly, the
epithelium was repositioned on the stroma. Postoperative treatment
consisted of antibiotics, topical steroids and tear drops.

3.5 Ethics

All studies followed the tenets of the Declaration of Helsinki and were
approved by the Ethics Committee of the Medical Faculty of Umea
University or the Regional Ethical Review Board in Umea. Study I was also
approved by the Data Protection Authority of Iceland and the National
Bioethics Committee of Iceland. In studies II-IV, all subjects signed an
informed consent.
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3.6 Statistical methods

SPSS 16.0 statistical software was used for analysis in Paper IT and SPSS 17.0
in Papers III-IV.

In all statistical analyses where independent observations were assumed,
only one eye per individual was used in order to fulfil statistical
requirements of independency (Altman & Bland 1997). In general, values
were presented as mean + standard deviation (SD) (Papers II - IV). In Paper
I, prevalence was measured as the ratio between living patients with OAG
and people examined during the study period. Confidence intervals were
calculated and presented. Bivariate correlations (Pearson correlation
coefficients) were performed to analyse linear relationships between
different parameters (Papers II - IV). A paired-sample t-test was used in
order to analyse differences between methods (Papers II - III). One-way
ANOVA was used for analysis of differences between tonometer methods
(Papers III - IV). Bland and Altman analysis evaluated pressure dependency
of the difference between methods (Paper II). The 95% limits of agreement
(LoA) of a tonometry method was defined as + 1.96 x SD of the difference
between the reference method, i.e. GAT, and ART (Paper IV). ART was
calibrated against GAT through a procedure described in detail by Eklund et
al. (Eklund et al. 2003a). This calibration procedure eradicated systematic
variations between the tonometers. Since ART was calibrated against
preoperative GAT measurements in Paper III, it did not affect the
comparison between the different methods postoperatively. However, the
calibration procedure in Paper IV limited the scope of the study to the
assessment of the precision of ART.

A p < 0.05 was considered statistically significant.
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4 Results
4.1 Prevalence of glaucoma on the west coast of Iceland

Akranes

A total of 1141 inhabitants (79% of the total population) aged 50 years or
more of the town Akranes had visited the eye clinic during the study period
(Paper I). The participation rate increased with increasing age as can be seen
in Table 2. A total of 55 patients fulfilled the inclusion criteria for OAG. Thus,
the overall prevalence was 4.8% (95% CI 3.6 - 6.1) in the investigated
population. Division of age-specific prevalence is shown in Table 3. Of all
glaucoma cases, simplex glaucoma made up about 47%, PEX glaucoma made
up about 47%, and normal tension glaucoma (NTG) made up 5.5%.

Table 2. The cumulative participation rate in Akranes.

Age (years) Examined (n) Inhabitants (n) Participation rate
(%)
> 50 1141 1443 79.1
> 60 706 871 81.1
=70 416 485 85.0
> 80 147 166 88.6
n: number

Table 3. The prevalence of OAG in Akranes and the minimum prevalence of
OAG on the west coast of Iceland.

Age Akranes West coast

(years) (prevalence) (minimum prevalence)

(n) (%) (95% CI) (n) (%) (95% CI)
50-59 1 0.2 0.0-0.7 2 0.1 0.0 — 0.3
60-69 5 1.7 0.2-3.3 21 2.0 1.1—-2.9
70-79 20 7.4 4.2 —10.6 45 5.7 4.1-7.4
> 80 29 19.7 13.2 — 26.3 76 17.3 13.7 — 20.9
Total 55 4.8 3.6 —6.1 144 3.8 3.2 — 4.4

n: number; CI: confidence interval
West coast
On the whole west coast, including Akranes, a total of 144 patients were

identified as having OAG (Table 3). The minimum prevalence in this age
group was 3.8% (95% CI 3.2 - 4.4). The largest subcategory of OAG was

18



simplex glaucoma (48.6%) followed by PEX glaucoma (45.8%) and NTG

(5.6%).

4.2 Concordance between tonometry methods

An overview of measured variables in Papers II-IV can be seen in Table 4.

ART (Papers III & IV), Icare (Paper IT) and PDCT (Papers II & III) correlated
significantly with GAT (Table 5). There was also a significant correlation
between Icare and PDCT (n = 149, r = 0.84 (II)).

Table 4. An overview of measured variables in studies II-IV.

