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ABSTRACT

Purpose: The research aims, through a cross-sectional study in patients with
keratoconus, to check whether the balance between axial length-corneal power is
disrupted, and show us if a keratoconic eye is relatively "large” or not , which
could assess the development risk factor of keratoconus. Also , by evaluating the
binocular differences in a group of children / young people, who usually have
keratoconus in different stages in both eyes, it will be checked whether these
certain differences are connected with any difference in axial length.

Patients and Methods: This study involved 163 keratoconic patients and 175
emmetropes. Both eyes’ data were recorded. These data were: a) the refraction of
the eye which was taken by an automatic refractometer firstly, and by subjective
refraction secondly b) the curvature of the cornea via corneal topography by
Galilei c) the axial length and the anterior chamber depth of the eye using the IOL
Master biometric system. The eyes of each subject were grouped based on
keratoconus progress, in more progressed and less progressed keratoconus. The
criteria were the astigmatism and the corneal radius. Statistical analysis was
performed among the three groups: less progressed keratoconic eyes, more
progressed keratoconic eyes and emmetropes.

Results: The axial length found to have no significant difference between less

and more progressed eyes, but the sphere and the cylinder differ significantly and
are affected by the lower values in corneal radius(steeper cornea) because of the
ectasia in more progressed eyes. The mean values for anterior chamber depth in
less and more progressed keratoconus are 3.68mm and 3.74mm respectively, thus
more progressed keratoconic eyes have longer anterior chamber depth. That
difference though, does not affect the axial length.

The keratoconic eyes found to be more myopic (longer) compared to the
emmetropic group, and as expected, keratoconic corneas are much steeper than the
emmetropic.

Conclusion: The more progressed keratoconic eyes are more myopic but not
longer (at a level that explains the difference of myopia) than the less progressed.
Thus, the ectasia caused by keratoconus is the factor that affects the refractive
profile in patients with keratoconus.



HNEPIAHYH

Ykomog: H épevva mov Oo de€aybel éxeic wg okomd,uécm piag cross-sectional
peAétmg oe aocBeveig pe KapatdOKkwvo,vo yivel €Aeyyoc Tov  KOTd TOCO
STapEooETOL 1 1G0PPOTIN AEOVIKOD UNKOVG-KEPATOELOIKNG 10YVOG KOl VO, LLOG
deléel av  €vog KEPATOKOVIKOS OQOOAUOGC &lvol OYETIKO «UEYAAOG» M TO
avtifeTo,kdtt mov Bo UToPOVCE VO EKTIUNAGEL TOV TTAPAYOVTO KIvoOvov €EEMENG
KepatoKkmvov. EmmAéov,uécm e a&loAdynong tov 610908dAmy dtopop®dy GE o
opdoo moudiwv/veapdv atdpmv,mov  cuvnlmg eueaviCovv  KepoTtdK®VO  GE
dopopeTikd oTddlo ot 000 pdTio,Oa yivel EAeyy0OC oV 01 GUYKEKPIUEVES SLOPOPES
elval cuvdedepéveg pe 6mota droPopd 6To AEOVIKO UNKOG.

AcOeveic kar MegBodoloyia: Ze avt) Vv épevva mpav uépog 163 acbeveig pe
kepatodkmvo kol 175 eppétpones. Kataypdonkav dedopéva kot T@v 600 o@Ooiudv
touc. Ta dedouéva avtd eivar a)n otbrlacn Tov oeBuAuod M omoia apykd
nhpOnkKe pe aLTOUATO SLUOALUGILETPO,KOL LE DTOKEIUEVIKT O1AOAOCT GTI CLVEXEL
BN xoumvAdTNTO TOL KEPATOEWOVG M omoia mapOnKe WHEGH TOMOYPAPIOG
KEPATOELOOVG UE TOV TOTOYPApo Tov kepatoedovg Galilei kot y) to a&ovikd unkoc
Kal 10 faBog mpocshiov BaAidpov Tov 0POUALOD Ta OOl TAPONKAV e TN ¥PToM
tov |IOL Master. Otv ogpBaAipor kédBe vrokeévonv dywpiotnkav pe Pdon v
TPAOd0 TOV KEPATOKMOVOL CE TEPICGOTEPO TPOYMPNUEVO KOl GE AlYOTEPO
TPOYOPNUEVO KepaTOK®VO. Ta KpLtipla S1ay®PIGHov NTaV 0 OGTIYUOTICUOS Kot Ot
OKTIVOL KOUTUADTNTOG TOV KEPATOEWOVG. TENOC, k0 000N GE OTATIGTIKY avAALGON
TOV OedoUEVOV TOV TPLOV OpAd®V( TEPLOCOTEPO TPOYMPNUEVOL KEPUTOKMVIKOL
0POOALOT,MYOTEPO  TPOYOPMUEVOL  KEPATOKMVIKOL  OQPOOALOLEUUETPOTIKOT
opBapoi).

Amoteléopota: To afovikd unkog Ppédnke va punv €xel oNUAVIIKN Slopopa
aVOUEGO — GTOLG  AYOTEPO KOl  TOVG  MEPLGCOTEPO  TPOYMPMNUEVOLG
KEPATOKMOVOLGS,0AAL TO GEEPOUO KOl O KVAVOPOS SLOPEPOVY CTUOVTIKE, Kot
emmpedlovtor omd TIG YOUNAOTEPEC TIMEG NG OKTIVAG KOUTLAOTNTOS AOY®
UEYOADTEPNC  EKTOCIOC GTOLG TMEPIGGOTEPO TPOYWPNUEVOLS KEPATOK®VOLS. Ot
uéoeg TéG tov Pabovg mpocoHiov Oolduov ce AYOTEPO KOl TEPICGOTEPO
TPOYWPNUEVOVS KEPATOK®MVOLS givar 3,68ytloota ko 3,74y1A100T0.  avTicTot) .
Apa,ot opBaApol pe TpoyopnuUéEVo KePATOK®VO Exovv peyordtepo Pdboc mpocbiov
Boddpov. Ta kepatokovikd pdtia Bpédnkav va elvol meEPIOGOTEPO ULOTIKA
( LokpOTEPO) GE GUYKPLOT UE TNV OLAON TOV EUUETPOTMV, KOl OTMOC TEPLUEVALLE,OL
KEPATOEWEIC UE KEPATOKMOVO TOPOLCLALOVYV HEYOADTEPT) KLPTOTNTO OO TOLG
EUUETPOTLKOVC.



Yopnepaocpata: Or opBoaipol pe mEPIOGOTEPO TPOYWPNUEVO KEPATOKMOVO £ivon
T PVOTIKOL, O)l OU®G Kol pokpOTEPOL GE EMIMEDO TOL VO OIKAOAOYEL TN dtapopd
NG LVOTHAG) od TOVS 0POAALOVS e MYOTEPO TPOYMPNUEVO KEPATOKWVO. Apa, 1M
extacio mov mpokaAeitol amd Tov KepoTOKk®VOo emnpedlel 10 O10OAACTIKO TPOPIA
0TOVG 0GOEVEIC [l KEPATOKWMVO.
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PART 1

1)Introduction

1.1 Vision

Vision is by far the most used of the five senses and is one of the primary means that we use to
gather information from our surroundings. More than 75% of the information we receive about
the world around us consists of visual information.

Vision occurs when light enters the eye through the pupil. With help from other important
structures in the eye, like the iris and cornea, the appropriate amount of light is directed towards
the lens.

Just like a lens in a camera sends a message to produce a film, the lens in the eye 'refracts’
(bends) incoming light onto the retina. The retina is made up by millions of specialized cells
known as rods and cones, which work together to transform the image into electrical energy,
which is sent to the optic disk on the retina and transferred via electrical impulses along the optic
nerve to be processed by the brain.

1.1.2 Anatomy of the eye
What makes up an eye (fig.1)

o Iris: regulates the amount of light that enters your eye. It forms the colored, visible part
of your eye in front of the lens. Light enters through a central opening called the pupil.

e Pupil: the circular opening in the center of the iris through which light passes into the
lens of the eye. The iris controls widening and narrowing (dilation and constriction) of
the pupil.

o Cornea: the transparent circular part of the front of the eyeball. It refracts the light
entering the eye onto the lens, which then focuses it onto the retina. The cornea contains
no blood vessels and is extremely sensitive to pain.

e Lens: a transparent structure situated behind your pupil. It is enclosed in a thin
transparent capsule and helps to refract incoming light and focus it onto the retina. A



cataract is when the lens becomes cloudy, and a cataract operation involves the
replacement of the cloudy lens with an artificial plastic lens.

Choroid: the middle layer of the eye between the retina and the sclera. It also contains a
pigment that absorbs excess light so preventing blurring of vision.

Ciliary body: the part of the eye that connects the choroid to the iris.

Retina: a light sensitive layer that lines the interior of the eye. It is composed of light
sensitive cells known as rods and cones. The human eye contains about 125 million rods,
which are necessary for seeing in dim light. Cones, on the other hand, function best in
bright light. There are between 6 and 7 million cones in the eye and they are essential for
receiving a sharp accurate image and for distinguishing colors. The retina works much in
the same way as film in a camera.

