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Glossary

Aberrometry : A technique used to measure refractive errorauch greater detail than is
possible with traditional clinical refraction. Alemetry measures the shape of a
wavefront of light that has passed through thecaptelements of the eye. Analysing the

wavefront’'s shape determines the amount and typefiEctive error present.

Analysis of variance: Analysis of variance is a collection of statisticaodels and their
associated estimation procedures used to analgsdifferences among group means in a

sample

Apex: Geometric centre of the Pentacam’s (or other a=syi exam. This is the first

Purkinje’s reflex on the cornea while having théiqu# fixating on the fixation target.

ART: Ambrésio Relational Thickness, which considess Ttinnest Point (TP) in relation
to the PPI. ART is calculated as the ratios betwbenTP and the maximal PPl meridian
(ART Max = TP/PPI Max) and the average (ART Ave B/FPI Ave).

Astigmatic Surface A surface that has two meridians of different vature. The

Pentacam reports the astigmatism of the cornetdim the central 3 mm of the cornea.
Axis: Axis of corneal astigmatism (red for steep, Hlueflat and user selectable).

BAD: An abbreviation for the Belin-Ambrdésio Displayhigh is a refractive screening
display incorporating both anterior and posterievation data and pachymetric data into

one unified screening screen.

Best Corrected Visual Acuity: Best possible vision a person can achieve withective
lenses.

Best-fit Shape A reference shape or surface (sphere, ellipsetasic ellipse)
mathematically generated by the elevation topograpsf which corneal elevation is

measured.

Center Keratoconus Index (CKIl): Pachymetry based numerical index used to ashess t

likelihood of a cornea having keratoconus. Elevatspkecially in central keratoconus.

Corneal Thickness Spatial Profile (CTSP) A graphic display of the average of the
thickness values along 22 imaginary circles centrethe thinnest point, with the diameter

of the circles increasing in 0.4-mm steps.

14



Collaborative Longitudinal Evaluation of Keratoconus: multicentre, observational

study of 1,209 keratoconus patients followed fgedrs at 15 clinical centres in USA.

Corneal Cross-Linking: Corneal collagen cross-linking with riboflavin ab/-A light is
a surgical treatment for corneal ectasia such aatd®onus, PMD, and post-LASIK

ectasia. It is used in attempt strength the cornea.

Descement’s Membraneis the basement membrane that lies between timeaoproper
substance, also called stroma, and the endothaliat of the cornea. It is composed of

different kinds of collagen (Type IV and VIII) thahe stroma.

Deep Anterior Lamellar Keratoplasty: a partial-thickness corneal transplant which
involves only the donor stroma, leaving the recipge own Descemet membrane and

endothelium

Descemet’s Stripping Endothelial Keratoplasty :a type of endothelial keratoplasty (EK)
procedure where the host endothelium and Descemetiabrane (DM) are replaced by

the donor endothelium and DM, along with a smalbant of posterior stromal thickness

Ectatic Change Progressive change in the cornea associatedimgteasing curvature,
increased elevation and often associated thinritistatic change is seen in keratoconus,

pellucid marginal degeneration and post refractivgasia.

Extracellular Matrix: a collection of extracellular molecules secretgdshbpport cells

that provides structural and biochemical suppoth&surrounding cells.

Elevation Topography. Method of imaging the corneal surface(s) thategates an X, Y,
and Z coordinate systems (locates points in spand)creates maps of corneal surface
compared to a reference surface (sphere, ellipse, gllipse). Curvature and pachymetry

maps can be computed form this elevation data.

Enhanced Elevation Maps These are corneal elevation maps where the refersurface
has been calculated after excluding an area witienp@al corneal abnormalities. The

resulting corneal elevation map will better highligreas of abnormal corneal elevation.

Equivalent Keratometer Readings (EKR): Used for post refractive 10OL calculations,
this reading utilizes both the anterior and postertorneal surfaces to produce a graphical
and tabular representation of the “adjusted” pasgiisal “K” readings at varying pupil

sizes.
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Fuchs Endothelial Dystrophy: a non-inflammatory, sporadic or autosomal dominant
dystrophy involving the endothelial layer of themea. With Fuchs’ dystrophy the cornea

begins to swell causing glare, halo, and reducedViacuity

Forme Fruste Keratoconus This refers to a mild or abated form of keratacowith few
clinical signs and subtle topographical changeshal$ often been used incorrectly to

describe “suspect” cases without any signs or sgmgtof ectatic change.

Glycosaminoglycan’s: a mucopolysaccharides are long unbranched polysadesar
consisting of a repeating disaccharide unit. Tipeaéing unit (except for keratan) consists
of an amino sugar (N-acetylglucosamine or N-acaefgicfosamine) along with a uranic

sugar (glucuronic acid or iduronic acid) or galaeto

Grayscale is one in which the value of each pixel is a Ergample representing only

an amount of light, that is, it carries only intéypsnformation.

Intra Ocular Lens: Intraocular lens is a lens implanted in the eypaas of a treatment for
cataracts or myopia. The most common type of 10thé pseudophakic IOL. These are

implanted during cataract surgery.

Index of Height Asymmetry (IHA): This index gives the degree of symmetry of height
data with respect to the horizontal meridian. Timdex is analogous to the Index of

Surface Variance (IVA), though it is sometimes meeasitive.

Index of Height Decentration (IHD): This index is calculated from Fourier analysis of
corneal height and gives the degree of verticakd&ation of the apex. This value is

elevated in keratoconus.

Index of Surface Variance (ISV):Gives the deviation of individual corneal radorin the
mean value. This index is elevated in all typesrefularity of the corneal surface (scars,

astigmatism, deformities caused by contact lerk@atoconus, etc.).

Index of Vertical Asymmetry (IVA) : Gives the degree of symmetry of the corneal radii
with respect to the horizontal meridian. This index elevated in cases of oblique

astigmatism, in keratoconus or in limbal ectasias.

Intrastromal corneal ring segment: is a small device implanted in the eye to correct

vision either in people with short side or cornectiasia.
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Irregular Astigmatism: Type of astigmatism where the principal meridiaare non-

orthogonal. This type of astigmatism is not corabta fully by spectacles.

Keratoconus: is a progressive eye disease in which the normmalind cornea thins and

begins to bulge into a cone-like shape

Keratoconus-Index (KI): Compares measurements of the central and pealpbemeal
thickness allowing quantification of corneal thingi This index tends to be elevated in

keratoconus.

Keratometer: Also known as an ophthalmometer, is a diagnostwice used for

measuring corneal curvature at a defined and seiabgone.
KMax : Point of highest curvature on the axial or sagjiturvature map.

Logarithm of the Minimum Angle of Resolution: is a unit that allows quantifying the
Visual in order to perform calculations statistizsch as average, deviation of the Visual

acuity in a population of eyes

Mean: refer to one measure of the central tendency edherprobability distribution or

of the random variable characterized by that diigtion.

National Research Ethics Committee: Research Ethics Committees (RECS)

review research applications and give an opiniauaiwvhether the research is ethical.
National Health Services The publicly funded national healthcare systenHogland

NHS Blood and Transplant, UK: it improves the supply of donated blood, organd an

tissues, and raises the quality, effectivenesseéfiwiency of blood and transplant services.

Optical Coherence Tomography:Optical coherence tomography is an imaging teakeiq
that uses coherent light to capture micrometerluéiso, two- and three-dimensional

images from within optical scattering media.

Orbscan (Bausch & Lomb) An early device employing slit scanning elevation
topography combined with a Placido topographer wipimvides topographic maps of the

anterior and posterior corneal surfaces and imafydge anterior chamber.

Pellucid Marginal Degeneration (PMD} A bilateral, non-inflammatory, peripheral
corneal thinning disorder characterized by a bahthimning of the peripheral inferior

cornea.
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Pentacam (Oculus):A rotating Scheimpflug elevation based corneabgpppher which
provides elevation and curvature maps of the asteand posterior corneal surfaces,
corneal thickness maps, anterior chamber dimens#&nts objective readings of lens

densitometry.

Penetrating Keratoplasty. is a full-thickness transplant procedure, inafha trephine of
an appropriate diameter is used to make a fulktiéss resection of the patient's cornea,

followed by placement of a full-thickness donorreeal graft.
Photorefractive Keratectomy: is a type of refractive surgery.

P-Value: the probability of finding the observed, or mordreme, results when the null
hypothesis (R) of a study question is true — the definitioneoétteme' depends on how the
hypothesis is being tested.

Percentage Thickness Increase (PTI)A graphical display showing the percentage
increase in the average thickness along 22 imaguieries centered on the thinnest point,

with the diameter of the circles increasing in the steps.

Placido Disk A planar keratoscope made of concentric rings$ Wigen reflected off the
cornea, permit evaluation of the smoothness an@stimation of the curvature of the

cornea.

Placido Topography: Curvature based corneal topography which usesdifienb Placido
disk, reflected off the corneal surface. The rinfthe disk are digitally measured to create

“topographic” maps of corneal curvature.

PPI or PIl: Pachymetric progression indexes are calculatedlfdremi-meridian over the
entire 360 degrees of the cornea, starting fronirfPeThe average of all meridians is the
(PPIAve) and the meridians with maximal (PP1 Mawyl aninimal (PPl Min) pachymetric

increase are noted along with their axes.
Q-value: Also known as asphericity, this is the cornealpshfactor of the cornea.

Quality Statement (QS):This is a check on the Pentacam image acquigiiatity. Here

“OK” means the acquired image was of sufficientlgya
Radii Minimum (RMin): Gives the smallest radius of curvature over thraeal surface.

Reference Surface:A reference shape (sphere, ellipse or toric e@)ipmathematically

generated of which corneal elevation is measured.
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Repeatability coefficient:is a precision measure which represents the vaievbwhich
the absolute difference between two repeated &=stlts may be expected to lie with a
probability of 95%. The standard deviation undeeggability conditions is part of

precision and accuracy.

Rm/Km: Mean central radius, arithmetic average of tla¢ fRf) and steep (Rs) radii of

curvature of the cornea.
Rper: The mean radii of the peripheral zone betweerythem and 9mm ring.

Sagittal Curvature: Also known as axial curvature, this is a measemnof curvature at
different points on the corneal surface and assuhsshe radius of curvature is equal to
the distance from the corneal surface to the iat#ien with the line of sight (or

measurement axis).

Scheimpflug Principle: Principle of photography where the lens planeds parallel to
the image plane. This technique is used to codistbrtion and allows for accurate cross-

sectional images of the cornea.

Standard Deviation: a quantity expressing by how much the members groap differ

from the mean value for the group.

Simulated Keratometry: Keratometry values as measured by a corneal tapbgr.

Often these are reported as always orthogonal asgar of the corneal shape.

Tangential Curvature: Also called the instantaneous radius of curvatorelocal
curvature, measures curvature of a single poirddbyulating the radius of a sphere which

would intersect that point.

Tomography: The recreation of a three-dimensional object tmpputer imaging utilizing

multiple images taken from different vantage paints

Topographical Keratoconus Classification (TKC) Based on anterior corneal data, this
classifies keratoconus based on the Amsler/Muckergtiaging. This classification ignores
the degree of thinning and ectatic changes on tistepgor surface. This classification
would classify as normal eyes with significant poisir changes associated with thinning if
the anterior surface was uninvolved and is alsmgro false positives in corneas with a

displaced apex.
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Topography: Topography implies surface contour. This termammonly applied (and
incorrectly) to curvature maps which do not techltychave true knowledge of surface

topography.

Total Cornea Refractive Power Ray tracing calculation of the corneal vergenowser,

considering the front and back elevation data aleitly corneal thickness.
TP: Thinnest Point or lowest pachymetric value onrtiap.

True Net Power. Corneal power calculation accounting for botheant and posterior
corneal surfaces and their respective optical pedoce. This power measurement should

not be used in standard IOL calculation formulas.

Zernike Polynomials: In ophthalmology, Zernike polynomials are a mathécal way of

representing the wavefront of the eye and help tifyascular aberrations.
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Abstract

The cornea is the most anterior layer of the ey iemntransparent and avascular nature
allows the transmission of light to the rest of #ye. Corneal clarity can be affected by a
wide range of diseases or corneal treatments. Gtadeting the nature of corneal haze and
its causes would give a better understanding afadis progression and disease treatment
outcomes. This knowledge could be useful to theiain when deciding which form of
treatment is the best for the patients. The OcH#astacam is a device based on the
schiempflug principle which can take 50 images ise2onds with the ability to give a

numeric value to corneal densitometry.

This project aimed to investigate corneal claritydaget a better understanding of the
changes taking place which lead to corneal hazkemlth and disease. Using corneal
densitometry software to analyse Oculus Pentacaages) we first defined how corneal
clarity changes with age in healthy individual. Wen identified corneal diseases and
treatments that are associated with cornea hazeemmdited 238 patients and followed

them through diagnosis and treatment.

We found corneal clarity changes in healthy pgrdais with age which varies based on
corneal layer and zone. When we compared the mgaif 2 different types of refractive
laser surgery and found that corneal clarity appéarbe localised to the wound healing
processes in the area of injury. Likewise, in e&dyatoconus the Intra Stromal Corneal
Ring Segments (INTACS) stabilize corneal claritycomparison with patients managed
by RGP contact lenses alone, suggesting haze isoddisease progressions and level of
inflammation from the Rigid Gas Permeable (RGP)é=n There are different corneal
clarity outcomes post keratoplasty based on diffetransplant procedures and the disease
been treated, again haze was related to the stromeaface, where inflammation and

tissue repair was active.

Corneal clarity response to disease progressiod, tagatment type based on different
factors involved. Juvenile patients seem to reacthe corneal cross linking treatment
differently than adults which open more questioh®u safety of some procedures.
Dividing the cornea into zones and layers helpebpgecise information on affected areas,
which could help in the understanding of corneahsparency and help to improve and
develop technique and treatment for corneal diseBise Oculus Pentacam provides an

objective tool to monitor the cornea at differefaiges in health and disease.
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1.1 Overview of Corneal Structure

The cornea is the most anterior layer of the eybcavers the iris and pupil. It consists of
transparent and avascular tissue and is resporisibddlowing transmission of light (Kolli
et al., 2010, Eghrari et al., 2015). The corneaniyiatontains connective stromal tissues
and joins the sclera through the corneal limbuge€fioer, the cornea and the sclera form
the outermost eyeball. The central cornea has @nage thickness of about 5Q@®n
(Courville et al., 2004), while the peripheral #ness is higher than the central (DelMonte
and Kim, 2011) as it is found ranged from 551 t&68@ at the centre of cornea and 612 to
640 um at peripheral (Feizi et al., 2014). The zantal cornea has an average diameter of
10 mm in infants and 11 mm in adults, while vettideameter measures 11 mm and 12
mm, respectively (Rufer et al., 2005, Hashemi et 2010). According to Rufer et al.
(2005), the average corneal diameter is vary beivideto 12 in male and 10.7 to 12.58 in
female. The human cornea is comprised of five Ey#re corneal epithelium, anterior
limiting membrane (Bowman’'s membrane), corneal isttp posterior limiting lamina
(Descemet’s membrane) and the corneal endothelWariQg et al., 1982, Farjo et al.,

2009). Figure 1-1 shows the structure of the eykthe five corneal layers.
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Figure 1-1:Eye structure and the five corneal layers

1.1.1Corneal Epithelium

Corneal epithelium is the outermost layer of the Eyakacs et al., 2009) and accounts for
ten percent of the corneal tissues, measuringnd@ 60um on average, with four to six
stratified squamous layers of non-keratinizingx@Harjo et al., 2009). Its anterior surface
has various microvilli that increase cellular sudaarea for exchange of oxygen and
nutrients across the cells and is bathed by thefiga Corneal epithelium consists of
superficial cells and wing cells, each with twatlmree layers, and the basal cells, with one
layer. The overall function of the corneal epitbeli include blocking foreign material,
including dust, water and bacteria from enterirg ¢ige. It also provides a smooth surface
area across which oxygen and nutrients are absdrbedtears before they are distributed
to the rest of the cornea (DelMonte and Kim, 2@dhliman, 1971).The ocular epithelium
has the potential to regenerate every 7-14 dayérbal stem cells (LSC) located at the

basal layer between the cornea and conjunctivadé®d2000).
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1.1.2Anterior Limiting Membrane

This layer is known as Bowman’s membrane, andlaéated directly beneath the corneal
epithelium or between corneal epithelium and cdreama. Bowman’s membrane has a
thickness of about 1%n (DelMonte and Kim, 2011). It comprises of randpmbndensed
oriented collagen fibrils of both extracellular mwatas well as proteoglycans, most of
which are type | collagens which is a protein emzbthy the COL1A1 gene (Alvarez-
Hernandez et al., 2003) and type lll collagens whig a protein encoded by COL3Al
gene (Janeczko and Ramirez, 1989). Both of thera bmaller diameter of 2@ to 3Qum
compared to stromal fibres that measures |[28.50 35um (Krachmer et al., 2005).
Research shows that the Bowman’s membrane laekalitity to regenerate in the event
of injury (DelMonte and Kim, 2011, Jacob and Nave2d16). The role of Bowman’s
membrane still remains unknown and it has beenesigd that it may not have a useful

function in the human cornea (Lagali et al., 2009).

1.1.3Corneal Stroma

Corneal Stromés the thickest layer of the cornea found bendathBtowman’s membrane.
It is transparent, strong and accounts for 80% 5&0 &f the entire corneal thickness
(DelMonte and Kim, 2011). Corneal Stroma has thid@&erent components; acellular,
cellular and neurosensory. The stromal acellulanmanent comprises of extracellular
matrix collagen as well as glycosaminoglycans thatnly contain keratin sulphate and
chondroitin. Although, stromal collagen fibrils agcin various types, the main type of
collagen is type | and co-exists with proteins g/p (encoded by COL3A1 gene) , V
(encoded by COL5A1 gene)(Greenspan et al., 1988¥ VI (encoded by COL6A1 gene)

in lesser amounts (Hassell and Birk, 2010).

The fibrils are organized into lamellae and theygarallel to one another and also to the
corneal surface. Research suggests that the céntran corneal stroma has about 240 of
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lamellae (Bergmanson et al., 2005, Maurice, 195yIdt, 1953). Although the lamellae
virtually lie at rotational angles throughout thermeal depth, there are indications for
preferential orientations (Aghamohammadzadeh £2@04, Meek et al., 1987), a majority
lie at anterior stroma which is approximately amus0% more than posterior stroma
(Bergmanson et al., 2005). Surrounding the filiglshe proteoglycans’ interstitial matrix
with no role in scattering light largely due to ithemall dimensions compared to light
wavelength (Hart and Farrell, 1969). In the humtirescentral corneal collagen fibrils are
highly homogeneous in diameter (about 32nm) withtreeto-centre spacing of inter

fibrillar measuring 62 nm (Meek and Leonard, 1993).

The cellular component compresses of 2% to 3% nweatlfibroblasts lying between the
lamellae of the stroma. The fibroblasts are thiat §tructured cells occurring in three
dimensional matrixes, connected to each other gam junction through which they
communicate. Most fibroblasts are located towatus anterior stroma. The densities,
volume and their approximate sizes suggest thht pgsses across 100 layers fibroblasts
as it travels through the cornea (Mgller-Pedergeal.e2000). Despite the fact that light
propagation is likely to be affected by these c@iieCally and Farrell, 1990), there is
evidence to show that intracellular crystalline tphes match the overall keratocytes’
refractive index with that of stromal matrix. Asr@sult of this delicate balance, the cell
cytoplasm is kept transparent with the exceptiothef nuclei that contribute to specular
scatter (Jester et al., 1999). It is evident tlettocytes are sparsely interspersed between
stromal collagen sheets and they are responsiblenfontaining as well as remodeling
lying around them (West-Mays and Dwivedi, 2006)d dhey have the ability to scatter

more light compared to the epithelium (Bonanno,201

The neurosensory component has non-myelinated isensoves in the stroma which is
important for maintaining corneal transparency. Doerganization of collagen lamella

the area the anterior of stroma was found to hawst f its nerves (Radner and Mallinger,

31



2002, Mller et al., 2001). An In-vivo study of oeal nerves using confocal microscopy
has shown that the neurosensory component joints thié cornea through the stromal

centre, where it forms a plexus of sub-epitheliaives at the anterior stroma. Research
suggests nerve innervation occurs in various nenentations, the vertical ones are the
most common (Oliveira-Soto and Efron, 2001). In mary it is the extremely uniform

arrangements of collagen fibrils ensure stromalsjpparency.

1.1.4Posterior Limiting Lamina

This layer is also called Descement’s Membrane (BM) it is located beneath the stroma.
DM is a thin, regenerating strong layer responsiiole protecting the cornea against
infection and injuries. The layer comprises afbasement endothelial membrane and
measures aboupb at birth and tends to increase gradually to abOuin in thickness in
adult (DelMonte and Kim, 2011, Murphy et al., 19848esearch shows that it mainly
comprises of type IV collagen, laminin as well #@srdnectin (Krachmer et al., 2005),
without nerve innervation. In their study, Forrestmd his co- authors (Forrester et al.,
2008) demonstrated that DM is tightly attachechposterior stroma, and therefore easily

affected by any change in stromal shape.

1.1.5Corneal Endothelium

This is a single layer with identical hexagonaluagous cells located at the posterior
cornea (Komai and Ushiki, 1991). Bahn and co-wrkeported (Bahn et al., 1986) that
endothelium cell density (ECD) is about 6000 ceits? within a few months of birth and
declines gradually between the rates of 0.5% aB&oCannually (Bourne et al., 1997).
However, one report (Forrester et al., 2008) sho&@® loss lower than 800 cells/Miis
likely to cause corneal stroma swelling. The tigiictions within corneal endothelium
prevent the fluid from anterior chamber to lealoittie stroma. McGowan and co-workers

(McGowan et al., 2007) argue that the most impaértanction of corneal endothelium is
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to maintain corneal hydration and transparencylygng excess fluid outside the stroma
through its active fluid pump mechanism. Corneaahelium has active metabolic cells
with large nuclei and numerous organelles such iéschondria, endoplasmic reticulum

and well-developed Golgi apparatus as well as dbws, indicating protein synthesis at

high level.

1.2 Corneal Diseases

1.2.1Keratoconus

Keratoconus (KCN) (Figure 1-2) is a corneal diseds@acterized by progressive corneal
thinning and corneal protrusion, and it is usudijyateral with marked asymmetry
(Krachmer et al., 1984, Mazzotta et al., 2016). the disease progresses irregular
astigmatism and high order aberration can led tluaged visual acuity (Jinabhai et al.,
2010). The pathogenesis of KCN has yet to be eshaal despite much debate and
decades of research. The condition is stronglyciestsal with atopy as well as eye rubbing
(McMonnies, 2009). It has been proposed that tlogrysion results from either stromal
thinning or decreasing the mechanical stiffnes$ tidminates in thinning. It is thought
KCN usually presents in the teens or early 20srfRedibhan et al., 2014, Krachmer et al.,
1984). However some find the disease can be prdesarlier (Rabinowitz, 1998,

Wollensak et al., 2003) or later in life (Shettyakét 2015).
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Normal cornea Keratoconus

Figure 1-2:Difference between the Normal and Keratoonic Cornea (William

Trattler, 2000).

KCN has a widely varied prevalence, this cornetdtecdisorder has found to be affecting
approximately an average of 1 in 2000 individualsany population, and it is equally
distributed among men and women (Kuo et al., 2006zzotta et al., 2008), ranging
approximately from 50 to 230 per 100,000 (Kuo et aD06). A recent study on its
prevalence in Saudi Arabia was found to be 1:2fept (Netto et al., 2005a). It is thought
to be more common in Asians than Caucasians (\&e#ad Patel, 2015, De Sanctis et al.,
2007) . KCN frequency in the UK proposed to be 32p&r 100.000 of the population
(Georgiou et al., 2004, Cozma et al., 2005). Hemonstrated that KCN has a higher rate
in Asian (Pakistani-born) than those with Caucasiankground and happened 700% in
north —Pakistani born in comparison to Caucasiaplee(Georgiou et al., 2004) which is
supported by other studies suggesting it is moeggent in the Asian population (Pearson

et al., 2000, Ziaei et al., 2012, Assiri et al.02 There has been controversy about which
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gender is more likely to be affected by the dise@see study found it is prevalent more in
males (de Sanctis et al., 2008), one study sughestelifference (Mas-Aixala et al., 2016)
and another study found females to be more affebiedhe disease (Krachmer et al.,

1984).

KCN is linked to Bowman’s membrane breakages ama deposits within the epithelial
basal layer known as (Fleischer rings) (Sherwin Brabkes, 2004). The protrusion of the
cornea causes irregular astigmatism and/or myapiaadfects visual acuity (Rabinowitz,
1998). Although its pathogenesis has yet to bebbésked, KCN is thought to be a
multifactorial disease with various contributingt@ars, including mechanical, genetic and
environmental factors (Romero-Jiménez et al., 20BQrdon and Vincent, 2013).
Mechanical factors contributing to its developmamiude eye rubbing, wearing contact
lens, and atopy (Edwards et al., 2001). KCN mastigurs as a sporadic disorder but some
cases have autosomal recessive and autosomal ddnmie@adtable patterns, suggesting a
genetic influence to the disease (Kenney and Br&@®03) . According to (Rabinowitz,
1998) 6 to 10% of the reported cases with KCN havepositive family history.
Environmental factors could be contributing to therease in prevalence in particular

areas such as warmer countries (Gordon-Shaag 204b).

It is well established that KCN can range from niddsevere and can eventually become
an irreversible disability that cannot be correatgth either glasses or contact lenséise
most common classification system of KCN is thel@mrative Longitudinal Evaluation
of Keratoconus (CLEK) study group (Zadnik et aB97, Zadnik et al., 1996a). It is an 8
years study which had taken place at malty centrddSA. The study recruited 1,209
patients who have KCN and is followed up annuailtyiag to prospectively categorise the
changes in corneal curvature, corneal status,nvisia quality of life (Zadnik et al., 1998,
Wagner et al., 2007) . CLEK classified clinical esasbased on keratometry readings.

CLEK classified KCN severity to mild (<45D), mod&g45-52 D) and advance (>52 D)
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in addition to clinical slit-lamp finding as Vogsiriea, fleschers ring and corneal scaring

(Table 1.1).

Table 1-1: Classification of Keratoconus, as indidad by mean keratometric readings
with eye data reported by percentage of the cliniddinding by slit-lamp (Zadnik et

al., 1996b). D = Dioptres

Clinical finding by Slit-Lamp
Severity of KCN Vogt's striae Fleischer’s ring Corneal Scarring
Mild (<45 D) 92/442 (21%) 151/446 (33.8%) 41/454 (9%)
Moderate (45-52 D) 428/1335 (40%) 709/1339 (53%) 290/1342 (22%
Advanced (>52 D) 449/747 (60%) 503/745 (67% 595/749 (67%)

1.2.1.1 Primary Managements of KCN with Contact Lens

The disease is usually asymptomatic during they gdrdse, and patients may only require
eye spectacles or soft contact lens to correct tbgesight. With further progression,
glasses are no longer effective, although rigid gasneable contact lens (RGP) may
provide improved visual acuity. Due to Contact Enare considered the main treatment
option at an early stage of KCN and it is reportedbe widely used for disease
management (Romero-Jiménez et al., 2010). RGPdeargeas the most typically used in
KCN due to the advantages of improving VA and redgiche monochromatic, higher-
order aberrations, via refractive properties of tder-film that inevitably develops trapped
underneath the lens posterior surface (Anayol.e28I6). It was reported that close to 20
percent of KCN patients eventually require corrteahsplantation (Mazzotta et al., 2008,
Coskunseven et al., 2009), though more recentlyintreduction of a collagen cross
linking procedure has proposed to reduce this nurabét causes stabilization and BCVA
improvement(Mohammadpour et al., 2017, Wollensak.e2003). According to (Sandvik

et al., 2015) total KCN transplantations was redufrem 40.1% (period 2005-2006) to
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11.3% (period 2013-2014) of total corneal transplareformed at the Oslo University

Hospital.

1.2.1.2 Managements of KCN with Corneal Cross-Linking

Keratoectasia, or bulging of the cornea, occurabge of increased fragility of the cornea.
Thus far, however, no definite cause of this figgihas been identified. An attempt has
been made in the last decade to decrease thiditiragi the cornea, to increase its
mechanical strength and enhance its biochemicahctexistics by inducing cross-linking

of corneal fibres using Ultra Violate (UV) light @miboflavin (Koller et al., 2009).

In patients who suffer from post-LASIK ectasia ar&toconus, corneal cross-linking

(CXL) treatment with UVA and a photo-mediator haeeb successfully used to impart
strength to the cornea and to halt the progressicectasia (Toprak and Yildirim, 2013,

Amsler, 1946, Koller et al., 2013). There have bpesitive case reports that demonstrate
the mechanical benefits of cross-linking, as wslttee beneficial effects of reduced visual
morbidity and better corneal shape. An effort hasrbomade in the last decade to improve
the technique by making various modifications, amensive testing has been done to
minimize side effects so that the technique camdssl with new patients (Kanellopoulos

and Asimellis, 2014b).

1.2.1.3 Managements of KCN Intra Stromal Corneal Ring

Segments (INTACS)

The main purpose of research into INTACS (Additibechnology, Fremont, California,
USA) was to help patients with a low degree of reghtedness (Figure 1-3). There is a
general consensus in the scientific community INGTACS help in cases of myopia and
that they can be safely removed from the eye ifledebut in cases where keratoconus is
present, use of INTACS has led to flattening of toeneal surface and an decrease in

visual morbidity in terms of the degree of refraeterror (Kymionis et al., 2007, Wachler
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et al., 2003). Ectatic corneas are generally agtatiwith steep central cones leading to a
high degree of myopia, either unilaterally or kelatly, thus further leading to unequal
refractory error in both eyes. Generally, in suelignts, contact lenses are not tolerated
very well, and the best therapeutic option in swases is lamellar transplant or

keratoplasty (Moshirfar et al., 2006).

INTACS procedure performed under topical anaestéhasd corneal thickness should be
measured and the area of the rings insertion shzrib0 um at least and the keratometry
reading maximum value at the steepest K not maxa 88D. INTACS incision tunnels
can be created either manually (TREPHINE) or vimgi$-emtosecond Laser. INTACS
segment is designed to be placed in the periphefatie cornea which is outside the
patient central optical zone at approximately towsrd depth at 6-9 mm zone which
differs from Ferrara Ring Segment which is inseradt.40-5.60 mm (Ertan and Colin,
2007). The segment inserted typically temporahatdxis of positive cylinder through a
small radial incision in the corneal stroma whicaynvary based on the cone position and
keratoconus degree at the eye been treated (Cblal.,e2001, Siganos et al., 2003,

Sansanayudh et al., 2010).

Figure 1-3:Intra stromal corneal ring segments (INTACS)(Zadnik and Lindsley,

2014).

38



1.2.2Fuchs’ Endothelial Dystrophy

Fuchs Endothelial Dystrophy (FED) is caused by eal®ndothelial degeneration (Figure
1-4). This disorder is common in individuals agédtd 50 years, and usually, both eyes
are affected (Eghrari and Gottsch, 20I)e prevalence of FED is difficult to estimate
given its later onset, slow progression, and latksosymptoms at its early stage. The
prevalence of FED is varying in different areasthe world. Its suggested that it is
effecting 4% of the population at the age overrtthe USA and affecting females by 2.5
times more than males (Krachmer et al., 1978Europe 4.5%to 9% (Zoega et al., 2006)

and Asia 3.8% to 8.5% (Kitagawa et al., 2002, Nagakl., 1996).