Parameter Units 11 1L (£ SD) v
(£SD) Pre 3months 6 months (+SD)
560 536 485 492
CCTorbscan pm (£ 41) (+29) (£ 41) (=38) -
2
CCTpentacam pum - - - - (f %7)
556 513 512
Ol WM Gy @3y G -
7.87 7.92 8.08 8.07
cc mm (£0.24) (£0.24) (+0.24) (+0.25) -
Visual acuity ~ logMAR - (; g'(l)z) ( J; ((:-)).(1)58) )
19.4 14.3 13.0 12.6 19.1
GAT MOHE (167)  (t25)  ((28) (25  (£57)
20.5 14.5 14.1 13.5
PDCT mmHg (x55) (x2.2) (x2.1) (x2.1) -
Icare mmHg (516'1) - - - _
14.1 13.4 13.1 19.1
Manual ARTqy, mmHg - (+2.1) (1) (+1.7) (+5.3)
14.0 13.0 12.9 19.1
Manual ARTse  mmHg i (x21) (x17) *17)  (£5.3)
Servo ARTayn ~ mmHg - - - - (i95 13)
Servo ARTStat mmHg - - - - (_:95;)

CCT: Central corneal thickness; CC: Corneal curvature; IOP: Intraocular pressure; GAT: Goldmann

Applanation Tonometry; PDCT: Pascal Dynamic Contour Tonometry; ART: Applanation Resonance

Tonometry; dyn: dynamic analysis; stat: static analysis.
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Three tonometry methods were compared in Paper II. The relationship
between their IOP readings can be characterized by a linear regression
(mean IOP by each method from each eye):

I0Pgar = 1.12 IOPppcr - 3.7
IOPgar = 0.91 IOPrcare + 0.17
IOPpper = 0.70 IOP1care + 5.57

The 95% limit of agreement (LoA) between IOPgar and IOPjcare Was - 7.9 to
3.0 mmHg (n = 897), and between IOPgar and IOPppcr it was - 6.0 to 3.6
mmHg (n = 881).

In order to evaluate the newly developed ARTservo and a further developed
ARTmanual, @ study was designed according to the ISO standard for
tonometers. GAT was used as the reference method (Paper IV). The 95% LoA
of ARTmanual Was + 4.5 mmHg with dynamic and static modes (Figure 8). An
improvement of the 95% LoA to + 4.3 mmHg for ARTmanua Was observed
when both analysis modes were merged. The 95% LoA of ARTgervo Was * 5.7
mmHg using the dynamic mode and + 4.9 mmHg with the static mode
(Figure 9). When 95% LoA for ARTmanua Was calculated from only the first
three measurements, approximately the same LoA was reached as with all
six measurements. The number of eyes with differences between the ART
prototypes and GAT that exceed + 5 mmHg are shown in Table 6.

Table 5. The correlations between tonometers in Papers II-IV. All
correlations are compared with GAT.

1I III (Pre-LASEK) v
r (n) r (n) r (n)
Icare 0.89% (897) - -
PDCT 0.91% (881) 0.86* (53) -
Manual ARTgyn - 0.84% (53) 0.91* (152)
Manual ARTtat - 0.86* (53) 0.92% (152)
Servo ARTayn - - 0.86% (152)
Servo ARTtat - - 0.90* (152)

GAT: Goldmann Applanation Tonometry; PDCT: Pascal Dynamic Contour Tonometry; ART:
Applanation Resonance Tonometry; servo: servo-controlled ART; dyn: dynamic analysis; stat:
static analysis; r: correlations coefficient; n: number of eyes. *Correlation was significant at 0.05
level.
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Manual applanation
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Figure 8. Bland-Altman plot showing the difference between GAT and
ARTmanual static analysis (IOPaitr) as a function of their mean IOP (n = 152
eyes (Paper IV)).

Solid lines show + 5 mmHg.

Servo controlled applanation
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Figure 9. The difference between GAT and ARTservo Static analysis (IOPair)
as a function of their mean IOP (n = 152 eyes (Paper IV)).
Solid lines show + 5 mmHg.
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Table 6. The difference between manual and servo-controlled ART as
compared to GAT that exceed + 5 mmHg expressed in percentages. The ISO
standard states that only 5% of the differences may be greater than + 5
mmHg.

IOPrange Noof  Manual Manual ART Servo ART  Servo ART

(mmHg) eyes ART static dynamic static dynamic
(% (n) (% () (% () (% (n)
7-16 63 o 1.5 (1) 3.0 (2) 3.0 (2)
>16 to <23 45 2.0 (1) 4.5 (2) 0 11.0 (5)
>23 44 2.0 (1) 4.5(2) 11.5 (5) 20.5(9)
Total 152 1.5(2) 3.5(5) 4.6 (7) 10.5 (16)

GAT: Goldmann Applanation Tonometry; ART: Applanation Resonance Tonometry; Servo ART:
servo-controlled ART; IOP: intraocular pressure; n: number of eyes; SD: standard deviation.