Macula: a yellow spot on the retina at the back of the eye which surrounds the fovea.

Fovea: forms a small indentation at the center of the macula and is the area with the
greatest concentration of cone cells. When the eye is directed at an object, the part of the
image that is focused on the fovea is the image most accurately registered by the brain.

Optic disc: the visible (when the eye is examined) portion of the optic nerve, also found
on the retina. The optic disc identifies the start of the optic nerve where messages from
cone and rod cells leave the eye via nerve fibers to the optic center of the brain. This area
is also known as the 'blind spot’.

Optic nerve: leaves the eye at the optic disc and transfers all the visual information to the
brain.

Sclera: the white part of the eye, a tough covering with which the cornea forms the
external protective coat of the eye.

Rod cells are one of the two types of light-sensitive cells in the retina of the eye. There
are about 125 million rods, which are necessary for seeing in dim light.
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Cone cells are the second type of light sensitive cells in the retina of the eye. The human
retina contains between six and seven million cones; they function best in bright light and
are essential for acute vision (receiving a sharp accurate image). It is thought that there
are three types of cones, each sensitive to the wavelength of a different primary color —
red, green or blue. Other colors are seen as combinations of these primary colors.

Vitreous

. ._—Retina

Ciliary body

Fig.1. Eye’s anatomy

11



1.2 Refractive errors

1.2.1 Emmetropia

When the eye focuses on an object of interest (a parallel ray beam enters in the eye), the image
of the object is focused clearly on the retina, and more specific on the fovea. (fig.2)

The eye is not a static organ and this is why an object can be focused clear on the retina within a
range of distances.

The closest distance that an object can be focused clearly is called the near point and the furthest
is called the far point of the eye.

In Emmetropia eye the far point is to infinity.

The difference between the near and the far point is called adjustment range and is the area in
which objects can be focused clearly on the retina. If the adjustment range is not appropriate, the
objects of interest cannot be formed clearly on the retina. In this case, the retinal image is
blurred, and this reduces the visual acuity of the eye. The calculation of the adjustment (in
diopters) which is needed for sharp vision in a certain distance equals to the inverse of this
distance.

e.g. for 2m distance ,is required 1/2D of adjustment .

The ciliary body is attached to the lens by connective tissue called the zonular fibers (fibers of

Zinn) and is responsible for the mechanism of adjustment.

Relaxation of the ciliary muscle puts tension on these fibers and changes the shape of the lens.
The lens thickness is reduced, thereby improving the focus on distant objects (far point). When
the muscle contracts, the curvature and thickness of the lens increases, so the eye focuses better
to nearby objects (near point).

Emmetropia

Cornea
Retina
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Fig.2 Emmetropia

1.2.2 Ametropia

An eye is called ametropic, when its far point is not to infinity. When the incident ray beam
focuses ahead or behind the retina, the image of the object is not clear and the situation called
ametropia.

1.2.3 Myopia

The myopic refractive error occurs when the far point is at a finite distance ahead of the eye, and
the incident beam of rays is focused in front of the retina. (fig.3)

The distance of the far point from the cornea (in meters) and the degree of ametropia (in
diopters) are connected with a reverse relation.
e.g. the far point of an eye with -5D is 1/5 = 0,20m front of the cornea.

There are two types of myopia:

Refractive myopia: Due to great refractive power of the eye, because of greater curvature of the
cornea, or by increasing the refractivity of the lens.

Axial myopia: Due to great axial length of the eye.

This distinction is not always secure, since there are emmetropic eyes with great refractive
power or large axial length. However, if in an emmetropic eye the axial length will increase, then
the eye becomes myopic according to the following formula:

oL~=-81*F?/n

where 5L is the refractive error because of the change in the axial length, F the total eye power (~
60 D) and n the refractive index of the vitreous body. Similarly if in an emmetropic eye the
cornea becomes more curved, which happens mainly due to the decrease of the radius of
curvature of the anterior surface of the cornea, the eye becomes myopic under the

following formula:

Fc=(n-1)/r(2)

where Fc is the power of the anterior surface of the cornea, n the refractive index of the cornea
and r the radius of curvature.

13
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Myopia

(near-sightedness)

Fig.3 Myopic refractive error

1.2.4 Hyperopia

The hyperopic refractive error occurs when the far point is fantastic and located at a distance
behind the cornea, and the incident beam of rays is focused behind the retina. (fig.4)

Hyperopia

(far-sightedness)

v

Fig.4 Hyperopia
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1.2.5 Astigmatism

In astigmatism, the incident beam of rays is not refracted the same in all meridians so the eye
does not have the same refractive power in all meridians. As a result, the radii are not focused at
a point and we see two focal lines, usually perpendicular to each other, which form the conoid of
Sturm.(fig.4.2)

Normal Eye l

@ A
A3

Cornea

Astigmatic Eye \l‘

{
\

Q

Fig.4.2 Astigmatism

1.3 Age and refractive errors

It is known that the eyes of each newborn human suffering from hyperopic refractive error. This
error is eliminated in the next few years of life through the process of emmetropization, where
the perfect match is achieved between the axial length of the eye and the total refractive power.
The mechanism of emmetropization, utilizing optical signals, adjust the axial length of the eye,
so that the focal plane (measured from the surface of the cornea), lie on the retina and remain
there, due to achieve maximum sharpness of the image.
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3-month and P-month vs. adult
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Fig.5 Refractive error distribution at birth from three studies; dashed line, Cook & Glasscock, solid line:
Goldschmidt and dotted line, Zonis & Miller. B. Refractive distribution at 3 months (dashed line) and 9
months of age (dark solid line) from Mutti et al. 10 compared with an adult distribution (thin solid line).
At birth, the refractive distribution is broad. This narrows rapidly so that by nine months, nearly all
children are emmetropic or slightly hyperopic. In adults, the distribution is narrower, but myopia has
become more prevalent.’
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Mismatches between focal plane and unadjusted axial length

unadjusted axial length
(too long)

————— genetic focal plane

unadjusted axial length
(too short)

The type of mismatch between the genetic focal plane
and unadjusted genetic axial length determines when
and how the emmertropization mechanism must respond

1. born hyperopic, remains hyperopic

2. born myopic, remains myopic

3. born emmetropic, becomes hyperopic
1 4. born emmetropic, becomes myopic

Length (Distance from corneal surface)

birth
Age

Fig.6 Hypothetical postnatal growth of the focal plane modeled as the log of age (dashed line) and four
of the many possible growth patterns for the genetically-guided, unadjusted axial length. “1” and “2”
depict unadjusted axial growth that is parallel to the focal plane, but either shorter or longer starting at
birth so that, without an emmetropization mechanism, the eyes would remain either hyperopic (“1”) or
myopic (“2”). “3” and “4” depict unadjusted axial growth that initially is the same as the focal plane,
but diverges later in the postnatal period, creating eyes that would become either hyperopic (“3) or
myopic (“4”).*

17



On a hyperopic eye, the retina is situated in front of the focal plane. The retina detects hyperopia
and creates an increase in the rate of axial elongation of the growing eye by altering the
biochemical and biomechanical properties of sclera. Thus, the moving of the retina to the focal
plane is achieved, in order to the neutralization of hyperopia.

1.3.1 Emmetropization

The age (early school years) in which the emmetropization takes place, is the most critical for the
development or not of myopia. For ages 45-50 years, we have a turn to the hyperopic errors due
to eye accommodation failure (onset presbyopia), while even older (over 70 years) there is a
tendency to myopic refractive errors due to biochemical changes in the structure of the
crystalline lens.

.:--—-- N tJ“ a0
AGE (Years)

(=]
|
|

=

Fig.7 Development of refractive error with age
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It is generally accepted by the scientific community that the age-related change in myopic error
in schoolchildren, is caused by the axial elongation of the eye. After the first two years of life,
the strength of the cornea remains constant while the axial length continues to increase, resulting
in a myopic change of refraction during ocular growing. At this stage there is a change in the
distribution of refractive error, from the normal distribution in a more compressed and sharp
distribution. Such changes are the active processes that are intended to achieve emmetropia by
matching, as mentioned above, the axial length of the eye to its total dioptric power.

The axial length is a major structural component of emmetropization. Due to the inability of the
crystalline lens and the cornea to balance axial elongation occurring during emmetropization,
causes myopia. The lens shows three times more compensatory changes in the refractive power,
from those of cornea. The changes of both these structures the eye, follows the changes in axial
length. A set of several studies connect the refractive error of the eye with the axial length, which
makes clear the influence of axial length in the process of emmetropization. There is a kind of
genetic determination of the axial length at birth, due to the interaction of a number of genes.
The sclera is what determines the position of the retina and the axial length, during the
development process. Therefore, such a growth process, determined by genetic factors that
control the physiology of sclera, which are: cell division of fibroblasts, the quantity of produced
collagen, the composition of its ingredients like glycosaminoglycans and cellular attachments.
The axial length is a very important index of structural changes of myopia, and its measurement
is possible because of some machines such as the Zeiss IOL Master.
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Fig.8 The graph shows the statistically significant dependence of the refractive state from the axial
length (P <0,001) in a university population aged 17-35 years. It becomes clear the myopic change by
the increase of the axial length (y = 0,4x + 23, 59). The average axial length was 23.88 mm, and was
determined with IOL Master Zeiss. The average refractive error was -0, 76 D, attributable to the
characteristics of the studied population (age, education). °

1.4 Distribution of myopia in population

Global refractive errors have been estimated to affect 800 million to 2.3 billion.® The incidence
of myopia within sampled population often varies with age, country, sex, race, ethnicity,
occupation, environment, and other factors.®’ Variability in testing and data collection methods
makes comparisons of prevalence and progression difficult.®?