FED results in the development of asymptomatic ealrrguttata within the Descemet’s
membrane (Klintworth, 2009, Schrems-Hoesl et #1,3). The guttae are usually localized
in the centre of the cornea during the early dgualent stage of the disease and later
spread towards the peripheral cornea as the dispesgresses. This movement is
accompanied by the loss of both hexagonal shapeelisas endothelial cellular density
(Elhalis et al., 2010, Schmedt et al., 2012). Tlegeheration of the endothelial layer
results in sparse to absent cells. Moreover, bmumber of Na+ and K+ ions, the sites
of ATPase pump, and their ability to function aeeluced (Geroski and Edelhauser, 1984,
Sasaki et al., 1986) . The latter event triggerss lof iron transport activity by the
endothelium, resulting in failure to ensure balabetwveen stromal as well as epithelial

edema, followed by a loss of corneal clarity (Bhet al., 2010, Bonanno, 2003).
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Figure 1-4:Fuchs endothelial dystrophy in a 65-year-old female (Sigh, 1994).

Corneal dysfunction due to FED is associated witbdaiction in progressive visual acuity
and a likelihood of blindness (Klintworth, 2009)e$pite the reported autosomal dominant
pattern of inheritance associated with FED, in moases, the mode of the disease
progression is not precisely known (lliff et alQ12). FED is a multifactorial disease, and
both genetic and environmental factors contriboteards its development (Elhalis et al.,
2010). Although various genes and chromosomaldoeiinvolved in the development of

the disease, their precise role has yet to be lestab.

1.2.3Pseudophakic Bullous Keratopathy

Cataract surgery and implantation of an intra-acidas is associated with an extremely
painful non-treatable complication known as psebdé bullous keratopathy, which

may develop in the post-operative period or mayuocoany years after surgery. It is a
relatively new disease with incidence between 1%Ptoof post cataract surgery and 1.5%
at patient with iris fixated IOL (Stark et al., 1®8Taylor et al., 1983).The basic pathology

behind this condition is due to trauma during stygéhere is a loss of endothelial cells
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that causes the cornea to swell. This loss of émtiat cells leads to an asymmetrical
increase in cell shape, further leading to polyrhaam and polymegathism. In an eye with
pseudophakic bullous keratopathy, there is also ptesence of scar tissue, fibrillar
deposition, and an increase in the number of cellagells with a decrease in the number

of keratocytes in the stromal layer (Liu et al.12))

1.3 Corneal Transplant

Corneal transplantation surgery is the most suéaessrgical tissue procedure in humans.
It is indicated where corneal damage resulting flbsease or traumatic injury culminates
in vision loss. There is sufficient evidence towhbat most blindness cases are caused by
corneal scarring and active keratitis (Garg et24Q5). Globally, the corneal transplant is
among the most common procedures of transplantafdthough close to 100,000
procedures are performed annually, it is reportet about 10,000,000 people globally
suffer from various disorders that could be treatgith corneal transplantation. Typical
examples of such cases include scarring, edemacameal thinning, as well as severe
corneal distortions that have no alternative tresirexcept for corneal transplantation

(Espana et al., 2003).

Despite the advances made in this technology, ebrgeaft failures are still observed,
largely due to immune rejection, (Maurin and Cohal989, Insler and Pechous, 1986).
Inflammation of the corneal graft bed with attentdaeovascularization constitutes the
leading risk factor for graft rejection (Inoue ek, a2001, Rapuano et al.,, 1990).
Neovascularization is commonly associated with ouggifactors in corneal pathology,
including trauma, inflammation, infections, and itoxnsults (Kirkness et al., 1990).

Various corneal transplantation techniques arerdestin Figure 1-5.
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Figure 1-5:Healthy cornea and different proceduregor corneal transplant (Korine
van Dijk, 2014). PK (Penetrating Keratoplasty), DALK (Deep Anterior Lamellar
Keratoplasty), DSAEK (Descemet Stripping Automated=Endothelial Keratoplasty)

,and DMEK (Descemet Membrane Endothelial Keratoplaty).

1.3.1Penetrating Keratoplasty (PK)

Full-thickness or penetrating keratoplasty is trestsuccessful and most common corneal
transplantation technique, which is why it makesawer ninety percent of all cornea
surgeries in the U.S. (Pramanik et al., 2006). BKindicated for various disorders,
including corneal scars (central deep opacitieSENK and disorders of the corneal
endothelium that cause edema and loss of cornaatycl It is also used in instances of

reduced visual acuity that cannot be correctedpegtsicles or contact lenses.
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Recent reports suggest that cutting donor and iesttigorneas using a femtosecond laser
as opposed to traditional manual technique hawsrbenefits, including significantly
faster visual recovery because of reduced chammesndluced astigmatism (Farid and
Steinert, 2010). PK procedures can be performésr application of topical, local, or
general anaesthesia. Lubrication and applicaticlmtal antibiotics and steroids are also
provided to the patient preoperatively. Graft tleickag should be monitored after the
operation in order to detect the possibility of fgriilure, rejection, or hypotonicity

(Thompson et al., 2003, Hodge).

Suture status is vital for corneal graft visualaiaiitation. Although the PK graft may
appear crystal clear, the patterns of suture maypcess the graft significantly to form a
highly astigmatic surface (Figure 1-6). A conting@uture is tolerable and well fixed for
about 1 to 2 years, while loose sutures are likelycause infection, irritation, and

inflammation and must therefore be removed (Adsille 1992).

Figure 1-6:PK at 2 years post-surgery (Watson et g12004).
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1.3.2Deep Anterior Lamellar Keratoplasty (DALK)

Deep anterior lamellar keratoplasty (DALK) is ameal surgical technique which entails
making a partial-thickness incision up to D.M felled by dissecting the diseased cornea
and replacing it with freshly donated or presertisgue (Figure 1-7). The removal of the
diseased stroma employs a big-bubble technique entier corneal stroma is dissected
from the Descemet’'s membrane (DM) by injecting (@&nwar and Teichmann, 2002b).
The method has merits, such as the early removadutiires and decreased risk of
rejection. Research shows that recovery of vissoguite faster than its improvement after
PK (Borderie et al., 2009, Terry and Ousley, 200dksel et al., 2017). The graft from the
donor is placed behind a deep dissection of stwithathe big-bubble technique. This also
occurs when a femtosecond laser is used (Anwaaimhmann, 2002a, Buzzonetti et al.,
2010). The technique removes and replaces onlafileeted corneal stroma and not the
healthy endothelium. Thus, the technique reduces dhances for endothelial graft
rejection (Terry, 2000) and does not affect the Ipenof endothelial cells (Watson et al.,
2004, Morris et al., 1998, Panda et al., 1999). gamad to PK, DALK eliminates open
system surgical complications including anterionesshia, expulsive hemorrhaging and
endophthalmitis. In addition, the criteria for dormornea selection does not have to be as
strict for DALK as it does for PK (Shimazaki, 200@xcluding parametrise such as quality

of the tissue (Feizi, 2014) .
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Figure 1-7:DALK at 2 years post-surgery (Watson eal., 2004).

1.3.3Descemet’'s  Stripping  Endothelial  Keratoplasty

(DSAEK)

DSAEK is a type of posterior lamellar transplarthieique that involves transplanting new
and healthy DM and a donated endothelial layeris &ne of the more recent techniques,
and it is similar to Descemet's membrane endothkeaatoplasty, both of which are

associated with lower overall cellular loss in camgon with PK (Price et al., 2010, Rose
et al., 2008). Moreover, the method has fewer carapbns than PK since it requires less
recovery time, fewer refractive changes, fewer vasuand suture-related complications
(Pramanik et al., 2006, Boutros and Insler, 198%5/réh et al., 1994). However,

preparation of the donor disc, which is about 10@roms of tissue and some of the

insertion techniques, can pose more complicatiGusns, 2008).

1.4 Refractive Surgery

Refractive error refers to the disorder of the eparacterized with failure to focus on
images found in the outside world clearly. Theaefive surgical techniques are increasing
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evolving, particularly the discovery of flap-badedtosecond laser technology for laser in
situ keratomileusis (LASIK) (Chen et al., 2012, Ageet al., 2011). Such techniques have
caused a paradigm shift in ophthalmic practice esimost patients are able to enjoy the
benefits of these technologies. For instance, dhgngorneal curvature to ensure

controlled compensation of eye refractive errors l@come more accurate (Munnerlyn et

al., 1988).

The techniques have higher corneal ablation sulbemmietric precision, predictability and
repeatability (Krueger and Trokel, 1985) with miminside effects (Pettit et al., 1991). It
has been shown that profiles for standard ablagimployed in removing lenticules of
convex-concave tissue with spherocylindrical arfeatifve in compensating for primary
refractive errors (Seiler et al., 1993). Howevdnis tprocedure was accompanied with
significant deterioration of visual quality, andparticular, under mesopic as well as low-
contrast conditions due to increase of corneal exspdl aberration (Mastropasqua et al.,
2006, Moreno-Barriuso et al., 2001). Moreover, iggie of optimizing corneal refractive
procedures (Kirwan and O'Keefe, 2009) and the §ipecbrneal layer to apply the

procedures in order to derive maximum visual outesims still debatable.

1.4.1Myopia

Myopia is described as a state of refraction wiparallel light rays are focused in front of
eyes retina (Curtin and Jampol, 1986). Despitefdioe that this condition is sometimes
considered a benign disorder, it currently a m&ealth problem (Holden et al., 2015,
Saxena et al., 2013) due to increasing prevalehserged in the past five to six decades
(Pan et al.,, 2012). This has provoked a lot ofnditbeé to ensure better preventive
measures. Although the condition has been linkea ¢genetic factor, recent studies have
shown the role of environmental factors in its depment. Factors such as intensive near

work as well as a high educational level have b&®wn to augment myopic prevalence

46



(Morgan et al., 2012). In addition, delayed accordatmn that causes retinal hyperopic
defocus has been shown to accelerate axial elamy#tat eventually triggers onset of

juvenile myopia (Berntsen et al., 2013).

Based on clinical entity, Amos (1987), classifiegapia into 5 classes. The first is simple
myopia, which results from development of very langal length in the eye than optical
power. Conversely, the condition occurs in the éwbat the optical power becomes
stronger than the axial length. This myopic typeegally has 6 Dioptres and below, and it
may co-exist with astigmatism. Secondly is the nowl myopia, and it is also called night
myopia. Nocturnal myopia develops as a result oféased accommodative response due
to dim illumination. Thirdly is pseudo-myopia, addvelops as result of excessive eye or
ciliary spasm accommodative stimulation that evalhtuiculminates into increased ocular
refractive power. Patients with this condition nadsvelop pseudo-myopia as a result of
poor accommodation response. Fourth is the degareeiar pathologic myopia and it is
characterized by high degree of myopia with corenirrposterior eye segment and
degenerative changes such as retinal detachmes¢aRé has shown that degenerative
myopia causes serious public health issues ari$inogn most cases that develop
pathological signs (Morgan et al., 2012). Fifthihie induced myopia, also called acquired
myopia, and it is usually a temporal, reversibladiton that results from pharmaceutical
exposures, unstable blood sugar or crystalline-tercéear sclerosis. Another classification

by (Chaurasia et al., 2009) included congenitalitlypearly adult and late adult myopia.

Myopic eyes have longer axial lengths as well &gous chamber depths in comparison to
emmetropic eyes. Eyes with longer axial lengthsallgithave higher cup to disc ratio

ratios, increased defects of optic nerve fiber layed increased lamina cribrosa deformity
and thereby more vulnerable to glaucomatous opsc dhanges (Fong et al., 1990).
Recent familial studies suggest a definite geraatitt strong genetic basis for high and low

myopia respectively (Young, 2009). It has also bestablished that environmental factors
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as well as near work which is also likely to be thain risk factor contributing to myopic

development (Feldkdmper and Schaeffel, 2003).

1.4.2Hyperopia

This condition is also called farsightedness omlaightedness, and is a refractive eye
disorder where parallel light rays entering the isyeast behind the retina during relaxed

accommodation, hence formation of blurred imageafA2006).

Based on aetiology, hyperopia can be grouped a&x#&l hyperopia which is the most

common form that develops when eyeball axial lendgiereaseCurvatural hyperopia

develops when corneal curvature, lens curvaturebath flatten and reduce the eye
refractive power, resulting in increased curvata@ius by 1mm, and thereby causing 6D
hyperopia. On the other hand, index hyperopia issed by induced changes in lens
refractive index due to aging while positional hyggea is caused by posterior placement
of crystalline lens, Aphakia, hence occurrenceighthyperopia (Azar, 2006, Alnawaiseh

et al., 2017).

Based on clinical classifications, hyperopia isidiad into simple hyperopia, caused by
normal biological variation and can be axial aslasl refractive. Pathological hyperopia
results from abnormal ocular anatomy, which is edusy axial development and ocular
disease or trauma as well. Functional hyperopieaissed by accommodation paralysis
(Benjamin, 2006). Based on refractive error degregeropia can be classified as low
hyperopia, with refractive error of +2.00 D anddwe] moderate hyperopia, with refractive
error ranging between +2.25 to +5.00 D; and highehgpia, with refractive error above

+5.00 D (Amos, 1987). Regarding accommodation, tfgga can be grouped into

facultative hyperopia, which is overcome by accomaimn and absolute hyperopia,
which cannot be compensated by accommodation (6gr@006). Finally, hyperopia can

be classified on the basis of non-cycloplegic arlapegic refractive outcome as manifest
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hyperopia, which occurs as either facultative asadlite manifest hyperopia that can be
determined based on non-cycloplegic refractionebthyperopia is diagnosed based on

cyclopegia alone and it is accommodative compedsate

1.4.3Astigmatism

Astigmatism refers to a refractive error that amgeen parallel light rays incident to the
non-accommodating eye does not converge at thearefihe condition is classified as
regular and irregular astigmatism. Regular astigsmais caused by the occurrence of the
principal meridians positioned at®® one another (Elkington et al., 1999). Etioladji,
regular astigmatism is further classified into @af) lenticular and retinal astigmatism, of
which corneal astigmatism is the most prevalenhé&Maiseh et al., 2017). Based on the
axial or angular intersection of two principal naégins, regular astigmatism is classified
into With the Rule; corrective measure requirescema or convex cylinders with 180 +/-
20 degree or 90 +/- 20 degreespectively. Against the Rule, is in which correst
measure requires convex or concave cylinders vt 20 or 90 +/- 28 respectively.
Research has shown that principal meridians dwbligue astigmatism are either at’45

and 1380r thereaboutéAlnawaiseh et al., 2017).

Regular astigmatism can further be classified basetthe two focal lines’ position and the

retina. Simple astigmatism is where one ray is $eduon the retina while another is
focused in front of the retina (simple myopic astagism) or rather at behind of the retina
(simple hyperopic astigmatism). In compound astiggng the two meridians are focused
before the retina (compound myopic astigmatismyelsas both meridians are focused on
the back of the retina (compound hyperopic astiggmgt For mixed astigmatism, one

meridian is focused before the retina while theepth focused behind the retina (Katz and

Kruger, 2009). Irregular astigmatism, on the otlnd, occurs when the principal
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meridians do not occur at 90 degrees to one anathértherefore cannot be corrected

satisfactory using spectacles (Elkington et al999

1.4.4Corneal Refractive Surgery

Refractive surgery has now become a popular praedduadults. Although, the Food and
Drug Administration has only granted approval fasdr refractive surgery among people
aged above 18 years, there are some instances whéddezen are treated. Typical
examples include children with conditions like belal high refractive error and unilateral
severe anisometropia coupled with amblyopia wheretsges are unable to wear glasses or
as well as contact lenses, hence refractive surgecpmes the last option (Stephenson,

2010).

1.4.5Photorefractive Keratectomy (PRK)

Photorefractive keratectomy (PRK) (Figure 1-8) s excimer laser technique used to
reshape the cornea for treating refractive er®@RK is usually indicated for patients with
low myopia and hyperopia degrees. Follow up studi@eng low and moderate myopic
patients have showed a one year refractive stalifiat was sustainable at 12 years
(McAlinden, 2012, Vayr et al., 2007). Photorefraetikeratectomy surgical technique is
associated with complications such as under-cooreend over correction, to poor night
vision as well as corneal scarring (Seiler et94, Shojaei et al., 2009) . Permanent loss
of vision is very rare. However, the method is tgtly for patients with stable refractive
error, has no eye disease and is above 18 ye@asvirth mentioning that the discovery of
laser-assisted in situ keratomileusis (LASIK) wasanpanied with reduced use of PRK

(Duffey and Leaming, 2005).
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1.4.6Laser Assisted In Situ Keratomileusis (LASIK)

LASIK was first described by Pallikaris in 1990 é&crokeratome was employed to cutting
a hinged corneal flap to allow stromal bed ablatising an excimer laser before finally
flap repositioning (Pallikaris et al., 1990, Pdliis et al., 1991). Globally, this technique
is currently the most common elective surgical prhae since it involves virtually

painless surgical procedure recovery of vision inith short time compared to compared

to PRK (Reinstein et al., 2012).

A hinged flap of cornea measuring 80 to @@0in thickness, comprising the corneal
epithelium, Bowman’s membrane and anterior stramereated by using a microkeratome
(Figure 1-8). The flap is made thin to prevent dgenaf surface tissue as well as limit the
scarring response. At later stages, excimer |lasesed to correct ametropia by altering the
curvature of the cornea. Mechanical microkeratomeaton of corneal flap creation

increases intraocular pressure to more than 60 modtgpared to that of femtosecond
laser that has much lower increments of intraocpitessure and therefore reduced risk of
optic nerve damage in the head and ischemia(Chaueasl., 2010). However, the later
procedure requires more time besides the reporigheh diffused lamellar keratitis

incidences and other complications (Gil-Cazorlalgt2008).

The merits of both PRK and LASIK have been docum@rand highlight their similarities
in the accuracy and safety in treating low to matkermyopia and cases where
contemporary techniques were used, including wanéfguided treatments as well as FSL
flap creation (Shortt et al., 2013, Shortt and All2006, Ang et al., 2009). Nonetheless,
there is sufficient evidence that deeper cornetlecwployed in LASIK has significantly
improved preoperative patients’ screening by miring the risk due to ectasia

(Randleman et al., 2003).
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1.4.7Laser Assisted Sub-Epithelial Keratectomy (LASEK)

Laser-assisted sub-epithelial keratomileusis (LAPEKa surface ablation technique that is
a modified form of photorefractive keratectomy (PRi€chnique, and uses ethanol for
creating epithelial flap which is usually repogital after surgery. The technique result in
reduced pain ,which promotes recovery of visiondiawith less haze (Vinciguerra et al.,
2003) since it provides stromal protective mecharivarrier against growth factors within

the tear film (Lee et al., 2002) .

Litwak et al. (2002) contested the aforementionddaatage while the viability of the
epithelial cell removal has raised questions swctha readhesion with the absence of the
basement membrane and bowmen’s layer on the st(Bspana et al., 2003). LASEK is
indicated for patients with thin corneas; thosedmgosed to trauma such as military
personnel and as well as athletes (Azar et al.220A Cochrane report suggested that
LASEK was preferable to PRK (Li et al.,, 2012b) . terms of postoperative visual
outcomes together with the associated complicatades, (Kirwan and O'Keefe, 2009)
reported LASEK induced less aberrations compareldA8IK, since the total high order
aberration ( HOA) together with vertical coma weemuch greater and the likelihood of

superior customized ablation (Dastjerdi and So@062).

In general, LASEK is currently a viable alternatiokrefractive surgery since it avoids
complications related to flap as in LASIK as wedl the recovery of vision in PRK.
Furthermore, the technique has similar predictgbikfficacy, safety and satisfaction of
patients compared to PRK (Hashemi et al., 2004)taadise of LASIK (Kaya et al., 2004)
in treating mild and moderate myopia. It is alsported that LASEK compares well with
epi-LASIK in terms of effectiveness when used forrecting myopia (Bilgihan et al.,
2008). In their study, Pirouzian and colleagueso{izian et al., 2004) found no difference
in patient satisfaction regarding postoperativeiaisacuity between PRK and as well as

LASEK. On the contrary, half the patients showeefgrence of PRK over LASEK since
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the former required shorter surgical time while thther half showed preference for
LASEK since it does not use epithelial scrubberimshe case of PRK procedure

(Pirouzian et al., 2004) (Figure 1-8) shows thdedént steps for the above 3 refractive

surgery.
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Figure 1-8:Different treatment steps for LASIK, PRK and LASEK procedures

(Chandna, 2017).

In PRK (A) numbing drops (B) epithelium removed dhemical, mechanical or laser, (C)
laser sculpting and (D) Bandag contact lens intcedo help in corneal surface healing. In
LASIK, (A) numbing drops (B) flap creation usingrRosecond laser, (C) laser sculpting
and (D) flap repositioning. In LASEK (A) numbingairs and Trephine (B) flab created
using alcohol, (C) laser sculpting and (D) flap agiioned and bandage contact lens

introduce to help in corneal surface healing.
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Chapter 2

Oculus Pentacam Principle and Methodology

2.1 Corneal Clarity

For good vision, it is essential that the corneauh be clear and this clarity is achieved
when almost no light scatters through the corndee @ntire physiology of the cornea is
dedicated to maintaining its transparency. Theasttaristics of the smooth layer of the

epithelium of the cornea; the pump located in theéotghelium of the cornea (Krachmer et
al., 2005); lack of blood vessels in cornea (Azaale 2012); the structural arrangement of
collagen fibres in the corneal stroma (Maurice, Z19=0rrester et al., 2008) and the cells
present in the cornea (Forrester et al., 2008, ¢flasssd Birk, 2010) all play an extremely

important role in maintaining corneal transparency.

In 1968, Goldman et al. concluded that lattice rageaments are not so important for
corneal transparency and proposed that it is dwertonimal relationship between fibrils
and light which allow light transmission. Also gniibrils larger than one half of the
wavelength of light that caused interference (Si#dgat al., 2011). However, another
theory by Maurice (1957) proposed that “for a tesso be transparent it is necessary that
its fibrils are parallel, equal in diameter and édiieir axes disposed in a latticeTo
maintain corneal transparency molecular and cellfd&tors come together forming
primarily stromal collagen arrangements. Thesecarabined together in packages called
fibrils which arranged in layer (lamina) in paralferm. The setting of fibrils in adjacent
lamina perpendicularly (DelMonte and Kim, 2011, Kairand Ushiki, 1991) which give
high level of transparency (Jester et al., 1998 Tules of corneal crystalline structure

improved our understanding of corneal transpardarier. It acts in reducing refractive
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index of larger macromolecules in their area sushkeratocyte nuclei and other large

structures and scatter less light to give moreealrolarity (Ellenberg et al., 2010).

Decrease in corneal clarithaze) can be caused by different changes takirge ptathe
cornea. In a healthy cornea, haze can be positn@irelated to age or systemic illness
and can appear after refractive surgery. Hazeatsmtake place in a diseased cornea and
during the progress of the disease and post treditntéaze can worsen visual property by
causing glare, reduced contrast sensitivity andaiehse in visual acuity (Zarei-Ghanavati
et al., 2017). This encouraged diverse approaclsdsg uof enlarged corneal light
backscatter which can assess several clinical tondi(Olsen, 1982). Traditionally, haze
has been assessed clinically by a combination afsoming the patient’s best visual acuity

and grading how hazy the corneal tissue appeastitdamp examination.

2.1.1Slit lamp Biomicroscope

The slit lamp Biomicroscope is widely used in eligics as an essential diagnostic tool. It
is composed from an illumination system contairanigright light source variable in width
and height. The slit lamp has a binocular microsceyith different magnification that
provides a coincidental focus of the slit and mécape when correctly aligned. Assigning
a camera to the slit lamp eye piece or inset bgdittes, in the observation pathway before
the eye piece, can assist in taking images of e (&/olffsohn and Peterson, 2006).
Fantes et al. (1990) introduced a grading systeradmeal haze range from 0 (no haze) to

4 stage which was complete opacity of the cornea @able 2-1.
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Table 2-1: Corneal Haze Grading System

Stage| Slit lamp image description

Complete clear cornea, no haze

(83}

Trace haze seen with carful oblique illumina

Haze not interfering with visibility of fine irisedails

Mild obscuration of iris details

Moderateobscuration of the iris and le

s wl v k| o o

Complete opacification of the stroma in the arethefscar, anterior chamber is totally obsc

Although this method is simple there are some diaathges in that it is subjective and not
very reproducible (Olsen, 1982). In the assessn@ntdisease progression and
management it is important to measure haze actyr#herefore it is essential to have a

robust objective method of evaluation and compariso

2.1.2Confocal Microscopy

Corneal clarity has been assessed ex-vivo (RadnérMallinger, 2002) and in-vivo
(Galvis et al., 2015, Miiller et al., 2003) usinghfaxal microscopy which overcomes the
defocus light based on the confocal principle. Téwnfocal microscope provides
examination of the structure of five corneal layerth high magnification and resolution
by simultaneously illuminating and imaging a singlant of tissue (Lagali et al., 2013) .
The point light source and the camera are in theesalane. Advances in confocal
microscopes result in providing the ability to small areas of tissue, illuminating and
imaging huge numbers of tissue points to creatditia¢ confocal image (Erie et al., 2009,
Efron et al., 2001). By scanning different thickadevels of certain tissues in the anterior
segment, significant information about structure &mction at the cellular level can be
gained. Confocal microscopy is considered to begthld standard in haze quantification.
The amount of back scatter light given in intensityts or in intensity-thickness-units can
be used to estimate corneal haze and monitor vel&tansparency of the corneal stroma

(Nagel et al., 1995, Slowik et al., 1996, MglledBesen et al., 1997). Based on estimation
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of haze of sub-epithelial peak on a light refleityivcurve , a valid haze estimation has a

good correlation with the clinical haze gradingteys (Maller-Pedersen et al., 1997).

2.1.30ptical Coherence Tomography

Optical coherence tomography (OCT) is a non-invasimaging tool able to establish
cross-sectional images of tissue microstructureaiduet al., 1991). It has been used to
image the anterior and posterior eye based onusagapplied systems (Muller et al., 2001).
Cross sectional imaging of the OCT allows ultrabhigsolution images of the corneal
layer to be obtained (Reiser et al., 2008)CT for the anterior segment is similar to
ultrasound, but it employs light waves instead ofirgl to produce extremely high
resolution images of very small ocular structu@€T uses dual scanning beams of light
that are reflected off an eye structure and theeotied and compared to a reference beam
to create a cross-sectional image (Radhakrishnah, 2005, Radhakrishnan et al., 2001).
OCT has been used to evaluate haze post refratrgery (Eliacik et al., 2015pCT uses

a longer wavelength with higher tissue penetrattompared to the blue light of the
Scheimpflug device so delivers a more detailed enafgthe corneal stroma (Doors et al.,

2009).

2.1.4X-ray

A biological and structural property of corneallagen has been investigated using X-ray
scattering designs. X-rays are scattered at diffesegles depending on their interaction
with biological tissues (Meek and Quantock, 200Ihis X-ray diffraction has been used
to evaluate haze post PRK by investigating ther-fiteillar spacing of collagen fibrils

(Connon et al., 2003).
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2.1.5High Frequency Ultrasound

The conventional ultrasound which is used diagoaeByi for routine A and B scans
utilizes a frequency of 7-15 MHz. High frequencytrasound offers quantitative and
gualitative data about changes that have takere pfathe cornea (Allemann et al., 1993,
Silverman et al., 2006).The high frequency ultragbbhas a frequencies between 35 to
100 MHz (Pavlin and Foster, 1998) and has a higologion between 150 to 200 um.
Corneal tissues can be scanned by a frequencyOoMHy offering tissue resolution up to
20um in thickness (Dada et al., 2007). It can uednalyse the corneal backscatter

through power spectrum analysis (Reinstein e2abd).

Recently the non-invasive Oculus Pentacam has lbeed to investigate the anterior
segment and corneal densitometry values at diffeaseas and depth of the cornea have
been obtained (Dhubhghaill et al., 2014, Lopeslet2814). This will be discussed in

detail in the following sections.

2.2 The Principle of Scheimpflug and the Oculus Pentcam

Imaging of the cornea has developed rapidly simme leginning of this century with
technology which has provided qualitative and quainte analysis of the cornea.
Historically, instruments employed Placido refleetimage analysis to investigate corneal
topography in the eye. This principle is based aitipie light concentric rings projected
on the cornea and the reflective image is captaredr charge-coupled device camera

(CCD) (Penna et al., 2017, Levene, 1965).

Another method used in corneal topography is airslitging technique. It used multiple
slits to perform evaluation of the corneal surfagemeasuring the anterior and posterior
surface and defines the spatial relationship betwbe two, thus giving a 3-dimensional

image of the cornea. The most common instrumengusiis principle is Orbscan (Bausch
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& Lomb) which used 40 slits projected on the cotrsegface and gave 240 points on each

slit (Liu et al., 1999).

Another principle, which was proposed by Schiempfli903) who aimed to establish an
instrument with good quality, precise images offedé#nt contours and geometrical
landscapes. However, slit imaging does not exlii#t same depth of field compared to
those obtained by Scheimpflug systems.

The Scheimpflug principle is used to describe thetpgraphic properties of an optical
system in which the plane of focus and camera &astilted in a way so they are not
parallel to each other (Brown, 1971). Accordingthe principle, the plane with the slit
beam and the plane of the image must intersecygatea point, with equal corresponding
angles. The most important ability of scheimpflagéd imaging systems is to measure the
entire anterior segment of the eye and provideossesectional view over all anterior
ocular surfaces.

The most available devices which employ this ppteare Pentacam (Pentacam; Oculus
GmbH, Wetzlar, Germany), Sirius (CSO,Scandiccy)taind TMS-5 (Tomey,

Corporation, Nagoya, Japan) and Gallili (Ziemer U8¥%).

2.2.10culus Pentacam

Pentacam (Pentacam; Oculus GmbH, Wetzlar, Germiaay)grown in reputation to be
used in eye clinics. It is a non-invasive devicat ttmploys the Scheimpflug principle to
create high resolution images focused on the amtsegment of the eye. It has a 360
degree rotating camera that takes close to 5@atied photographs in less than 2 seconds.
It was the first scheimpflug device with these feas (Grewal et al., 2008). The Pentacam
measured the cornea and anterior chambers butcaplyred images in the temporal side

to avoid the shadow of the nose. Software basexborputational logarithms is then used

59



to develop a three dimensional image. A second caiseaised to capture eye movement’s
eye and to make appropriate corrections. The aelle data is used to calculate the
topography of both anterior and posterior surfamfethe cornea, thickness of the cornea,
depth of the anterior eye chamber, and opacitythm#tness of the lens. The camera can
take measurements of local points of elevation itiing the shape of the cornea to a
reference spherical surface of varying diametegligutical surface (Shankar et al., 2008,
Mannion et al., 2011).

The anterior surface of the eye is not transpdvahtan be mapped by Pentacam. Based
on light scattering properties of the pathologicarneal tissue at different zones that
become visible on the image (Jain and Grewal, 2008 power of the anterior surface of
the eye is calculated by finding the differencewssn refractive index of the air and
corneal tissue. However, the posterior surface pasvealculated by finding the difference
between corneal tissue and aqueous humour. Thistele based system has been
reported to have superiority over Placido basedesys (Litoff et al., 1991). The
advantage of Pentacam is the ability to calculégeation data with accuracy even if the
corneal tissue had changed as a result of diseasegical treatment (Belin, 2007, Savini
et al., 2001). This is done by measuring the eilenatata compared to an aspheric surface
and then using the outcome to find anterior andepims curvature. This ability to measure
cornea with severe irregularities in addition tetpanetry by subtractions of the front and
back corneal elevation measurements with high uéisol gives Pentacam superiority over
other imaging devices (Byun et al., 2012). In additcorneal thickness (Mihaltz et al.,
2009), corneal aberration (Lackner et al., 2008)neal densitometry (Garzon et al., 2016)
and other parameters can be measured.

Oculus Pentacam uses a digital charged-couplecel@amera for the image recording
and its ultraviolet free blue light emitting diofleED) and has a wavelength of 475um as

light source. The corrections of the image are lgigimportant and done with algorithm
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software for automatic distortion correction (Dulwhan et al., 2002, Jain et al., 2007, Jain

and Grewal, 2009).