4.3 Corneal properties and IOP measurement

The results from Paper II showed that CCTormbscan correlated significantly with
both GAT and Icare (Table 7). In contrast, no significant correlation was
found between CCTomscan and PDCT. There was a significant correlation
between CCTorbscan and age as well as with IOP and age indicating age as a
confounder. This brought about a selection of more homogenous data, i.e.
individuals > 50 years of age, in order to avert age as a confounding factor.
In this subgroup, neither GAT nor PDCT showed a correlation to CCT orbscan
as Icare still did.

After randomization of eyes in study IV, 77 eyes from 77 subjects were
analyzed with regards to CCTpentacam- There was a significant correlation
between IOP and CCTpentacam for all tonometry methods (Table 7). However,
the correlation between IOP and CCTpentacam Was not significant (p = 0.1-0.3)
when the group with the fellow eyes was analyzed.

None of GAT, PDCT or ART tested in Paper III showed a significant
correlation with CCTpachymeter OT CCTorbscan before LASEK surgery (Table 7).

Regarding CC measured in Paper II, both GAT (r = - 0.26) and PDCT (r = -
0.27) showed a significant correlation with CC whereas Icare (r = - 0.06, p =
0.6) did not. In Paper III, none of the tested tonometers showed a significant
correlation with CC before LASEK; GAT p = 0.13, PDCT p = 0.69, ART4yn p =
0.67 and ARTs.t p = 0.85.
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Table 7. The correlation between tonometry methods and CCT in Papers II-IV.

1Y III (pre-LASEK) v
All > 50 years AllY All®
r(n=76) r(=58 r(n=4752) rn=47-52) r(n=s6)

GAT 0.23* 0.04 -0.11 0.22 0.29*
Icare 0.43* 0.33% - - -

PDCT 0.12 -0.09 -0.27 -0.02 -

Manual ARTgyn - - -0.11 0.21 0.32%
Manual ARTstat - - -0.22 0.12 0.34*
Servo ARTgyn - - - - 0.30*
Servo ARTjat - - - - 0.34*

CCT: central corneal thickness; y: CCT measured with Orbscan II; ¢: CCT measured with Pachymeter; A:
CCT measured with Pentacam; GAT: Goldmann Applanation Tonometer; PDCT: Pascal Dynamic Contour
Tonometer; ART: Applanation Resonance Tonometer; Servo ART: servo-controlled ART; r: correlation

coefficient. *Correlation is significant at 0.05 level.
Meta-analysis of Papers II-1V

Because of contradictory results regarding the relationship between corneal
properties and measured IOP with the various tonometers, we randomized
one eye per subject and merged all data from Papers ITI-IV in a meta-analysis.
In the meta-analysis we excluded IOP >21 mmHg, glaucomatous eyes and
eyes treated with topical treatment, i.e. only eyes considered healthy were
included. Correlations between the different tonometry methods and
corneal properties are shown in Table 8. CCT measurements with Orbscan
were used from Papers II and III while CCT from Paper IV was measured by
Pentacam.
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Table 8. The correlations between corneal properties and tonometry
methods in a meta-analysis of Papers II-IV. The meta-analysis was based on
one healthy eye/subject after exclusion of IOP > 21 mmHg (no glaucoma, no topical
treatment). However, there was still a significant correlation between age and CCT (r
= 0.31) and between age and IOP measured with GAT (r = 0.47).

CCT CC Mean IOP

r (n) r (n) (=SD)
GAT 0.34* (123) -0.14 (84) 14.7 (£ 2.9)
PDCT 0.30* (78) -0.01 (78) 15.6 (£ 3.1)
Icare 0.58% (32) 0.17 (32) 17.7 (+ 4.8)
ARTayn 0.15 (90) -0.05 (51) 14.8 (+ 2.5)
ARTgtat 0.15 (90) 0.05 (51) 14.8 (£ 2.5)

CCT: central corneal thickness; CC: corneal curvature; IOP: intraocular pressure; SD:
standard deviation; GAT: Goldmann Applanation Tonometry; PDCT: Pascal Dynamic
Contour Tonometry; ART: Applanation Resonance Tonometry; dyn: dynamic
analysis; stat: static analysis. *Correlation significant at 0.05 level.

There was a significant dependency between age and CCT (r = 0.31) and age
and IOP (r = 0.35 — 0.70). In order to find homogenous data where age was
not significantly correlated with CCT, different age groups were analysed
(Table 9). Based on this analysis, the cut-off age of 60 years was chosen and
the meta-analysis repeated in subjects younger than 60 years of age (Table
10). An independent #-test between older (= 60) and younger (< 60) subjects
showed a statistically significant difference between the CCT in the two
groups.