The prevalence of myopia has been reported as high as 70-90% in some Asian countries, 30—
40% in Europe and the United States, and 10-20% in Africa.” Myopia is about twice as common
in Jews than in people of non-Jewish ethnicity.” Myopia is less common in Africans [68] In
Americans between the ages of 12 and 54, myopia has been found to affect African Americans
less than Caucasians.™

20



Number of persons
)

| 5 588 T
-10 -8 -6 —4 -2 0 +2 +4 +6 +8 +10
Ocular refraction (D)

Fig.9 Typical example of the distribution of refractive error in an unselected population (based on 1033
young men, after Sorsby et al.) The dotted curve represents the corresponding normal distribution.’

1.4.1 ASIA

Myopia is very common in some parts of Asia.

In Singapore more than 80% of the population has myopia. **

The myopic people in China are 400 million. That equals to the 31% of its population. The
prevalence of myopia in high school in China is 77.3% and the myopia rate in college is more
than 80%.

In Malaysia, up to 41% of the adult population is myopic to 1Dand up to 80% to 0.5D.*

In Jordan, the myopic rate in adults aged 17 to 40, is 53.7%."

In India though, only 6.9% of the population is myopic.****
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Fig.10 Changes in the refractive error distribution over a 5-year time interval for the same group of
Hong Kong children with initial mean age 5 years (after Fan et al.).”

1.4.2 EUROPE

In the UK, the prevalence of myopia among first-year undergraduate students was found to be
50% of British whites and 53.4% of British Asians.™®

In Greece, 36.8% of people aged 15 to 18 were found to be myopic.™

Western Europeans aged 40 or over have at least 1D of myopia, and 4.6% have at least 5D."’
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1.4.3 NORTH AMERICA (UNITED STATES)

The prevalence of myopia in people aged 12 to 54 was 25% in 1971-1972,but in 1999-
2004, myopia prevalence in the same aged population, was estimated to 41.6%. "

A study of 2.523 children aged 5-17 years found that the 9.2% have at least 0.75D of myopia.
The highest prevalence was in Asians (18.5%) followed by Hispanics (13.2).In African
Americans the rate was 6.6%, and the lowest prevalence of myopia was in Caucasians (4.4%)."

A recent review found 25.4% of Americans aged 40 or over have at least —1.00 diopters of
myopia and 4.5% have at least —5.00 diopters."’

1.4.4 AUSTRALIA

The 17% of Australia’s population is myopic® and 8.4% of Australian children (aged 4-12
years) were found to have myopia greater than 0.5D.%* Australians aged 40 or over have at least
1D of myopia and 2.8% have at least 5D.*

1.45 SOUTH AMERICA (BRAZIL)

The prevalence of myopia in Brazilians aged 12 to 59 years, with 1D of myopia or more were
found to be 6.4% due to a study in 2005.?Another study found that in the city of Natal, 13.3% of
the students were myopic.?®
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Country " Age Prevalence of myopia
(years)

Criteria %
UK 7600 7 <=1.00D 1.1
Sweden 1045 12-13 £-050D 45
LISA 2583 6-14 £-075D 10.1
LISA 2523 5-17 £-075D 92
African American 534 6.6
Asian 491 185
Hispanic 463 13.2
White 1035 44
Australia 2571 5 <-050D 28
12 <-050D 87
Singapore 1453 7 <-050D 290
N <-050D 34.7
9 <0500 53.1
Hong Kong 13-15
Local school 335 85-88
International school 789 43 in non-Chinese
65 in mixed Chinese
80 in Chinese

Table 1. Geographic prevalence of myopia (a 2000 study).

The urban centers of East Asia (Hong Kong, Singapore) sometimes show epidemic rates, while evidence
is less clear for the societies of Europe, Australia and the United States. It is worth noting that even
within the population of the United States, individuals, primarily from Asia and Latin secondly, show the
highest prevalence of myopic error. This fact is suggestive of a genetic predisposition of certain ethnic
groups, which exert its effects irrespective of place of residence.’
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2) KERATOCONUS

2.1 Definition®*

Keratoconus is a clinical term used to describe a condition in which the cornea assumes a conical
shape because of thinning and protrusion(fig.11). The process is noninflammatory. Cellular
infiltration and vascularization do not occur. It is usually bilateral, and although it involves the
central two-thirds of the cornea, the apex of the cone is usually centered just below the visual
axis. This disease process results in mild to marked impairment of visual function.
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Fig.11 Normal Cornea vs Keratoconic cornea
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2.2 Prevalence, distribution and course 2*

Reported estimates of the prevalence of keratoconus vary widely, because of the variation in
diagnostic criteria. Most estimates fall between 50 and 230 per 100000. Keratoconus occurs in
people of all races. There is no significant gender predominance.

Keratoconus usually occurs bilaterally. In a large series done prior to the advent of computer-
assisted topography the incidence of unilateral disease was found to be 14.3%. Although
unilateral cases occur, it has been convincingly shown that when diagnostic criteria and
computer-assisted topographical analysis allow the detection of very early keratoconus in the
fellow eye the incidence is probably in the range of 2-4%.

The onset of keratoconus occurs at about the age of puberty. The cornea begins to thin and
protrude, resulting in irregular astigmatism with a steep curvature. Typically, over a period of 10
to 20 years process continues until the progression gradually stops. If a faint, broad iron rings
was present, it becomes a thinner, more discrete ring. The rate of progression is variable. The
severity of the disorder at the time progression stops can range from very mild irregular
astigmatism to severe thinning, protrusion, and scarring requiring keratoplasty.

2.3 Associated disease?
2.3.1 Systemic disease

Over the past half-century much has been written linking keratoconus to atopic disease. The
largest controlled study found a positive history of atopic disease in 35% of 182 keratoconus
patients as compared to 12% of 100 normal control patients.

The thorough evaluation of the keratoconus patients should include o complete history of atopic
disease. Appropriate referrals can be made if significant atopic disease is newly revealed.
Allergic lid and conjunctival disease can affect contact lens tolerance adversely. As a result,
surgical intervention may be required earlier in the course of the disease to affect visual
rehabilitation.

Rados was the first to report association between Down’s syndrome and keratoconus. Most
series report the incidence as between 5.5% and 15%. Keratoconus also occurs with increased
frequency among developmentally delayed individuals without Down’s syndrome and the
incidence of unilateral disease may be substantially higher in this group compared with general
population.

Two plausible explanations for this association with keratoconus are that genetic abnormalities
induce structural or biochemical changes resulting in the well-recognized phenotype or that eye
rubbing causes the condition. Corneal hydrops occurs with increased frequency in patients with
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Down’s syndrome or other forms of intellectual impairment and this may also result from
habitual ocular massage.

Keratoconus is associated with Ehlers-Danlos syndrome and osteogenesis imperfect. It has also
been associated with some disorders of connective tissue, such as congenital hip dysplasia,
oculodentodigital syndrome, Rieger’s syndrome, anetoderma and focal dermal hypoplasia.

Seiler’s theory is that diabetes offered a protective effect regarding keratoconus, based on a large
case-controlled study. According to this study, the incidence of manifest diabetes was
significantly lower in the keratoconus group, that the normal patients.

Keratoconus patients found to be less conforming and more passive-aggressive, paranoid and
hypomanic than normal control individuals(Mannis et al) ,and in a small study(Swartz et al) was
found that after penetrating keratoplasty, the incidence of abnormalities in psychological testing
was less than before surgery.

2.3.2 Ocular disease

Retinitis pigmentosa seems to be associated with keratoconus, according to many authors.
Infantile tapetoretinal degeneration is frequently complicated by keratoconus. Alstrom’s and
Olson’s study shows that more than 35% of patients with this disease (older than 45 years old)
had keratoconus.

Keratoconus has also been reported with retinopathy of prematurity, progressive cone dystrophy,
aniridia, iridoschisis, and essential iris atrophy.

Finally, Totan and his associates found a relation between conical cornea and vernal
conjunctivitis, by evaluating 82 vernal patients with videokeratography , and Tuft et al in a study
of 37 patients with atopic keratoconjuctivitis found keratoconus to be an important cause of
vision loss in that kind of patients.
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2.4 \What causes Keratoconus?

The exact cause of Keratoconus is unknown. There are many theories based on research and its
association with other conditions. However, no one theory explains it all and it may be caused by
a combination of things.