2.2.2Pentacam in clinical practise

Pentacam produces corneal measurements acrossrebadiameters for up to 25,000 true
elevation points (HR/AXL: 138.000). It can also yide 3D analysis of anterior chambers,
pachymetry maps, topography maps (anterior andepost elevation map, anterior
camper depth map, cataract analyser, Holladay tepommography, corneal densitometry
and crystalline lens or intra ocular lens (IOL) opa These features have wide clinical
applications for optimum analysis for corneal refnee surgeons (Ciolino and Belin,
2006), cataract surgeons (Cho et al., 2010) , glmacscreening (Kurita et al., 2009) and
contact lens fitting (Weber et al., 2016). The dateersion of the Pentacam (Pentacam
AXL) also has the ability to measure the axial tangf the eye, utilizing partial coherence
interferometry with actual rotating measurements(&i et al., 2017).

Pentacam has a feature of checking the qualiti@tcan generated as a report. Pentacam
has a feature to define the quality of imaging datdled quality specification (QS). An
acceptable image is indicated with an ‘OK’ on at@hdackground otherwise the image
needs to be repeated (Figure2-1). Those featureshelp with disease screening, track
disease progression, planning treatment and eealliaease management. Images taken
by Pentacam during the examination can be trarsféa the PC after being digitalized at
the Pentacam unit. Therefore it is simple to aiseé the only difficulty would be where

certain patients had problems in fixating.
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Figure 2-1:Assessment of imaging quality as generd by pentacam which shows the
unaccepted images with red and yellow background @ahaccepted images will be

generated with white background and OK sign.
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2.2.3Pentacam examination

Imaging should take place in a dark room with umfambient light. This could be done
using black shield provided by the manufacturestamdardize the light effect on corneal
measurement. The Pentacam imaging protocol is ieeid by the participant being
positioned in front of the Pentacam camera withahie and forehead are resting on the
frame. The image should be focused using the jdystiljustment until the corneal surface
appears on the monitor, centring the pupil and ealrmrapex with the marker. The
participant instructed to blink in order to maximitears stability (Koh et al., 2006) and
then with the eye open to look directly at a blée&tion target centred in the scanning-slit
light scan for 2 seconds duration. The devicetbdse used in automatic release mode to
rule out confounding operator related variabilitfhe accepted image indicated by the
device is scanned by quality software in the deYarefurther analysis (Chen and Lam,
2009).

Care must be taken regarding artefact which casctthe optical components of the slit
illumination in the centre of the unit and lendriont of the camera. Those components are
delicate and very sensitive to pressure and theresbould be prevented from being
scratched. The lens needs to be carefully cleasewwa lint-free dray cloth. The slit
illumination has to be cleaned using compressedrly. Pentacam is calibrated by the
manufacturer as every Pentacam is provided witibreaing files, saved in pentacam CD-
ROM and named Pentacam Calibration Data. Theskrattn CDs can only be used for
the specified model. Pentacam must be surfacey 8wsears or after 25000 examinations
according to the manufacturer’s instructions anési eye is also provided to check the

instrument.
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2.3 Corneal densitometry

The ability of any device to collect and quantifghit scatter will provide an objective
method of assessment. Light scatter has been adsesisig confocal microscopy but has
limited clinical use (Jester et al., 2001). Scatteetry has been used to evaluate corneal
back scatter light (Braunstein et al., 1996) alsayslight has been used by Harrison et al.
(1995) to assess forward light scatter in post HRK it was shown not to accurate.
Sheimpflug imaging to assess corneal densitometrg first reported by Smith et al.
(1990). Pentacam has been used to evaluate depsiyorof the crystalline lens
(Baradaran-Rafii et al., 2015, Ullrich and Pesudo®812) and corneal densitometry
(Gutiérrez et al., 2012, Lopes et al, 2014). Cakndensitometry is calculated
automatically through a computer algorithm withienBacam’s add-on image analysis
software.It is measured the straylight for the wavelengtmfithe slit illumination. This is
used to evaluate the level of optical (back- scatyg for each captured scheimpflug slit-
like image. The level of backscattering measurea Isgale ranging from 0 to 100 grey
scale units (GSU) which is standardised by propsofyware.The GSU scale is calibrated
by means of property software. The relative denstyhe ratio of maximum level of
grey divided by the observed level of grey. A vatdid® indicates transparency (no haze)
while 100 represents complete opacification of ¢cbenea (Lopes et al., 2014)his is a

simple linear transformation from colour scale émsitometry scale.

Pentacam densitometry software is able to asseskdtation of the opacity by giving a
numeric value of the cornea at different diamet@mes (0-2, 2-6, 6-10 and 10-12). In
addition, Pentacam can produce another numerie@valudepth based on different layers.
The “anterior layer” and the “posterior layer” repent the first 120m and the last 60m

of the whole corneal thickness. The “central ldyaihich has no fixed thickness value,
refers to the volume between the 2 boundary layérs.“Full depth” refers to the value of

a cornea anterior 120um, central and, posteriom6@nd full depth)Figure 2-2).
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Figure 2-2: Oculus Pentacam , densitometry printe@utput and specific layer and

Zone.

Corneal densitometry has been used in haze assassbneenstein et al. (2010) used it to
evaluate haze incident post CXL. Pentacam’s cordeasitometry has been used in haze
evaluation in relation to corneal dystrophy (Elfleet al., 2013, Chu et al., 2017), post
refractive surgery (Rozema et al., 2011, Poyaled.eP017, Lazaridis et al., 2017), post
graft surgery (Takacs et al., 2011, Alnawaiseh let 2017, Alzahrani et al., 2018)

,infectious keratitis (Otri et al., 2012) ,KCN patis on CL (Lopes et al., 2014) and
recently been used to evaluate some systemic diseasthe effects of treatment on

corneal clarity(Alnawaiseh et al., 2016, Anayohakt 2017).

2.4 Repeatability and Reliability of the Oculus Pentacen

The Oculus Pentacam requires less skill and trgiminuse since it is automated. The

device provides quantitative as well as qualitatiaéa on the anterior eye segment within a
very short examination time. There is sufficientdewce to suggest that the device has
good repeatability or test retest reliability inasarements of the anterior segment (Jain et

al.,, 2007). According to (Lackner et al.,, 2005),nttal corneal thickness (CCT)
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measurements generated by the Pentacam comparewitiellthose generated with
ultrasound pachymetry, with less variability, goeg@roducibility in cross observation by -
6.0, 5.8 in comparison to -17.0, 22.0 of 95% limit agreement for Ultrasound
pachymetry, and satisfactory repeatability in measient by -11.0, 13.0 in comparison to
-6.7, 7.3 of 95% limit of agreement for ultrasoyrathymetry Amano et al. (2006) found
Pentacam correlated significantly with ultrasorécipymetry (r=0.908) and scanning —slit
topography (r=0930). A study conducted by (Al-Memaget al., 2008) concluded that both
Pentacam and ultrasound pachymetry provide a higgreg of accuracy in corneal
thickness measurements.

The accuracy of the Pentacam has been assessezl/a@ralsstudies. Any alterations
observed in the elevation of the posterior cormegion after LASIK was not statistically
different from PRK (Hernandez-Quintela et al., 200ccording to the latest reports, the
common occurrence of subclinical, post-LASIK edakiave been controlled through
higher precision of the Orbscan during the post-lkAachymetry. When it comes to the
precision of the Pentacam in cases of post-LASIEhgmetry more information can be
gathered from additional studies. In a study usimg Pentacam topographer, the rate of
occurrence of subclinical incidence of post-LASI&tasia might be led2.64 + 4.95um)

(Ciolino and Belin, 2006) than reported previoug@.9 + 24.8:m) (Baek et al., 2001).

After orthokeratology treatment or after refractaurgery, a repeatable tool is needed for
monitoring the advanced changes occurring in th@ea longitudinally. Occurrence of

myopic regression followed by refractive surgerycmmmon. It is also suggested that
posterior corneal change is a factor in myopicesgjion. Hence, after refractive surgery,
the posterior corneal shift is frequently analyf€thayet et al., 1998, Kim et al., 1997).

For this kind of analysis, and also in keratocoties posterior elevation map can also be
an efficient indicator, apart from relating the fgw®r best-fit sphere (BFS) (de Sanctis et

al., 2008, Fam and Lim, 2006). Any difference ia tittual position of the cornea and the
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BFS, at any specific point, like the centre of ttaenea, is marked as an elevation. As
observed, when it comes to posterior corneal aswgds the Pentacam system offers
superior intersession reproducibility as well aglisession repeatability for both elevation
and BFS analysis. Longitudinal corneal alteratiditee orthokeratology treatment and

refractive surgery, can be monitored with the u#lthe Pentacam system (Chen and Lam,

2007).

In cases of keratoconic corneas, the measureméthe @entral thickness produced by a
rotating Scheimpflug camera are more repeatablergmaducible when compared to the
ones received through ultrasound pachymetry foodearate stage (Ucakhan et al., 2006).
Hence, the rotating Scheimpflug camera is ideal $taging and following disease
progression and the measurements can repeatetirmeefand also by different examiners
at different times). In measuring the keratocommeas’ central thicknesses, on average,
the rotating Scheimpflug camera offers slightly éswvalues compared to that of
ultrasound pachymetry. This becomes evident pdatiguin cases with eyes at a severe
stage of the condition, where the differences beitwie outcomes of the two techniques

are larger (De Sanctis et al., 2007).

A newer version of the Oculus Pentacam called #td®am HR was recently launched,
and it has a higher resolution as well as phakicaatular lens (IOL) software that
simulates the proposed lens position. The qualftydata collected from the lens is
dependent on the size of the pupil because thattite only part of the lens that can be
observed through the aperture of the pupillary @ret al., 2007, Ho et al., 2007,

Nilforoushan et al., 2008, Quisling et al., 2006fé&t et al., 2005).

Evaluation of the axial length, curvature of thernmal and anterior chamber depth
measurement performed by the latest advanced Rent@®entacam AXL) were found to
be repeatable with coefficient of repeatability €& 0.055) with IOL Master 500 and

COR=0.052 with IOL Master 700 which correlated welth both optical biometry for
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IOL measurements (IOL Master)(Shajari et al., 204 it was thought not to be used
interchangeably as pentacam AXL tended to prodeselts overestimated for IOL power

(Muzyka-Wazniak and Oleszko, 2018).

Good, repeatable outcomes were achieved with theaam HR and also previous model,
which led to enhancements to be made of the stdndadel (McAlinden et al., 2011).
The latest HR model is able to capture 5 times nuat@& points compared to the basic
model. The enhanced resolution of the HR modebisassted in studying the surface of the
posterior cornea. The Pentacam HR offers precissuorements that are reproducible and
repeatable across the range evaluated. There Wsreerceptions, which include pupil
pachymetry, refractive power maps, axis estimdtest meridional and axial maps, and
EKRs (Shankar et al., 2008). Amongst the three madeneasurement, the cornea fine
scan was the most accurate. No big advantage wasdghy the 2 second 50 picture scan

compared to the 1 second 25 picture scan (McAliretei., 2011).

The Oculus Pentacam is repeatable in nature acanitalso be employed effectively to
assess corneal thickness in healthy eyes (Khaeagtral., 2007, Barkana et al., 2005).
However, in order to find the accuracy of Pentadantases of eyes with significant
refractive problems, history of corneal surgerykeratoconus, further investigations are
necessary (Miranda et al., 2009). Corneal epithlgrowth in post LASIK was found to

be detectable earlier by the Pentacam compardkealit lamp (Jinabhai et al., 2010).

A study to determine if the Pentacam is capablepiofpointing differences in the
aberrometric patterns of the anterior and postedonea in keratoconic and normal eyes,
even with its limitations with regard to aberronietclassification, observed that coma
significantly increased in early keratoconus stagesanterior (0.236+ 0.103) and
posterior ( 0.490t 0.302) in comparison to healthy eyes anterior92+10.822), and

posterior (4.36H 1.778 ) corneal surface (Pifiero et al., 2009).
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Every parameter of the anterior and posterior serfaf the cornea, including curvature,
elevation, pachymetry, and wave front aberratiores r@ceived from the raw data of
corneal elevation. Though this raw data has higiabdity, the Pentacam showed high
repeatability in measuring the parameters of cdroeavature as well as thickness of the
central cornea in post-operative and normal eyestla® measurement of thickness of the
central cornea in healthy eyes (Shankar et al. 82®kad et al., 2009). There are
differences in the results of the different stugesformed with the Pentacam. Hence, the
Pentacam needs to be used cautiously in refractivgery and keratoconus. The
keratometry measurements were found to be les®dapible in advanced keratoconus
(Flynn et al., 2015). In addition, the power readirof the cornea did not exactly match
IOL power calculations for corneas after cataractysry or after kerato-refractive surgery
when the present IOL formula for power calculatiwas used (Oliveira et al., 2011).
Furthermore, it was well established that Scheiogpflens densitometry provides high
intra-observer as well as inter-observer repeatatidr both healthy eyes and those with
cataracts (Kirkwood et al., 2009). Mingo-Botin £t(@2018) investigated the Repeatability
and Intersession Reproducibility of Pentacam Cdrilkkness Maps in Fuchs Dystrophy
and Endothelial Keratoplasty which shows good regielity Intra Class Correlation (ICC)
ranging from 0.960 to 0.994 for post-treatment66.8 0.993 pre-treatment and 0.985 to
0.989 for normal healthy eyes. The reproducibilitith ICC ranged between 0.905 to
0.983 for post-treatment, 0.916 to 0.955 pre-treatnand 0.932 to 0.944 for normal eyes

across corneal zones.

The most important quality of these objective mdthover historical subjective methods
of haze evaluation is repeatability (Wang et &004). Densitometry measurements with
the Pentacam were found to have good repeatabitityreproducibility across all corneal
zones with average repeatability of 3.3+ 1.8% pktiee 10-12 mm zone (6.4%), which is

in contact with limbus (Dhubhghaill et al., 2014)here was variation in repeatability
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measurements when used in post CXL treatment (7%%) in comparison to healthy
(2% to 4%) or progressed KCN (3% to 5%) in the fioeiht of variation as the
repeatability seems to be affected by disease @segm and its treatment (Pahuja et al.,
2016). McLaren et al. (2016) found the Pentacam lvedter than confocal microscopy in
haze detection and was better in assessing dipeageession. Its high quality images of
the cornea give it an advantage in evaluating @armdarity (Wacker et al., 2015).
Pentacam has superiority in the ability to detbet ¢orneal haze in normal or advanced
corneal disease. The ability of Pentacam to ddtexthaze across the entire cornea in
comparison to small areas by confocal microscopyesgricted by low level of depth
resolution and difficulty to grad disease baseddensitometry alone (MclLaren et al.,
2016). Penatacm has the ability to measure theiantnd posterior of the cornea and
make further correction. However, due to the chaofgeorneal refractive index due to
disease and its progression in addition to conisigeahe same refractive index change in
anterior and posterior cornea that reduce pretisiothe result (Sideroudi et al., 2013).
However, there is little in the literature aboue trepeatability or reliability of corneal
densitometry analysis. Despite the higher resatutid the corneal structures based on
confocal microscopy, Oculus Pentacam has able sbnduish any changes in corneal
clarity (Gutiérrez et al., 2012). The Pentacamhastly been found to be a robust device

in terms of repeatable, reproducable results.

Recently many studies using corneal densitometrgstigated the relationships between
corneal clarity affected by age (Alzahrani et 2017b, Dhubhghaill et al., 2014, Garzon et
al., 2016), ocular disease (Cankaya et al., 20&ékei®glu et al., 2016, Anayol et al., 2016)
and post corneal treatment (Arnalich-Montiel et @013, Pircher et al., 2015) and/or

systemic disease (Calvo-Maroto et al., 2017, Anayall., 2017).
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2.5 Study protocol

The study was approved by the Central Manchesteresity Hospitals NHS Foundation
Trust, Manchester, UK and NREC local ethics conerittand was performed in

accordance with the Declaration of Helsinki.

All participants were recruited at Manchester rogig hospitals (MREH). All participants
were provided both written and oral information dref giving written consent to

participate in the study.

Oculus Pentacam (OCULUS Optikgerate GmbH, Wetga&rmany, version 1.19r06) was
used in all studies in this project. All patienteres examined under the same conditions,
same place, before being administrated any drugevestigation to the eye rather than
Visual Acuity. The automatic release mode of thent®eam was used to minimize

examiner-induced errors, and only Pentacam imaljgsanl quality were included.

The repeatability of the Pentacam used in thisgotojas investigated at the beginning of
this project. Three successive right eye measuremveere obtained from 15 participants
done by the same observer revealing an excellpeatability over all measurements. The
intra class correlation coefficient (ICC) was udedcalculate the repeatability based on
three measurements obtained from 15 participarts. Highs repeatability was found for
the central layer of zone 6-10 mm (0.991) and theekt repeatability were found at
thinnest area (0.848) as shown in table 2-2 . Blamdi Altman were plotted for difference
against mean to visualize the level of agreematitiv95% between first and second
reading measures and limits of agreement (LoA) veadeulated (mean = 1.96 standard

deviation) as shown in Figure2-3, Figure 2-4 argliFe 2-5.

Our study investigation of for repeatability of neal densitometry and data gained from

previous literature, together with the unique gyaissessment features of the scan which
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generated by Pentacam support the design to indoigeone successful scan for the

analysis.

Table 2-2: Repeatability based on 3 measurementskiag from 15 right eye

participants.

Intra class correlation 95% coafide interval

Anterior 0-2 mm 0.968 0.923 0.988
Anterior 2-6 mm 0.973 0.937 0.990
Anterior 6-10mm 0.980 0.953 0.993
Central 0-2 mm 0.955 0.893 0.984
Central -6 mmr 0.96¢ 0.91¢ 0.98i
Central <10 mn 0.991 0.97¢ 0.99i
Posterior -2 mrmr 0.95¢ 0.90( 0.98¢
Posterior 2-6 mm | 0.96¢ 0.91¢ 0.98:
Posterior 6-10 mm | 0.99¢ 0.98¢ 0.99¢
Full depth 0-2 mm | 0.96: 0.917 0.98:
Full depth 2-6 mm | 0.967 0.92:¢ 0.98¢
Full depth 6-10 mm | 0.990 0.976 0.996
CCT 0.994 0.986 0.998
Thinnest area 0.848 0.643 0.945
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Difference vs. average: Bland-Altman of Anterior 0-2 mm Difference vs. average: Bland-Altman of Anterior 2-6 mm
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Figure 2-3: Bland and Altman plots show level of aggement between first 2
measurements for anterior and central layer for diferent corneal zone. Coloured

lines represents, Bias (red), upper limit (green)rad lower limit (blue).
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Difference vs. average: Bland-Altman of Posterior 0-2 mm Difference vs. average: Bland-Altman of Posterior 2-6 mm

24 1.5
1.39 104
................ g g
1 b N 1.0 L
g ® 0.13 S 05 S
5 o e P @ g™ . 0.07
s ] s 5 &% X
£ H £ o004 " 7 AR
A . 1.25 e -,
“““““““““““““““““““““““““““““““ 054 °
L] -0.89
2 . . . i , g [ P ST RIS .
5 10 15 20 25 30 5 10 15 20 25 30
Average(GSU) Average(GSU)

Difference vs. average: Bland-Altman of Posterior 6-10 mm Difference vs. average: Bland-Altman of Full Depth 0-2 mm
01 -0.30 21

................................................ 1.41
1 e ® g @ e
-1 . 14 .
o i o L4
o
52 e 24 I R X JONUR 0.07
5 ...... ..:.. e @ececcnnnn PR 5 0 »
E -3 E .
[=] o o o LI
4 D 1 -1.26
- 458 e
...................... @ e eneiaiaas
h 5 1I0 1I5 2‘0 2‘5 30 5 10 15 20 25 30
Average(GSU) Average(GSU)

Difference vs. average: Bland-Altman of Full Depth 2-6 mm Difference vs. average: Bland-Altman of Full Depth 6-10 mm

1.89
1.54 . 117 2
1.0- .o 1 o % o
0.13
2 0.54 b4
o P 0.06 Q g LR Y UR R R PR PP
H Y ERTTRIO Po H o °
£ %o £ 4]
0 0.5 d (5 -1.62
R 103 e
A0, -2 °
1.5 T T T T d 3 T T T T d
5 10 15 20 25 30 5 10 15 20 25 30
Average(GSU) Average(GSU)

Figure 2-4:Bland and Altman plots show level of agrgement between first 2
measurements for posterior and full depth layers adifferent corneal zone. Coloured

lines represents, Bias (red), upper limit (green)rad lower limit (blue).
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Difference vs. average: Bland-Altman of Thinnest Area
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Figure 2-5: Bland and Altman plots show level of aggement between first 2
measurements for central corneal thickness and thimest area.Coloured lines

represents, Bias (red), upper limit (green) and loer limit (blue).

75



2.6 Rationales and Aims of the Project

2.6.1Research Hypothesis

There is a great deal of research activity on critransparency In particular the use of the
Oculus Pentacam to evaluate corneal clarity. Trogept aims to address some gaps in the
literature about corneal clarity in health and d&e Corneal densitometry measurement
together with visual acuity measurement may beulidebls to objectively assess corneal
clarity after corneal transplant, corneal UV créis&ing and refractive surgery. The study
will be looking at the correlation between corn#atknesses, clarity, and visual acuity
and also how corneal clarity differs based on trenagement of corneal disease. The
intention is also to examine how age can effectitglan healthy cornea and hence the
effect of age on treatments for some corneal diseasn addition the study investigates
what is the nature of corneal haze when theresgidé to tissue interface or self-tissue

interface.

2.6.2Research Objectives

The main purpose of this study is to measure thetglof the cornea and get more
understanding of the changes taking place in #stglin health and disease. We will also
determine if densitometry can help in monitoringedise progression, the outcome of
treatments and aid in the management of corneabsies The project specific aims are

listed in the sections below.

2.6.3Control Study

We wish to establish how the corneal clarity chanige different zone and layers of the
cornea with age in a normal healthy eye and iflalers and zones have same trend of

changes. The aim of this study is to standardigeead clarity in healthy participants.
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Additionally the study aims to investigate how amahclarity is correlated with age and

Sex.

2.6.4Refractive Surgery Study

This study will determine if corneal densitometrgyides a valuable clinical measurement
to assess treatment outcome of LASIK and LASEK.sTWill be done by measuring
corneal densitometry at different corneal layerd aones of patients undergoing LASIK
and LASEK preoperatively and postoperatively. THeat of the two different refractive
surgical techniques will be compared to see whiomeal zone and layers are most

affected since each technique differs on flap théds.

Investigation of corneal densitometry changes dffg8IK and LASEK refractive surgery
will also be carried out. We will determine any nbes in after LASIK and LASEK is

related to the corneal haze that takes place ratective surgery.

2.6.5Fuchs’ Endothelial Dystrophy (FED) Study

Corneal transplant of the Fuchs as discussed e&ldone either partially DSAEK or full
thickness (PK). DSAEK replaced diseased endoth&lith new healthy endothelial
obtained from donors. The new donor tissue cost@iascemet’s membrane and small
amount or endothelial stroma. The interface bemwreeipient tissues and donor tissue at
the posterior cornea is affected by haze. This ystains to compare the corneal
densitometry outcome between PK and DSAEK in psievith FED across all corneal
layers and specific zones. In addition the studysao observe the association between
corneal densitometry and best corrected visuatya¢BICVA) after the corneal transplant

in FED.
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2.6.6Keratoconus Study (KCN)

Corneal transplantation for Keratoconus can be dmieg traditional PK or an advanced
technique, DALK. In the DALK procedures new healtyoma from donors are used to
replace diseased ones. The interface betweentissties can cause haze and decrease
visual acuity. This study first aims to compare éhasing corneal densitometry between
PK and DALK in patients with keratoconus and alsgestigate for specific zones or
layers prone to haze. A second aim of this stedipiobserve the association between
corneal densitometry and best corrected visuabp€¢BICVA) after corneal transplantation

in patients with keratoconus. A third aim is to Koat the correlation between BCVA,
corneal densitometry, surgical type and centraheak thickness. The fourth aim is to
assess the changes in corneal densitometry, BC\WAcanneal haziness after corneal

treatment.

Corneal cross linking (CXL) is considered to beeffiective treatment for stabilizing KCN
progression. One of the issues post treatmentrieeabhaze. Recently CXL been used for
juvenile patients who have progressive KCN. Cormeaiodelling is known to be more
effective juveniles than for adults. The goal &€ study for patients undergoing CXL is
to assess the relationship between corneal dersitprafter corneal CXL and specific
layers and zones and also to compare that betwheéts @nd juveniles over 4 point times
in a year. The study also aims to look at any datin of corneal densitometry with

visual function and compare outcomes between adaljuvenile patients.

The procedure of INTACS is used to manage KCN itrepgés who do not tolerate contact
lenses (CL). This study aims to assess the difteran corneal densitometry between
keratoconus patients using contact lenses or INTAG® assess the outcome and visual

function.
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3.1 Abstract

Aims: To standardize and investigate the changes ireebuofarity with age. Densitometry
software for the Oculus Pentacam was used to exacwnmeal clarity at different age

groups.

Methods and Materials: A total of 192 eyes from 97 healthy participantrevincluded in
this cohort comparative non-randomized cross-seatistudy. An Oculus Pentcam was
used to image the cornea of healthy participaraspgd by age (between 10 and 70 years
old). Data from the densitometry output has beeadus determine clarity in concentric

zones and different depths of the cornea.

Results: Corneal densitometry (CD) across all ages showegdifisant differences
between groups when divided into the following k@yenterior, central and posterior or
divided in to 0-2 mm, 2-6 mm, and 6-10 mm concerzanes (§0.05). The most striking
decrease in clarity occurred with age in all 3 tayef the periphery (6-10 mm)<p.05).
Additionally, we showed that the 10-19 year ageugrbad lower clarity than the 20-30
age group (p0.05) and after 30 years the cornea shows a st@adyession of increased

or decreased clarity.

Conclusions: The values for CD, as well as for separate subiding based on layer and
surface area, might provide a standard for userifér studies and clinical practice. This
study established that relation between CD andsiddfered when the cornea is divided
into layers and zones. This study suggests thae thee other factors that may play an

essential role in corneal clarity as well as age.
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3.2 Introduction

Corneal stromal transparency relies on the orgdras#agen fibrils arranged in parallel to
form lamellae resulting in no or very minimal lightattering (Maurice, 1957). For both
sclera and cornea, collagen is termed as the fuadinstructural constituent. Its intense
tensile strength is capable of facilitating the bglowith a flexible, shielding coat. The
stroma and Bowman’s membrane essentially housedimeal collagen, with the former
region comprising of 90% of a hydrated cornea’srerthickness. Going by the arguments
stipulated (Maurice, 1988) the corneal stroma isnposed of a vastly structured
arrangement of small-diameter collagen fibrils supgd apart by a proteoglycan matrix,

which ensure uniformity in inter-fibrillar spacing.

The posterior corneal endothelium and anteriorregiecorneal epithelial cell layer are the
key light scattering sources (Maurice, 1957). Tégufar cornea disperses light primarily
at the tear film-cornea interface and at the ar-f#gm, just as anticipated from an optically
transparent tissue, where the light refractiontdeichange is presumably maximum with
slight interior structures (cornea tissue) scattgrsuch as cell nuclei and nerves. Due to its
uniform arrangement of collagen fibrils, the codrgaoma is able to sustain its clarity in a
network-type formation in lamellar sheets (Freegdr@97, Qazi et al., 2010, Maurice,
1957, Borcherding et al., 1975), this clarity igtly influenced by both the collagen

fibrils’ size and fibrils’ spacing within the comfuration (Borcherding et al., 1975).

In the endothelium, specific augmentation in callybleomorphism and polymegethism
happens, with a consequent decrease of cell quamitih age. In addition to such age-
affiliated variations is the loss of the corneaitial regular hexagonal outline and no
noteworthy vertical regional discrepancy or incetesicy among paired corneas in cellular

pleomorphism or polymegethism exist in the typmaineas analysed (Yee et al., 1985).
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According to Daxer et al. (1998), a correspondimgyéase in the fibrils’ cross-sectional
area is witnessed with increasing age owing topttegressive collagen deposition. Both
functional and structural variations are producecdcorneal aging. Such alterations can
eventually influence the aptitude of the eye toarefitself, refract light and protect the

internal structures (Faragher et al., 1997).

The human cornea is characterized by changealaolkenttss (CCT), aspheric curvature, as
well as being anisotropic, meaning it is capableexiiibiting diverse physical qualities
upon application of stress in various directionsctSproperties are variable, varying with
progressive age, corneal pathology and the dedrbgdoation whereby a loss of lamellae
structuring leads to varied corneal biomechanicstékha, 2007). Clarity failure is the
innate reaction of cornea to an extensive variétpaihological problems such corneal
dystrophies, infections, and degeneration. Analgsid assessment of the resultant corneal
haze is hence a fundamental constituent of ophthiatyical assessment. Medically, this is
normally done by a typical slit-lamp assessmenhwitcumentation of results, which can

be supplemented with an explanatory severity d&xgunstein et al., 1996).

The Oculus Pentacam (OCULUS Optikgerate GmbH, \VEetéermany) designed on the
Schiempflug photography principle is a non-invasieenera, designed to capture images
of the anterior segment of the eye and to producenaprehensive analysis of the cornea
and its densitometry. A better knowledge of corrmadality in normal control subjects with
no known eye disease will help us to understanahtiimal changes in corneal clarity with
age. To date there is no such study which includeasurements from juvenile corneas.
Such data may help when planning treatments or unegshow beneficial treatments
have been in patients with corneal disease. Thidystompared the CD measurements in

healthy volunteer participants within different aggeups.
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3.3 Methods

Participants and densitometry measurements: A podsg comparative and non-
randomised cross-sectional study was approved bgtr&eManchester University
Hospitals NHS Foundation Trust, Manchester, UK &fehlth Research Authority by
NREC local ethics committe@he tenets of the Declaration of Helsinki wereduléd in
this study. Written consent was taken from the exctisj before collecting their data. All
participants were healthy and had no ocular pathyotiiher than refractive error and were
all above 10 years of age at the time of imagingtaDcollections started or®3of
November 2015 till ¥ of December 2017 for adult participants and juleehy 2 of June

2016 till December 2017.

The corneas of normal controls, with no known catriésease, were photographed once
with the Oculus Pentacam, In order to collect thages; participants were positioned in
front of the Pentacam camera with their chin ameHead resting on the frame. CD was
determined using the pentacam densitometry softvidre data extracted from images of
the controls’ eyes was categorised in six age grdap-19, 20-29, 30-39, 40-49, 50-59
and 60-69 age groupgjor analysis corneas were split into three comtenbnes 0-2 mm,

2-6 mm and 6-10 mm and also subdivided to antd26rum, central and posterior 60 um

layers.

Statistics: A Data analysis was carried out using IBM SPSSis$iess for Mac, Version 23.0.
Armonk, NY: IBM Corp. Descriptive statistics wereegented as the mean + SD. Normality of
data was examined using Kolmogorov-Smirnov tesargta correlation and regression liner
model were used to look at correlation statistiesMeen age and corneal densitometry. One
way Analysis of Variance (ANOVA) was used for comipg more than 2 groups. A p value

of < 0.05 was considered to be statistically sigaiit. Power calculated using G*Power

3.1.9.2 retrospectively for full depth 0-2 mm zowmas equal at 0.57.
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3.4 Results

A total of 192 eyes (97 right eyes, 95 left eyeeif 97 healthy participants (36.08% male,
63.91% female) were included in this study thatewdistributed over six age groups.
Participant’s age varied between 10 to 69 years. mkan age of the controls was 36.15
years with a SD of 16.5. Female average age w&¥ 36th SD 16.78 while the average
of the male group was 36.12 with SD 17.45 .The dgayphics of the controls are
summarised in Table 3-1 and shows there was nadiyebetween male and female

participants.

Table 3-1: Demographics of the subjects.