Table 9. The correlations between CCT and age in a meta-analysis of
Papers II-IV, after dividing into groups of young and old with different
age cut-off. The meta-analysis was based on one healthy eye/subject after exclusion
of IOP > 21 mmHg (no glaucoma, no topical treatment).

Age group Younger (<) Older (=)
divider (years) r (n) r(n)
40 -0.06 (59) 0.40% (64)
50 -0.06 (75) 0.47* (48)
60 0.11 (105) 0.34 (18)
70 0.27* (120) -0.92 (3)

r: correlation coefficient; n: number of eyes

24



Table 10. The correlations between corneal properties and tonometry
methods in a meta-analysis of Papers II-IV in subjects younger than 60
years of age. The meta-analysis was based on one healthy eye/subject after
exclusion of IOP > 21 mmHg (no glaucoma, no topical treatment).

CCT CcC Mean I0OP

r(n) r(n) (=SD)
GAT 0.19 (105) -0.12 (777) 14.4 (£ 2.7)
PDCT 0.07 (71) 0.04 (71) 15.0 (£ 2.5)
Icare 0.51% (25) 0.28 (25) 16.7 (+ 4.8)
ARTayn 0.08 (79) -0.05 (51) 14.7 (+ 2.5)
ARTstar 0.07(79) 0.05 (51) 14.7 (+ 2.5)

CCT: central corneal thickness; CC: corneal curvature; IOP: intraocular pressure; SD:
standard deviation; GAT: Goldmann Applanation Tonometry; PDCT: Pascal Dynamic
Contour Tonometry; ART: Applanation Resonance Tonometry; dyn: dynamic
analysis; stat: static analysis. *Correlation significant at 0.05 level.

4.4 Effect of LASEK on IOP measurement

The third study in the thesis (Paper III) aimed to elucidate how measured
IOP is affected by LASEK using three tonometry methods: the gold standard
GAT, a new method, PDCT, and our method under development, ART. A
total of 53 myopic eyes with a spherical equivalent of - 3.1 diopters from 53
individuals were included in the study.

Measured IOP decreased significantly at both three and six months
postoperatively, irrespective of method used. PDCT showed the least change
in IOP at three months and ARTg4n showed the least change at six months.
GAT underestimated IOP the most compared to baseline at both occasions
(Table 4 & Figure 10). Nevertheless, no significant difference was found
between any of the methods at three months (ANOVA p = 0.10) or at six
months (ANOVA p = 0.11). A significant decrease in measured IOP between
three and six months occurred with PDCT but not with GAT (p = 0.10),
ARTgyn (p = 0.14) or ARTstat (p = 0.39).

Uncorrected visual acuity was also found to improve significantly from 1.32
(SD = 0.28) at three months to 1.43 (SD = 0.32) at six months on a decimal
score. The same tendency was seen with CCTomscan that significantly
increased from three to six months. The results of CCTpachymeter and CC were
quite the reverse with no significant change between the two occasions as
shown in Table 4.
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Figure 10. The change in measured IOP after LASEK surgery.
IOP: intraocular pressure; LASEK: laser subepithelial keratectomy; GAT: Goldmann
Applanation Tonometry; PDCT: Pascal Dynamic Contour Tonometry; ART:

Applanation Resonance Tonometry
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5 Discussion

5.1 Can a retrospective material be used to estimate
prevalence of glaucoma?

In the first part of the thesis, a retrospective material was used to estimate
the prevalence of OAG (Paper I). Although prospective studies have higher
scientific value, retrospective studies can be of importance as they might
contribute to the evidence base. Furthermore, the significance of
retrospective studies can be increased if sources of error can be detected as
was attempted in this study.

A few previous studies have reported results on the frequency of glaucoma in
Iceland (Bjornsson 1967; Bjornsson 1980; Viggosson et al. 1986; Jonasson &
Thordarson 1987). A recent prevalence study, the Reykjavik Eye Study, is a
prospective study with contemporary diagnostic criteria (Jonasson et al.
2003) and thus served as a reference to assess the relevance of the current
study. The overall prevalence of OAG in people aged 50 years or more in the
Reykjavik Eye Study was 4.0% (Jonasson et al. 2003), while it was 4.8% and
3.8% in the same age group in Akranes and on the west coast respectively.
The latter was a minimum prevalence. The results are similar in many
respects. This indicates that data from private practice clinics, under special
circumstances, may be used for gathering epidemiological information.