Genetics, the environment and endocrine system is believed that play a role in keratoconus.
2.4.1 Genetic Causes

One scientific view is that keratoconus is developmental (i.e., genetic) in origin because in some
cases appear to be a familiar association. From the presently available information there is less
than one in ten chances that a blood relative of a keratoconic patient will have keratoconus. The
majority of patients with keratoconus do not have other family members with the disease. Some
studies show that keratoconus corneas lack important anchoring fibrils that structurally stabilize
the anterior cornea. This increased flexibility allows the cornea to “bulge forward” into a cone-
shaped appearance.

2.4.2 Environmental Causes

Eye rubbing: Keratoconus is associated with excessive eye rubbing. Something that has not been
proven but has been suggested as a possible cause of keratoconus is the poorly fit contact lenses
that rub against the irregularity of the keratoconic cornea.

Allergies: The connection between keratoconus and allergic disease remains unclear, but many
keratoconic patients report allergies which cause itching and irritation, leading to eye rubbing.

Oxidative stress: Keratoconic corneas lack the ability to eliminate the free radicals (harmful
byproducts of cell metabolism) as normal corneas do. The free radicals stay in the tissue and can
damage the collagen (the structural part of the cornea).

2.4.3 Hormonal causes

Another hypothesis is that the endocrine system may be involved because keratoconus is
generally first detected at puberty and progresses during pregnancy. This theory is still
controversial and has not been proven.
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2.5 Keratoconus symptoms and signs>?®

2.5.1 Symptoms

Keratoconic patients present for optometric assessment with blurred vision, usually in one eye.
Symptoms like photophobia , eye-strain , monocular polyopia with multiple ghost images,
flaring around light sources and a history of worsening and variable myopia and astigmatism are
common. Spectacles and soft contact lenses are unable to correct the refractive error, and a
correction with rigid contact lens is necessary.

2.5.2 Signs

Early signs:

e [rregular oblique astigmatisms if often revealed by refraction

e Ophthalmoscopy or retinoscopy shows an irregular ‘scissor’ reflex

e Keratometry shows high irregular astigmatism (axis that do not add to 180 degrees)

e Rizutti’s sign or a conical reflection on nasal cornea when a penlight is shone from the
temporal side

e Slit-lamp shows Vogt lines (vertical deep stromal striae), which generally disappear with firm
pressure applied over the globe, and re-appear when pressure is discontinued(fig.12)

e Fleischer ring, an iron (hemosiderin) deposit often present within the epithelium around the
base of the cone. It is yellow-brown to olive-green in color and best visualized with a cobalt blue
filter

e The nerves of the cornea may be more visible

eInferior corneal steepening, identified by corneal topography
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Fig.12 Vogt's Striae sign. Vertical lines in Descemet’s membrane are noted.

Late signs
e Munson’s sign, a protrusion of the lower eyelid in down gaze(fig.13)
e Superficial scarring

e Break’s in Bowman’s membrane

e Acute hydrops, a condition where a break in Descemet’s membrane allows aqueous into the
stoma causing severe corneal thickening, decreased vision and pain

e Stromal scarring after resolution of acute hydrops, which paradoxically may improve vision in
some cases by changing corneal curvature and reducing the irregular astigmatism.

Fig.13 Corneal protrusion causing bulging of the lower lid on down gaze (Munson sign).
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2.6 Classification **
e Keratometry: mild (<45D); advanced (up to 52D); or severe (>52D)

e Morphology: nipple (small: Smm and near-central); oval (larger, below-center and often
sagging); globus (more than 75 per cent of cornea affected)

e The corneal thickness: mild (>506pum); advanced (<446um).

2.7 Diagnostic procedures **#

The procedures include:

e Ophthalmic history of the patient, including the ocular history of the family, history of
allergies, heritable disease etc.

e Slit-lamp examination

e Hard or gas permeable contact lens trial because good vision with lenses eliminates other
sources of poor vision, including amblyopia

e K values measurements

e Ultrasound pachymetry

e Corneal topography(fig.14)
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Fig.14 Dual scheimpflug system images that show the clear keratoconus throughout the left eye
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2.8 Optical performance and keratoconus (influence)®’

The keratoconic cone dimension, location and surface influence the optical performance of the
eye.

The location of the cone affects the spherical equivalent. Patients with central cones are more
myopic and those with more peripheral cones less so. Spherical equivalent tends to be slightly
hyperopic for an outlying cone.

Both the cone shape and location affect the cylindrical error.

Cone shape dominates when near the visual center, and far away from it, the location of the cone
plays the major role on astigmatism’s amplitude.

The less powerful meridian is the one that pointing to the cone apex. For an outlying cone, the
spherical equivalent could be hyperopic, although the power in the perpendicular meridian is
always myopic. An —against the rule- astigmatism exist, for an inferior cone at a 4 to 8 o’clock
position.

The dimension of the cone affects strongly the high-order aberrations. Thus, when the cone
dimension or cone location is comparable to the pupil size, the greatest, most visually significant
high-order aberrations occur.

2.9 Management and treatment of keratoconus®**>?

In the mildest form of keratoconus, eyeglasses or soft contact lenses may help. But as the disease
progresses and the cornea thins and becomes increasingly more irregular in shape, glasses and
regular soft contact lens designs no longer provide adequate vision correction.

Treatments for moderate and advanced keratoconus include:
a) Spectacles
b) Custom soft contact lenses
c) Gas permeable contact lenses
d) "Piggybacking" contact lenses
e) Hybrid contact lenses
f) Scleral and semi-scleral lenses
g) Penetrating keratoplasty (PTK)
h) Deep Lamellar keratoplasty(DLK)
i) Radial keratotomy
j) Photorefractive keratectomy (PRK)
K) Intra corneal rings segments
I) Corneal crosslinking
m) Topography-guided conductive keratoplasty
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a. Spectacles: spectacles are unable to correct the development of irregular astigmatism occurs
in progressed keratoconus, thus they are used only in early cases of keratoconus

b. Custom soft contact lenses: this type of lens is specially designed to correct mild-to-moderate
keratoconus. These lenses are made to order for each and every keratoconic patient, based on
detailed measurements of the person's keratoconic eye(s)

c. Gas permeable contact lenses: Their rigid lens material enables gas permeable lenses to vault
over the cornea, replacing its irregular shape with a smooth, uniform refracting surface to
improve vision. But gas permeable contact lenses can be less comfortable to wear than soft
contacts.(fig.15)

;

Fig.15 Fluorescein patterns of two different gas permeable contact lens fittings in keratoconus. The
figure on the left shows a flat fitting with a significant touch of the lens

on the central cornea. The figure on the right shows a three-point-touch fitting with slight central touch
and peripheral bearing on the cornea.
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d. "Piggybacking" contact lenses: a gas permeable contact lens is fitting on top of a soft contact
lens. This approach increases wearer comfort because the soft lens acts like a cushioning pad
under the rigid gas permeable lens.(fig.16)

Fig.16 Piggy-Back fitting in keratoconus.

e. Hybrid contact lenses: a combination of a highly oxygen-permeable rigid center with a soft
peripheral "skirt."

f. Scleral and semi-scleral lenses: These are large-diameter gas permeable contacts — large
enough that the periphery and edge of the lens rest on the sclera (white of the eye), they don’t
apply pressure to the cone and they are more stable that gas permeable lenses.

g. Penetrating keratoplasty (PTK): a surgical procedure in which the entire thickness of the
cornea is removed and replaced by transparent corneal tissue. (fig.17)

Fig.17 Penetrating eratoplasty procedure
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h. Deep Lamellar keratoplasty (DLK): in this procedure superficial corneal layers are removed
(Descemet’s layer and endothelium remain intact) and replaced with healthy donor tissue.

I. Radial keratotomy: a technique in which longitudinal incisions along the peripheral corneal are
performed. (no longer performed)

J. Photorefractive keratectomy (PRK): an excimer laser is used to ablate a small amount of tissue
from the corneal stroma, in order to change permanently the shape of the anterior central cornea.

PRK Procedure

A

Step 1. Step 2. Step 3. Step 4.
Alongside numbing The surgeon then An excimer laser is A bandage-like soft
drops, an alcohol smooths the surface then used to precisely contact lens is then
solution is placed on of the cornea with @ reshape the curvature placed on the comec
the eye to help soften specicl surgical of the cornea’s to help protect the
the comea. insfrument. surface. eye cs it heals.

Fig.18 PRK procedure

k. Intra corneal rings segments: a technique in which one or two polymethyl methacrylate
segments are implanted in the corneal stroma in order to reshape its abnormal shape.