Age Group Male Female Age (MD, SD)
10-19 9(45%) 11(55%) 14(2.35)
20-29 4(23.5%)  13(76.5%) 24.8(2.7)
30-39 4(23.5%) 13(76.5%) 32.8(2.6)
40-49 8(47.1%) 9(52.9%) 46.23(2.4)
50-59 8(50%) 8(50%) 53.48(2.83)
60-69 2(20%) 8(80%) 62.68(1.83)
Total 35(36.08%) 62(63.9%) 36.15(16.5)

The mean CD results are summarised in Table 3-2.a@0ss all age groups differed
significantly between groups when divided both iatderior, central or posterior layers or
analysed in full depth. There were also signifiadifferences when the cornea was divided
into concentric zones of 0-2 mm, 2-6 mm, and 6-1@ or when analysed as the total

corneal diameter 0-10.
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Table 3-2: Corneal densitometry Mean (SD) and P Vak across the six age groups for

different corneal zones and layers.

Corneal
layer and Age group
zone
P
Full depth 10-19 20-29 30-39 40-49 50-59 60-69 Value

0-2 15.53(1.8) 14.49(2.3) 14.91(2.4) 16.09(1.8) 15.99(2 15.37(15) 0.016
2-6 13.59(1.6) 13.03(1.7) 13.43(2.0 14.81(1.4) 14.89(2. 16.17(2.2) <0.000
6-10  12.93(2.2) 12.87(1.7) 14.21(2.9) 18.44(3.2) 21.69(5 31.49(7.6) <0.000

0-10  14.01(1.5) 13.45(1.7) 14.192.2) 16.44(1.80 17.48(3 21.01(3.3) <0.000

Anterior
(120 um)

0-2 22.25(2.9) 18.74(5.1) 19.39(5.2) 21.54(3.8) 20.&)4 18.31(2.9) 0.001

2-6 19.35(2.6) 16.99(3.9) 17.65(4.4) 19.71(3.1) 18.®W)(3 18.93(3.5) 0.014
36.25(10.:
)
0-10  19.81(25) 17.30(4.0) 18.29(45) 21.37(3.4) 21.7H(4 24.48(5.0) <0.000

Centre

0-2 13.34(1.4) 14.05(1.5) 14.31(1.3) 14.91(1.3) 15.Z)(1 15.70(1.0) <0.000
2-6 11.57(1.2) 12.40(1.1) 12.61(1.2) 13.61(1.2) 14.0B(1 16.46(1.8) <0.000
6-10 11.12(1.9) 12.21(1.5) 13.37(2.8) 17.60(3.6) 21.a(6 33.54(7.6) <0.000

0-10 12.01(1.2) 12.89(1.2) 13.43(1.4) 15.38(1.8) 16./H(2 21.90(3.1) <0.000
Posterior

6-10  17.80(3.6) 16.14(3.3) 17.83(4.7) 22.85(4.3) 26.0H(8 <0.000

(60 um)
0-2 11.00(1.5) 10.70(1.1) 11.14(1.2) 11.79(1.2) 12.23(1 12.09(1.2) <0.000
2-6 9.88(1.2) 9.71(.9) 10.02(1.0) 11.112(1.0) 11.70(1.613.05(1.9) <0.000

6-10 9.88(1.5) 10.22(1.4) 11.39(2.3) 14.84(3.1) 17.88)(4. 25.56(5.4) <0.000
0-10  10.25(1.2) 10.21(.9) 10.85(1.2) 12.58(1.5) 13.98)(2. 16.91(2.6) <0.000

Corneal clarity in the anterior layer across alhe® was found to be low in the 10-19 age
groups. The clarity improved in the 20-29 age geobpfore it started to decrease in the
40-49 age groups, the most significant being tfe@m and 2-6 mm zones which are

clearer at 20-29 years before the densitometryegadtiarting to be increased with age. The
anterior layer at zone 0-2 mm has better claritthan 60-69 age groups. CD in the central
layer increases with age across all corneal zdDBsin the posterior layer also increases
with age across all concentric zones. Once aganptbsterior 6-10 mm shows rapid

increase with age.
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A multiple liner regression model was carried auinivestigate whether gender, eye and
age could significantly predict participants’ casheensitometry for different layers and

zones. The results of the regressions indicated the@ models explained different

percentage ranged between (2% to 61%) of the wawiaand that the model was a
significant predictor of corneal densitometry (F3D1) except for the anterior 0-2 and 2-6
mm zones. Age contributes significantly to the prtdi change in corneal densitometry
across all corneal layers and zones (P<0.0001)pexlce anterior layer for zones 0-2, 2-6
mm and full depth for zone 0-2 mm (p>0.05). Eye gedder were found to not play a

significant role in the model (P>0.05) Table 3-3.
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Table 3-3: summarise multiple regression model focorneal densitometry and age,

gender and eye predictor.

Layer R F P Value Age Eye Gender
Square
B P Value B P B P

Value Value
Anterior | 0.02 1.67 0.17 -0.03 0.75 0.28 0.7 -0.82 0420
0-2
Anterior | 0.01 0.755 0.52 0.013 0.42 -0.01  0.97 -0.69 0.203
2-6
Anterior | 0.41 45.08| <0.0001 0.32 | <0.0001 -0.73 | 0.42 -1.41) 0.13
6-10
Central 0.21 17.24| <0.0001 0.045| <0.0001 -0.33 | 0.87 -0.28| 0.18
0-2
Central 0.46 54.9 | <0.0001 0.08 | <0.0001 -0.22 | 0.28 -0.31| 0.14
2-6
Central 0.61 97.09| <0.0001 0.363 | <0.0001 -1.22 | 0.08 -0.11| 0.88
6-10
Posterior | 0.14 10.87| <0.0001 0.03 | <0.0001 -0.1 0.58 -0.49| 0.01
0-2
Posterior| 0.39 40.34| <0.0001 0.06 | <0.0001 -0.28 | 0.12 -0.47| 0.01
2-6
Posterior| 0.61 | 101.76 <0.0001| 0.27 | <0.0001 -1.33 | 0.01 0.12| 0.81
6-10
Full depth| 0.02 1.72 0.16 0.01 0.14 0.0b 0.8p -0.64  0/08
0-2
Full depth| 0.18 14.27| <0.0001 0.05 | <0.0001 -0.17 | 0.52 -0.49| 0.07
2-6
Full depth| 0.57 83.05| <0.0001 0.31 | <0.0001 -1.17 | 0.07 -0.50| 0.46
6-10
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Due to the high correlation between both eyes oigt eye been selected for further

analysis (Armstrong, 2013).

Age was found to be significantly correlated witb @t all layers zone when we look at all
the total diameter of 0-10 mm. Additionally, sigoént correlation was found for all
corneal zone and layers except the anterior 0-2 zarme which were not statistically

significant. Table 3-4 and FiguB1,3-2,3-3 and 3-4 give details of this relatiapsh

Table 3-4: Person correlation(r) between age and ceeal densitometry in different

corneal layer and zone for right eye only.

0-2 mm 2-6 mm 6-10 mm 0-10 mm
r P value r P value r P value r P value
Anterior -.124 A1 .045 .33 .643 <0.000 .363 <0.000
Central 480 <0.000 .649 <0.000 .785 <0.000 .789 <0.000

Posterior 411 <0.000 .603 <0.000 799 <0.000 .786 <0.000
Full depth 128 107 423 <0.000 .769 <0.000 .681 <0.000
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and 6-10 (C) for Full Depth corneal layer (right ey).

3.5 Discussion

This study demonstrates that corneal clarity dessggavith age particularly in the 6-10mm
concentric zone. One possible reason for this dsere clarity may be changes that occur
in the corneal endothelium. Endothelial changeatedl to age have been studied both
experimentally and clinically. It has been demaatstl that between the ages of twenty
and eighty, the yearly reduction in cell densitytioé corneal endothelium is about 0.6

percent, with concomitant increases in pleomorph&ém polymegethism (Blatt et al.,
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1979, Bourne et al., 1997, Laule et al., 1978, Muwrpt al., 1984b, Faragher et al., 1997).
These age related changes to the endothelium deitreases corneal thickness and may

increase CD measurements.

Due to the fact that the cornea is the scaffoldtlier major refractive surface of the eye,
any biological or mechanical response to injuryl @iso affect optical performance. The
same mechanisms responsible for preserving ocualegrity can, as a result, undermine
the goals of accomplishing stable and predictaisieal results after refractive procedures
(Dupps and Wilson, 2006). One report (Cennamo .et28l11) discovered a significant
early rise in the mean anterior density readingsn{f27.71 + 4.39 to 37.812 + 12.31) 3
months after photorefractive keratectomy (PRK) thalbsequently reduced again by 12
months (26.291 + 4.93). The high CD at 3 montheliated to the wound healing process.
Activated keratocyte apoptosis was found to be drigiost PRK, these cell were located

in the anterior stroma causing haze that improwed tme (Mohan et al., 2003).

This study found a fluctuation of densitometry \esdun both 0-2 and 2-6 mm zone in the
anterior layer at different age groups. 10-19 yeans 40-49 years age groups were found
to have higher CD. These two age groups are whgnéisant hormonal changes can take
place in the human body. CCT changes in women baes reported previously during
pregnancy (Weinreb et al., 1988) and during thesmaal cycle (Leach et al., 1971). It has
been reported that contact lens use during the gmstrual phase is easier than during the
menstrual period (Guttridge, 1994, Serrander arak,PE993). This may be due to changes
in CCT leading to changes of corneal curvature IfKiet al., 1983) which can cause
intolerance to contact lens(CL) wear. Additionallige lack of sex hormones have been
suggested as a possible reason for changes imtheat biomechanics of individuals over
the age of 40 (Goto et al., 2001). It is therefoossible that hormones may also play a role

in the changes in corneal clarity that this stumynid with age.
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Corneal remodelling reported to take place in kerahus (KCN) (Silverman et al., 2014),
post refractive ectasia (Rocha et al., 2013) andjured stroma (Utsunomiya et al., 2014)
all lead to increases in corneal haze. This renliadehas been suggested to play a role in
the relationship between anterior cornea changesvisual acuity after corneal cross-
linking (CXL) (Hafezi, 2012, El Saadany et al., 8)1or corneal trauma (Kanellopoulos
and Asimellis, 2014a). Corneal remoulding activibay be able to explain why the
teenage group in this study has higher levels oftkiin those of the next age group (20-

29) as the keratocyte activity is known to be highehis younger group.

The cornea is the major physical covering of the. & contribute to the focusing ability

of the eye, it has to be tough, transparent, apdhda of maintaining a smooth and steady
curvature. Controversies still exist over how trarency is maintained even with the
advanced understanding of the structure and ottugrepties of the cornea. One area of
interest is to investigate the role of hydratiomjah is a major determinant of transparency
and which can be manipulated within reasonablerpaters under standardized conditions
(Candia, 1980, Duane, 1949, Freegard, 1997). Thdysby Olsen (1982) of corneal

backscatter established that there was a remargadieth in total CD with advancing age.

In contrast, it has also been shown that CD ine®as the central 6mm of the cornea are
minimal with respect to age. In the current studwas shown that, whereas there is no
age-linked variation in the central 6 mm of thensa, a significant rise is seen in the
region next to the limbus. the study excluded B€l2 mm area zone from analysis in our
study because this area could be part of the limiitls various changes in the white-to-

white thickness of the cornea (Cakmak et al., 20di&)gesting that some individuals have
corneas with analysis parameters smaller than 12 T Higher backscatter quantities
therefore occur when sclera and parts of the lirdresinvolved in the assessment of the
peripheral layers. Even slight variations in thiuaion of the limbus would physically

influence the 10-12 mm CD outcomes. This, howewes not take place in the
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significantly dominant annuli. Owing to this factdhe substantial expansion in scatter in
the 10-12 mm zone can neither be absolutely urmsdshor rightly correlated with age

(Hillenaar et al., 2011).

All the measured limits were connected with eadtentsignifying that the scattering for
every region of the cornea is constant with respeaither portions of the cornea. It is
interesting, therefore, that a statistically substh connection between the difference in
visual acuity (VA), stromal scattering, and assdss#erface was established. This
indicates that the complete scattering capacitiag not be as significant in influencing

VA as is their change throughout the cornea (Sréxam et al., 2014).

When this study looks at correlation between t@Bl and age we found it is correlated
positively. An earlier studies (Patel et al., 20@4tel et al., 2009) revealed that light
scatter in the cornea is a phenomenon that isecekat age and that the best preoperative
forecaster of post-operative VA is age. Consequefile ages of patients in the study
might have an effect on the dimensions of the sdat that are determined from

Pentacam images.

In Summary our study findings agree with othedgtyDhubhghaill et al., 2014) as there
was a considerable increase in CD with age, dettéact that the increase was confined
to the peripheral cornea. Conversely, this studgdia relationship between certain age
groups and CD, notably within the teenage age gmangb those within the 40-49 age
group. A possible explanation for this observatizaty be the hormonal changes known to
occur at this time. Interestingly that teen-ageugravas found to be cloudier than 20-29
age groups, suggesting the additional factor ofmealr remodelling with increased

keratocyte activity may be relevant.

This study was limited by small sample size. Howetes study is first study to our

knowledge that aims to standardized CD value intlmeacontrol eyes to include those
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individuals aged between 10-19. This study sugdésttsadditional factors other than age
alone may have a role to play in corneal claritye3e values for CD dimensions, as well
as subdivisions based on layer and surface aregt miovide a standardized stage for use

in further studies and clinical practice.
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4.1 Abstract

Aim: This study aimed to compare the preoperative awndtoperative corneal
densitometry data of patients undergoing eitheerlassisted in situ keratomileusis
(LASIK) or laser-assisted sub-epithelial keratecfothASEK), and to determine the

differences in surgical outcomes.

Methods: This comparative study was performed at Manchd®tgal Eye Hospital, UK.
Preoperative and postoperative corneal densitontg were collected using Oculus
Pentacam. The data were collected at three codegdhs (anterior, central and posterior)
and at three corneal annulus ring diameter ran@e fhm, 2-6 mm and 6-10 mm).
Postoperative data were collected at 6 weeks a3 months after treatment. The pre-
and post-operative quality of vision was determinesihg best-corrected visual acuity

(BCVA).

Results: Data was collected from 60 eyes of 16 patients whaderwent LASIK and 14

who underwent LASEK only the 30 right eyes repoiitethe analysis, with mean ages of
37.06+10.0 and 37.7+6.6 years, respectively. A statistically significant increase in

corneal densitometry values was observed in alteotnic zones in all corneal layers at
post LASIK treatment (P>0.0018). A statisticallygrsificant increase in densitometry
values was observed after LASEK, but only in thetiad layer at all zones and posterior
layers at 2-6 and 6-10 concentric zones (P<0.002&). and Post-operative BCVA did not
significantly differ after LASIK but showed a ststically significant difference at 6 weeks
after LASEK (P<0.016). Post-operative BCVA differsidnificantly between the groups at

6 weeks (P<0.01) and 3 months (P=0.02).

Conclusion: Corneal wound healing plays an important role @&tetmining corneal
transparency and may be responsible for an incrieaserneal haze following refractive
surgery. This response differs according to thecgulare, as shown by the diversity of
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increased haze after different procedure whichespwnds to the region where the flap
was cut and would lead to increased wound healind @aflammation. Corneal
densitometry data obtained using Oculus Pentacaynimabp assess treatment outcomes

after laser refractive surgery.
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4.2 Introduction

Refractive error is an eye disorder which normalbcurs when the eye cannot clearly
focus images from the outside world. It occurs whgint focuses incorrectly on the retina,
and is determined by the balance of the opticalguos¥ the crystalline lens and cornea,
and the axial length of the eye. It results in Blwision and sometimes visual impairment
(Sugar et al., 2002), thereby decreasing a persuadity of life (Coleman et al., 2006)

and leading to an increase in depression (Owslal,2007).

Refractive error can be corrected in many ways.id@ptorrection using spectacles or
contact lenses is the simplest way (Shortt et 2013). Refractive surgery is another
method to correct vision by adjusting the eye’suing ability by reshaping the cornea or
implanting a lens inside the eye. The most widedgdumedical procedure nowadays is
laser refractive surgery which involves reshapihg torneal curvature by using an
excimer laser, a cool ultraviolet (UV) beam of ligduhasz et al., 1999). This photo-
ablation procedure uses a far-UV (193-nm) argoaritle excimer laser to remove corneal
tissue precisely by vaporizing it and breaking ppcsfic molecules with minimal adjacent

corneal damage during laser refractive surgery (Mad et al., 1991, Trokel et al.,

1983). Each pulse of the excimer laser breaks thaeeal collagen bond, ruptures the
collagen polymer into small fragments and lateredx@ discrete volume of corneal tissue

from the surface (Maurino and Nguyen, 2008).

Nowadays, several options of laser refractive syrgmsing excimer laser are available.
Laser-assisted in situ keratomileusis (LASIK) watsaduced in the 1990s (Pallikaris et al.,
1990) and has become popular worldwide (Solomonalet 2009). Photorefractive
keratectomy (PRK), the latest variant of lasersisdi sub-epithelial keratectomy

(LASEK), was introduced later in 1999 (Camellin993.
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Both LASIK and LASEK correct the refractive erroy bdjusting the corneal curvature
using a cool excimer laser. Therefore, the trarespayr of the cornea may be affected after
surgery. Oculus Pentacam (OCULUS Optikgerate Gmdizlar, Germany) is a non-
invasive imaging device used to measure corneahypaetry and topography. More
recently, using a new analysis package which pesvial numeric value of corneal clarity
(Cho et al., 2010), this device has been founduligef evaluating outcomes after PRK
(Zadnik et al., 1996a). An important area of stadler refractive surgery is corneal haze
formation. Studies suggest that corneal haze foomditas an association with time (Chen
et al., 2010, Amano and Shimizu, 1995, Siganos$.e1299, Celik et al., 2014, Ang et al.,

2016).

In this study, we aimed to measure the pre- antdgusrative corneal densitometry data of
patients undergoing LASIK and LASEK to investigditew corneal densitometry values
and haze change after laser refractive surgerydetermine the differences in corneal
densitometry values between both procedures andetatify the region of the cornea

where these differences occur.

4.3 Methodology and Participants

This comparative and non-randomised cross-sectitndly was approved by the Central
Manchester University Hospitals NHS Foundation Trivkanchester, UK, and the NREC
local ethics committee no 15/NE/0363. The resetoltbwed the tenets of the Declaration
of Helsinki. Informed consent was obtained from théjects after explanation of the
nature of the studyData collections started o' ®f November 2015 till %t of December
2017. Pre- and post-operative corneal densitomatny best-corrected visual acuity
(BCVA) LogMar based on monocular subjective refiatidata recorded at 6 weeks and 3

and 6 months were recorded.
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4.3.1Inclusion Criteria

Participants were patients who had undergone LASHE LASEK at the Laser Vision
Clinic in Manchester Royal Eye Hospital (MREH) ametre selected by convenient
sampling. Patients included had a healthy eye withay diseases at treatment date or any
previous eye surgery. Patients aged 18 years dod lveere excluded as their eye power
was not yet stable, and so were patients aged @®years. Only patients with myopia

and a BCVA of 6/9 or better were included.

4.3.2Corneal Imaging

Oculus Pentacam is a valuable instrument in plahaimd monitoring refractive surgery. In
this study, we used the densitometry software &rt&#cam. Densitometry data which was
collected during routine pre- and post-operatiwtyiat MREH was analysed in this study.
LASIK and LASEK were performed after complete exaation, and the patients’

suitability for any procedure was determined byghegeon.

4.3.3Surgical Procedure

The clinical notes of each patient enrolled intis gtudy were retrieved to collect data on
pre- and post-operative BCVA and refractive powBCVA was assessed using a
LogMAR chart. Prior to surgery, each patient waamixed thoroughly to ensure their
eyes were healthy and to determine their suitgitit laser refractive surgery. After the
surgery, the patients were advised to return féoieup to monitor their recovery. After

LASIK, the patients were normally monitored for tgp3-6 months after surgery and for
LASEK, they were monitored for up to 6-9 months.ridg the pre- and post-operative

visits, refractive power and BCVA were routinelgoeded.

All surgeries were performed under topical anaesthéVaveLight Allegretto Wave Eye-
Q excimer laser was used to ablate the cornealatuner in all patients. For LASIK, a
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130+30um-thick flap with a diameter of 8.5-9.0 mm was auging an oscillating
microkeratome. The flap hinge was opened superizelpre the excimer laser was used
on the cornea for ablation (ablation zone diametmied from 6.0 to 7.0 mm). For
LASEK, ethanol was used to soften the epitheligetafor less than 20 seconds before
peeling it off or cutting open superiorly. The tness of the epithelial flap was about 50-
60 um. The excimer laser was then used on the cormesbfation (ablation zone diameter

varied from 6.0 to 7.0 mm).

For the purpose of analysis, corneal densitome#ita dvere documented in concentric
radial zones with diameter ranges of 0-2 mm, 2-6 amd 6-10 mm at three different

depths from the anterior (120n), central and posterior (@0n) cornea.

4.3.4Statistical Analysis

The data were analysed usigM SPSS Statistics for Mac, Version 23.0. ArmoNF,: IBM
Corp.Independent t-test was used to compare the LABIKIASEK groups. Paired t-test
was used to compare the pre- and post-operativsitderetry and BCVA data in each
group after adjusted P value with Bonferroni caimet For the purpose of these
comparisons, the pre- and post-operative data aeéks and 3 and 6 months were
collected. To observe the patterns of densitome&tignges over time, graphs were plotted
for each case of LASEK and LASIK. Power calculateding G*Power 3.1.9.2

retrospectively for anterior 0-2 mm zone at 6 memihst-treatment was equal to 0.37.

4.4 Results

Data from 60 eyes of 30 patients (17 women and E®;n32 eyes of patients who
underwent LASIK and 28 eyes of patients who undaetviASEK) were analysed in this
study and only data from 30 right eyes was useduither analysis due to the high

correlation between both eyes (Armstrong, 2013 iftean age and standard deviation of
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the LASIK group was 37.06+10.0 years and thatliertASEK group was 37.7+6.6 years,

which was not statistically significant (P=0.77).

4.4.1LASEK Group

Pre- and post-operative analyses in the LASEK grshpwed statistically significant

differences at corneal central layer at all zomeszones of 2-6 and 6-10 at posterior layer
at 6 weeks post treatment (P<0.0018). At 3 mortbmeal densitometry values showed
statistically significant differences from the pperative values in the zone of 6-10 mm at
posterior layer (P<0.0018). Corneal densitometiyes at 6 months showed statistically

significant differences from the pre-operative ealun posterior layer at zones 2-6 mm

and 6-10 mm (P<0.0018), (Table 4-1).

Table 4-1: Mean and SD for corneal densitometry gpre-treatment and post

treatment at 6 weeks, 3 and 6, months for LASEK wit statistical value differences

from Pre-treatment.* Represent statistical signifi@ant at level (P<0.0018).

Pre Post treatment Mean+SD, P value from baseline
Layer Zone treatment
Mean+SD 6 weeks 3 months 6 months

0-2 mm 19.36+1.1 22.3+2.8,P=0.003  21.3+4.9, P30|1 21.5+4.4,P=0.04
Anterior 2-6 mm 17.6+1.1 20.02+3.1,P=0.011  19.3+4.02, P=0.120.2+5.9,P=0.08

6-10mm 18.5+3.5 20.1+4.5,P=0.03 18.6+3.4, P=0.36 .4#R7,P=0.37

0-2 mm 11.940.6 13.1+1.3,P=0.001*  12.9+1.6, P=0.p13.3+1.9, P=0.010
Central 2-6 mm 10.8+ 0.7 11.9+41.2,P=0.00*  11.8+1.4, P=0.p112.1+1.7, P=0.003

6-10 mm 12.1+2.4 13.5+2.8,P=0.001*  13.2+2.4, P=H.0014.0+3.3, P=0.003

0-2 mm 9.9+0.7 10.9+1.4,P=0.00¢ 10.8+1.4, P=0.p2 .3413, P=0.002
Posterior | 2-6 mm 9.3+0.5 10.5+1.2,P<0.001  10.4+1.2, P=0.00%0.8+1.2,P<0.0011

6-10 mm 11.442.2 12.96+2.7,P<0.001* 12.9+2.2,P<0*0013.9+3.1,P<0.001¥%
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4.4.2LASIK Group

Pre- and post-operative corneal densitometry vafiesved no statistically significant
differences at 6 weeks 3 months and 6 months peatntent in all corneal layers and

zones (P>0.0018), (Table 4-2).

Table 4-2:Mean and SD for corneal densitometry at i@-treatment and post
treatment at 6 weeks, 3 and 6 months for LASIK withstatistical value differences

from Pre-treatment.* Represent statistical signifi@ant at level (P<0.0018).

Layer one Pr&éfﬁggm Post treatment Mean+SD, P value from baseline
- 6 weeks 3 months 6 months
0-2 mm 18.9+1.5 20.1+1.7,P=0.08 19.4+2.8,P=0[/5 5485,P=0.48
Anterior 2-6 mm 17.2+1.5 18.6+1.8,P=0.004 18.1+2.7,P=04 34B6,P=0.9
6-10mm 17.0£2.5 18.5+3.2,P=0.0p 18.9+4.7,P=0,51 3405,P=0.25
0-2 mm 11.5+0.8 12.3+1.2,P=0.14 12.0+£1.6,P=0.6 APPP=0.24
Central 2-6 mm 10.4+0.9 11.4+1.2,P=0.003  11.2+1.5,P=0.3 44#12,P=0.03
6-10 mm 11.94+2.3 12.9+2.6,P=0.02 13.3+3.5,P=04 6489,P=0.13
0-2 mm 9.96+0.8 10.3+£1.1,P=0.3 10.1+1.2,P=0(9 10.1P=0.92
Posterior 2-6 mm 9.3+0.96 9.99+1.1,P=0.0¢4 9.9+1.2,P=0.29 BB®P=0.23
6-10 mm 11.742.6 12.6+2.5,P=0.016 13.05+2.9,P=0.283.2+2.5,P=0.07

4.4.3Differences between the Two Groups

A comparison between the pre-operative LASIK andSEKX corneal densitometry values
revealed no significant differences in any of tlageks and corneal zones (P>0.05).
However, statistically significant intergroup difémces in corneal densitometry values in
the anterior layer at zones 0-2 mm (P=0.01) weumndoat 6 weeks post treatment. At 3
months, no statistically significant intergroupfdience was found in corneal densitometry

values (P>0.05).
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At 6 months, no statistically significant intergpdifferences were found in the anterior
and central layers at all zones (P>0.05). Postai@r densitometry revealed statistically
significant intergroup differences at zones 0-2 ri#+0.01).Figure 4-1, 4-2 and 4-3

represent change from base line difference betwe#dngroups.
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Figure 4-1: Mean of corneal densitometry change from baselinef the corneal
densitometry for both groups at anterior 0-2 mm (A) anterior 2-6 mm (B) and

anterior 6-10 mm(C) layers.
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Figure 4-2: Mean of corneal densitometry change from baselinef the corneal
densitometry for both groups at central 0-2 mm (A)central 2-6 mm (B) and central

6-10 mm(C) layers.
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Figure 4-3:Mean of corneal densitometry change fronbaseline of the corneal
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4.4.4Best-Corrected Visual Acuity

In the LASEK group, the 6-week values showed ndagssically significant differences
from the baseline values (P=0.006), but not theealt 3 months (P=0.02) and 6 months
(P=0.06). In the LASIK group, none of the post-gie BCVA values showed any
statistically significant differences from the blase values as at 6 weeks (P=0.09), 3
months (P=0.4) and 6 months(P= 0.4) . Looking ahmarison between both groups
neither group showed statistical differences befamgery. However, the 6-week BCVA
values showed statistically significant intergrodifferences (P<0.001). Whereby, the 3
month BCVA values also showed statistically sigiafit intergroup differences.
Nevertheless, the 6-month BCVA values showed naifségnt intergroup differences

(P>0.05) (Table 4-3).

Table 4-3:Mean+SD and P value for BCVA at pre-treamnent and post treatment at 6
weeks, 3 and 6 months post-surgery for both LASIK iad LASEK groups (* represent

significant from pre-treatment for each groups).

LASIK LASEK P Value

Mean+SD Mean+SD
Pre treatment -0.04+0.06 -0.04+0.07 0.99
Post treatment 6 weeks -0.01+0.08 0.07+0.07* 0.01
Post treatment3 months -0.029+0.07 0.09+0.17 0.02
Post treatment 6 months -0.026+0.11 -0.01+0.07 0.64
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4.5 Discussion

Corneal transparency can be affected by many pagluall conditions including
infections, dystrophies, degeneration and tisspyinAdjusting the corneal curvature to
correct refractive errors by using a laser causssi¢ injury on the cornea. LASEK and
LASIK have been proven safe and efficient in myop@rection (Kim et al., 2004,
Hashemian et al., 2012). Corneal haze, which isidened an undesirable complication,
can develop during wound healing. Using advanceabing systems helps us understand
the healing process and the effect of LASIK and EKSon the corneal structure during

the wound healing response.

Our study found that corneal densitometry valuésrdafASEK were higher at 6 weeks, 3
and 6 months than the pre-operative values. Hateveteks post LASEK was found in
central corneal layer at all zones and posterigerlat zone 2-6 mm and 6-10 mm. only
posterior layer at zone 6-10 mm as shows an inereage at 3 months post LASEK . At 6
months post LASEK haze showed an increase at thempor layer of the zones 2-6 mm
and 6-10 mm. However, after LASIK none statistgighificant haze was found at all post

treatment period.

This diversity in haze formation and improvemeniwsen the two groups suggested that
the corneal wound healing response differed afeherocedure (Lazaridis et al., 2017,
Litwak et al., 2002). Haze formation is a well-knowigh-risk factor after LASEK rather
than LASIK. Corneal wound healing occurs during poond stages, and the cascade
results in corneal stability. Biochemical, histogheal and histological changes are the
mainstays of these stages (Sappino et al., 199at&cytes play an important role in
maintaining corneal transparency, wound healing sywthesising components during
normal tissue homeostasis. Keratocytes are knove tactivated during the first months

after LASIK (Avunduk et al.,, 2004). Cytokine indigrt after LASIK leads to the
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activation of myofibroblast transformation and bpital keratocyte apoptosis. Keratocyte
density varies across the stromal layer; it isnestied to be 10% lesser in the central and
posterior layers than in the anterior layer (Patedl., 2001). Keratocyte density has been
reported to increase between the first week andoBtins after surgery, and to reach its
normal value within 6 months (Pisella et al., 20Mitooka et al., 2002). In LASIK, the

apoptotic cells are located anterior and postdnothe lamellar interface created by the
microkeratome cut (Mohan et al., 2003). Subseqtekeratocyte apoptosis, the necrotic

cells activate stromal keratocytes in deeper laglis and Javaloy, 2013).

The wound healing process is similar in surfacatidn such as LASEK and LASIK, but
differs in its intensity and location of wound réapdn LASIK, keratocyte apoptosis and
proliferation occur in the posterior flap, anterretro-ablation layer and regions adjacent
to the lamellar flap within the stroma. In our studre cut a 130£3@m-thick flap with an
8.5-mm diameter, and the ablation zone had a demwt6.0-7.0 mm for LASIK; the
changes to the keratocyte populations occurredmithis area. Our results showed that at
6 weeks after LASIK, corneal densitometry valuesréased compared to their pre-
operative levels in all corneal layers within detcorneal annulus ring diameters. Since
the ablation zone for LASIK had a diameter of ab®0t7.0 mm in our study, the changes
in corneal transparency were notable in all laygtkin that diameter. May be the lamellar
interface is still a site of repair and inflammatiMoreover, no myofibroblast generation
was observed in the central stroma as seen intsalnilergoing LASIK (Alio and Javaloy,
2013). This could be due to the intact basement lon@ne in the central cornea after
LASIK. The basement membrane is believed to ach &srrier to signalling molecules
from the epithelium. A pervious study reported ontyid stromal cell apoptosis after

LASIK (Ying et al., 2006).