However, there are important differences between the results of the two
studies and various factors can be discussed. Firstly, it appears that this
study underestimated the proportion of NTG considerably as compared to
the Reykjavik Eye Study. As pointed out in a large epidemiological screening
study in Sweden, NTG patients are often under-diagnosed in clinical data
(Grgdum et al. 2002). A possible explanation is that perimetry and/or
fundus photography are not part of routine examinations on all patients that
visit ophthalmologists. Therefore, NTG patients are at particular risk of
being under-diagnosed in retrospective data.

Secondly, patient selection is a major source of error in epidemiological
studies. To minimize the risk of bias, prospective studies use randomly
sampled participants. Although patient selection in general is a weakness for
the retrospective procedure, it may be conceivable to obtain a representative
group retrospectively. At the time of the study period, national health
regulations stated that prescription of eyeglasses could only be done by an
ophthalmologist. Thus, healthy individuals were automatically screened
almost as frequently as patients with other ophthalmological complaints
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than presbyopia. As a consequence, Iceland offered a unique opportunity to
calculate prevalence from retrospective data.

Furthermore, a low participation rate is an important source of error. In the
present study the term “participation rate” was used for comparison
purposes although “proportion of examined” would perhaps be a more
accurate term of choice since no person was indeed invited to participate in
the study. Nevertheless, the participation rate was similar to that in the
Reykjavik Eye Study, 79% and 76%, respectively (Jonasson et al. 2003). This
is in accordance with large population studies (Klein et al. 1992; Leske et al.
1994; Mitchell et al. 1996). Non-attendants still constitute a potential bias,
and one reason for not participating might be high age. In the Reykjavik Eye
Study there was a large dropout in the oldest age group, whereas in this
study the oldest age group had the highest participation rate. This might
strengthen the results of the present study as glaucoma prevalence increases
with age.

In conclusion, the study showed that retrospective data, under certain
conditions, may contribute with useful information on the prevalence of
glaucoma. However, the risk for underestimating the prevalence of NTG is
high when perimetry and/or fundus photography are not part of routine
examinations.

5.2 Concordance between different tonometry methods

Comparing GAT, Icare and PDCT in the same study (Paper II), we found the
concordance between GAT and PDCT to be close to the limits of the ISO
standard. Icare was clearly outside the limits. Icare measured IOP
significantly higher than GAT which may partly be caused by the
measurement order since Icare was always the first method tested. It is
known as the Bechrakis’ effect, i.e. reduction of IOP after repeated
measurements (Bechrakis 1966). Further, Hallberg et al. have previously
suggested that a relaxed patient may contribute to a lower IOP measurement
(Hallberg et al. 2007). However, our results are in accordance with most
previous studies showing an overestimation of the IOP by Icare as compared
to GAT (Fernandes et al. 2005; Martinez-de-la-Casa et al. 2005; Iliev et al.
2006; Nakamura et al. 2006; Munkwitz et al. 2008). A few studies have not
shown significant difference between measured IOP by the two methods
(Brusini et al. 2006; Davies et al. 2006; Vandewalle et al. 2009).

With equilibrium at 27 mmHg (Paper II), PDCT measured higher IOP at low

pressure levels compared with GAT and vice versa at higher pressures. The
same tendency has been shown in earlier studies, yet with different
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directions (Salvetat et al. 2007) or different equilibria (Barleon et al. 2006;
Ku et al. 2006). In earlier studies the mean difference between PDCT and
GAT measurements has been in the range of 1.0 to 3.2 mmHg (Pache et al.
2005; Ku et al. 2006; Schneider & Grehn 2006; Salvetat et al. 2007;
Kotecha et al. 2010). This is in agreement with the results of the present
study (+1.2 mmHg).

As an attempt to show a possible calibration of Icare and PDCT against GAT,
linear regression analysis was used to illustrate the relationship between the
tonometers. It is important to keep in mind that this calibration only regards
a single apparatus per method. Therefore, the results should be interpreted
with caution in terms of generalisation since there can be individual
variations between different apparatuses of each method.

The correlation between GAT and PDCT preoperatively in Paper III was
slightly lower than in Paper II (Table 5) and even lower at postoperative
controls. Both ARTs.: and ARTayn also had a decrease in correlation after
LASEK when compared to GAT. However, considering the fact that the
subjects in Paper III were healthy individuals with normal IOP and a small
range, the correlation was expected to be lower due to the study design. A
possible explanation for the lower correlation seen at postoperative controls
may be that the LASEK-inflicted changes in the cornea affected the
tonometers differently.