Fig.19 Intra corneal rings segments
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I. Corneal crosslinking: a technique which aims to increase corneal rigidity and biomechanical
stability by applying riboflavin and radiate the cornea with ultraviolet radiation in order to
activate riboflavin and induce covalent bonds between collagen fibrils in the corneal stroma.
This procedure, initially, involves removing the corneal epithelium in a 6-7mm diameter central
zone(fig.20)

Before CHL (weaker)

After CHL (stronger)

Fig.20 Corneal crosslinking —weak bonds between collagen fibrils, and strong bonds after the procedure

m. Topography-guided conductive keratoplasty: this treatment uses energy from radio waves,
applied with a small probe at several points in the periphery of the cornea to reshape the eye's
front surface. A topographic "map" created by computer imaging of the eye's surface helps
create individualized treatment plans.
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2.10 Aim of the study

The research aims, through a cross-sectional study in patients with keratoconus, to check
whether the balance between axial length-corneal power is disrupted, and show us if a
keratoconic eye is relatively "large" or not , which could assess the development risk factor of
keratoconus. Also , by evaluating the binocular differences in a group of children / young people,
who usually have keratoconus in different stages in both eyes, it will be checked whether these
certain differences are connected with any difference in axial length and refractive error.
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PART 2

3) METHODS

This study involves data from patients who come to the Vardinoyiannion Eye Institute of Crete
(VEIC) and the University Hospital of Heraklion to get examined for keratoconus or for re-
examination, and data collected by another side from Jos Rosema, University of Antwerpen,
Belgium, since this is a collaborative project.

Both eyes’ data will be recorded. These data are as follows:
A) the refraction of the eye (by a refractometer and objective refraction)

B) the axial length and the anterior chamber depth of the eye (by the IOL Master biometric
system) .

C) the curvature of the cornea( corneal topography by Galilei )

3.1 Subjective refraction

Subjective refraction is made by the following procedure.

Initially, there is a monocular evaluation of the vision without correction for each eye. Then,
correction is placed on the phoropter(fig.21) according to the measurements of the Canon RK-F1
for the right eye, followed by clouding with the method of the fog. Throughout the process the
other eye is covered. Then with refractive step of 0,25D the sphere and the cylinder are
fluctuated until the best visual acuity. After, the crosscyl is used for final testing of astigmatism,
and finally the subject is undergone to dichroic control. After having recorded the best visual
acuity for the right eye, the same procedure for the left eye is followed.

Fig.21 Phoropter
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3.2 Refractometer
3.2.1 Automatic refractometers®®

Automatic refractometers are consisting of:
1) A source of infrared light (800-900 nm)

the infrared radiation is used mainly due to the high transmittance and reflectance obtained from
the deeper layers of the eye (sclera and choroid).

At this wavelength, the reflection from the sclera and choroid, in combination with the effect of
extensive aberration, result an error of -0, 50 D which must be added to compensate the
refraction for the natural light.

2) A fixation point

Several targets as “’stars’’ or images with blurring in the periphery have been used, to achieve a
relaxation of adaptation. Nowadays all automatic refractometers use clouding techniques for
easing the adaptation before the objective measurement where usually a positive lens placed in
front of the image to make the image blurry. However, the relaxation of the adaptation is not
always achieved and there may be fluctuations up 0, 50 D resulting a small overcorrection in
myopia or undercorrection in hyperopia or more in case of young people or children.

3) A Badal optometer

The Badal optometer used by most refractometers because it has two major advantages:

a) There is a linear relationship between the distance of Badal lens from the eye and the
refraction at the axis that we count.

b) In this lens system, the magnification of the target remains fixed, despite the position of the
Badal lens.
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Fig.22 Basic principle of automatic refractometry
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3.2.2 Canon RK_F1 automatic refractometer

The refractive error was also measured by the refractometer Canon RK-F1. This refractometer is
a closed field refractometer and is widely used by optometrists because it is very easy to use and
provides fast and reliable measurements.

Fig.23 Canon RK-F1

The patient sits and positioning the chin and forehead on the corresponding braces and is
requested to look at the image in the refractometer, in this case a house. When the pupil of the
subject is displayed the examiner presses the start button and the refractometer automatically
makes aligning and measuring first on the right and then on the left eye. The procedure is fully
automated.

The vertex distance is set to 122mm.The machine takes three measurements for each eye and uses
their mean value.
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3.3 IOL MASTER ZEISS

IOL master is a commercial tool for biometry, it defines the axial length of the eye using the
technique of partial coherence interferometry (PCI), and measures the depth of the anterior
chamber using optical pachymetry, taking at the same time keratometric measurements. (fig.24)

Fig.24 |I0OL master Zeiss

3.3.1 Axial length measurements>132%43%

The determination of the axial length of the eye is a very important chapter in ophthalmological
practices, since it is related to studies of refractive errors (e.g. myopia) (Wong et al., 2001), the
cataract surgery and intraocular lens implantations (Haigis et al. 2000), as well as other
pathologies of the eye (Cekic et al., 1999). The Zeiss IOL Master can measure the axial length of
the eye with precision of about + 0.01 mm (measuring range 14-39 mm) using partial coherence
interferometry method, which is based on the Michelson interferometer.

This invention of the American physicist A. Michelson (1852 - 1931), uses a beam of light which
through a partially reflective mirror (beam splitter) is firstly divided in two. Each

part follows its own path, until at some point the two parts of the initial beam are recombined to
produce thereby interference images and detected by an appropriate device (detector).
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Fig25. A schematic representation of the main elements of the Michelson interferometer

If the distance between the movable mirror M1 and the beam splitter become

greater or less by d than the corresponding distance of the fixed mirror M2 from the splitter, then
it can easily be shown the relationship d = m * A / 2 where X the wavelength of the radiation of
the beam and m is the number of the interference fringes that penetrate the detector (m=0, 1, 2
...). According to this relationship it is possible to calculate very precisely unknown wavelengths
or distances. Let's see how all this apply to the measuring mechanism of the axial length of the
eye by the IOL Master.

Firstly, the diode laser (LD) device generates infrared light (A = 780nm) and short length of
coherence (160um, approximately coincides to the axial resolution of the system). This means
that the interference will be achieved only if the delays along the path of the interferometer
harmonized within the coherence period of the light source. The above property makes the
partial coherence interferometry the most appropriate method for describing gradient or uneven
surfaces. Having therefore divided into two coaxial beams CB1 and CB2 by the beam splitter
BS1, the light is reflected into the eye by the mirrors M1 and M2. The distance which separates
the two beams will be equal to twice the displacement of the mirror M1 (d). Both coaxial rays
entering the eye, which results in a reflection of both the surface of the cornea (C), and in
melachroun epithelium of the retina (R). The difference of frequencies

between coaxial rays exiting the eye (after passing a second beam splitter BS2) is detected by the
photodetector (PHD). During the measurement, the mirror M1 moves at a constant speed,
causing a change in frequency of the reflected coaxial light which is detected by the
photodetector because of Doppler phenomenon. The displacement d of the mirror M1 can be
determined very accurately and be related to the reflected signals detected at the photodetector,
thus allowing accurate measurements of the axial length (AL) of the eye.

For the determination of the axial length of the eye, taking five valid measurements required
(Signal to Noise Ratio - SNR> 2.0) of which the average is calculated, if they do not differ more
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than 0.1 mm. Otherwise, divergent measurements should be repeated, to calculate the axial
length accurately. Finally, it is worth mentioning that Zeiss constitutes a) take not more than 20
measurements of axial length in each eye every day for safety reasons, and b) avoid
measurements in eyes that have undergone retinal detachment.

Carl Zeiss - I0LMaster® Advanced Technology
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Fig.26 Axial length (shown here after five single measurements) is now calculated via digital
signal processing instead of simply averaging acceptable-quality measurements. This
dramatically improves signal-to-noise ratio (lower right on screen). The green “traffic
light” signal indicates that conditions are ideal for continued measurements.

3.3.2 Measurement of anterior chamber depth (ACD) %

The depth of the anterior chamber defined as the distance measured parallel to the optical axis,
from the epithelium of the cornea until the anterior surface of the crystalline lens. The
determination of the depth of the eye's anterior chamber can give important information in
various fields of ophthalmology. In support of this view, we could say that such a measure: a)
contributes to increasing the accuracy of determining the power of the intraocular lens in a
cataract surgery, b) is a fairly reliable glaucoma indicator, as glaucomatous patients tend to have
more shallow anterior chamber (Devereux et al., 2000), and c) assist in the proper evaluation of

the diameter of the part of the optic zone which excised during a photorefractive keratectomy
using excimer laser.
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The IOL Master of Zeiss is able to measure the depth of the anterior chamber of the eye with
precision = 0.01 mm and with a measuring range of 1.5 - 6.5 mm. To achieve this, it projects a
slit beam of width 0.7 mm onto the anterior segment of the eye to the corner of 38° with the
visual axis. Then, the CCD camera of the device takes multiple images of the eye part that is
illuminated through the front chamber and by this method the distance between the posterior part
of the cornea and the anterior surface of the crystalline lens is defined. This means that, to
determine the depth of the anterior chamber, we must subtract the corneal thickness, from the
distance measured above. Thus, if prior to measuring the depth of the anterior chamber has
executed a valid keratometric measurement the IOL Master, the software automatically uses the
calculated radius, to determine the depth accurately. If for any reason the device was not able to
calculate the radius of curvature of the cornea, the IOL Master will ask the user to enter it
manually. If the cornea is astigmatic, the IOL Master will ask to register the values of the radius
of each of the two principal meridians, to make the final calculation of the depth of the anterior
chamber.