Our results showed that corneal densitometry valese significantly higher after

LASEK than before surgery in all corneal layers aodes at all three times points but
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statistically at all zones of central layer and,B€L0 of posterior layer at 6 weeks, 6-10
mm posterior layer at 3 months and zone 2-6 mm0,@in at 6 months . The epithelial
layer was peeled off at a thickness of 50¢8@; hence, keratocyte apoptosis occurred in
the superficial cornea and keratocyte proliferatboourred in the posterior and peripheral
stroma (Netto et al., 2005b). The wound healingpoase was significantly better after
LASEK because keratocyte density expected to bieehim the superficial anterior stroma.
The keratocytes have great capability to be a@d/aind transformed into myofibroblasts,
and this affects corneal clarity by reducing criysta synthesis. Moreover, disruption of
the epithelial basement membrane and Bowman’s nembover the central cornea
implies a higher rate of corneal haze. Our findislgswed a significant increase in corneal
densitometry values after the surgery until 6 mendliter LASEK. This finding is in
agreement with those of studies that conclude lazgation is highly likely to occur
within 6 months after LASEK (Kim et al., 2004, L&t al., 2004). Surprisingly, the anterior
cornea shows insignificant differences in transpeyeat 6 months after both procedures.
This could be due to the rapid restoration of thighelial layer to its normal pre-operative
state immediately after surgery. Our result indidathat the LASEK procedure has a short

come in term of quick recovery (Claringbold, 2002).

Our findings based on BCVA assessments also shdhaid LASIK was superior to
LASEK in terms of speedy visual acuity recoverynassignificant pre-treatment versus
post-treatment noted overall 6/12 follow-up. Thigildl be attributed to high corneal haze
formation in addition to rapid changes in refragtiafter LASEK (Kim et al., 2004).
However, at 6 months after surgery, no signifiagateérgroup differences were observed in

visual acuity similarly observed previously (Zhaak, 2014).

This study was limited by a small sample size. Arotlimitation was missed analysis of
the haze around individual ablation zones, asmdiffees in the exact location between 2-6

and 6-10 mm zone are possible. Also despite theatapility of the Pentacam but it is not
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correlated will with VA so not including a qualiteeé assessment of VA was another
limitation. It is important to include patient saebtive compline in the assessment. Also
assuming constant refractive index of the corne&déytacam algorithm and not account

for changes take place is another limitations.

On the basis of these findings, we conclude tHétréinces in the wound healing response
between LASEK and LASIK lead to differences in firesence and duration of corneal
haze. Visual acuity found to be have same phasmpnovement with change on corneal
densitometry. We present our objective findingsaoted using Oculus Pentacam on how

corneal clarity changes after LASEK and LASIK ih@rneal stromal layers.
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5.1 Abstract

Aims: In the present study, we used the densitometryvaoé from the Oculus Pentacam
to compare postoperative corneal clarity betweenepating keratoplasty (PK) and

Descemet’s stripping endothelial keratoplasty (D8AE patients with Fuchs’ dystrophy.

Methods: A retrospective comparative study was carried out at Manchester Royal Eye
Hospital. In 28 patients with Fuchs’ dystrophy, corneal densitometry measurements were
performed 12—18 months after corneal transplantation. The correlations of the densitometry
measurements with the best corrected visual acuity (BCVA) and central corneal thickness
(CCT) were analysed and compared between eyes that underwent PK and those that

underwent DSAEK.

Results: Corneal densitometry measurements in the 33 eyesvesh no significant
differences between the PK and DSAEK post-surgeopms. There was no significant
correlation between CCT and corneal densitometrgsmeements in either group (P>0.05
in both cases). After DSAEK, corneal densitometrgasurements were significantly
correlated with BCVA in the central (P=0.01), pogte (P=0.007), and full-depth
(P=0.008) 0—2 mm zones of the cornea but not ingRIiiIp. The postoperative CCT was

significantly different between the two groups(F01).

Conclusion: The two types of corneal transplantation resultedlifferent outcomes in
terms of corneal densitometry measurements. Impravgual acuity after DSAEK was
found to positively correlate with improvements @orneal clarity. Oculus Pentacam

provides an objective evaluation tool to monitomeal status after surgery.
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5.2 Introduction

Fuchs’ endothelial dystrophy (FED) is normally tesh using corneal transplantation
(Kang et al., 2005, Weisenthal and Streeten, 19@%)ch restores healthy endothelial
function (Dapena et al., 2009). The first descoiptof FED was published in 1900 by
Ernst Fuchs, who described deposits known as guttat the Descemet's membrane
beneath the corneal endothelium; an abnormal esttdar matrix and endothelial cell loss

were also apparent (Bruinsma et al., 2013).

During the initial phase of the FED, epithelial eath is absent. However, it builds up
progressively in later stages. The degree of emaiheedema is estimated by measuring
the central corneal thickness (CCT). Corneal oedeegins within the central optical area
and is a key cause of reduced vision in FED (Eghmad Gottsch, 2010). This is
particularly severe in the morning due to reducsal evaporation during sleep (Fuchs,
1910). As the cornea becomes more oedematousntfistcoccurs, followed by extreme
pain and photophobia. The eventual effects of em¢rendothelial cell loss include stromal
swelling, creation of connective tissue in thestaoand epithelium, corneal oedema, and a

reduction in clear vision.

In 1900, the first successful full-thickness kepddsty was performed by Edward Zirm.
Since then, this approach has seen consideralelatadin and progress. Currently, over
3,000 corneal transplants are conducted annuallyerunited Kingdom alone (Tan et al.,
2012). FED transplants account for 25.8% from aNgproposed number for corneal
transplant(Gaum et al., 2012) .Historically, FED swé&eated using full thickness
(penetrating) keratoplasty (PK), which replacesfia corneal layers, However, as only
the endothelial layer is diseased in FED, it issgde to use Descemet’s stripping
automated endothelial keratoplasty (DSAEK), wherelyy the posterior stroma and

endothelium are replaced (Espandar and Carlsor3)201
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The success of these surgical procedures is eedluatterms of best corrected visual
acuity (BCVA) and CCT. Clinically, Pentacam (OCULWHtikgerate GmbH, Wetzlar,

Germany) images are routinely used to assess fmtierdergoing transplant surgery.
However, an update in computer software now alloarseal clarity to be measured in the
same image. In the present study, we aimed to atelihe use of corneal densitometry

using Pentacam to assess the outcome of PK and RSAE

5.3 Methods

5.3.1Participants

This was a, retrospective, comparative, non-randediicross-sectional study. It was
approved by the Central Manchester University Ha$pi NHS Foundation Trust,
Manchester, United Kingdom, and by the local natiomsearch ethics committee. The
study followed the tenets of the Declaration ofditéti, and written, informed consent was
obtained from all subjects after the nature of shedy had been explained to them. The
study included patients with FED who had been imgitthe Cornea Clinic of the
Manchester Royal Eye Hospital. Patients were reamtuirom the corneal transplantation
database which started off ®f November 2015 till % of December 2017 for adult

participants and juvenile by'®of June 2016 till December 2017.

Clinical notes were examined, and relevant inforamasuch as age, sex, date of surgery,
and type of surgery was recorded for descriptivea gmalysis, as were post-operative

parameters, including BCVA (in LogMAR) and clinicdgtails..

5.3.2Pentacam Imaging

All imaging was performed by the same trained stafd dark room 12-16 months after

surgery. A single image that met the quality regmients of Pentacam analysis was taken
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from each patient. The inclusion criteria for teiady were: age 18 years, history of FED
corneal transplantation (PK or DSAEK), completidradl-year post-treatment follow-up,

availability of a Pentacam image from that time.

5.3.3Surgical Procedures

The surgical procedures (DSAEK and PK) were eacfopraed by one of two surgeons;
they used identical techniques during the respecpirocedures to minimise variation
(Keenan et al., 2011). PK was performed using adstal technique that employs a
Hessburg-Barron trephine (JedMed Instrument Co.L&tis, MO) (Lim et al., 2000).

DSAEK was conducted according to standard techsiq@@&orovoy and Price, 2005,
Pramanik et al., 2006, Gorovoy, 2006). As FED isaaneal disease associated with
ageing, a triple procedure of cataract extractimmaocular lens implantation, and corneal

transplantation was performed in that order wheressary.

5.3.4Statistical Analysis

Data analyses were carried out using SPSS V22iétits software package for Windows.
Descriptive statistics were presented as meanarngatd deviation. The normality of the
data was examined using the Shapiro—Wilk test, whgc more appropriate for small
sample sizes (N < 50). When parametric analysispeasible, the Student’s t-test for two
independent samples was used. All P-Values less @26 were considered statistically
significant. Retrospective Power was calculatechguss*Power 3.1.9.2 for posterior 0-2

mm zone at 12 months post-treatment was equa0é 0.

5.4 Results

A total of 33 eyes of 28 patients were studied. S&mple characteristics were comparable

between the groups; however, there were more wdah@nmen in both groups (PK, 11:2;
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DSAEK, 15:5);importantly, this did not constitute a significadifference between the
groups (P=0.96). The mean age of patients in theg@kip was 70.@ 10.0 years, while

that in the DSAEK group was 69t99.84 years (P=0.96).

In the PK group, seven eyes (53.8%) achieved aqueiative BCVA of 0.3 LogMAR or
better, while in the DSAEK group, 15 eyes (75%)iae¢td a post-operative BCVA of 0.3
LogMAR or better. The mean post-operative BCVAhe DSAEK group was 0.19 + 0.12

LogMAR, which was better than that in the PK gr¢0@87 = 0.22 LogMAR; P= 0.01).

Densitometry measurements showed that DSAEK cdesedight scattering than PK in
all layers of both the inner 0-2 mm zone of thenear and the surrounding 2—-6 mm
annulus zone. However, further statistical analghiswed that none of the differences in

densitometry measurements were significarD(B5 in all cases; Table 5-1).

Table 5-1: Post-operative densitometry outcome indih central 0-2 mm and
surrounding 2-6 mm of the corneal for anterior, midile, posterior and full depth

layers for both PK and DSAEK.

DSAEK
+
Zones Layers PK (M£SD) (M+SD) P Value
Anterior 26.05£3.16 25.26+5.33 0.63
Central 23.19+3.05 21.59+3.43 0.18
0-2 mm -
Posterior 18.34+2.54 17.87+4.26 0.72
Full Depth 22.53+2.75 21.56%3.77 0.43
Anterior 29.13+4.34 26.4445.8 0.16
Central 26.03+5.15 22.5545.68 0.08
2-6 mm -
Posterior 20.06+3.8 18.38+4.66 0.28
Full Depth 25.07+4.31 22.4445.01 0.11

The mean CCT 1 year after PK treatment was 51054.@ um, while that 1 year after

DSAEK treatment was 639.55 = 59n. Both CCT and the thickness of the thinnest
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corneal area were significantly different betweba PK and DSAEK groups €P.05)

(Table 5-2).

Table 5-2: Post-operative central corneal thicknesand thinnest area in both PK and

DSAEK.
PK (M%SD) DSAEK (M%SD) P Value
CCT 510.8+54.9 639.55+59.0 <0.01*
Thinnest Area 493.5+60.7 605.2+53.5 < 0.01*

In the PK group, post-operative BCVA was not sigaiftly correlated with the
densitometry measurements and CCT after surgeryweMer, in the DSAEK group, both
correlations were significant €©.05; correlation between post-operative BCVA and
densitometry measurement at the full-depth 0-2 mm0.57, P=0.008; at the middle 0-2
mm: r = 0.53, P=0.01; at the posterior 0-2 mm:5.80, P=0.007). Neither group showed
significant correlation between CCT and the densétty measurements in any of the
corneal layers and any of the zones (P>0.05). Egyli-1 shows a linear regression
comparison between the two groups at those zonesdfaignificant correlation in

DSAEK.
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Figure 5-1: The correlation between BCVA and Cornebdensitometry in PK and

DSAEK (* represent significant at P-value of <0.05)

5.5 Discussion

DSAEK is a comparatively new method for transplagtthe endothelium from a donor

cornea, and it is now the primary surgical treath#r-ED (Keenan et al., 2011, Price et

al.,, 2011, Terry et al., 2009b). DSAEK has a numifeadvantages over PK in patients

with endothelial dystrophy; it is associated witewer complications and a shorter

recovery time (Nanavaty et al., 2014, Nanavaty Shdrtt, 2011, Keenan et al., 2011).

Several studies have reported that PK and DSAEterdif a number of areas (Nanavaty

and Shortt, 2011), including rates of rejection audt-operation BCVA. Updates from
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Nanavaty have reported similar findings (Nanavatyag, 2014). However, to our
knowledge, the present study was the first to fihdt postoperative densitometry
measurements differed between DSAEK and PK in pistievith FED which show

significant correlation to BCVA in the DSAEK group.

Scheimpflug imaging has numerous applications meal assessment. Moreover, with the
updated software, it may be possible to measureatheunt of backscattered light in

diverse regions of the cornea (Lopes et al., 28ddawaiseh et al., 2015). In this regard,
corneal transparency is attributable to complexhmaaisms, including size, regularity and

arrangement of collagen fibrils (Maurice, 1957).

The present study established that, 12-18 montter alrgery, the mean corneal
densitometry in FED patients was somewhat highan the normative value quantified in
a previously published age-matched set (Dhubhgeadl., 2014, Alzahrani et al., 2017b).
Patients who undergo PK still receive sutures thast be extracted, while patients who
undergo DSAEK do not. Overall, in patients with RKe corneal graft/host intersection
requires 12—-24 months of recovery, as well as ermstiture extraction. Moreover, as PK
involves complete thickness grafting, it contrawerbe structural and immunological
integrity of the eyes and can cause greater haam BDSAEK. Indeed, PK causes greater
damage to corneal tissue, so it is likely that gmeactivation of keratocytes occurs as a

reaction to trauma, leading to raised corneal demstry measurements.

The average endothelial cell density loss per wd@r successful PK ranges from 7.8%
between 3 and 5 years after surgery (Bourne e1394) to 4.2% between 5 and 10 years
after surgery (Ing et al., 1998). This is contrdsteith a remarkable 50% loss of
endothelial cells just 6 months after successfubBI§ (Koenig et al., 2007). Because the
present study involved only a small sample and neasspective in nature, we had limited

ability to research this matter. Therefore, futsesearch must conduct a well-planned
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study that explores the function of the endothelpump or alternative factors contributing

to enhanced corneal transparency in FED followilSABK.

In addition, the present research confirmed that-pperative BCVA is significantly better
after DSAEK than after PK, probably because pasiiglire extraction is necessary during
PK. Regarding post-operative BCVA measurement, @ispns between DSAEK and PK
are best carried out after entire suture extract@onadditional review of each patient’s
clinical notes revealed that post-operative BCVAmproved after entire suture extraction.
The present study also found a considerable asgoclzetween post-operative BCVA and
densitometry quantification in the DSAEK group, rofiorating previous studies (Koh et
al., 2012, Ivarsen and Hjortdal, 2013). Howeveis ttorrelation did not occur in the PK

group. Positive correlations were also found indéetral, posterior, and full depth layers.

We should clarify that we excluded patients fromr data analysis if they experienced
complications during or after surgery. DSAEK is aemed for providing swifter visual

rehabilitation than PK. Nonetheless, this has tadefirmed through additional research
employing signals that are more dependable tharaligsults (e.g. contrast susceptibility
and higher order aberration HOA steps followinggeures), as well as larger sample

sizes.

After surgery, improvements in visual acuity caketgeveral months or even years (Price
and Price, 2006, Koenig et al., 2007, Li et al.124). In this regard, visual acuity can be
affected by the thickness of the lamellar graft dhd interfere optical quality of the
graft/host interface (Neff et al.,, 2011, Busin &t @013, Ivarsen and Hjortdal, 2013).
However, in the current study, there was no coii@iabetween BCVA and corneal

thickness comparable to previous study (Mencucal.e2015).

Increased corneal densitometry was found in thenstr the anterior cornea; overall,

corneal thickness was also improved. Thereforecti@nges detected using densitometry
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appeared to affect the whole stroma and considtetbece than simply an increase in light
scatter as a result of sub-epithelial fibrosis agraented scatter from the graft/host
interface, although both components still can caliglet scattering in post-DSAEK

patients.

Recently, a significant relationship between vismuaicome and corneal densitometry was
discovered after DSAEK (Koh et al., 2012), corraiog observations of the present
study. To some extent, Koh et al. reported higladwnes than we did. However, their study
did not clearly define which thickness and diaméher densitometry measurements were
acquired from. For this reason, the measuremeataardirectly comparable with those of

the present study.

Poor graft interface can lead to graft failure.sTiliustrates the importance of maintaining
a pristine graft interface and avoiding wrinkleghe graft across the pupillary area. In this
regard, greater curvature disparities between igdipand donor corneas may promote

wrinkle development (Price et al., 2009, Pricelget2®11).

Gradual improvements in visual acuity after surgarg associated with increases in
optical aberrations and corneal backscatter, wisicmify that the cornea is steadily
restored after corneal oedema, with an averagé dotaeal breadth of about 700 mm. In
fact, reduced BCVA after DSAEK is sometimes belgéevi® be caused by corneal
backscatter (haze) (Anshu et al., 2012, Hindmamlet2013, Mencucci et al., 2015).
However, backscatter cannot influence vision sibég not distributed around the retina.
In contrast, forward scatter does alter vision, bubaturally causes glare rather than
diminished visual acuity (Unterlauft et al., 20Terry et al., 2009a, Terry et al., 2012,

Wacker et al., 2016).

The present study found that the patients’ ave@@& was 510.8 + 54.Am 1 year after

PK and 639.55 + 59.0m 1 year after DSAEK. This constituted a significdiiference
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(P=0.0001) and is similar to the results of (Verdi al., 2013) who documented an
average CCT of 535.0 £ 45n 6 months after PK; this had increased to 5860 gm 5
years later. Nonetheless, the present study foonstatistical correlation between BCVA

and CCT in either group. Furthermore, CCT variesatly among normal eyes.

The results of the present study agree with thdésBeay et al. with regards to DSAEK
graft thickness. They stated the following: ‘gréiickness may have a small effect on
visual outcomes in the extremes of thickness, btiimthe common range of 100 mm to
200 mm’, and ‘donor thickness has a tenuous relahip with visual outcomes,
accounting for only 5% of the variance in visiontviaeen patients, and should play a

minimal role in surgical planning’ (Terry et alQ22).

The present study was limited by its relatively Brsample size and the possibility that

suture removal may have affected the outcome, edpewith respect to BCVA.

In conclusion, the present study showed that cérdeasitometry can be used to detect
subtle changes that occur in the cornea afterptantation, as well as to monitor recovery.
Densitometry may also further our understandingtied cornea in both normal and

diseased conditions.
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6.1 Abstract

Purpose: To compare the corneal clarity measurement betviRsaretrating Keratoplasty
(PK) and Deep Anterior Lamellar Keratoplasty (DALK) patients with keratoconus,

using densitometry software for the Oculus Pentacam

Patients and methods:A retrospective comparative study was carriedasuflanchester
Royal Eye Hospital. Data was collected 12-18 morgfier corneal transplantation for
keratoconus including; post-operative corneal demsetry, best corrected visual acuity

(BCVA), central corneal thickness (CCT) and otredevant clinical details.

Results: Analysis of 37 keratoconus eyes from 36 patieots\d there was a significantly
higher corneal densitometry measurement after D#ia6 PK. This was predominantly in
the posterior layer of the concentric zone 0-2mnthef cornea (P=0.0004). A significant
correlation was found between post-operative BCWA aorneal densitometry in DALK
groups at full thickness (P=0.03). This correlatiaas seen in the central 0-2 mm (P=0.03)
and posterior 0-2mm (P=0.04) zones. In additiorthiwithe DALK group, a correlation
was found between central corneal thickness angitemetry at full thickness 2-6 mm
(P=0.007), central 0-2(P=0.04), central 2-6 mm (B%*Pand at posterior 2-6 mm (P=0.01)

zZones.

Conclusion: This study showed that corneal densitometry measent differs depending

on the type of corneal transplantation used td keetoconus patients. Densitometry may
have an important role to play in the final BCVAhaaved by patients undergoing corneal
transplantation for keratoconus. Analysis of OculBentacam images provides an

objective evaluation to monitor the cornea staftex ghe surgery.
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6.2 Introduction

Keratoconus (KCN) is a non-inflammatory ectatic tdyghy characterised by successive
thinning, steepening and apical conical projectdthe cornea. Irregular astigmatism and
myopic changes result in progressive visual impaitrwhich arise due to shifts in the

shape of the cornea (Krachmer et al., 1984). In K@hion is improved with spectacle

correction and/or soft contact lenses until irregustigmatism demands the use of rigid
gas permeable (RGB) contact lenses (Smiddy e1288, Atebara et al., 2009). In severe
cases, a corneal transplant may be necessarysizahvimprovement (Kanellopoulos et al.,

2015).

When a corneal transplant is deemed necessarll thitkness penetrating transplant (PK)
(Lass et al., 1990) has historically been the meat of choice. However, advances in
surgical techniques over the last decade has léesseinvasive procedures such as Deep

Anterior Lamellar Keratoplasty (DALK) becoming negpopular (Jhaniji et al., 2011b).

PK involves the complete replacement of the afe¢89mm) cornea with healthy donor
corneal tissue. However, it is now the trend tofqren lamellar transplants, aimed at
replacing only abnormal corneal tissue (Keenan.ef@11). DALK is now used to treat
KCN and other diseases that may cause anteriorirsgaor ectasia. This procedure
involves the replacement of only the affected cafrséroma and overlying epithelium,
thereby preserving the patient's endothelial lagerd Descemet’'s membrane. This
established technique confers a number of advasitdgperoughout this surgical procedure,
the eye remains “closed”, reducing the potentiadk riof intraocular infection
(endophthalmitis) and choroidal haemorrhage. Aspghgent's own endothelial layer is
preserved, the risk of rejection is significantgduced (Jonuscheit and Doughty, 2013).
Structural integrity is preserved, thereby redudig risk of traumatic graft dehiscence

(McKee et al., 2012). One concern of this techniqoeever has been the loss of BCVA

130



thought to be due to the interface between the dand recipient tissue (Reinhart et al.,

2011).

The healthy cornea does not absorb discerniblé &igd the dispersal of light is minimal.
Therefore, densitometry can provide a measurentfethiedevel of the transparency of the
cornea. Densitometry of the whole cornea can besured in a single scan using the
Pentacam. The standardization of the density befgams O to 100. As a result, O implies
that the cornea demonstrates no blurring while &i@ifies that the cornea is totally
obscure (Cho et al.,, 2010). The Pentacam (Oculas Wetzlar, Germany) facilitates
assessment of the whole anterior section from tieriar corneal surface, through to the

surface of posterior lens by use of a rotary Schélig camera (Swartz et al., 2007).

Despite the large number of transplants performed Keratoconus, no corneal
densitometry measurements have been reported.rid&ty, post-surgery analyses for
patients recovering from corneal grafts are coretlitly use of qualitative analysis of slit-
lamp bio microscopy through subjective grading eyst(Tabibian and Hafezi, 2015,
Chatzis and Hafezi, 2012a, Sporl et al., 1997).sTiki possibly inadequate because it

appears to differ from visit to visit and from dtian to clinician.

In this study we have used densitometry to assedscampare the outcome of both PK

and DALK grafts in keratoconus patients.

6.3 Methods

6.3.1Participants

This is a retrospective, comparative and non-ransedncross-sectional study and was
approved by Central Manchester University HospittsS Foundation Trust, Manchester,
UK and NREC local ethics committee. The researdbvie@d the tenets of the Declaration

of Helsinki. Written informed consent was obtairfeaim the subjects after explanation of
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the nature of the study. Patients with keratocoaiisnding the Manchester Royal Eye
Hospital (MREH) cornea clinic were selected if thdyad undergone corneal
transplantation either DALK or PK. Inclusion crigefor the study were patients 18 years
or above who had a postoperative follow up betw&2fl8 months where Pentacam
images had been takeBata collections started ond“3of November 2015 till % of

December 2017.

Clinical notes were examined where relevant infdromaincluding patient age, gender,
corneal disease, date of surgery and type of syungere recorded for descriptive data
analysis. Post-operative parameters including basected visual acuity in LogMAR

(BCVA) and clinical details were also extractednfrthe notes for data analysis.

6.3.2Surgical Technique

The surgical procedures (DALK, PK) were performgdobe of three surgeons who used
the same surgical technique (Keenan et al., 2dnetrating keratoplasty was performed
with a standard technique using a Hessburg-Bamephine (JedMed Instrument Co., St.
Louis, MO) (Lim et al., 2000). All DALK proceduresere performed using Anwar's big-
bubble technique (Anwar and Teichmann, 2002a, Jieaajl., 2011a, Melles et al., 2000),

with the aim to obtain a type 1 big-bubble (McKé¢eale 2012).

In all cases, the graft diameter was between 8.28m8m. Corneal tissue was issued by
NHSBT (NHS Blood and Transplant, UK) services. Aillsue met or exceeded the
minimum standard for transplantation to include iaimum cell count of 2200 cells/nfm
and a central clear cornea of 9.00mm. All recigeneteived tissue within a 30 years age
difference. Wherever possible, all sutures had reeroved before the time of imaging

and BCVA measurements.
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6.3.3Pentacam Imaging

Pentacam images are routinely used clinically teess patients undergoing transplant
surgery. A new update in the computer software mtlows the corneal clarity to be

measured from the same image across different abmomes and layers. Pentcam gives
numeric value of the clarity at anterior, centpsterior and total depth layers. In addition,
similar numeric values are given by Pentacam at -8, 6-10 and 10-12 mm of the

concentric corneal zone, and for the total coraiéaineter (Cho et al., 2010, Lopes et al.,
2014) . The protocol takes 5 minutes and is noasiwe. Patients were imaged prior to
any other eye examination or drug administratiorsifgle image of the cornea was taken
at each visit. All images were taken by a traineshther of staff in a darkened room to
minimise the effect of ambient lighting on the cemhmeasurements. All images selected

met the quality requirement as determined by Pantaanalysis.

Post-operative data of corneal densitometry fofagirs at zones 0-2 mm and 2-6 mm in
addition to central corneal thickness (CCT) wertrieeed from the Oculus Pentacam
database. The measurements from the Pentacam imagesompared with BCVA and
CCT to determine if these quick and easy measuresmeould provide additional

information on the surgical outcome of corneal $@ants using different techniques.

6.3.4Statistical Analysis

Data analyses were performed using IBM SPSS Statifstr Mac, Version 23.0. Armonk,
NY: IBM Corp and Graph pad prism7 for Windows. Da@stive statistics were presented
as the Mean + SD. Normality of data was examinedguthe Shapiro-Wilk test, which is
more appropriate for small sample sizes (<50 sashpl&tudent's t-test for two
independent samples was used when parametric &nalgs possible. Pearson correlation

(r) was used when look at relation between surgicatome of study. A p value of <0.05
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was considered to be statistically significant. Bowalculated using G*Power 3.1.9.2

retrospectively for posterior 2-6 mm zone at 12 thempost-treatment to be equal 0.23.

6.4 Results

A total of 37 eyes from 36 patients were studiedhi@ keratoconus group. The sample

characteristics are comparable between both grddpsever there were more male than

female in this study (14:7 PK and 11:5 DALK). Bdtie PK and DALK groups showed

good similarity in their demographic characteristiand demonstrated no statistical

difference in the age of patients (P=0.43) (Tably.6

Table 6-1: Mean and SD of Age, Time of the Densitostry and BCVA in both PK and

DALK.
PK M(SD) DALK M(SD) P Value
Age 30.14(9.67) 32.56(8.73) 0.43
Time of imaging post- 14.9(3.59) 14.62(4.80) 0.84
surgery (months)

Time of taking BCVA 13.95(2.74) 14.87(4.03) 0.41

post-surgery (months)
BCVA 0.33(0.21) 0.25(0.22) 0.28

The mean period of time between surgery and BCVAasueement in this study was

comparable and showing no statistical significatiMeen both groups (P=0.80). In the PK

group, 66% of eyes (n=14) achieved post-operati®¥ B of 0.3LogMAR (6/12) or better,

while in the DALK group, 81% of eyes (n

0.3LogMAR (6/12) or better.
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There was no statistical significance between teamperiod of time between surgery and
densitometry measurements between the two groupdleT5-2 summarises the
demographic data. Densitometry measurements wieee far both the central 0-2mm and
the surrounding in 2-6 mm concentric zone, resats summarised in Table 6-2. The
measurements showed that there is a significatiststal difference between the two
groups when the full depth cornea was examined-atnim concentric zone (P=0.02).
However, further statistical analysis showed a @iglorneal densitometry measurement in
the posterior layer after DALK which was statistigasignificant for the 0-2 mm of the

cornea zone (P=0.0004).

Table 6-2: Summary of the post-operative densitomet in the surrounding 2-6 mm

annulus zone of the cornea.

PK M(SD) DALK M(SD) P Value
Anterior 23.57(3.69) 24.62(3.1) 0.36
0-2 mm Central 19.4(2.02) 20.62(1.68) 0.07
Posterior 14.6(1.97) 17.4(2.4) 0.0004**
Full depth 19.2(2.2) 20.8(1.9) 0.02*
Anterior 24.83(4.6) 25.09(3.3) 0.8
Central 20.19(3.6 19.88(2.07) 0.3
2-6 mm -
Posterior 14.89(2.8) 16.08(3.09) 0.2
Full depth 19.97(3.56) 20.36(2.47) 0.7

There was no statistical difference in post-opeeatientral corneal thickness between the

2 groups (Table 6-3).

Table 6-3: Corneal thickness post-surgery in bothr@ups.

PK (MSD) DALK (MxSD) P Value
CCT 541(32.5) 556(41.9) 0.2
Thinnest Area 513(50.5) 539(34.7) 0.07

135



There was correlation but it did not reach sigaifice between post-operative BCVA and
the densitometry measurement after the surgerpenkeratoconus group for PK except

with posterior layer at zone 2-6 mm of the corndacty statistically significant P<0.05

(Figure 6-1).
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Figure 6-1: Correlation between BCVA and corneal desitometry in different corneal

zones and layers in the PK group. (r = correlationsoefficient).
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In the DALK group a correlation was shown betwee@VA and the densitometry

measurement after the surgery. These correlati@s vound at central zone at 0-2 mm
corneal concentric zone. Correlation with BCVA wasnd also in the posterior layer of
corneal zone at 0-2 mm and at the full depth atealrzone of 0-2 mm P<0.05 (Figure 6-

2).
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Figure 6-2: Correlation between BCVA and corneal desitometry in different corneal

zones and layers for the DALK groups. (r = correlaibns coefficient).
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Central corneal thickness was found to be corrélatéh corneal densitometry in the

DALK group only. These correlations were found &ke place at full depth 2-6 mm,

posterior 2-6 mm and at both central 0-2 mm andh2i§ P<0.05 (Figure 6-3).
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Figure 6-3: Correlation between central corneal thitkness and corneal densitometry
in different corneal zones and layers in the DALK goup. (r = correlations coefficient)

(* represent significant at P value<0.05 ** represent significant at P value<0.01).
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6.5 Discussion

DALK is becoming the procedure of choice when catrimnsplantation is needed to treat
advanced keratoconus. It has several advantagegsatechto PK as it reduces the number
of risks factors related to intra-ocular surgegsults in fewer allograft rejections and other

long term problems (Olson et al., 2012).

This study has shown that between 12-18 months &ilegery, the mean corneal
densitometry for patients with KCN, having had eitiPK or DALK, was still higher

compared to a normal control value within a matehge group, as illustrated by
Dhubhghaill et al. (2014) and Alzahrani et al. (2Bl At all corneal regions apart from
the central area at 2-6 mm annulus, the averageabdensitometry was greater in DALK
than PK. This suggests that a greater scatteritighafwas provided by DALK as opposed
to PK. Variations in corneal densitometry quansfion at the posterior layer were
statistically significant (P<0.05) in the (0-2 mmgrneal zone. This result in the DALK
group suggests the host/donor interface reducesycéand could have an effect on vision

(Funnell et al., 2006).