It is common that the correlation coefficient (r) is used to measure the
agreement between two clinical methods. In a Paper with >17000 citations,
Bland & Altman explain the disadvantages of using correlation to measure
agreement (Bland & Altman 1986). For instance, correlation is dependent
on the range of the quantity in the sample, resulting in better correlation
when the range is wide than if it is narrow. Thus, study design is of
importance. The authors recommend the use of 95% limits of agreement
(LoA) when agreement between two methods is sought. 95% LoA describes
the variance between methods and is less influenced by, e.g. study design
(Bland & Altman 1986).

5.3 Corneal properties and IOP measurement

Corneal curvature has been shown to be significantly correlated to IOP
measured with GAT (Mark 1973; Harada et al. 2008). However, it is not
clear if this relationship can give rise to clinically relevant IOP errors.
(Damji et al. 2003). In a theoretical model, Liu and Roberts showed that a
10% change in CC gave an equivalent IOP difference as the same change in
CCT would have given. Furthermore, they demonstrated that steeper
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curvature has more impact on IOP accuracy than flatter curvature (Liu &
Roberts 2005).

In Paper II including both healthy volunteers and glaucoma patients, both
IOP measured with GAT (r = -0.26) and PDCT (r = -0.27) showed a
significant correlation with CC whereas IOP measured with Icare (r = -0.06,
p = 0.6) did not. This dependency between PDCT and CC is supported by two
studies (Francis et al. 2007; Yalcinbayir et al. 2010). However, most previous
findings have not shown this (Kaufmann et al. 2004; Siganos et al. 2004;
Kanngiesser et al. 2005; Schneider & Grehn 2006) and the findings were
not supported in Paper III where no significant correlation was found
between any tonometry method and CC in healthy subjects.

Differences in CCT can affect IOP measurements. Ehlers et al. showed this in
the 1970s (Ehlers et al. 1975a; Ehlers et al. 1975b), and several studies have
verified it since (Doughty & Zaman 2000). This has resulted in various
nomograms that attempt to correct the measured IOP depending on CCT
deviation from the expected norm under the assumption that the
relationship between CCT change and IOP is linear. However, Liu and
Roberts have recently shown that the relationship between CCT and IOP is
non-linear. Thus, the nomograms cannot fully correct measured IOP
depending on a single measurement of CCT (Liu & Roberts 2005).

Measurements by GAT (Whitacre et al. 1993) and Icare (Brusini et al. 2006;
Iliev et al. 2006; Nakamura et al. 2006) can be significantly influenced by
CCT. The findings regarding PDCT in Papers II and III in this thesis are
supported by most earlier studies which have shown PDCT to be
independent of CCT (Kaufmann et al. 2004; Pache et al. 2005; Barleon et al.
2006; Ku et al. 2006; Schneider & Grehn 2006), but conflicting results have
also been reported (Francis et al. 2007; Salvetat et al. 2007). Neither GAT
nor PDCT were significantly dependant on CCT in a more homogenous age
group (Paper II). The inconsistency in measured IOP between GAT and
PDCT, i.e. PDCT measuring higher/lower than GAT at different IOP levels, is
therefore difficult to explain by the CCT dependency of GAT as Ku et al. have
previously proposed (Ku et al. 2006).

Contradictory results regarding the relationship between CCT and IOP
measured by GAT and ART are reported in this thesis. In Paper III, with
healthy subjects, there is no significant correlation between CCT and the IOP
as measured with the two tonometers preoperatively. This is in contrast to
the findings in Paper IV, which includes both glaucoma patients and healthy
subjects, where there is a significant correlation between CCT and both
tonometers after randomisation. However, when the group of the fellow eyes
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that were randomized out of Paper IV was analysed, no correlation was
found.

The conflicting results from the different studies of this thesis concerning
correlations between corneal properties and tonometry methods raise
questions about how this inconsistency can be explained. The study design
and subjects of the studies differ considerably. There are differences in, e.g.
age distribution, IOP variances, health of the subjects, medications, etc. If
the main goal would be to assess the effect CCT and CC on IOP
measurement, then investigators would need a larger sample size with as
homogeneous subjects as possible apart from variations in CCT and CC.

In an attempt to investigate the relationship between corneal properties and
measured IOP on more homogenous and larger data set, a meta-analysis of
Papers II-IV was performed. To minimize variations in IOP, only healthy
subjects with IOP < 21 mmHg were included. In this larger data, there was
no CC dependency of any tonometry method. There was a significant CCT
dependency for both GAT and PDCT but not for ART (p = 0.15). We
observed that there was a significant relationship between age and CCT in
the meta-analysis, and we know that IOP increases with age. In order to
eliminate age as a confounder we analysed the data to find 60 years as an
eligible cut-off in age where CCT and age were not significantly correlated
(Table 9). In this homogenous data with IOP < 21 mmHg and one
randomized eye/healthy subject, there was no CCT dependency for GAT,
PDCT or ART while Icare still showed a significant correlation (Table 10).