Aligning —and the measurement procedure especially for pupils of a short diameter- requires
experience and practice on the part of the examiner and cooperation on the part of the person
who get tested. The examiner, after asking from the subject to adherence to the yellow light —
target, aligns the device so that the focal point is between the images of the cornea and eye lens
or else be very close to the optical part of the lens(fig.27) . After all that happened, by pressing
the button on the joystick, device automatically takes five measurements of the depth of the
anterior chamber from which the average value is calculated. If any of the measurements differs
from the other more than 0.1 mm, then the average value is not calculated and the test should be
repeated for security reasons. The IOL Master is not able to measure the depth of the anterior
chamber in pseudophakic eyes. Any results arising from such an arbitrary measure would be
totally wrong. Finally, the measurements obtained by the IOL Master for the depth of the
anterior chamber may be problematic in cases of bad focusing of the device (defocus) or
incorrect alignment, eyes with glaucoma, dry eyes and defects of the cornea.

b

[ e e e e e e e

Fig.27 alignment for anterior chamber depth measurement
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3.3.3 Keratometry*!

Keratometry is known as an objective method by which we can measure the radii of curvature
and thus the refractive power of the cornea in different meridians. Thus, the corneal astigmatism
of the central area with a diameter of about 3 mm can be calculated.

For the measurement of the radii of curvature of the cornea, the IOL Master projects on the
cornea, using infrared light diodes, six light points which are arranged in a hexagonal design
with a diameter of about 2.3 mm.(fig.28) The light of these points, at first is reflected in the tear
film of the cornea, and then returns back into the machine where it is shown by a CCD camera.
Then, the software of the IOL Master measures the distance between the reflections of the
opposite points of the light for the three pairs and thereby identify: a) the radii of curvature of the
cornea b) the refraction of the cornea and c) the astigmatic difference, of the three defined
meridians.

IOL Master’s scale for measuring the radius of curvature of the cornea is 5 - 10 mm, while the
accuracy according to Zeiss reaches = 0.01 mm. It should be noted that the calculation of
refraction is based on both the measurement of the radii of curvature of the cornea and its
refractive index. The IOL Master uses as a corneal refractive index the value 1.332 (default).
This results slightly different results in comparison with other manufacturers. To make the
results comparable to other keratometric devices, IOL Master allows the selection of the
refractive index.

The measurement process is relatively simple. The person who get tested, focuses on a specific
target (yellow light), while the examiner brings the device so that the six peripheral points are
symmetrical in a circular crosshair and appear well focused. Once the subject is blinking to avoid
eye dryness, three measurements are taken separately (length measuring 0.5 sec) and their mean
values will be calculated. If measurement results differ more than 0.05 mm (quite rare), the mean
value cannot be calculated and the test is repeated for security reasons.

Fig.28 Focus of the six points of light in a regular hexagonal order
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The main reasons that the measurements can differ considerably include poor focus of the
device (defocus), the blink of the person who get tested during the measurement, the eye with
intraocular lens, dry eye and abnormalities on the surface of the cornea (scarring).

Fig.29 Multiple reflections produced by a dry eye

3.4 The GALILEI™ Dual Scheimpflug Analyzer®®**’

The GALILEI™ Dual Scheimpflug Analyzer (Ziemer Group; Port, Switzerland) is a device for
corneal and anterior segment analysis that combines Placido-based corneal topography and dual
Scheimpflug anterior segment imaging. The integrated system exploits the advantages of both
technologies in a single exam, along a common reference axis.

3.4.1 Dual Scheimpflug Imaging

The principal advantage of Dual Scheimpflug imaging is that corresponding corneal thickness
data from each view can simply be averaged to compensate for unintentional misalignment,
which results in a corrected measurement value at the corresponding location. The dual
Scheimpflug imaging principle is independent of inclined surfaces, and thus allows accurate
pachymetry without knowledge of the actual decentration of the slit from the apex. In Figure 30,
the dual Scheimpflug principle is graphically illustrated. Figure 31 shows the result of a
theoretical calculation of simulated deviations from the true thickness values, as seen from both
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Scheimpflug views, for all off centered cases up to £ 1 mm with respect to the corneal apex. The
deviation is as high as 30 um at 1 mm decentration or approximately 10 pm in the case of 0.3
mm decentration, well within the range of motion of a normal eye during target fixation. Simple
averaging of the thicknesses in the two corresponding Scheimpflug views reduces this error by a
factor of 10, without the need for correcting the misalignment.

Fig.30a In the centered instrument condition, the apparent slit images in both Scheimpflug views
are identical. The slit light is perpendicular to the spherical surface; therefore the viewing angles for
both cameras are equal.

Fig.30b In the decentered condition, either left or right, the apparent slit images are no longer
identical. The slit light is not perpendicular to the surface. Therefore, the apparent slit image is
thicker in the left view and thinner in the right view, or vice versa, depending on the direction of
decentration.

The principle of averaging two measurement values of the same object, which are related in a
reciprocal manner, is a well-known method. The two Scheimpflug channels in the GALILEI™
device are optically identical; they are opposite to each other and aligned symmetrically to the
rotational axis which contains the slit light. When the slit light is rotationally scanned while
centered on the corneal apex, the apparent thicknesses of both views are identical, as illustrated
in

Figure 30a. If the slit light is not centered on the corneal apex, the optical condition can be
regarded as inclined to the surface. Living human eyes are always in motion even under perfect
fixating conditions, and scanning takes time. Therefore, the rotational device axis may become
decentered from the aligned apex position during the course of the rotational scan acquisition. In

this situation, the projected slits impinge upon the anterior surface of the cornea inclined,
resulting in two apparent slit images deviated from each other in thickness, as seen in Figure 30b.
The reciprocal relationship of the dual views allows simple averaging of the corresponding
thickness values to correct the values at each of the slit positions, as demonstrated in Figure 31.
The dual Scheimpflug system has only to take into account decentration and allocate each
averaged thickness and posterior height value to its proper location, whereas single Scheimpflug
systems additionally have to make estimations on the variable surface inclination for calculating
correct thicknesses or posterior heights.
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Fig.31 This graphic simulates the apparent thickness deviation of a spherical cornea with a thickness of
500 um and a decentration of up to £1 mm. The thickness deviations from the true value are
represented in red and blue, as seen from the left view and from the right view, respectively. Simple
averaging of the corresponding thickness values reduces the deviation by a factor of ten without need
of correcting for decentration.

3.4.2 Rotational Scanning

The GALILEI™ Dual Scheimpflug Analyzer is a rotational system, acquiring a user-defined
number of images as the camera rotates around the central axis. A rotational scan is stable,
readily achieved by a single motor driven axis, and takes into account the natural symmetry of
the human eye. Images are segmented, and the extracted surfaces of the anterior segment of the
eye may be displayed independently or reconstructed in three dimensions. A scanning system
takes time to acquire the necessary images, and therefore eye motion must be corrected for
proper surface representation. Generally, the longer the scan acquisition time, the larger is the
eye movement that must be tracked and incorporated into the calculations. In the GALILEI™
System, both Placido and Scheimpflug data are acquired simultaneously as the camera rotates,
and then a motion correction algorithm applied to the combined dataset. An appropriate 3D
analysis of the anterior chamber also allows planning for placement of phakic IOLs, as well as
lens densitometry applications.

3.4.3 The GALILEI™ Software Interface

The software interface allows the user to view the acquired Placido or Top View image and

simultaneously acquired Scheimpflug images, either left or right, as illustrated in Figure 32. The
schematic eye diagram in the upper left corner shows the orientation of the slit as it rotates over
the eye. The Scheimpflug view displayed can be determined by the color of the dot in the corner
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of the image, on the schematic eye, and on the toggle switch below the schematic eye. In
Figure32a, the dot is orange and the slit is aligned horizontally, both of which correspond to the
view from the camera in the superior position on the schematic eye. To view the image acquired
from the inferior position, the toggle with a blue dot would be chosen.

¥ GALILEL - Dual Schesmpflug Analyzer
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Fig.32a: Screen shot of slit in horizontal position, with simultaneous Placido acquisition in lower

left corner, with the orientation shown by the schematic eye diagram in the upper left corner. The
Scheimpflug view displayed can be determined by the color of the dot in the corner of the image, on
the schematic eye, and on the toggle switch below the schematic eye. In this case, the dot is

orange and the slit is aligned horizontally, both of which correspond to the view from the camera in
the superior position on the schematic eye. To view the image acquired from the inferior position,
the toggle with a blue dot would be chosen.
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Fig.32b: Screen shot of slit in oblique position, with simultaneous top view in lower left corner.
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Fig.32c: Screen shot of slit in vertical position, with simultaneous Placido acquisition in lower left
corner

3.4.4 Advantages of the GALILEI™ System’s Dual Scheimpflug Imaging

In summary, the advantages of the GALILEI™ System’s Dual Scheimpflug Imaging with
integrated Placido topography include:

1. Direct measurement of anterior corneal surface curvature

2. Direct measurement of elevation of all anterior segment structures

3. Pachymetry calculation that is insensitive to decentration

4. Motion correction from top view camera, in place for Placido capture

5. Greater coverage area in combining both technologies

6. Same reference axis for both technologies.
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PART 3

4) Statistical Analysis

For the statistical analysis we used two statistical packages. For simple descriptive statistics we
used Excel 2010 (Microsoft Corporation, USA). For further analysis, such as correlations,
normality tests, non-parametric tests, graphs and distributions we used the statistical package
IBM SPSS Statistics 20 (IBM Corporation, USA).