The corneal densitometry was quantified using tlufactures pre-set for the posterior
60 um of the cornea. In DALK, the quantificationd#nsitometry may be even higher if
the quantification marker had been customized twentrate on the host/donor interface
of the region. The same pre-set was applied forleglers, the host/donor interface
morphology, which results in considerably greateamification of densitometry in the
posterior layer following DALK, is best described/ mesearch employing confocal
microscopy. When employing a confocal microscoperddALK, researchers (Feizi et al.,
2010) discovered keratocyte configuration that wasven and minimized as compared to
PK in keratoconus. Several contributory elementewensidered by Feizi and co-workers

to clarify their results, including mechanical injuof the host and donor sides during
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surgery, and transient lack of an endothelium puesulting in an influx of fluid at the

interface (Marchini et al., 2006).

A subsequent wound healing response may also candesirable complications like
corneal haze, which may reduce corneal clarity. gting of the extracellular matrix
and re-population of keratocytes following the stey induced injury of DALK can
influence the corneal transparency resulting fraorganization of the corneal fibrils.
Netto et al, showed that significant apoptosis hesn detected within four hours after
corneal injury, (Netto et al., 2005b). Followingratcyte apoptosis, the cells undergo
secondary necrosis and later activate other kerssa@t deeper layers of the stroma. In
addition, there is an activation of inflammatoryi€¢o invade the stromal layer and engulf
the resulting dead cells (Zieske et al., 2001) akmaytes that die in the anterior stroma are
replenished in just 2-4 days by proliferation andyration of neighbouring keratocytes
(Alio and Javaloy, 2013). The proliferation and rmaigpn of residually activated
keratocytes begins 12 to 24 hours after epithéhiairy. These activated cells may start
synthesizing matrix metalloproteinases for tisraadelling. The replenishing cells in the
anterior keratocytes are the activated myofibrabtedis between 1-2 weeks post injury
which produce collagen, hyaluronic acid, growthtdas modulating epithelial healing, and
more (Netto et al., 2005b). The role of myofibraleells is very important in remodelling

the extracellular matrix and stroma.

The whole process of keratocytes apoptosis, secpmirrosis, activation, proliferation,
migration, and transformation regulates corneal ndohealing and consequently causes
haze formation (Abdelkader et al., 2010). As disedsabove the raised densitometry
quantification in DALK could be the result of meci@al injury from the surgical
technique used within this study. It would be iat#ing to contrast the densitometry result
in different DALK procedures to include those penfied using Big-Bubble type 1, Big-

Bubble type 2 and manual dissection.
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It is debateable if reduced endothelial cell dgn@iCD) can also contribute to our results,
as the endothelium pump is crucial for sustainimg transparency of the cornea. It was
established (Cheng et al., 2011) that if there m@aperforation of DM in surgery, there
was considerably less attrition of endothelial £ddllowing DALK as opposed to PK
(Reinhart et al., 2011, Kubaloglu et al., 2011,tZadt al., 2012). This raises the question
that, as the host’'s own endothelium is maintaingdDBLK, is the reduction in the
transparency of the cornea in DALK entirely dughte host/donor interface following this

technique when ECD is higher as opposed to PK.

Our study demonstrated that the average post-opefBCVA result employing the Log
MAR chart in DALK is better than that of PK, althgiu this does not reach statistical
significance. This was interesting but unexpectgden the raised corneal densitometry
quantified in the DALK patients. There are uncettigis surrounding the quality of vision
after DALK. There is conflicting published evidenasg BCVA, with some studies
demonstrating similarity between PK and DALK (Coaslet al., 2001, Shimazaki et al.,
2002, Sugita and Kondo, 1997), whilst others haported decreased vision in eyes after
DALK (Watson et al., 2004, Panda et al., 1999, Flinet al., 2006). However, a numbers
of studies have concluded that DALK provides beBEWVA (Watson et al., 2004, Tan and
Mehta, 2007, Fontana et al., 2007, Borderie e2@Dg) in keeping with our own findings.
Researchers have proposed that, after lamellar gedery, unevenness at the host/donor
interface could reduce vision in some eyes (Sainale 2003). The almost complete
exposure of DM by using the big-bubble techniquesintizely has a role in the improved
post-operative BCVA in DALK as opposed to PK (Sag#nd Kondo, 1997). Also the
grade classifications of how advance is the disgéeges an important role in final visual
acuity outcome and the which suitable surgical neqie (Parker et al., 2015, Arnalich-

Montiel et al., 2016).
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The limitation in this study was its retrospectiature and the relatively small sample size
for each group that could impede statistical ansly®nce a larger sample size would

increase the strength of any further analysis.

In conclusion, this study has found increased demstry measurements in DALK
compared to PK primarily at posterior layer witliif2 mm zone. This doesn’t appear to
have an effect on BCVA when compared with thoséep&t undergoing PK for KCN. We
have discussed a number of factors which may haveordributed to the raised

densitometry result.

This is the first study to demonstrate raised dengetry in patient undergoing DALK and
provides further information on this lamellar techure. In the future, other forms of
corneal imaging to include SD-OCT and confocal wécopy may help provide greater
understanding on this important surgical zone. €akndensitometry measurements
provided by the Oculus Pentacam provides an obg@valuation to further monitor the
treatment outcome of corneal transplants surgeriK@N. It provides a non-invasive

technique which is safe to use and useful in plagpprthe management of surgery.
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Chapter 7

Corneal Imaging and Densitometry Measurements in
Keratoconus Patients to Monitor Disease Progressioand

Treatment Outcomes after Contact Lens or INTACS Tratment
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7.1 Abstract

Aims: To compare the pre and post treatment corneal tdemsiry values of keratoconic
(KCN) patients managed via contact lenses or byaobriens with intra stromal corneal

rings.

Methods: Prospective study was performed at Manchester R&yal Hospital UK.
Patients were recruited before treatment and fatbwp for 12 months. Data of corneal
densitometry and corneal thickness was collectédguthe Oculus Pentacam at pre-

treatment visit and at the post treatment visitzamonths.

Results: Corneal clarity significantly differs between bafoups at pre-treatment at zone
0-2 mm for anterior layer (P=0.002). The same diWgris present at zone 2-6 mm for
anterior layer (P=0.003) and posterior layer (P68)0The corneal clarity diversity found
was not statistical significant at 12 months posatiment (P>0.05). Corneal thickness was
found to be statistically significantly differenétiveen pre-treatment and post treatment for

contact lens group at CCT and thinnest area (P+66Q.02) respectively.

Discussion This study shows that KCN management WINTACS was found to be
effective in maintaining corneal clarity for a l@rgtime than contact lens alone. On the
other hand corneal clarity reduces with diseasgrpssion in cases managed with contact
lenses only.Analysis of Oculus Pentacam images provides anctise evaluation to

monitor the corneal status after these differemagament’s pathways
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7.2 Introduction

Keratoconus (KCN) is non-inflammatory, progresshiéateral dystrophy with corneal
stromal thinning (Krachmer et al., 1984). Spectmelad/or contact lenses are the optional
managements available at early stage of the dis&&3d is a progressive disease, when
the advanced stage is reached the only treatmetibnofs corneal transplantation
(Kymionis et al., 2007, Romero-Jiménez et al., 301® some cases when the cornea is
considered clear and the only reasons for cornemisplantationare contact lens
intolerance or decreased visual acuity, using ratiére treatment may be in the best

interest of both surgeon and patients (Colin, 2006)

Contact lenses have been used for long time forawgvisual acuity in KCN even at an
advanced stage (Sudharman et al., 2010, Kok andMWgn1993, Barnett and Mannis,
2011, Yeung et al., 1995). Improving visual acuiithout causing any damage to the
corneal structures is the most important aim (Baal., 2000). Rigid gas permeable (RGP)
lenses are the most widely used lens for keratocm@inagement at the early stage of the
disease (Anayol et al., 2016). The three-pointitofitting method is the most commonly

used for RGP lenses (Mofty et al., 2017).

Intra Stromal Corneal Rings INTACS (Addition Techogy, Fremont, California, USA)
as keratoconus treatment was firstly performed IyinCin 1997 (Rabinowitz, 2006).
INTACS have proved to improve the topographic regty and reduce contact lens
intolerance both leading to better visual acuitpl{€ et al., 2001, Siganos et al., 2003,
Wachler et al., 2003). INTACS work via shortenirige t(arc) and flattening the central
cornea along with providing a biomechanical streaging for the corneal ectatic thinning
(Tabibian et al., 2015). However, an INTAC may gavgood result in early and moderate
stages of the disease but the INTAC is consideoced m advanced stages of keratoconus

(Ali6 et al., 2006).
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Corneal clarity in KCN is stated to be at a highelewhen compared with normal,
healthy eyes (Lopes et al., 2014). However, mostesftoconics report increased corneal
haze to differing levels. Less attention has begargto the effect of contact lenses and

INTACS on formations of corneal haze.

This study aims to use the Oculus Pentacam (OdntusWetzlar, Germany) to assess the
corneal densitometry level changes in a keratocegi before and after fitting with a
contact lens. Secondly to compare changes thas fallkee in corneal densitometry before
and after implanting INTACS in the eye for KCN kiEreonic management. Finally to
assess the corneal clarity changes between baditmieat procedure at pre and post

treatments.

7.3 Participants and Methods

This is a prospective, comparative and non-randednisross-sectional study and was
approved by Central Manchester University HospittS Foundation Trust, Manchester,
UK and NREC local ethics committee (ref:15/NE/036@)e tenets of the Declaration of
Helsinki were followed in this study. Data collests started on"8of November 2015 till
1% of December 2017 for adult participants and juleehi 2' of June 2016 till December

2017.

Patients who were aged over 13 years at the colaastfitting or INTACS and contact
lens placements and have a one year follow up tpestment were selected in this study.
Those patients were identified and then recruibbwing a clinic visit. Clinical notes
were examined, where relevant information includipgtient age, gender, date of
procedures were recorded for descriptive data aisalyPost-treatment parameters
including monocular best corrected visual acuity logMAR (BCVA), subjective

refraction and relevant clinical details were estied from the clinical notes for data
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analysis. Pre and Post-treatment data of corneslitdenetry and central corneal thickness

(CCT) were retrieved from the Oculus Pentacam imveitfe the densitometry software.

7.3.1Contact Lens Fitting

All patients were fitted with RGP contact lensesdnyoptometrist at MREH. The fitting
included analysis of the topography results and lslinp examination. The fitting
procedures are following standard methods for ketic patients (Leung, 1999, Lee and

Kim, 2004, Das et al., 2015).

7.3.2INTACS Procedure

INTACS fitting were performed by one surgeon fot alibjects in this study. The
procedure was done under local anaesthesia. M@araidhickness was ranged between
425um to 457um for all patients and more than 460ai proposed incision location.
Keratometry reading with less than 58D with mead) @nd standard deviation (5.27) for
sim k1 and Mean (52.77) and standard deviation4}§8f8r Sim k2 with clear central
cornea optical zone. Endothelial cell count wasertban 1000 cells/minTwo INTACS
segments of 150-350m thickness for each eye were used to embrace #epesit
keratoconic meridian at depth between (300-400udrhg aim was to achieve maximum

flatting of the cornea (Armitage et al., 2006).

7.3.3Pentacam Imaging

Pentacam topography images are routinely usedcallpito assess patients mostly as a
corneal diagnostic tool. Densitometry software atiche corneal clarity to be calculated
from the same image. The protocol takes only 5 temand it is none invasive so carries
no risks to the patient (Cho et al., 2010, Lopes.e2014). A good quality single image of

the cornea is taken at each visit. The measurenfeots the Pentacam images are
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compared for pre-treatment and post treatment ¢ gooups at 12 months. The same

measurements are compared between groups at angogedreatment.

7.3.4Statistical Analysis

IBM SPSS Statistics for Mac, Version 23.0. ArmoNFk;: IBM Corp and Graph pad prism7 for

Windows .Normality of data was assessed with the Shapiil-W&st. Data was presented
in each follow-up as the mean (M) * standard dema(SD) at baseline, and 12 months.
Mann-Whitney U test was used to analyse to compatie groups. Wilcoxon signed-rank
test was used to analyse follow ups as compardtetdaseline. A P value <0.05 was
considered statistically significant result. Powealculated using G*Power 3.1.9.2

retrospectively for anterior 0-2 mm zone at 12 rhergost-treatment was equal to 0.35.

7.4 Results

Twenty seven eyes from 16 patients met our cri@rib2 months post treatment follow up.
Those were 7 patients (9 eyes) for INTAC treatnwith a mean and standard deviation
age of 32.04+8.38 and 9 patients (18 eyes) foramréns treatment with mean age and
standard deviation of 30.22+7.27 which is not statally significant (P>0.05). The two

groups show similar demographic data.

At pre-treatment the mean (SD) of BCVA logMar wasirid to be 0.11 (0.14) for the
contact lens group whereas it was 0.42 (0.25) lierINTACS group. At post treatment
BCVA logMAR mean (SD) was found to be 0.16 (0.38) €ontact lens group and 0.24
(0.35) for INTACS groupWhen compared both groups in terms of BCVA a sigait
difference was found in pre-treatment (P<0.001)cdntrast at 12 months post treatment

no statistical significant found between both g(P>0.05).

The study found a statistically significant diffeoe for the contact lens group for mean

corneal densitometry only in the anterior layerzofie 0-2 mm between pre-treatment and
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12 months post treatment (P<0.05) (Table 7-1). Hemnethe INTACS group showed no
statistical difference between corneal densitomatrgre-treatment and at 12 months post

treatment (P>0.05) (Table 7-2).

Table 7-1: Mean and SD for corneal densitometry gpre-treatment and post

treatment for the contact lens group(* represent significant at P value<0.05.

Zone Layers Pre-treatment Mean (SD)| Post-treatmentean (SD) | P value
Anterior 20.6 (1.78) 21.2 (1.6) 0.03*
E Central 17.6 (1.7) 17.2 (1.09) 0.27
© Posterior 12.9 (1.07) 12.5(1.1) 0.19
Anterior 17.96 (1.04) 18.24 (1.1) 0.19
E Central 15.07 (0.98) 15.1 (0.63) 0.82
Q) Posterior 11.8 (0.88) 11.9 (0.48) 0.65
£ Anterior 18.27 (2.3) 17.83 (1.95) 0.4
é Central 15.3 (2.1) 15.7 (2.3) 0.4
© Posterior 12.95 (2.06) 12.97 (2.01) 0.96
Table 7-2: Mean and SD for corneal densitometry gpre-treatment and post
treatment for the INTACS group.
Zone Layers Pre-treatment Mean (SD)| Post-treatmentlean (SD) | P value
Anterior 25.02 (3.23) 23.14 (3.9) 0.06
(% Central 19.47 (3.3) 17.03 (4.4) 0.13
© Posterior 14.40 (2.78) 12.31 (3.36) 0.09
Anterior 21.48 (2.89) 22.10 (5.1) 0.59
E Central 16.6 (2.9) 17.95 (5.07) 0.50
‘\I' Posterior 13.81 (1.9) 15.27 (4.9) 0.40
e Anterior 19.27 (2.3) 18.88 (5.59) 0.80
é Central 15.14 (2.43) 15.32 (5.32) 0.92
© Posterior 13.63 (2.05) 13.10 (4.38) 0.69
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Corneal densitometry at pre-treatment comparistwden both groups shows a difference

at zone 0-2 mm for the anterior layer (P=0.00019igwificant difference was also shown

in the 2-6 mm zone for anterior layer (P=0.006) tredposterior layer (P=0.01).

Comparing the mean corneal densitometry valuesdsriviboth groups at 12 month post

treatment reveals no difference in any zones arkagP>0.05) (Figure 7-1).

0-2 MM
o
—~ 30
2 B3 Intacs
< *x == Contact Lens
$ 20 L
£ T
2
2 T
5
a 10
]
H
£
o
o
& « &
&o (,“"(\ é&
s Q°

Pre-Treatment

2-6 MM
30 *x

B Intacs
| * == ContactLens

Corneal Densitometry(GSU)
b
4
4

Pre-Treatment

6-10 MM

__30
3 == Intacs
% == ContactLens
@ 20
g T
K] T
% T
5
a 10
w
3
£
3

o

i\‘" ~$°\ Q\O‘
&e ooo é@
v Q°

Pre-Treatment

0-2 MM
_.30
3 B Intacs
< == ContactLens
2 T
E 20
H T
2 T
5
a 10
]
3
£
3
o
'Y >
R Ca 20
& & &
+ £ e
Post-Treatment
2-6 MM
_.30
3 B Intacs
% == ContactLens
g 20 -
S
= -
a
c —_
5
a 10
]
3
£
3
o
'Y > 'Y
RS Ca X
& oo&‘ e
v Q°
Post-Treatment
6-10 MM
_.30
3 B3 Intacs
% == ContactLens
@ 20
5 - T
3 T
5
a 10
]
3
£
3
o
'Y > 'Y
RS Ca X
& & &
+ £ s

Post-Treatment

Figure 7-1:A comparison of the pre-treatment and pst-treatment corneal

densitometry for both groups at different corneal nnes and layers. (* represent

significance at P value <0.05 ** represent signifance at P value <0.01).
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Corneal thickness was found to be statisticallynisicantly different between pre- and
post-treatment for the contact lens group in bo@®TCand the thinnest area (P=0.02,
P=0.04) respectively. This difference was not shd@mINTACS group (P>0.05) (Table
6-3). Additionally there was significant differenbetween both groups at pre-treatment
for CCT (P=0.02) and thinnest area (P=0.02). Simdl&erences were found at 12 month

post treatment in CCT (P=0.3) and thinnest are@.@<Table 7-3).

Table 7-3:Mean and SD for corneal thickness at préreatment and post treatment at

12 months for CLs and INTACS groups.

Treatment Pre treatment | Post treatment P Value
type Mean (SD) Mean (SD)

CL 502.1(57.3 480.14(54.0 0.01

ot (57.3) (54.0)
INTACS 457.5(32.1) 449.4(31.0) 0.27
478.7(58.0 460.3(49.8 0.02

Thinnest Area cL ( ) ( )
INTACS 430.4(39.8) 425.2(39.9) 0.54

7.5 Discussion

Corneal clarity change in KCN has been reporteseweral recent studies (Anayol et al.,
2016, Alzahrani et al.,, 2017a). Factors that cawratorneal clarity include age
(Dhubhghaill et al., 2014, Garzoén et al., 2016, ahl&ani et al., 2017b). Viral corneal
disease as well as keratoconus and Fuchs dised&d®).(KCN progression shows
decreased corneal clarity (Lopes et al., 2014, Weftal., 2017) . Management of KCN by
CXL was found to have an effect on corneal claaityl increase corneal haze (Gutiérrez et
al., 2012, Greenstein et al., 2010). However nontspabout the effect of contact lenses or

INTACS on corneal clarity, using Pentacam, havebgen published.
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Contact lens management of KCN is a well-documerdgedience based option for
patients. This research did not find any statistiiBierences in corneal clarity between
baseline and 12 months post fitting of contact lexsept at the anterior layer of zone 0-2

mm.

KCN management can involve the INTACS procedure dome advance cases were
patients have difficulty using RGP lenses. Thisdgtdiound no significant change in

corneal clarity after 12 months after INTACS ateefi compare to the baseline.

The results for both the INTACS and CK groups shibwecreased corneal haze than
published date for age matched healthy controlso#t pre and post treatment imagining
(Alzahrani et al., 2017b). Both treatment group®vetd significant differences pre-

treatment clarity with that at 12 month post treatin however, there was no difference
between the two treatment groups. Other studidsGN¥ management show a difference
between pre-treatment and post treatment of corcladaty for example Collagen Cross

linking where corneal clarity is increased (CXGréenstein et al., 2010, Herrmann et al.,

2008).

Damage of keratocytes has been associated with dez®opment post CXL in many

reports (Mazzotta et al.,, 2007, Dhaliwal and Kaufm2009). It has been reported that
corneal morphology can be altered due to a lonmpg@evearing of contact lenses (Carlson
and Bourne, 1988). However keratocyte density dmtsseem to be effected by wearing
daily contact lenses for a long period (Patel et24102). Correspondingly endothelial cell
density was found to be unaffected in keratocooushose patients who were not wearing
contact lenses (Timucin et al.). However, there arenflicting reports on changes in

endothelial density, either increasing (Hollingsthaet al., 2005), no change (Yeniad et al.,
2010) or decreasing (Niederer et al., 2008) foglome wearing contact lens. On the other
hand INTACS placed in the cornea lead to a deergasrregular astigmatism caused by

KCN without attacking the centre of the cornea @sdtissues (Colin, 2006, Ertan and
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Kamburaglu, 2008). It is commonly believed that lipid defie will accumulate after

INTAC insertion at the area of tunnel (Twa et @004) . Lipids effect the extracellular
matrix in the cornea due to change on the biomeckghy et al., 2006) and this may
change corneal clarity. However we showed clariégwcreased 12 month after INTACS

were fitted.

Contact lenses may cause alteration of cornedtribgs (Liu and Pflugfelder, 2000). This
could be linked to structural alteration in therma due to reduced basal epithelial cells
(Bitirgen et al., 2013). This study result showatistically significant change between pre-
and post-treatment which increase the central ebriickness (Romero-Jiménez et al.,
2015). These changes in corneal thickness couldugeto the expected inflammation
caused by contact lens wear or induced by an iser@a pro-inflammatory cytokines in
tears (Lema and Duran, 2005). which increased weéhring contact lenses (Lema et al.,
2008). However this study did not find any effetttlee INTACS procedure for corneal
thickness. BCVA was significantly better for corttéens group versus INTACS group at
pre-treatment while there was no significant défere at post-treatment period that’s

could be linked to improved corneal surface regylafter INTACS(Rabinowitz, 2006)

This study was limited by a small sample size tloeeeresult is preliminary and needs to
be replicated in a large study group. Another ktiin was the average age of the
participants which may reflect a stable stage afatozonic disease progression. The
change of the corneal refractive index affect whiobt corrected for by pentacam

algorithm is another limitation.

In conclusion, corneal clarity seems not be afiéchy management of the disease
progression either by contact lens alone or INTA&f8l contact lens alone. However
treatment INTACS seem to stabilize the cornealitglan comparison with contact lenses
alone.INTACS slow down the decrease in clarity associatgith CL treatment alone.

Possibly there is less irritation and hence leflarmmmation after the INTACS are fitted
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.This study represents the first report, to ourvidkedge about change in clarity measured
using the Pentacam in keratoconic patients underagement by contact lenses alone or
with INTACS and contact lens Analysis of Oculus Ream images provided an objective

evaluation to monitor the corneal status afterg¢hesatments.
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Corneal Imaging and Densitometry Measurements in Jvenile
and Adult Keratoconus Patients to Monitor Disease B®gression

and Treatment Outcomes after Corneal Cross-Linking

Contributions

| designed the study in collaboration with my swsars, conducted the experiments,
recruited the participants, preformed the imagmgstigation, completed the experiments,
analysed the data, and wrote the manuscript. Adl Work was achieved with regular
discussion, close collaboration and feedback ora datalysis and writing from my

supervisors: Dr Chantal Hillarby and Prof FionalZar
Publication

The chapter is prepared as a manuscript whichb&iBubmitted for publication.

ALZAHRANI, K., CARLEY, F., BRAHMA, A., MORLEY, D. & HILLARBY, M. C.
(2018). Corneal Imaging and Densitometry Measurdésen Juvenile and Adult
Keratoconus Patients to Monitor Disease Progressioth Treatment Outcomes after

Corneal Cross-Linking. Target journ&ornea.
Conferences Presentations

The abstract was presented at the 2017 Europeaciatien for Vision and Eye Research
Conference. Part of the data has been presentédeanational CXL Experts Meeting

2016 and at 21st ESCRS Winter Meeting, MaastriOif72

156



Acknowledgement

The authors thank the Manchester Royal Eye Hosgitetheal clinic) for supporting

patient’s recruitments for this study. Supportedomed Forces Medical Services,

Ministry of Defence, Riyadh, Saudi Arabia.

157



8.1 Abstract

Purpose: In this study densitometry software for the OcukRentacam was used to
investigate the treatment outcomes of corneal ciioksig (CXL) in adult and juvenile
keratoconus(KCN) patients. Densitometry measurements werentakefore and after

treatment and followed up for one year.

Methods: A comparative study was carried out at MancheReyal Eye Hospital.
Corneal densitometry measurements collected befadeafter CXL treatment for 32 eyes
from KC patients, aged between 12 and 39, weraéd/to 2 groups 13-18 years (juvenile
group) and 19-39 years (adult group) and analysddcampared to pre and post treatment

at 3, 6 and 12 months for each group and betwetngdroups.

Results: Analysis of densitometry measurements found higloeneal densitometry after
CXL which peaks at three months post treatmentath lgroups. There was significant
diversity in corneal densitometry measurementsénstromal zone 0-2 and 2-6 mm for all
layers except the posterior layer for both group0(05). Significantly increased
densitometry valuavas found higher in the juvenile group at six menih the central
(P=0.006) and posterior (P=0.004) layers for zor2 m. The same layers differed
significantly also in the 2-6 mm zone in all layéPs=0.01). One year post treatment the
same significant increased densitometry level veas $n the juvenile group in the 0-2 mm
zone of the central (P=0.007) and posterior lay@x0.01), as was the 2-6 mm zone
(P=0.04). However, no significant difference wasrfd between pre and post treatment for
best corrected visual acuity (BCVA), central coinéckness (CCT) and thinnest area
between both groups. A significant difference waisnid between pre and post treatment
for best corrected visual acuity (BCVA), in the Hdgroup at 6 and 12 months post-

treatment from pre-treatment (P=0.02, P=0.16) retpay.
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Conclusion: Corneal clarity post CXL treatment in the juveniggroup differed
significantly from the adult group. Both groups aleal increased haze at 3 months post
treatment but the adults showed improvement overrigxt 9 months. In contrast the
juvenile group showed higher densitometry readatgsoth 6 and 12 month post treatment

in comparison to adult group. The reasons forrnsain unclear.
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8.2 Introduction

Collagen cross-linking (CXL) is one of the treatmeptions that has led to a reduction in
corneal transplantations for keratoconus (KCN) (Mfadak, 2006). Simplicity and lower
cost along with its good results makes CXL the npgular treatment for stabilizing
disease progression. The key to success is adadtififiening effect and a halt to further
thinning as well as preventing long-lasting sidieef (Raiskup-Wolf et al., 2008). CXL is
an approach with the objective of elevating corrt@amechanical stability and rigidity
(Wollensak et al., 2003, Sporl et al., 1997). Thecpss entails debriding the corneal
epithelium within a central zone diameter of 6—7iattowed by application of riboflavin
0.1% solution plus corneal radiation at 370 nm tfauviolet-A light. This radiation
triggers riboflavin, hence producing reactive oxygpecies that enables the formation of
extra covalent bonds (situated amid collagen 8brih the cornea stroma. The level of
irradiation penetrating the corneal endotheliuninee and lens is considerably less than

the harmful threshold (Spoerl et al., 2007).

The cornea’s mechanical strength is reduced indeoaus. In addition to load values, this
is valid equally for stress values, typically tlead values that are cross sectional area
segmented. A distinctive corneal haze is ofteeatetl on clinical evaluations after CXL
(Greenstein et al., 2010). The literature reveas ICXL's depth is capable of being
viewed by simply employing the separation line absd in the corneal stroma (Spoerl et
al., 2004) or via ranking slit lamp’s cornea hakeller et al., 2009). Additionally, further
confirmation of cornea haze after CXL has beennéelied utilizing confocal microscopy

(Caporossi et al., 2010, Herrmann et al., 2008).

The healthy cornea does not absorb discerniblé &igd the dispersal of light is minimal.
Therefore, densitometry can provide a measurenfaiiedevel of the transparency of the

cornea. Densitometry of the whole cornea can bmdasured in a single scan using the
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Oculus Pentacam(Oculus Inc., Wetzlar, Germanyg\acd that employs the Scheimpflug
principle to focus images at the anterior segmieritas a rotating camera that takes close
to 50 anterior segment images in 2 seconds thusding a quantifiable measurement of
corneal clarity. This study aims to re-evaluatessflinking procedure outcome by using

corneal densitometry to quantify haze in both adott juvenile keratoconus.

8.3 Participants and Methods

This is a comparative and non-randomised crossesettstudy and was approved by
Central Manchester University Hospitals NHS FouimaafTrust, Manchester, UK and
NREC local ethics committe@he tenets of the Declaration of Helsinki wereduléd in
this study. Data collections started dfh & November 2015 till f of December 2017 for

adult participants and juvenile b§*»f June 2016 till December 2017.

Patients who were more than 12 years old at the 6hCXL treatment and had a one year
follow up post treatment were selected in this gtuclinical notes were examined where
relevant information including patient age and g@ndvere recorded for descriptive data
analysis. Post-treatment parameters including ¢@sected visual acuity in LogMAR

(BCVA), refraction and relevant clinical details meextracted from the clinical notes for
data analysis. Post-operative data of corneal tenmeiry and central corneal thickness

(CCT) were measured by the Oculus Pentacam.

8.3.1CXL Treatment Procedures

A standard protocol for corneal CXL technique wasried out for all patients following
(Wollensak et al., 2003). Topical anaesthesia efdbrnea was obtained using Benoxinate
0.4%. After a lid speculum was inserted, 20% abtolas applied for 20 seconds to
debride the epithelial layer. Ultrasound pachymetas used to check central corneal

thickness after debridement. If CCT was more tl@Qudn the process continued to be
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appliedby one drop of 0.4% hypotonic riboflavin appliedth@ cornea every minutes for
20 minutes. The centre of the cornea was theniated with ultraviolet-A (9.86mW-
UVA) for 10 minutes (UVX 1000 system; IROC InnocsoAG, Zurich, Switzerland).
Following the CXL procedure all patients receivimpical antibiotic with appropriate pain

relief and dexamethasone 1% for period of 4-8 weelss treatment.

8.3.2Pentacam Imaging

Pentacam images are routinely used clinically ameal diagnostic measurement to
assess disease progression in keratoconus pati@etsitometry software allows the
corneal clarity to be measured from the same im&lge .protocol takes only 5 minutes and
it is non- invasive so carries no risks to thegudti A good single image of the cornea was
taken at each visit both pre- and post-treatmerdudine clinic visits at 3, 6 and 12 months
post treatment. For the purpose of analysis densiiy measurements, the cornea was
divided in to 3 layers (anterior, central and postg and 3 concentric zones (0-2, 2-6 and

6-10mm).

The measurements from the Pentacam images wereacedhip other measurements such
as visual acuity to determine if these quick anthaaeasurement give useful information

on the progression of the disease and the subseiguemmvement after CXL.

8.3.3Statistical Analysis

Data analyses were performed using IBM SPSS Seatifsir Mac, Version 23.0. Armonk,

NY: IBM Corp and Graph pad prism7 for Windows) a@daph Pad was used for
statistical analysis. Normality of data was asstsgiéh the Shapiro-Wilks test. Data was
presented for each follow-up as the mean + standiewthtion (SD) at baseline, 3 month, 6
months, and 12 months. Mann-Whitney test was usexhalyse to compare both groups.

Paired Wilcoxon-signed rank was used to analydeviolps as compared to the baseline.
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A P value <0.05 considered statistically significanPower calculated using G*Power
3.1.9.2 retrospectively for anterior 0-2 mm zond2tmonths post-treatment was equal to

0.61.

8.4 Results

A total numbers of 32 eyes from 31 patients wecduiied (14 eyes in the juvenile group
and 18 eyes in the adult group). Male to femalm natre 20:12 and 17 were right eyes
and 15 left eyes. The mean and standard deviafitiheoage at treatment time was 16.0
(2.79) for the juvenile group and 26.2 (7.67) foe fadult group (p<0.0001). Mean and SD

for different layer and zone for both groups hagerbsummarized in Tables 8-1 and 8-2.

Table 8-1: Mean and SD for corneal densitometry gpre-treatment and post

treatment at 3, 6, 12 months for adult group.