Although these results might give a more accurate picture of the relationship
between the tonometry methods and corneal properties, the results should
be interpreted carefully. This is because the data was not sampled in a single
study, CCT was measured with two different methods and finally, the
measurement order was standardized differently in the different studies.

From the above stated, it is evident that the study design is of uttermost
importance when a study is planned and aims are formulated. Neither Paper
I1, III nor IV had the primary aim to assess the effect of uncorrected CCT or
CC on IOP measurement; those were secondary aims. As a consequence,
none of the studies was perfectly designed to answer this secondary aim.
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5.4 Effect of LASEK on IOP measurement

Refractive surgery enhances visual acuity by altering the structure of the
cornea including CCT and CC. For a long time, these corneal properties have
been known to bias the accuracy of IOP measurements (Whitacre et al. 1993;
Doughty & Zaman 2000). This has led to an increased interest in factors
that influence IOP measurements and promoted innovation in the field of
tonometry aimed at minimizing the effect of these factors.

The success of refractive surgery may paradoxically become a problem for
individuals that have gone through surgery and develop glaucoma later in
life. There is a risk that IOP will be underestimated due to changes in corneal
properties of the cornea. Thus, glaucoma diagnosis may be delayed if the
accuracy of IOP measurement is low.

The influence of LASIK on IOP measurement is well-known (Duch et al.
2001; Rashad & Bahnassy 2001; Kaufmann et al. 2003; Duba & Wirthlin
2004; Siganos et al. 2004; Cheng et al. 2005; Chihara et al. 2005; Jarade et
al. 2005; Svedberg et al. 2005; Shemesh et al. 2007; Kirwan & O'Keefe
2008; Muller & Kohnen 2009), but only a few small studies with 15-20
patients in their respective LASEK groups, have shown results regarding
LASEK and effects on IOP measurements (Svedberg et al. 2005; Kirwan &
O'Keefe 2008; Qazi et al. 2009; Shah et al. 2009). In the present Paper III,
the measured IOP of GAT decreased by 1.7 mmHg at six months. Most
studies have shown a more pronounced underestimation of IOP measured
by GAT after LASIK (Siganos et al. 2004; Cheng et al. 2005; Kirwan &
O'Keefe 2008; Muller & Kohnen 2009), while others support our results
(Pepose et al. 2007; Shemesh et al. 2007).

The results show no significant differences between the tonometry methods.
However, there is an indication that both prototypes of ART and PDCT
might be less influenced by LASEK than GAT. In contrast to our findings,
most previous studies of LASIK report no significant change in measured
IOP with PDCT after LASIK (Kaufmann et al. 2003; Siganos et al. 2004;
Pepose et al. 2007). However, a recently published study found PDCT to
measure significantly lower IOP at three months after LASIK than before
treatment (Muller & Kohnen 2009).

The continuing change of measured IOP and further increased visual acuity
indicate an ongoing healing process between three and six months. Yet
CCTrachymeter and CC did not change during the same period. Most studies of
refractive surgery and IOP have followed patients for three months or less
(Duch et al. 2001; Duba & Wirthlin 2004; Siganos et al. 2004; Pepose et al.
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2007; Shemesh et al. 2007; Kirwan & O'Keefe 2008; Muller & Kohnen
2009), while there are a few exceptions with contradictory results (Rashad &
Bahnassy 2001; Hjortdal et al. 2005; Sanchez-Naves et al. 2008). One
hypothesis might be the formation of subepithelial fibrosis at three months
that causes a microscopic haze, which affects both CCTomscan and VA
negatively. As the haze decreases, both parameters would increase. The
possible fibrosis would probably stiffen the cornea, and as it disperses over
time, a decrease in measured IOP would be expected. In order to investigate
whether changes in VA and measured IOP continue after six months, further
studies with longer follow-up are needed.

A mean IOP change <2 mmHg was in the same order as the measurement
variation to be expected when measuring with GAT (Thorburn 1978). If the
change in IOP is absolute, i.e. the reduction in mmHg is the same regardless
of the IOP, it might be clinically irrelevant. On the other hand, if the change
is relative, i.e. the decrease in IOP is a percentage of the measured IOP, it
might be more relevant. Furthermore, the range of IOP change was from - 6
to + 4 mmHg, showing that for a specific patient the measurement error will
become clinically relevant and highly important. From a biomedical
engineering point of view, systematic errors in a measurement system that
repeatedly appear in a number of studies cannot be accepted. Further
investigation of the biomechanical background along with development of
the new tonometry techniques should be pursued.