4.1 First part

The first part of the analysis contains data from 31 keratoconic patients, men and women aged
16-48 from the Vardinoyiannion Eye Institute of Crete (VEIC) and the University Hospital of
Heraklion.

Demographic features of subjects and measurements of axial length, corneal curvature and
refractive errors (sphere-cylinder) were taken and recorded.

The eyes of each subject were grouped based on keratoconus progress, in more progressed and
less progressed keratoconus. The criteria were the astigmatism and the corneal radius.

The mean age of the subjects is 27.58 years. In less progressed keratoconic eyes(Ip), the mean
values of sphere(sph) and cylinder(cyl) are -0.72D and -1.79D respectively, while the mean
value of corneal radius(CRm) is 7.74mm and of axial length(AL) is 24.35mm.

In more progressed keratoconic eyes(mp), the mean values of sphere(sph) and cylinder(cyl) are
-0.61D and -3.73D respectively, while the mean value of corneal radius(CRm) is 7.43mm and of
axial length(AL) is 24.35mm.The descriptive statistics of the subjects are presented in the table 2
below.

Descriptive Statistics

N Range Minimum | Maximum Mean Std. Deviation | Variance
Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Statistic
age N 32,00 16,00 48,00 | 27,5806 1,49103 8,30170 68,918
sph_Ip 3 575 -3,50 2,25 -,7258 27272 1,51844 2,306
cyl_Ip N 6,00 -6,00 ,00 -1,7984 ,29201 1,62586 2,643
CRm_Ip 3N 1,11 722 8,33 77413 ,04715 26254 ,069
AL_Ip 31 547 22,29 27,76 | 24,3568 18419 1,02554 1,052
sph_mp 3N 12,25 -8,25 4,00 -6129 ,48009 2,67304 7,145
cyl_mp 31 8,00 -8,50 -,50 -3,7339 42327 2,35667 5,554
CRm_mp K} 1,55 6,64 819 7,4355 ,06139 34182 17
AL_mp Kh 5,38 22,14 27,52 | 24,3594 17944 ,99908 ,998
Valid N (listwise) 31

Table 2. Descreptive statistics of the patients
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Axial Length_less progressed

4.1.1 More progressed eyes vs less progressed eyes
4.1.2 Axial length

Fig.33 is the scatter plot between the axial lengths in more and less progressed keratoconic eyes.
The graph shows a strong relationship between the two variables (R? =0.941).

The boxplots in fig.34 shows a difference in the lower bound of the variance in more and less
progressed eyes.

R Linear = 0,941
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4.1.3 Corneal Radius

The scatter plot in Fig.35 shows no relationship in corneal radius between more and less
progressed eyes.
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Fig.35 corneal radius’ scatter plot between more and less progressed eyes
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Axial Length_less progressed

4.1.4 Axial length vs Corneal radius

Fig.36 shows a strong relationship (R?=0.378) between the axial length and the corneal radius in
more and less progressed eyes. This relationship doesn’t exist in more progressed eyes (Fig.37.)
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Fig.36 Axial length vs corneal radius
scatter plot(less progressed eyes)
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4.2 Second part (combined data)

The second part of the analysis contains data collected in another site, by Jos Rozema, University
of Antwerpen, Belgium since this is a shared collaborative project.

In this part there are combined data (Greece-Belgium) from 163 keratoconic patients, men and
women aged 16-60 years.

Demographic features of subjects and measurements of axial length, corneal curvature and
refractive errors (sphere-cylinder) were taken and recorded. The methods for the measurements
were the same as the group in the first part of analysis.

The eyes of each subject were grouped based on keratoconus progress, in more progressed and
less progressed keratoconus. The criteria were the astigmatism and the corneal radius.

4.2.1 Normality tests

The table 3 below shows the normality coefficients. Our sample contains more than 50
observations, thus the appropriate coefficient is the Kolmogorov-Smirnov.

As we see, in less progressed eyes the variables sphere(sph_Ip), cylinder(cyl_Ip) ,corneal
radius(CRm_Ip), axial length(AL_Ip) and corneal radius/axial length (CRm_over AL Ip) don’t
follow the Normal distribution.( sig.< 0,05). Only the anterior chamber depth (ACD_Ip) variable
follows the Normal distribution. (sig.>0, 05)

In more progressed eyes also, the variables sphere(sph_mp), cylinder(cyl_mp) ,corneal
radius(CRm_mp), axial length(AL_mp) and corneal radius/axial length (CRm_over_AL_mp)
don’t follow the Normal distribution.( sig.< 0,05). Only the anterior chamber depth (ACD_mp)
variable follows the Normal distribution. (sig.>0, 05)

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
sph_lp a2 163 oo 814 163 000
cyl_lp 37 163 oo 808 163 000
CRm_Ip arz 163 038 851 163 000
AL_lp 076 163 a2z ATT 163 0048
CRm_over_AL_Ip 213 163 oo 822 163 000
ACD_Ip 051 163 ,EDD‘ 895 163 886
sph_mp 140 163 oo 810 163 000
cyl_mp 074 163 03z Aara 163 011
CRm_mp 086 163 05 ar2 163 ooz
AL_mp a7 163 043 Aa7a 163 015
CRm_over_AL_mp 60 163 oo 838 163 000
ACD_mp 87 163 ,EDD‘ 895 163 815

* This is a lower bound ofthe true significance.
a. Lilliefors Significance Correction

Table 3. normality tests
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4.2.2 Distributions

The Fig.38 represents the distributions of axial length, sphere, cylinder, corneal radius, anterior
chamber depth and corneal radius/axial length in less progressed eyes.
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Fig.38 distributions of the variables axial length, sphere, cylinder, corneal radius, anterior chamber
depth and corneal radius/axial length in less progressed eyes.
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Frequency

Frequency

The Fig.39 represents the distributions of axial length, sphere, cylinder, corneal radius, anterior
chamber depth and corneal radius/axial length in more progressed eyes.
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Fig.38 distributions of the variables axial length, sphere, cylinder, corneal radius, anterior chamber depth
and corneal radius/axial length in more progressed eyes.
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Axial Length less progressed(mm)

4.2.3 Axial length

The scatter plot in fig.39 shows a strong relationship in axial length between more and less
progressed eyes. (R?=0.838).The boxplots in fig.40 show that the variances between the two

groups are almost the same. The less progressed eyes have axial length between 21.25mm and
27.76mm, more progressed observations between 21.70mm-27.52mm. The mean values of less-
and more progressed keratoconic eyes are 24.08mm and 24.12mm respectively. The difference
between the mean values is 0.04mm. Thus, the axial length is almost the same.
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Fig.39 Axial length’s scatter plot( less
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sphere less progressed(D)

4.2.4 Sphere

The scatter plot in fig.41 shows a strong relationship in sphere between more and less progressed
eyes. (R?=0.205).The boxplots in fig.42 show that the variances between the two groups are
different to the lower bound.

The range in less progressed eyes is -11.754D to 4.00D and in more progressed eyes is -19.00D
to 4.00D. The mean values in less- and more progressed eyes are -1.54D and -3.58D
respectively. The difference of -2.04D exist because of the ectasia due to the keratoconus, and
this is proved by the existence of a significant correlation (non-parametric test, p=-0.246, p
value=0.002<0.05) between the variables Asph_more less and AL _more less. (Table 5)
Asph_more less defined as the difference between the sphere in more and less progressed eyes,
and

AL more_less defined as the difference between the axial length in more and less progressed
eyes. Both the variables do not follow the normal distribution. The observations are more than
50, thus the appropriate test is the Kolmogorov-Smirnov test. Both the normality coefficients are
lower than 0.05. (Table 4)
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Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Asph_more_|ess 183 163 000 888 163 000
AL_more_less 167 163 ,000 136 163 000

a. Lilliefors Significance Correction

Table 4. Test of normality for the difference between the sphere in more and less progressed eyes and
the difference between the axial length in more and less progressed eyes

Correlations
Asph_more_| | AL_more_les
ess S
Spearman's tho  Asph_more_less  Correlation Coefficient 1,000 - 246
Sig. (2-tailed) _ 002
N 163 163
AL_more_less Correlation Coefficient -246 1,000
Sig. (2-tailed) ,002 :
N 163 163

** Correlation is significant atthe 0.01 level (2-tailed).

Table 5. Correlation(difference between the sphere in more and less progressed eyes vs the difference
between the axial length in more and less progressed eyes)
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cylinder less progressed(D)

4.2.5 Cylinder

The scatter plot in fig.43 shows a statistical significant relationship in cylinder between more and
less progressed eyes. (R?=0.146).The boxplots in fig.44 show that the variances between the two
groups differ.