Pre CXL, Post CXL, Mean(SD)
cone avers Mean(SD) 3 Months 6 Months 12 Months

Anterior 24.7(8.3) 29.5(7.1) 25.9 (7.7) 24.9(3.1)
E Central 18.4(2.8) 20.9(3.3) 18.3 (2.4) 18.5(1.8)
S | Posterior 12.6(0.7) 13.1(1.8) 12.5(1.2) 12.7(1.4)

Anterior 20.1(6.1) 24.3(6.5) 21.4(6.8) 19.8(2.0)
E Central 16.0(2.8) 15.8(2.4) 16.0(1.7) 18.3(2.7)
| Posterior 12.2(0.5) 12.6(1.1) 11.8(1.1) 12.2(1.1)
e Anterior 18.5(4.8) 22.0(6.4) 19.9(6.6) 18.5(2.9)
é Central 15.0(2.2) 16.5(2.6) 15.4(2.6) 15.8(2.1)
© | Pposterior 12.9(1.4) 13.4(2.0) 13.1(1.8) 13.3(1.8)
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Table 8-2: Mean and SD for corneal densitometry gpre-treatment and post

treatment at 3, 6, and 12 months for juvenile group

Zone Layers ISLZ%L[;) Post CXL, Mean(SD)
3 Months 6 Months 12 Months

Anterior 24.2(0.8) 39.7(20.8) 28.5(5.4) 31.5(14.2
E Central 19.3(0.6) 32.9(22.2) 21.5(3.0) 24.4(11.1
© | Posterior 13.8(0.6) 20.3(14.6) 14.3(1.2) 16.2(6.8)

Anterior 19.8(0.8) 33.8. (20.6) 23.5(4.4) 27.8(16.4
E Central 16.2(0.7) 25.7(16.2) 17.8(1.7) 21.0(10.7
N | posterior 12.6(0.8) 17.4(11.4) 12.9(1.1) 14.4(5.3)
e Anterior 18.5(1.9) 23.3(6.4) 19.1(2.9) 26.09(11.0
é Central 14.9(1.3) 18.2(7.0) 14.6(1.7) 16.7(5.2)
© | Pposterior 12.2(1.2) 14.3(5.4) 12.0(1.7) 12.7(2.6)

8.4.1Adult Group

Figure 8-1A illustrates the differences found betw@ost treatment measurements and the
different zones of the cornea. A significant stad#é difference in corneal densitometry
was found between pre-treatment and 3 months pestntent period. That was found at
layers of the anterior (Z=-2.48, P=0.01) and cérf{#a-2.20, P=0.02) of the corneal zone
0-2. Another statistical significant was found a#02-6 mm zone at anterior layer (Z=-
2.48, P=0.003), and central layer (Z=-2.20, P=0.B@)wever, the difference between pre-

treatment and post treatment at 6 and 12 monthslfao statistically significant (P>0.05).

When we compared the result of post treatment atoBths with post treatment at 6
months statistical significant was found in zon2 @am of the anterior layer (Z=-2.39,

P=0.03) central (Z=-2.10, P=0.03). For the 2-6 numezsignificant statistical was found in
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the anterior (Z=-2.03, P=0.04) and central (Z=-2/820.008). Also at zone 6-10 mm the
study found statistical difference in corneal demetry for anterior (Z=-2.52, P=0.01)

and central (Z=-2.03, P=0.04). Compering resuliveen 3 months and 12 months found
densitometry statistically differed between botlougps at 0-2 mm zone for the central
layer (Z=-2.38, P=0.01). In the 2-6 mm zone of éméerior (Z=-2.24, P=0.02) and central
(Z=-2.52, P=0.01). In the 6-10 mm zone anterior-gZ38, P=0.01) and central (Z=-2.03,
P=0.04). No statistical differences take place whken compared densitometry value

between 6 and 12 months post treatment.

8.4.2Juvenile Group

Corneal densitometry found differences at 3 moptist treatment from the pre-treatment
value. Statistical differences were found in th2 ®um zone for anterior (Z=-2.93, P=0.01)
central and (Z=-2.29, P=0.02). At zone 2-6 mm fatedor (Z=-2.59, P=0.009), and

central (Z=-2.80, P=0.009).

Comparing post treatment at 6 months to pre-treattmesult found statically significant in
the 0-2 mm zone for the anterior (Z=-2.09, P=0.03¢ntral (Z=-2.66, P=0.008) and
posterior (Z=-2.14, P=0.03) layers. In the 2-6 nonezfor the anterior (Z=-2.59, P=0.009)

and central (Z=-2.59, P=0.009).

At 12 months post treatment the value of densitonietund differed statistically from
pre-treatment in the 0-2 mm zone for the antdaper (Z=-2.13, P=0.03). In the 2-6 mm

zone for anterior (Z=-2.49, P=0.01) and central-gZ49, P=0.01).

At 12 months post treatment the value of densitoynfetund differed statistically from
post treatment at 3 months in the 2-6 mm zoneh®rcentral layer (Z=-2.02, P=0.04). At 6
months post treatment the value of densitometrpdawt differences statistically from the

post treatment at 3 months and 12 months in afleadrzones and layers (Figure 8-1B).
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Figure 8-1:Corneal densitometry diversity at 3, 6 ad 12 months post treatment for
both groups (A=adult and B=juvenile) in the different corneal zones and layers, (*
significant from pre-treatment and # represent sigificant from 3 months post

treatment) at level (P<0.05).
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8.4.3Compressions of Both Groups

The results were compared between the adult angutlemile groups at each time point
and each corneal zone or layer. At pre-treatmestdtgstical significant was found in the O-
2 mm concentric zone for the central layer (Z=-2.260.022), posterior layer (Z=-2.45,
P=0.013) and at full depth (Z=-1.95, P=0.04). Hoere\at three months post treatment

there were non-statistical differences betweenwioegroups.

A significant statistical differences was notedsiat months post treatment in the 0-2 mm
zone for the central layer (Z=-2.69, P=0.006), eost layer (Z=-2.84, P=0.004) and full
depth (Z=-2.20, P=0.026). Also zone of 2-6 mm fouwidtistically significant in the

anterior layer (Z=-2.37, P=0.017), central layerZ49, P=0.013), posterior layer (Z=-

2.43, P=0.013) and at full depth (Z=-2.52, P=0.011)

One year post treatment comparison found a statistignificant between both groups in
the corneal zone 0-2 mm for the central layer (ZZ:2P=0.007), posterior layer (Z=-2.50,
P=0.01) and at full depth (Z=-2.07, P=0.036). Arotktatistical significant found in the

same post treatment time at 2-6 mm zone for thealdayer (Z=-2.01, P=0.04).

No statistical differences was noted in CCT andribst area between pre-treatment and
post-treatment at different measurement times withe groups and between both groups

(P>0.05) (Figure 8-2).
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Figure 8-2: Corneal thickness (CCT) and thinnest aga (THA) diversity between pre-

treatment and all post treatment period at each grap.

There were no significant differences in BCVA betwepre-treatment and all post
treatment periods in the juvenile group (P<0.03)vere significant in the adult group at 6

months post treatment (P=0.02) and at 12 monthistg@ment (P=0.016) (Figure 8-3).
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Figure 8-3: Diversity on BCVA between pre-treatmentand post treatment both the

adult and juvenile groups (* significant from pre-treatment at (P<0.05).
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8.5 Discussion

One of the most common problems post- CXL in keraaos is a significant increase in
transient corneal haze. This haze formation caecg¥ely restrict the treatment benefits
by reducing corneal clarity which will ultimatelyffect BCVA outcome (Kanellopoulos,
2009, Alfonso et al., 2010). This study has ingtd the nature of the haze objectively
by using Pentacam Scheimpflug densitometry. Thjsative method has superiority over
the clinical judging of the level of haze grade (Mdcen et al., 2016) and may be useful in
clarifying the role of post CXL haze. The aetiolagfyhaze formation post CXL treatment
is not fully understood and there are a few disaneges in the literature. Haze formation
after CXL is well known to differ from the haze se&fter other procedures on the cornea
include refractive surgery (Mgller-Pedersen et 2000). Formation of new molecular
bonds among collagen lamellae post treatment casecdisturbance of the structural
organisation in the stroma which effects corneatityl (Gutiérrez et al., 2012, Wollensak
et al., 2004b). An early report has shown that betw3 and 12 months post CXL
treatment there is keratocytes repopulation andenglexuses renewal along with lamellar
compaction within the corneal stroma (Anayol et @016). Additionally damage of
keratocytes post CXL (Ringvold and Davanger, 198&@¢n linked to haze formation in

many studies (Mazzotta et al., 2007).

In this study we found a statistically significantrease in corneal densitometry in both
groups between pre-treatment and 3 months posinesd This increase on densitometry
value was in the anterior and central layers fahhbmrneal zone 0-2 mm and 2-6 mm

(P<0.05). This is as expected as the CXL treatroBlytreaches these areas of the cornea.

In the adult group corneal clarity significantlypnoved at 6 months and 12 months when
compared with corneal clarity at 3 months posttineat in the anterior and central layers

for all 3 corneal zones (P<0.05). However in theejile group statistical significant
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increases in corneal densitometry were found ab6ths post treatment compared to pre-
treatment for all corneal layers in the 0-2 mm zand in the anterior and central layer at
2-6 mm zone (P<0.05). At 12 months post treatmentpared to pre-treatment statistical
significant high densitometry was found in the aiotelayer of 0-2 zone and anterior and
central in zone 2-6 mm (P<0.05). A statisticahgigant improvement in corneal clarity
was noticed at 12 months post treatment compar&dnmnths post treatment at central
layer of zone2-6mm (P<0.05). It have been propdsedGreenstein et al., 2010) that
corneal densitometry elevates between 1 and 3 mantt then from "3 months through
the 6" months, clarity improvement was witnessed and @Xtrelated corneal haze
appeared to decrease significantly. Our study agwath their results but only for adult

groups not the juvenile patients.

Our results show that comparative analysis of lgwthups reveals that two groups have
significantly different corneal haze profiles p&XL. This was evident at six months post
treatment for both the central and posterior layethe 0-2 mm zone and for all layers in
the 2-6 mm zone (P<0.05). One year post treatmignifisant differences in corneal
clarity between both groups found in both centrad posterior layers in the 0-2mm zone
and in the central layer in the 2-6 mm zone (P<0.QBversity between the adult and
juveniles keratoconus groups could be an effeeigefas reports show that densitometry in
healthy eyes increased with age in adults (Dhubligetal., 2014, Alzahrani et al.,
2017b). CXL outcomes report that adults patientgehaetter outcome of functional and
morphological criterion than juvenile patients (Viguerra et al., 2013). This diversity
could be linked to the possible differing activatipathways on keratocytes post-treatment
(Gardner et al., 2015, Meek et al., 2003) whichlddast for different times in the two
groups. Diversity of improvement between adult aneknile groups could be influenced
by corneal remodelling and wound healing procesk bbwhich play role (Wollensak et

al., 2004a, Wilson and Kim, 1998).
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Our result showed that maximum effect of haze fellg CXL treatment was in the

corneal centre 0-6mm rather than in the periphehychv agrees with earlier reported
studies on corneal densitometry in keratoconus €sagt al., 2014). The anterior layer in
0-2 mm zone has the highest densitometry level dffie treatment because it received
maximum treatment (Pircher et al., 2015). In additthe age of the participants could
have an impact in corneal clarity changes (Alzahmtnal., 2017b, Buzzonetti and
Petrocelli, 2012)However, despite the common belief that CXL is & gachnique in

children the positive effect of the treatment doeslast as long (24-26 months) (Chatzis

and Hafezi, 2012hb).

This study did not find any significant differendesthe BCVA for pre and post treatment
for either group. These results supported eamtiports of a poor correlation between haze
and visual acuity (Greenstein et al., 2010). Howewestudy looking at the changes in
BCVA between pre-treatment and post-treatment inltakieratoconus showed BCVA
improved significantly between 6 (Raiskup-Wolf dt, &2008) and 12 months post-
treatment (Caporossi et al., 2010h the juvenile group there was no significant
improvement or diversity of BCVA at 12 months pustatment from pre-treatment (Efron
and Hollingsworth, 2008) .This study could not fduany diversity in corneal thickness
and thinnest area for both groups and for eachpgvehich does agree with (Shen et al.,

2016).

In conclusion, haze levels increase after CXL diiffg in severity in different corneal
zones and between the juvenile and adult kerat@acohine 0-2 mm and 2-6 mm zones
were found to be the most affected area post tes@tnCorneal haze reached its maximum
level at three months after treatment then appeadiffer significantly in improvement
level between adult and juvenile groups, with th#er not returning to pre-treatment
clarity in the most anteriorly central zone in jaite group by 12 months. Longer follow

up may need to evaluate if the effect is permanent.
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Chapter 9

Summary, Limitations and Future work

9.1 Summary

This project aimed to investigate and improve ust@grding of the changes taking place in
corneal clarity in health and disease based on u3cBlentacam corneal densitometry
software. This objective method of assessing corckaity was found to be more

accurate, repeatable and efficient rather thantrédmitional slit lamp assessment which
depends on clinician assessment. This subjectiaduation shows variability in results

between clinicians (Braunstein et al., 1996, Grearad Grewal, 2012). We have shown
that using the densitometry software on the Pemazan define the location and severity
of corneal haze and may be a good tool to moniteeade progression and treatment

outcomes.

The control study (Chapter 3) observed corneaitglaanlue at different age between 10-
69 years divided to 6 equal decade groups. Fewrtepave looked at relation between
age and changes in corneal clarity (Dhubhghatll.e®2014, Garzén et al., 2017). However
those studies conclude that corneal clarity hasetaied with age when they look at total
corneal diameter. Our study agrees with the easliedies corneal clarity changes with
age. However, our study include a juvenile group-12 years) not previously studied;
therefore we were the first to report that Juvenilave hazer corneas than the 20-30 age
group. This new finding may be of significance whigeating younger patients with
keratoconus. The safety of some treatments aticestge groups for example CXL in

juvenile is open to question.
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In this project corneal clarity has been invesgBdain a range of conditions patients
undergo different forms of refractive procedure @uth full or partial depth corneal
transplantation in FED and KCN. In Addition to tsptant for KCN we have looked at the
alternative treatments now available to these paigncluding CXL in juvenile and adult
at one year post-treatment. Likewise, how cornealsdometry differed between cases
undergo INTACS and those treated with contact lalame for one year. The corneal
densitometry measurement for all above investigatound a higher densitometry value
compared to age matched healthy controls (Alzahearal., 2017b) suggesting that all
treatments for KCN involve a degree of haze wittiha first 12 months post- treatment.
All these treatments involve a degree of eithefamimation or wound healing; this
suggested that stromal repair may be involvedimgbst treatment haze. This was further
investigated by looking at haze levels after othestments that include tissue damage and

repair.

Refractive error correction using laser treatmemecognised to cause stromal damage and
repair. Chapter 4 of this thesis investigates tifeerént outcomes of the two most
commonly used refractive surgery techniques, LAS&K LASIK. The pre-treatment
value of corneal densitometry shows high level mhparison to age match group in our
previous work of corneal clarity in healthy eyedzghrani et al., 2017b). However, at 6
weeks post treatment there is significant diversitycorneal clarity from base line in
LASEK group. Post LASIK there is a rapid improvernén corneal haze more so than
LASEK. Our results from this study confirmed thisstie repair has an effect of the final
surgical outcome and recovery duration which givASIK procedure superiority
(Ambrésio and Wilson, 2003) specially in haze imnment although the area around the
flap show a haze at the last follow up. This ledauask the question, is haze present after

other types of corneal treatment where there tsomal interface? To study this further we
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look at corneal transplant techniques that onlyaepthe diseased tissue, such as DASEK

or DALK, which create a stromal interface betweenat and recipient tissue.

When we compared PK or DALK treatments in KCN (Cleaj) patients we showed that
found that’'s corneal haze after one year post syngas higher than age match control as
proposed by Dhubhghaill et al. (2014) and Alzahranhial. (2017b). Moreover, the
densitometry values in the posterior layer aftelBAvere significantly higher than in PK
in the 0-2 mm zone. This corresponds to the interfaetween the donor and recipient
tissue. The big bubble techniqgue was used, howéwemany patients the Descement’s
membrane does not fully separate from the stromagosne recipient stroma remains in
this zone creating the interface. Again this sufgptire theory that creating an interphase

in the stroma leads to increased haze.

In our FED study (chapter 5) comparing one yeat prestment results of full thickness
transplants and partial thickness transplant shibvas corneal densitometry was higher
than age match controls. Despite the overall higloeneal densitometry values of the PK
group compared to the DASEK group, this was ndissizally significant. Our one year
densitometry value found to be less than the 6 hsowalue proposed by Alnawaiseh et al.
(2017) but did not support our theory that therstabinterface created in DASEK would

cause corneal haze.

Throughout our study we found Keratoconus (KCN) #adreatments had high levels of
associated corneal haze. Corneal haze was fourel iiggher in KCN when compared with
age matched healthy control corneas (Lopes e2@14, Anayol et al., 2016). In this we
showed that patients with early stages of KCN whd NTACS treatment had lower
levels of corneal haze than patients who were nmethagth CLs alone (chapter 7). It
appears that INTACS stabilize corneal clarity wiasréhe patients with CLs alone had
increasing haze which followed disease progres@uoity et al., 2017). Similarly when

comparing the pre-treatment and post treatmenbth procedure to age matched control
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(Alzahrani et al., 2017b) found both corneal demsittry value show higher level than
healthy control proposed by our study. This maylbe to inflammation from the irritation
of the CLs (Efron and Morgan, 2006, Efron, 20itvthe patients without INTACS. The
inflammation would cause tissue disturbance sintitathat found in corneal repair and

remodelling and hence corneal haze.

Haze formation after KCN treatment using CXL isadpd in many studies. It is well
documented that CXL is safe and produces a goadtseim corneal strengthening and
stabilization of KCN (Spoérl et al., 1997). Due twetgood results achieved in adult KCN
and the increased progression rate in juvenile KiGis been suggested that CXL should
be used at an early stage of disease in youngeengmatrather than wait for more
progression (Chatzis and Hafezi, 2012a). Someesuati juvenile KCN looking at disease
progression compared to the adult KCN post CXLtinesmt conclude that's it is safe and
can be applied to children (Zotta et al., 2012). tha other hand some studies conclude
that CXL in children does not effectively halt dise progression (Buzzonetti and
Petrocelli, 2012). Our study agrees with the secstudly that haze improvement were
differed between adult and Juveniles. We showetatialts’ densitometry measurements
return to base line levels after 3 months and jilesrshows a low rate of improvement
even at 1 year post treatment. The level of correrabdelling which was reported to be
higher in juveniles in comparison to the adult coekplain disparity in haze improvement
between both groups(Wilson and Kim, 1998). Thisediity can also be associated with
potential differing activation pathways on keratiesyduring wound healing post-treatment
(Gardner et al., 2015, Meek et al., 2003). Theserdity could be indicted about how
corneal stroma responds to the treatment and abeutepth effect of the treatment

(Rehnman et al., 2011).

The data on the effect of decreased corneal clantCVA following corneal treatment

such as CXL is unclear. An early study reports eased corneal haze after some
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procedure reaches a maximum at 3 months, whiclodepe the wound healing reaction
rather than a significant effect of visual acuiyg€a et al., 2014). However another report
suggests that corneal haze has a sign effect ornighel acuity post PK (Patel et al., 2008),
however, another report suggest that increasedmndgr aberration (McLaren et al., 2011)
most likely effect the visual acuity rather tharzdatself (Patel et al., 2007). One study
concludes that age of the FED patients undergoiA§EK procedure play an important
role for haze improvement which affect the visuelity (Baratz et al., 2012). Our data

shows little correlation between BCVA and hazeatignts of any age.

The full story of corneal transparency still nolffwnderstood. Several factors play a role
including the tightly controlled structure of théraena which contains type | and V
collagens fibres that known as lamella (Fini anda®er, 2005). This structure is
maintained by keratocytes and the anterior corasantore keratocytes than the posterior.
Keratocytes in the anterior have a crystallinecitme which plays a role in corneal clarity
(Jester et al., 1999). Loss of this crystallineurat(Jester et al., 1999) and other factors
such as a reduced stromal dehydration, which isntaiaed through the corneal
endothelium pumping process (Bourne, 2003) lecetwehse in corneal clarity. This could
be related to aging, an abnormal remodelling pmaesliseases KCN or wound healing
process that take place after refractive surgemyooneal disease treatments such as CXL.
The differences in the wound healing after eachcgulare play an important role in
corneal haze improvement (Azar, 2006, Ellenbergl.e2010). According to (Netto et al.,
2005b) the haze formation is passed through ardiitecascade related to the surgical
injury. A variety of molecular growth factors, ckioes, and chemokines interaction, that’s
endorsing renewal as an alternative of fibrosisrafbrneal injury. Stromal wound healing
depends on epithelial cells and how they interamjether with keratocytes and
subsequently lead myofiproblasts (Chaurasia et2809) that’s produced collagen and

extracellular matrix.
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The type and occurrence of keratocytes apoptosiesvéollowing different types corneal
injury. Epithelial injury levels and distribution f okeratocytes and the following
repopulation by activating stromal keratocytes rhaye an important role in modulating

apoptosis of keratocytes and wound healing resp@tsiena et al., 1998).

Corneal organisation is multifaceted and its shammechanical behaviour and clarity are
based on collagen fibrils, arrangement of protexahg around and between fibrils and the
accompanying crystalline stromal cells. Cornedlifslaluring the disease process, post-

treatments is controlled by many of diverse stmattchanges (Meek and Knupp, 2015).

9.2 Limitations of the Project

The project has several limitations, the notabledieand the small sample size in some
studies. This was unavoidable due to time congwaamd the availability of suitable
patients. The small number of patients available rézruitment allowing a reasonable
follow was also a major issue. Many of the studieaild have benefited from a longer
follow up. This would have been particularly usefnl the juvenile KCN patients as
corneal haze had started to increase at 12 montien whe study finished. So it is

recommended to be repeated with bigger sampleasiddonger follow-ups.

Another limiting issue is the nature of the retesive approach taken in some studies. In
the Fuch’s dystrophy study there was no Pentacam aailable prior the transplant. It
would have been nice to look at haze in these mati@t the early stages of the disease and
see how this changed after transplant especialilgarDASEK patients who retained their

own corneal stromal tissue.

Even with high repeatability, Pentacam algorithreuases that the corneal refractive index
is the same at the posterior and anterior of theeaand constant without taking in the

account that could be change with the diseaseohanlimitation for Pentacam outcome.
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9.3 Future Studies

This work can be further expanded in several whgs ihay lead to a better understanding

of the causes of corneal haze; the following isief summary of possible approaches:

* The addition of contrast sensitivity may clarifyns® of the discrepancies between
visual acuity and corneal clarity. The qualitateesessment of quality of vision
needs to be included in pre-treatment and postauesat. It is important to include
patient’'s subjective complaints of haze to the stigations and its diurnal
variation.

* The use of OCT-SD to look at the area healing afteneal transplants to further
understand the changes which take place.

» Using corneal confocal microscopy to investigate tble different cells play in the
haze process Macrophages are known to play a moleound healing and their
presence, location and activation status may beritapt in corneal remodelling in
disease and treatments within the stroma during famation.

* The levels of corneal haze seem in healthy contatlgliffering ages could be
investigated further. The increase in haze betvieerages of 13 to 20 may be due
to hormonal changes. Likewise, the increase in earinaze in the peripheral
cornea after the age of fifty may be influencedtbg use of statins which are
known to affect the formation of new blood vessélse effect of certain systemic
diseases associated with aging such as diabetésglorcholesterol on corneal
clarity may also be worth considering.

* The significantly lower corneal densitometry in K@dmpared to FED after PK
raises the question of other mechanisms involvepe@ally at a cellular level or
genetic involvement. A genetic or detailed celluudy could possibly offer
answers. In addition, more endothelial deficiendesases could be included in

this type a study, such as Posterior PolymorphotsirBphy (PPD).
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» Significant correlation between corneal densitognatnd post-operative BCVA in
DSAEK but none in others groups studied requirdsrtner investigation with a
larger sample size to fully establish this relastwp and to understand common
dissatisfaction on post-operative BCVA among pasien

« It is important to establish a comparison of Pemta@utomated measurements to
its manual corneal densitometry data in order testigate the exact effect of
treatment methods as it varies sometimes betwelvidoals.

* The significant variety in haze improvement betwéavenile and adult open a
guestion about the safety and efficacy of CXL asrddferent age of patients.
Longer follow up time with a bigger sample size amdploying other imaging
system such as confocal microscopy may improveititerstanding of haze and its

nature after CXL.

9.4 Conclusion

Densitometry remains to be recognized as an obgatiffective and reliable measure of
corneal haze and as such should be used to unarstachanisms of corneal clarity and
haze. It can assist both the clinician and sciemtisdentifying the early change and in
monitoring diseases progression. Our project réval corneal densitometry differed in
health and in disease. Corneal densitometry ict&ffieby age, diseased type and disease
management procedures. Evaluating cornea basealyersland zone could help improve

our understanding of corneal transparency or theation of clarity in the disease process.
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Corneal clarity measurements in healthy
volunteers across different age groups

Observational study
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Abstract
The aim of this study was to standardize and investigate the changes in corneal clarity with age. Densitometry software for the Oculus |
Pentacam was used to examine corneal clarity at different age groups.

A total of 192 eyes from 97 healthy participants were included in this cohort comparative nonrandomized, cross-sectional study.
An Oculus Pentcam was used to image the cornea of healthy participants grouped by age (between 10 and 70 years old). Data from
the densitometry output have been used to determine clarity in concentric zones and different depths of the cormea.

Comeal densitometry (CD) across all ages showed significant differences between groups when divided into the following layers:
anterior, central, and posterior or divided into O to 2, 2 to 6, and 6 to 10mm concentric zones (P < .05). The most striking decrease in
clarity occurred with age in all 3 layers of the periphery (6-10mm) (P < .05). In addition, we showed that the 10 to 19-year age group
had lower clarity than the 20 to 30-age group (P < .05), and after 30 years, the cornea shows a steady progression of increased or
decreased clarity.

The values for CD, as well as for separate subdivisions based on layer and surface area, might provide a standard for use in further
studies and clinical practice. This study established that relation between CD and age is differed when the cornea is divided into layers
and zones. This study suggests that there are other factors that may play an essential role in corneal clarity as well as age.

Abbreviations: CCT = corneal thickness, CD = corneal densitometry, CL = contact lens, CXL = corneal crosslinking, KCN =
keratoconus, PRK = photorefractive keratectomy, VA = visual acuity.

Keywords: apoptosis, cornea, densitometry, keratocyte, stroma

1. Introduction

Corneal stromal transparency relies on the organized collagen
fibrils arranged in parallel to form lamellae resulting in no or very
minimal light scattering.!*! For both sclera and cornea, collagen is
termed as the fundamental structural constituent. Its intense
tensile strength is capable of facilitating the globe with a flexible,
shielding coat. The stroma and Bowman layer essentially house
the corneal collagen, with the former region comprising of 90%
of a hydrated cornea’s entire thickness. Going by the arguments
stipulated,?! the corneal stroma is composed of a vastly
structured arrangement of small-diameter collagen fibrils
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supported apart by a proteoglycan matrix, which ensure
uniformity in inter-fibrillar spacing.

The posterior corneal endothelium and anterior external
corneal epithelial cell layer are the key light scattering sources.'"!
The regular cornea disperses light primarily at the tear film-
cornea interface and at the air-tear film, just as anticipated from
an optically transparent tissue, where the light refraction’s index
change is presumably maximum with slight interior structures
(cornea tissue) scattering, such as cell nuclei and nerves. Due to its
uniform arrangement of collagen fibrils, the corneal stroma is
able to sustain its clarity in a network-type formation in lamellar
sheets!"¥3; this clarity is highly influenced by both the collagen
fibrils’ size and fibrils’ spacing within the configuration.””!

In the endothelium, specific augmentation in cellular pleomor-
phism and polymegethism happens, with a consequent decrease
of cell quantity with age. In addition to such age-affiliated
variations is the loss of the cornea’s initial regular hexagonal
outline and no noteworthy vertical regional discrepancy or
inconsistency among paired corneas in cellular pleomorphism or
polymegethism exist in the typical corneas analyzed.!®!

A corresponding increase in the fibrils’ cross-sectional area is
witnessed with increasing age owing to the progressive collagen
deposition.””! Both functional and structural variations are
produced in corneal aging. Such alterations can eventually
influence the aptitude of the eye to repair itself, refract light, and
protect the internal structures.®)

The human cornea is characterized by changeable thickness
(CCT), aspheric curvature, as well as being anisotropic, meaning
it is capable of exhibiting diverse physical qualities upon
application of stress in various directions. Such properties are
variable, varying with progressive age, corneal pathology, and
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the degree of hydration whereby a loss of lamellae structuring
leads to varied corneal biomechanics.”! Clarity failure is the
innate reaction of cornea to an extensive variety of pathological
problems such corneal dystrophies, infections, and degeneration.
Analysis and assessment of the resultant corneal haze is hence a
fundamental constituent of ophthalmological assessment. Medi-
cally, this is normally done by a typical slit-lamp assessment with
documentation of results, which can be supplemented with an
explanatory severity scale.'"”!

The Oculus Pentacam (OCULUS Optikgerate GmbH, Wetzlar,
Germany) designed on the Schiempflug photography principle is
a noninvasive camera, designed to capture images of the anterior
segment of the eye and to produce a comprehensive analysis of
the cornea and its densitometry. A better knowledge of corneal
clarity in normal control subjects with no known eye disease will
help us to understand the normal changes in corneal clarity with
age. To date, there is no such study that includes measurements
from juvenile corneas. Such data may help when planning
treatments or measuring how beneficial treatments have been in
patients with corneal disease. This study compared the corneal
densitometry (CD) measurements in healthy volunteer partic-
ipants within different age groups.

2. Methods

2.1. Participants and densitometry measurements

A prospective comparative and nonrandomized cross-sectional
study was approved by Central Manchester University Hospitals
NHS Foundation Trust, Manchester, UK, and Health Research
Authority by NREC local ethics committee. Written consent was
taken from the subjects before collecting their data. All participants
were healthy and had no ocular pathology other than refractive
error and were all above 10 years of age at the time of imaging.

The corneas of normal controls, with no known corneal disease,
were photographed with the Oculus Pentacam. In order to collect
the images, participants were positioned in front of the Pentacam
camera with their chin and forehead resting on the frame. CD was
determined using the pentacam densitometry software. The data
extracted from images of the controls’ eyes were categorized into 6
age groups (10-19, 20-29, 30-39, 40-49, 50-59, and 60-69 age
groups). For analysis, corneas were split into 3 concentric zones 0
to2,2to 6,and 6 to 10 mm and also subdivided into anterior 120
m, central, and posterior 60 pm layers.

2.2. Statistics

A data analysis was carried out using IBM SPSS statistics
software package v.23 for MAC; Armonk, NY: IBM Corp.
Descriptive statistics were presented as the mean +SD. Normality
of data was examined using Kolmogorov-Smirnov test. Student ¢
test for 2 independent samples was used when parametric
analysis was possible and the nonparametric of Mann-Whitney
U test was applied when parametric analysis was not possible.
Person correlation and regression line were used to look at
correlation statistics between age and CD. One-way analysis of
variance (ANOVA) was used for comparing more than 2 groups.
A P value of < .05 was considered to be statistically significant.

IBM SPSS Statistics for Mac, Version 23.0. Armonk, NY: IBM Corp

3. Results

A total of 192 eyes (97 right eyes, 95 left eyes) from 97 healthy
participants (36.08% male, 63.91% female) were included in this

Medicine
Table 1
Demographics of the subjects.
Age group Male Female Age (MD, SD)
10-19 9 (45%) 11 (55%) 14 (2.35)
20-29 4 (23.5%) 13 (76.5%) 248 (2.7)
30-39 4 (23.5%) 13 (76.5%) 32.8 (2.6)
40-49 8 (47.1%) 9 (52.9%) 46.23 (2.4)
50-59 8 (60%) 8 (50%) 53.48 (2.83)
60-69 2 (20%) 8 (80%) 62.68 (1.83)
Total 35 (36.08%) 62 (63.9%) 36.15 (16.5)

study that were distributed over 6 age groups. Participant’s age
varied between 10 and 69 years. The mean age of the controls
was 36.15 years with a SD of 16.5. Female average age was 36.07
years with SD 16.78, while the average age of the male group was
36.12 years with SD 17.45. The demographics of the controls are
summarized in Table 1 and shows that there was no diversity
between male and female participants.