5.5 ART — a feasible method?

Our research group has developed the ART method during the last decade.
As previously described, ART uses continuous sampling of both contact force
and area in order to calculate IOP. This multipoint approach of measuring
IOP gives the ART potential advantages compared to standard tonometry
methods that rely on one or a few readings of the same parameters (Eklund
et al. 2003a).

In theory, ART is possibly less affected by corneal properties than standard
tonometry methods. As discussed earlier, this hypothesis was not confirmed
significantly although a trend (p = 0.11) was seen that supported the
hypothesis (Paper III).

The ART has two possible analysis modes, a dynamic one that calculates IOP
from data collected during the indentation phase, and a static one that uses
data sampled after full applanation has been reached. Earlier prototypes
have only included the dynamic mode. The first time an evaluation of ART
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tonometer capable of measuring with both analysis modes was reported was
in Paper III. Thus, the two modes differ methodologically. The dynamic
mode takes shorter time and should be less dependent of constant capillary
forces that affect static applanation methods (Goldmann 1957). However,
possible advantages of the static mode are less influence of ocular pulsations
and viscoelastic properties of the eye on the IOP measurement. The use of
information from both analysis modes when calculating IOP might improve
the LoA of ART (Paper IV).

Both dynamic and static modes of the further developed manual ART were
shown to meet the requirements of the ISO standard for tonometers (Paper

v).

In most ART studies, six measurements have been undertaken for statistical
purposes. In clinical practice, time is often limited. In this sense it would be
preferable if the number of measurements could be reduced without
worsening the measurement quality. An analysis of the SD for different
numbers of measurements revealed a similar SD for three measurements
compared to six measurements (Paper IV). Thus, three measurements with
ART should be sufficient in the future.

Two different prototypes of ARTmanua Were used in Paper III. The main
difference was the length of the sensor element, 25 mm (ART25mm) vS. 30 mm
(ART50mm). Earlier prototypes were equipped with ARTs5mm. The resonance
frequency of ART25mm produces a wave length similar to the length of the eye
bulb and suspicion arose that it could disturb the IOP measurement. ART
was therefore further developed into ARTsomm. A preliminary analysis
showed ART5omm to be better than ARTssmm. Only results of ART5omm were
reported since a thorough technical comparison of the pros and cons of the
two prototypes would shift focus from the principal aim of the study. A
separate article is planned to report these results more from an engineering
point of view.

The first evaluation of a servo-controlled ART (ARTservo) is presented in this
thesis. The development of ARTsw, was an important step towards
improving usability of the method and shortening the learning process for
new operators. ARTsevo did not meet all the requirements of the ISO
standard. Although the static mode showed a 95% LoA within + 5 mmHg in
total, it failed to meet the requirements in the highest IOP range. The
dynamic mode of ARTsevo needs further development. In comparison with
ARTmanual, the precision was lower with both analysis modes.
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Two problems were identified as explanations for the lower precision of
ARTservo. Firstly, acceleration forces formed an oscillating force signal in the
beginning of the applanation. This occurred when movement was initiated,
and it resulted in reduced precision of the dynamic mode. Secondly, variable
applanation velocities were identified due to instability in the motor. This
could have affected the precision of both the dynamic and static modes. In
the future, these problems could be solved by a more stable motor with
reduced acceleration and improved velocity control.

To conclude, the results show that ART has developed into a feasible method
for IOP measurement. It meets the requirements of the ISO standard
regardless of analysis mode. Improvements in usability have been reached
with ARTservo although further development is needed in order to improve
the 95% LoA.
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6 Conclusions

36

Retrospective data may under special circumstances provide
meaningful information regarding glaucoma prevalence. However,
NTG will be underestimated if perimetry and/or fundus
photography are not included in the regular examination.

The concordance to GAT was close to the limits set by the ISO
standard for PDCT while Icare was clearly outside the limits.

GAT, PDCT and ART showed a low but significant reduction of
measured IOP three and six months after LASEK. However, the
trend towards less reduction with PDCT and ART should be further
investigated. Furthermore, changes in visual acuity and IOP
measurement between three and six months after LASEK indicate a
still ongoing postoperative process after three months.

Both dynamic and static analysis modes of the manual ART fulfil the
requirements of the ISO standard. The servo-controlled ART was
close to fulfilling the ISO standard.

No tonometry method investigated in this thesis, i.e. GAT, PDCT,
Icare and ART, was independent of both CCT and CC. The
inconsistencies of the results emphasize the importance of the study
design.
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