The observations belong between -7.50D to -0.25D (less progressed eyes) and -10.50D to
-0.50D (more progressed eyes). The mean values for less and more progressed eyes are -2.50D
and -4.50D respectively, and their difference is -2.00D. This difference exists because of the
increase in cornea’s steepness in more progressed eyes.
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Corneal Radius less progressed(mm)

4.2.6 Corneal radius

The scatter plot in fig.45 shows a strong relationship in corneal radius between more and less
progressed eyes. (R?=0.393).The boxplots in fig.46 show that the variances between the two

groups differ mostly at the lower bound.

The corneal radius is between 6.80mm-8.40mm in less progressed eyes and 5.97mm-8.28mm in
more progressed eyes. The mean value of the corneal radius is 7.60mm and 7.13mm in less- and
more progressed eyes respectively. The difference between the means is 0.47mm, thus, the more
progressed keratoconic corneas are steeper than the less progressed.
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4.2.7 Anterior chamber depth

The scatter plot in fig.47 shows a strong relationship in anterior chamber depth between more
and less progressed eyes. (R?=0.900).The boxplots in fig.48 show that the variances between the
two groups do not differ significant.

The anterior chamber depth is between 2.87mm-4.67mm in less progressed eyes and 2.81mm-
4.65mm in more progressed eyes. The mean value of the anterior chamber depth is 3.68mm and
3.74mm in less- and more progressed eyes respectively. The difference between the means is
0.06mm.
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Corneal Radius/Axial Length less

progressed

4.2.8 Corneal radius/axial length

The scatter plot in fig.49 shows a strong relationship in corneal radius/axial length between more
and less progressed eyes. (R?=0.323).The boxplots in fig.50 show that the variances between the
two groups differ at a significant level.

The observations belong between 0.26-0.35 (less progressed eyes) and 0.21-0.34(more
progressed eyes). The mean values for less and more progressed eyes are 0.31 and 0.29
respectively, and the difference between the slopes is 0.02.

The less progressed eyes have greater values in corneal radius. Thus, the numerator of the ratio
changes, so the whole ratio is affected.
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Axial Length less progressed(mm)

4.2.9 Axial length vs sphere

Fig.51 shows a medium relationship in less progressed eyes between axial length and sphere.
(R?=0.164).
This relationship is lost in more progressed eyes. (Fig.52)
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sphere less progressed(D)

4.2.10 Sphere vs Corneal radius

Fig.53 shows the existence of a relationship between sphere and corneal radius in less progressed
eyes. (R?=0.170).

This relationship becomes stronger in more progressed eyes. (R?=0.485). As the corneal radius
increases so does the sphere. Thus the ectasia because of keratoconus affects myopia.(fig.54)
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Axial Length less progressed(mm)

4.2.11 Axial length vs Anterior chamber depth

The scatter plots in fig.55 and fig.56 show a weak relationship in axial length vs anterior
chamber depth between more and less progressed eyes. The relationship is at the same level with
R?=0.089 and 0.090 in less and more progressed eyes, respectively.
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4.2.12 Difference in axial length between more and less progressed eyes
(Aaxial length_more_less)
Vs
Difference in anterior chamber depth between more and less progressed eyes
(Aanterior chamber depth_more_less)

Fig.57 shows a medium negative relationship between the variables. (R*=0.143)
Great changes in anterior chamber depth correspond in lower changes in axial length.
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Fig.57 Scatter plot between the differences in axial length and anterior chamber depth(more-less
progressed eyes)
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Corneal radius less progressed(mm)

4.2.13 Corneal Radius vs Anterior chamber depth

Fig.58 and Fig.59 show that there is no relationship between corneal radius and anterior chamber
depth in both groups.
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4.2.14 Difference in corneal radius between more and less progressed eyes
(Acorneal radius_more_less)
Vs
Difference in anterior chamber depth between more and less progressed eyes
(Aanterior chamber depth more less)

Fig.60 shows the existence of a strong negative relationship between the two variables.
(R?=0.349).

Great changes in anterior chamber depth correspond in lower changes in corneal radius. Thus,
the cone does not affect the measurement of anterior chamber depth.
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Fig.60 Scatter plot between the differences in corneal radius and anterior chamber depth(more-less
progressed eyes)
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4.2.15 Corneal radius vs Axial length

Fig.61 shows a medium relationship in less progressed eyes between Corneal Radius-Axial
length. (R?=0.2017)
This relationship does not exist in more progressed eyes between Corneal Radius-Axial length.
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Frequency

5) Discussion

It is important to compare the keratoconic group, with a group of emmetropes. The group of
emmetropes which was used is composed by 175 men and women aged 20-40 with a refraction
of +0.75D up to -0.74D. The mean age of the group is 30.95 years.
Demographic features of subjects and measurements of axial length, corneal curvature and
refractive errors (sphere-cylinder) were taken and recorded. The methods for the measurements
were the same as the keratoconic group.

5.1 Normality tests and distributions
Both the variables corneal radius (CRm_emmetropes) and axial length (AL_emmetropes) follow
the normal distribution, as the normality coefficients equal both to 0.200>0.05. (Table 6)

Fig. 62 represents the distributions of the variables.

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk Table 6. normality test
Statistic df Sig. Statistic df Sig. for corneal radius and
CRm_emmetropes 043 175 200 994 175 641 axial length in
AL_emmetropes 038 175 200" 988 175 133 emmetropes.
* This is a lower hound of the true significance.
a. Lilliefors Significance Correction
Histogram Histogram
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Fig.62 Distributions of corneal radius and axial length(emmetropes)
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5.1.2 Axial length

The emmetropic observations have axial length between 22.01mm and 24.84mm, and
keratoconic observations (more progressed) between 21.70mm-27.52mm.The mean values of
emmetropic and keratoconic eyes are 23.43mm and 24.13mm respectively. The difference
between the mean values is 0.70mm and corresponds in a refractive error of approximately 2 D.
The keratoconic group is more myopic than the emmetropes (longer eye). The boxplots show a
difference in variance’s upper bound. Also show that a percentage of keratoconic group is
emmetropes, and the rest are myopes.(fig.63)
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Fig.63 Axial length’s boxplots(keratoconic group vs emmetropes)
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5.1.3 Corneal radius

The keratoconic group have corneal radius between 5.97mm-8.28mm and the emmetropic group
have corneal radius between 7.35mm-8.37mm. The mean values of the corneal radius are
7.13mm and 7.86mm in keratoconic and emmetropic eyes respectively. The difference between
the mean values is 0.73mm, thus, the keratoconic corneas are steeper than the emmetropic. The
keratoconic group has greater variance than the emmetropic.(fig.64)
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Fig.64 Corneal radius’ boxplots(keratoconic group vs emmetropes)
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5.1.4 Corneal radius/axial length

The variable CRm_over_AL_emmetropes (corneal radius/axial length in emmetropic group)
does not follow the normal distribution. (table 7)

The correlation (non-parametric) is not significant and the p value=0.76>0.05, thus the Hy (NO
correlation between the two variables) is not rejected. (table 8)

The mean values for keratoconic eyes and emmetropes are 0.29 and 0.33 respectively. There is
important difference between the slopes in keratoconic eyes and emmetropes despite the fact that
the axial length between both groups doesn’t differ a lot. The corneal radius in emmetropes
follows the Normal distribution, but in keratoconic group doesn’t. The emmetropic group has
greater values in corneal radius because the emmetropic corneas are flatter than the keratoconic.
Thus, the numerator of the ratio changes, so the whole ratio is affected.

Tests of Normality
Kolmogorov-Smirnov? Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
CRm_over_AL_emmetro 267 175 ,ooo 872 175 000
pes

a. Lilliefors Significance Correction

Table 7. Test of normality(corneal radius/axial length in emmetropic group)

Correlations

CRm_over_A
CRm_over_A | L_emmetrope

L_mp S
Spearman'srtho CRm_over_ AL_mp Correlation Coefficient 1,000 -023
Sig. (2-tailed) . 767
N 163 163
CRm_over_AL_emmetro Correlation Coefficient -,023 1,000
pes Sig. (2-tailed) 767 .
N 163 175

Table 8. Keratoconic eyes vs emmetropic eyes-correlation of corneal radius/axial length
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5.2 Conclusion

Keratoconus is a degenerative eye disorder characterized by thinning and ectasia of the cornea,
and causes myopia (ectasia) and abnormal astigmatism. Keratoconus can cause substantial
deterioration in patient’s vision. Shape, location and dimensions of the cone have major role in
vision influence by keratoconus. Keratoconic eyes have steeper corneas, thus, the refraction is
affected by the progression of keratoconus. The axial length though, is not affected.

The clarification of topographic, biometric and refractive criteria of keratoconus can significantly
contribute to the assessment of the development risk factor of keratoconus, the early diagnosis
and the effective treatment of the disease.
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