The mean CD results are summarized in Table 2. CD across all
age groups differed significantly between groups when divided
both into anterior, central, or posterior layers or analyzed in full
depth. There were also significant differences when the cornea
was divided into concentric zones of 0 to 2, 2 to 6, and 6 to 10mm
or when analyzed as the total corneal diameter 0 to 10.

Corneal clarity in the anterior layer across all zones was found
to be low in the 10 to 19 age groups. The clarity improved in the
20 to 29 age groups before it started to decrease in the 40 to 49
age groups, the most significant being the 0 to 2mm and 2 to 6
mm zones, which are clearer at 20 to 29 years before the
densitometry values starting to be increased with age. The
anterior layer at zone 0 to 2 mm has better clarity in the 60 to 69
age groups. CD in the central layer increases with age across all
corneal zones. CD in the posterior layer also increases with age
across all concentric zones. Once again, the posterior 6 to 10mm
shows a rapid increase with age. Figure 1 shows the changes over
each layer across different corneal layer zones.

Age was found to be significantly correlated with CD at all
layers zone when we look at all the total diameter of 0 to 10 mm.
In addition, a significant correlation was found for all corneal
zone and layers except the anterior 0 to 2mm, zone which were
not statistically significant. Table 3 and Fig. 2 give details of this
relationship.

4. Discussion

This study demonstrates that corneal clarity decreases with age
particularly in the 6 to 10mm concentric zone. One possible
reason for this decrease in clarity may be changes that occur in the
corneal endothelium. Endothelial changes related to age have
been studied both experimentally and clinically. It has been
demonstrated that between the ages of 20 and 80, the yearly
reduction in cell density of the corneal endothelium is about
0.6%, with concomitant increases in pleomorphism and
polymegethism.!®!'1=141 These age-related changes to the endo-
thelium lead to increases in corneal thickness and may increase
CD measurements.

Due to the fact that the cornea is the scaffold for the major
refractive surface of the eye, any biological or mechanical
response to injury will also affect optical performance. The same
mechanisms responsible for preserving ocular integrity can,
as a result, undermine the goals of accomplishing stable and
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Corneal densitometry mean (SD) and P value across the 6 age groups for different corneal zones and layers.

Corneal layer and zone Age group
Full depth 10-19 20-29 30-39 40-49 50-59 60-69 P
0-2 15,53 (1.8) 14.49 (2.3) 14.91 (2.4) 16.09 (1.8) 15.94 2.4) 15.37 (1.5) 016
2-6 13.59 (1.6) 13.03 (1.7) 13.43 (20 1481 (1.4) 14.89 (2.2) 16.17 (2.2) <.000
6-10 1293 (2.2) 12.87 (1.7) 14.21 (2.9 18.44 (3.2) 21.62 (5.9 31.49 (7.6) <.000
0-10 14.01 (1.5) 13.45 (1.7) 1419 (2.2) 16.44 (1.80 17.48 (3.0) 21.01 3.3 <.000
Anterior
0-2 22.25 2.9 18.74 (6.1) 19.39 (6.2) 21.54 (3.8) 20.40 (4.3) 18.31 2.9) 001
2-6 19.35 (2.6) 16.99 (3.9) 17.65 (4.4) 19.71 3.1) 18.90 (3.8) 18.93 3.5 014
6-10 17.80 (3.6) 16.14 3.3 17.83 (4.7) 22.85 (4.3) 26.06 (8.3) 36.25 (10.3) <.000
0-10 19.81 (2.5) 17.30 4.0 18.29 (4.5) 21.37 (3.4) 21.79 (4.9 2448 (5.0) <.000
Center
0-2 13.34 (1.4) 14.05 (1.5) 14.31 (1.3 14.91 (1.3) 15.21 (1.9 15.70 (1. O) <.000
2-6 1157 (1.2) 1240 (1.1) 1261 (1.2 1361 (1.2) 14.05 (1.9) 16.46 (1.8 <.000
6-10 1112 (1.9 1221 (1.5 13.37 (2.8) 17.60 (3.6) 21.01 (6.1) 3354 (7. 6) <.000
0-10 12.01 (1.2) 12.89 (1.2) 13.43 (14) 15.38 (1.8) 16.76 (2.9) 21.90 (3.1) <.000
Posterior
0-2 11.00 (1.5) 10.70 (1.1) 11.14 (1.2 11.79 (1.2 1223 (1.7) 12.09 (1.2 <.000
2-6 9.88 (1.2) 971 (0.9 10.02 (1.0) 11.11 (1.0) 11.70 (1.6) 13.05 (1.9 <.000
6-10 9.88 (1.5) 10.22 (1.4) 11.39 (2.3 14.84 (3.1) 17.80 4.9) 25.56 (65.4) <.000
0-10 10.25 (1.2) 10.21 (0.9 10.85 (1.2) 12.58 (1.5) 1391 2.3) 16.91 (2.6) <.000

predictable visual results after refractive procedures.!'>! One
report! 'l discovered a significant early rise in the mean anterior
density readings (from 27.71+4.39 to 37.812+12.31) 3 months
after photorefractive keratectomy (PRK) that subsequently
reduced again by 12 months (26.291+4.93). The high CD at
3 months is related to the wound healing process. Activated
keratocyte apoptosis was found to be higher post-PRK; these cells
were located in the anterior stroma causing haze that improved
over time.'”!

This study found a fluctuation of densitometry values in both 0
to 2 and 2 to 6mm zone in the anterior layer at different age
groups. Tento 19 years and 40 to 49 years age groups were found
to have higher CD. These 2 age groups are where significant
hormonal changes can take place in the human body. CCT
changes in women have been reported previously during
pregnancy''® and during the menstrual cycle. '"?! It has been
reported that contact lens (CL) use during the premenstrual
phase is easier than during the menstrual period.?%'! This
may be due to changes in CCT leading to changes of corneal
curvature,??! which can cause intolerance to CL wear. In
addition, the lack of sex hormones has been suggested as a
possible reason for changes in the corneal biomechanics of
individuals over the age of 40.123! It is therefore possible that
hormones may also play a role in the changes in corneal clarity
that this study found with age.

Corneal remodeling reported to take place in keratoconus
(KCN),24! postrefractive ectasia,””’' and in injured stroma'?®! all
lead to increases in corneal haze. This remodeling has been
suggested to play a role in the relationship between anterior
cornea changes and visual acuity (VA) after corneal crosslinking
(CXL)*"28 or corneal trauma.*”! Corneal remolding activity
may be able to explain why the teenage group in this study has
higher levels of CD than those of the next age group (20-29),
as the keratocyte activity is known to be higher in this younger
group.

The cornea is the major physical covering of the eye. To
contribute to the focusing ability of the eye, it has to be tough,
transparent, and capable of maintaining a smooth and steady

curvature. Controversies still exist over how transparency is
maintained even with the advanced understanding of the
structure and other properties of the cornea. One area of interest
is to investigate the role of hydration, which is a major
determinant of transparency and which can be manipulated
within reasonable parameters under standardized condi-
tions.!*®3! The studies!**! of corneal backscatter established
that there was a remarkable growth in total CD with advancing
age. In contrast, it has also been shown that CD increases in the
central 6 mm of the cornea are minimal with respect to age. In the
current study, it was shown that, whereas there is no age-linked
variation in the central 6 mm of the cornea, a significant rise is
seen in the region next to the limbus. The study excluded the 10 to
12 mm area zone from analysis in our study because this area
could be part of the limbus with various changes in the white-to-
white thickness of the cornea,®*! suggesting that some individuals
have corneas with analysis parameters smaller than 12 mm. The
higher backscatter quantities therefore occur when sclera and
parts of the limbus are involved in the assessment of the
peripheral layers. Even slight variations in the situation of the
limbus would physically influence the 10 to 12 mm CD outcomes.
This, however, does not take place in the significantly dominant
annuli. Owing to this factor, the substantial expansion in scatter
in the 10 to 12 mm zone can neither be absolutely understood nor
rightly correlated with age.”**!

All the measured limits were connected with each other,
signifying that the scattering for every region of the cornea is
constant with respect to other portions of the cornea. It is
interesting, therefore, that a statistically substantial connection
between the difference in VA, stromal scattering, and assessed
interface was established. This indicates that the complete
scattering capacities may not be as significant in influencing VA
as is their change throughout the cornea.*!

When this study looks at correlation between total CD and age,
we found it is correlated positively. Earlier studies!*®%7! revealed
that light scatter in the cornea is a phenomenon that is related to
age and that the best preoperative forecaster of postoperative VA
is age. Consequently, the ages of patients in the study might have
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Figure 1. Diversity in corneal densitometry take place in different corneal layers at different age groups.

an effect on the dimensions of the scattering that are determined
from Pentacam images.

In summary, our study findings agree with other study,”*' as
there was a considerable increase in CD with age, despite the fact
that the increase was confined to the peripheral cornea. Conversely,
this study finds a relationship between certain age groups and CD,

notably within the teenage age group and those within the 40 to 49
age group. A possible explanation for this observation may be the
hormonal changes known to occur at this time. Interestingly, that
teen-age group was found to be cloudier than 20 to 29 age groups,
suggesting that the additional factor of corneal remodeling with
increased keratocyte activity may be relevant.

Person correlation between age and corneal densitometry in different corneal layer and zone.

0-2mm 2-6mm 6-10mm 0-10mm
r P R P r P r P
Anterior —0.130 073 0.058 .428 0.640 <.000 0.361 <.000
Central 0.456 <.000 0677 <.000 0.775 <.000 0.774 <.000
Posterior 0.344 <.000 0603 <.000 0.778 <.000 0.745 <.000
Full depth 0.106 143 0412 <.000 0.749 <.000 0.656 <.000
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Figure 2. Relation between age and corneal densitometry in different layers and zones.

This study was limited by small sample size. However, this
study is first study to our knowledge that aims to standardized
CD value in healthy control eyes to include those individuals aged
between 10 and 19 years. This study suggests that additional
factors other than age alone may have a role to play in corneal
clarity. These values for CD dimensions, as well as subdivisions
based on layer and surface area, might provide a standardized
stage for use in further studies and clinical practice.
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Purpose: To compare the corneal clarity measurement between penetrating keratoplasty (PK)
and deep anterior lamellar keratoplasty (DALK) in patients with keratoconus, using densitometry
software for the Oculus Pentacam.

Methods: A retrospective comparative study was carried out at Manchester Royal Eye Hospital.
Data were collected 1218 months after corneal transplantation for keratoconus, including post-
operative corneal densitometry, best corrected visual acuity (BCVA), central corneal thickness
(CCT), and other relevant clinical details.

Results: Analysis of 37 keratoconus eyes from 36 patients found there was a significantly
higher corneal densitometry measurement after DALK than PK. This was predominantly in
the posterior layer of the concentric zone 0-2 mm of the cornea (P=0.0004). A significant cor-
relation was found between postoperative BCVA and corneal densitometry in DALK groups at
full thickness (P=0.03). This correlation was seen in the central 0-2 mm (P=0.03) and posterior
0-2 mm (P=0.04) zones. In addition, within the DALK group, a correlation was found between
central corneal thickness and densitometry at full thickness 2-6 mm (P=0.007), central 0-2
(P=0.04), central 2-6 mm (P=0.01), and at posterior 2-6 mm (P=0.01) zones.

Conclusion: This study showed that corneal densitometry measurement differs depending on
the type of corneal transplantation used to treat keratoconus patients. Densitometry may have an
important role to play in the final BCVA achieved by patients undergoing corneal transplanta-
tion for keratoconus. Analysis of Oculus Pentacam images provides an objective evaluation to
monitor the cornea status after the surgery.

Keywords: keratocytes, corneal transplantation, corneal wound healing, keratoconus,
transparency

Introduction

Keratoconus (KCN) is a non-inflammatory ectatic dystrophy characterized by
successive thinning, steepening, and apical conical projection of the cornea. Irregular
astigmatism and myopic changes result in progressive visual impairment, which arises
due to shifts in the shape of the cornea.! In KCN, vision is improved with spectacle
correction and/or soft contact lenses until irregular astigmatism demands the use of
rigid gas permeable (RGB) contact lenses.>* In severe cases, a corneal transplant may
be necessary for visual improvement.*

When a corneal transplant is deemed necessary, a full thickness penetrating ker-
atoplasty (PK)*® has historically been the treatment of choice. However, advances in
surgical techniques over the last decade have led to less invasive procedures such as
deep anterior lamellar keratoplasty (DALK) becoming more popular.®
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PK involves the complete replacement of the affected
(8-9 mm) cornea with healthy donor corneal tissue. However,
it is now the trend to perform lamellar transplants, aimed
at replacing only abnormal corneal tissue.” DALK is now
used to treat KCN and other diseases that may cause anterior
scarring or ectasia. This procedure involves the replacement
of only the affected corneal stroma and overlying epithe-
lium, thereby preserving the patient’s endothelial layer and
Descemet’s membrane. This established technique confers a
number of advantages. Throughout this surgical procedure,
the eye remains “closed”, reducing the potential risk of
intraocular infection (endophthalmitis) and choroidal hemor-
rhage. As the patient’s own endothelial layer is preserved,
the risk of rejection is significantly reduced.® Structural
integrity is preserved, thereby reducing the risk of traumatic
graft dehiscence.” One concern of this technique, however,
has been the loss of best corrected visual acuity (BCVA),
thought to be due to the interface between the donor and
recipient tissue.'

The healthy cornea does not absorb discernible light, and
the dispersal of light is minimal. Therefore, densitometry
can provide a measurement of the level of the transparency
of the cornea. Densitometry of the whole cornea can be
measured in a single scan using the Pentacam. The stan-
dardization of the density begins from 0 to 100. As a result,
0 implies that the cornea demonstrates no blurring, while 100
signifies that the cornea is totally obscure.!" The Pentacam
(Oculus Inc., Wetzlar, Germany) facilitates assessment of
the whole anterior section from the anterior corneal surface,
through to the surface of the posterior lens by use of a rotary
Scheimpflug camera."

Despite the large number of transplants performed for
keratoconus, no corneal densitometry measurements have
been reported. Historically, post-surgery analyses for patients
recovering from corneal grafts are conducted by use of
qualitative analysis of slit-lamp bio microscopy.'*'* This is
possibly inadequate, because it appears to differ from visit
to visit and from clinician to clinician.

In this study we have used densitometry to assess and
compare the outcome of both PK and DALK grafts in kera-
toconus patients.

Methods

Participants

This was a retrospective, comparative, and non-randomized
cross-sectional study and was approved by Central Manchester
University Hospitals NHS Foundation Trust, Manchester,
UK and NREC local ethics committee. The research followed

the tenets of the Declaration of Helsinki. Written informed
consent was obtained from the subjects after explanation of
the nature of the study. Patients with keratoconus attending
the Manchester Royal Eye Hospital (MREH) cornea clinic
were selected if they had undergone corneal transplanta-
tion, either DALK or PK. Inclusion criteria for the study
were patients 18 years or above who had a postoperative
follow-up between 12 and |8 months where Pentacam images
had been taken.

Clinical notes were examined where relevant informa-
tion, including patient age, gender, corneal disease, date of
surgery, and type of surgery, were recorded for descriptive
data analysis. Postoperative parameters including BCVA in
logMAR, and clinical details were also extracted from the
notes for data analysis.

Surgical technique

The surgical procedures (DALK and PK) were performed
by one of three surgeons, who used the same surgical tech-
nique.” PK was performed with a standard technique using
a Hessburg—Barron trephine (JedMed Instrument Co., St
Louis, MO).'"* All DALK procedures were performed using
Anwar’s big-bubble technique,'” " with the aim to obtain a
type 1 big-bubble.’

In all cases, the graft diameter was between
8.00 and 8.25 mm. Corneal tissue was issued by NHS Blood
and Transplant (UK) services. All tissue met or exceeded the
minimum standard for transplantation to include a minimum
cell count of 2,200 cells/mm? and a central clear cornea of
9.00 mm. All recipients received tissue within a 30 years age
difference. Wherever possible, all sutures had been removed
before the time of imaging and BCVA measurements.

Pentacam imaging

Pentacam images are routinely used clinically to assess
patients undergoing transplant surgery. A new update in
the computer software now allows the corneal clarity to
be measured from the same image across different corneal
zones and layers. Pentcam gives numeric value of the clarity
at anterior, central, posterior, and total depth layers. In addi-
tion, similar numeric values are given by Pentacam at 0-2,
2-6, 6-10, and 10-12 mm of the concentric corneal zone,
and for the total corneal dimeter."! The protocol takes 5 min
and is non-invasive. Patients were imaged prior to any other
eye examination or drop administration. A single image of
the cornea was taken at each visit. All images were taken by
a trained member of staff in a darkened room to minimize
the effect of ambient lighting on the corneal measurements.
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All images selected met the quality requirement, as deter-
mined by Pentacam analysis.

Postoperative data of corneal densitometry for all layers
at zones (-2 mm and 2-6 mm, in addition to central corneal
thickness (CCT) were retrieved from the Oculus Pentacam
database. The measurements from the Pentacam images were
compared with BCVA and CCT to determine if these quick
and easy measurements could provide additional informa-
tion on the surgical outcome of corneal transplants using
different techniques.

Statistical analysis

Data analyses were performed using IBM SPSS Statistics
for Mac, Version 23.0 (IBM Corp, Armonk, NY), and Graph
pad prism7 for Windows. Descriptive statistics were pre-
sented as the mean + SD. Normality of data was examined
using the Shapiro-Wilk test, which is more appropriate for
small sample sizes (<50 samples). Student’s r-test for two
independent samples was used when parametric analysis
was possible. Pearson correlation (r) was used when look-
ing at the relationship between surgical outcomes of the
study. A P-value of <0.05 was considered to be statistically
significant.

Results

A total of 37 eyes from 36 patients were studied in the kera-
toconus group. The sample characteristics are comparable
between both groups. However, there were more males
than females in this study (14:7 PK and 11:5 DALK). Both
the PK and DALK groups showed good similarity in their
demographic characteristics and demonstrated no statistical
difference in the age of patients (P=0.43) (Table 1). The
mean period of time between surgery and BCVA measure-
ment in this study was comparable, and showed no statistical
significant between both groups (P=0.80). In the PK group,
66% of eyes (n=14) achieved postoperative BCVA of 0.3
LogMAR (6/12) or better, while in the DALK group, 81% of

Table |1 Mean and SD of age, time of the densitometry, and
BCVA in both PK and DALK

PK,M(SD) DALK, M (SD) P-value
Age 30.14 (9.67) 3256 (8.73) 0.43
Time of imaging 14.90 (3.59) 14.62 (4.80) 0.84
postsurgery (months)
Time of taking BCVA 13.95 (2.74) 14.87 (4.03) 0.41
postsurgery (months)
BCVA 0.33 (0.21) 0.25 (0.22) 0.28

Table 2 Summary of the postoperative densitometry in the
surrounding 0-2 and 2—6 mm annulus zone of the cornea

Corneal zones PK, M (SD) DALK, M (SD) P-value
and layers
0-2 mm
Anterior 23.57 (3.69) 24.62 (3.10) 0.36
Central 19.40 (2.02) 20.62 (1.68) 0.07
Posterior 14.60 (1.97) 17.40 (2.40) 0.0004**
Full depth 19.20 (2.20) 20.80 (1.90) 0.02*
2-6 mm
Anterior 24.83 (4.60) 25.09 (3.30) 08
Central 20.19 (3.60) 19.88 (2.07) 03
Posterior 14.89 (2.80) 16.08 (3.09) 02
Full depth 19.97 (3.56) 20.36 (2.47) 0.7

Note: **Signficant at p<<0.0| and *signfcant at p<<0.05.
Abbreviations: PK, penetrating keratoplasty; DALK, deep anterior lamellar
keratoplasty.

eyes (n=13) achieved postoperative BCVA of 0.3 LogMAR
(6/12) or better.

There was no statistical significance between the mean
period of time between surgery and densitometry measure-
ments between the two groups. Table | summarizes the
demographic data. Densitometry measurements were taken
for both the central 0-2 mm and the surrounding 2-6 mm
concentric zone; results are summarized in Table 2. The
measurements showed that there is a significant statisti-
cal difference between the two groups when the full depth
cornea was examined at 0—2 mm concentric zone (P=0.02).
However, further statistical analysis showed a higher corneal
densitometry measurement in the posterior layer after DALK,
which was statistically significant for the 0-2 mm of the
cornea zone (P=0.0004). There was no statistical difference
in postoperative central corneal thickness between the two
groups (Table 3).

There was a correlation, but it did not reach significance,
between postoperative BCVA and the densitometry mea-
surement after the surgery in the keratoconus group for PK,
except with the posterior layer at zone 2-6 mm of the cornea,
which was statistically significant at P<<0.05 (Figure 1).

In the DALK group, a correlation was shown between
BCVA and the densitometry measurement after the surgery.
These correlations were found at central zone at 0-2 mm
corneal concentric zone. Correlation with BCV A was found
also in the posterior layer of the corneal zone at -2 mm

Table 3 Corneal thickness postsurgery in both groups

PK, M (SD) DALK, M (SD) P-value
CCT 541 (32.5) 556 (41.9) 0.20
Thinnest area 513 (50.5) 539 (34.7) 0.07

Abbreviations: BCVA, best corrected visual acuity; PK, penetrating keratoplasty;
DALK, deep anterior lamellar keratoplasty; M, mean.

Abbreviations: PK, penetrating keratoplasty; DALK, deep anterior lamellar
keratoplasty; M, mean; CCT, central corneal thickness.
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Figure | Correlation between BCVA and corneal densitometry in different corneal zones and layers in the PK group (r = correlations coefficient).

Note: *Significant ac P<0.05.

Abbreviations: BCVA, best corrected visual acuity; PK, penetrating keratoplasty.
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and at the full depth of corneal zone at 0-2 mm, P<<0.05
(Figure 2).

Central corneal thickness was found to be correlated
with corneal densitometry in the DALK group only. These
correlations were found to take place at full depth 2—6 mm,
posterior 2-6 mm, and at both central 0-2 mm and 2-6 mm,
P<0.05 (Figure 3).

Discussion

DALK is becoming the procedure of choice when corneal
transplantation is needed to treat advanced keratoconus. It has
several advantages compared to PK as it reduces the number
ofrisk factors related to intraocular surgery, resulting in fewer
allograft rejections and other long-term problems.”

This study has shown that, between 12 and [8 months
after surgery, the mean corneal densitometry for patients with
KCN, having had either PK or DALK, was still higher com-
pared to a normal control value within a matched-age group,
as illustrated by Dhubhghaill et al*' and Alzahrani et al.
Atall corneal regions, apart from the central area at 2-6 mm
annulus, the average corneal densitometry was greater in
DALK than PK. This suggests that a greater scattering of
light was provided by DALK as opposed to PK. Variations
in corneal densitometry quantification at the posterior layer
were statistically significant (P<0.05) in the 0-2 mm cor-
neal zone. This result in the DALK group suggests the host/
donor interface reduces clarity, and could have an effect
on vision.”

The corneal densitometry was quantified using the
manufactures pre-set for the posterior 60 pum of the cornea.
In DALK, the quantification of densitometry may be even
higher if the quantification marker has been customized
to concentrate on the host/donor interface of the region.
The same pre-set was applied for all layers, the host/donor
interface morphology, which results in considerably greater
quantification of densitometry in the posterior layer follow-
ing DALK, which is best described by research employing
confocal microscopy. When employing a confocal micro-
scope after DALK, researchers® discovered a keratocyte
configuration that was uneven and minimized as compared
to PK in keratoconus. Several contributory elements were
considered by Feizi et al* to clarify their results, including
mechanical injury of the host and donor sides during surgery,
and transient lack of an endothelium pump, resulting in an
influx of fluid at the interface (Marchini et al).*

A subsequent wound healing response may also cause
undesirable complications like corneal haze, which may
reduce corneal clarity. Remodeling of the extracellular
matrix and repopulation of keratocytes following the surgical

induced injury of DALK can influence the corneal transpar-
ency resulting from reorganization of the corneal fibrils.
Netto et al,” showed that significant apoptosis has been
detected within 4 h after corneal injury. Following kerato-
cyteapoptosis, the cells undergo secondary necrosis and later
activate other keratocytes at deeper layers of the stroma.
In addition, there is an activation of inflammatory cells to
invade the stromal layer and engulfthe resulting dead cells.””
Keratocytes that die in the anterior stroma are replenished in
just 2—4 days by proliferation and migration of neighboring
keratocytes.?® The proliferation and migration of residually
activated keratocytes begins 12-24 h after epithelial injury.
These activated cells may start synthesizing matrix metal-
loproteinases for tissue remodeling. The replenishing cells in
the anterior keratocytes are the activated myofibroblast cells
between 1 and 2 weeks postinjury, which produce collagen,
hyaluronic acid, growth factors modulating epithelial healing,
and more.? The role of myofibroblast cells is very important
in remodeling the extracellular matrix and stroma.

The whole process of keratocytes apoptosis, secondary
necrosis, activation, proliferation, migration, and transfor-
mation regulates corneal wound healing and, consequently,
causes haze formation.” As discussed above, the raised
densitometry quantification in DALK could be the result of
mechanical injury from the surgical technique used within
this study. It would be interesting to contrast the densitom-
etry result in different DALK procedures to include those
performed using Big-Bubble type 1, Big-Bubble type 2, and
manual dissection.

It is debateable if reduced endothelial cell density (ECD)
can also contribute to our results, as the endothelium pump is
crucial for sustaining the transparency of the cornea. It was
established*® that, if there was no perforation of Descement’s
membrane (DM) in surgery, there was considerably less attrition
of endothelial cells following DALK as opposed to PK.!%3!
This raises the question that, as the host’s own endothelium is
maintained by DALK, is the reduction in the transparency of the
cornea in DALK entirely due to the host/donor interface follow-
ing this technique when ECD is higher as opposed to PK.

Our study demonstrated that the average postoperative
BCVA result employing the LogMAR chart in DALK is
better than that of PK, although this does not reach statistical
significance. This was interesting but unexpected, given the
raised corneal densitometry quantified in the DALK patients.
There are uncertainties surrounding the quality of vision after
DALK. There is conflicting published evidence on BCVA,
with some studies demonstrating similarity between PK and
DALK,*3 whilst others have reported decreased vision in
eyes after DALK.****" However, a numbers of studies have
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Figure 2 Correlation between BCVA and corneal densitometry in different corneal zones and layers for the DALK groups. (r = correlations coefficient).
Note: *Significant at P<0.05.
Abbreviations: BCVA, best corrected visual acuity; DALK, deep anterior lamellar keratoplasty.
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Abbreviation: DALK, deep anterior lamellar keratoplasty.
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concluded that DALK provides better BCVA,*3%40 in keep-
ing with our own findings. Researchers have proposed that,
after lamellar graft surgery, unevenness at the host/donor
interface could reduce vision in some eyes.*! The almost
complete exposure of DM by using the big-bubble technique
most likely has a role in the improved postoperative BCVA
in DALK, as opposed to PK.*

The limitation in this study was its retrospective nature
and the relatively small sample size for each group that could
impede statistical analysis, hence a larger sample size would
increase the strength of any further analysis.

In conclusion, this study has found increased densitom-
etry measurements in DALK compared to PK, primarily at
the posterior layer within the 0-2 mm zone. This doesn’t
appear to have an effect on BCVA when compared with
those patients undergoing PK for KCN. We have discussed
anumber of factors which may have contributed to the raised
densitometry result.

This is the first study to demonstrate raised densitom-
etry in patients undergoing DALK and provides further
information on this lamellar technique. In the future,
other forms of corneal imaging to include spectral domain
optical coherence tomography and confocal microscopy
may help provide greater understanding on this important
surgical zone. Corneal densitometry measurements pro-
vided by the Oculus Pentacam provide an objective evalu-
ation to further monitor the treatment outcome of corneal
transplants surgery in KCN. It provides a non-invasive
technique which is safe to use and useful in planning the
management of surgery.
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Purpose: The purpose of this study was to assess UV corneal crosslinking (CXL) treatment
outcomes for keratoconus by evaluating the corneal regularity in patients through follow-up
using the Oculus Pentacam.

Patients and methods: A total of 18 eyes from CXL patients with keratoconus were studied
before and after CXL treatment, and six eyes from six patients who were not treated with CXL
served as controls. Treated patients had Pentacam images taken before CXL treatment and
regularly 3 months post treatment up to the 12th month. Controls were imaged during their first
appointment and after 12 months. Symmetry and asphericity were evaluated and correlated with
both best-corrected visual acuity (BCVA) and maximum K-readings.

Results: In the CXL-treated group, there was a significant improvement in the index of
symmetrical variation (ISV) and keratoconus index (KI) at 3 months and in the index of height
asymmetry (IHA) and minimum radius of curvature (R ) at 9 months post treatment. On the
contrary, the untreated group’s indices showed some significant worsening in ISV, KI, central
keratoconus index (CKI), and R . A novel finding in our study was a slight positive shift
of anterior asphericity in the 6 mm, 7 mm, and 8 mm 3 months after treatment, which had a

min’

correlation with BCVA (R*=0.390, p=0.053) and a strong correlation with maximum K-reading
(R*=0.690, p=0.005). However, the untreated group had no significant changes after 1 year.
Conclusion: The corneal asymmetrical shape is associated with the spherical aberration altera-
tion influenced by temporal evolution of surface ablation and increased corneal haze. However,
insignificant changes in symmetry attest the stabilization effect on cornea postoperatively as
compared with controls.

Keywords: keratoconus, crosslinking, topography, corneal haze, asphericity

Introduction

Keratoconus is a bilateral corneal disorder that starts with anterior corneal deterioration
and proceeds by affecting the posterior layers.! Onset is usually at puberty and, in
many cases, progresses until the third to fourth decade of life.? Asymmetrical cor-
neal thinning, irregular astigmatism, and conical shape reflect an early stage, while
a progressive protrusion shows an advanced progression. Krachmer et al® suggest
that keratoconus thinning is central, while others argued that it can also start with
the peripheral area.” More recently, keratoconus has been demonstrated to be associ-
ated with inflammatory cytokines, especially in the tear film where there is increased
proteolytic activity and overexpressed matrix metalloproteinases (MMPs).* Histologi-
cally, it is important to understand that the contribution of other stromal cells with the
light transmission is essential where keratocytes play a major role to maintain corneal
transparency by producing crystalline molecules, which remain in their collagen matrix
and decrease scattering.” Therefore, the reduction of basal epithelium density affects
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the hemidesmosomes and anchoring fibrils with Bowman’s
layer accompanied by the down growth of epithelial cells.
This weakness allows proteolytic enzymes to be released,
which may cause instability of Bowman’s layer.® As a con-
sequence, stromal collagen lamellae may break down the
crosslinks between themselves and grow up to the anterior
surface.® However, the posterior stroma in progressive stages
is more suspect of increasing the level of corneal hydration
and more likely to increase light scatter.” In many early
cases, both epithelial nuclei and keratocyte nuclei from the
anterior stroma appeared, using corneal confocal microscopy,
to be in the same plane as Bowman’s layer.®

Recently, corneal UV crosslinking (CXL) has been estab-
lished as an effective treatment of keratoconus.*'" This
simple technique increases the corneal rigidity and improves
the biomechanical properties of the cornea by strengthen-
ing the crosslinks between collage lamellae and stabilizes
the corneal tissue.'>" In the 1990s, the first study on
photobiology began with attempts to detect the biological
glues that could increase the resistance of stromal collage.'
A standard approach treating keratoconus was first used in
Germany at Dresden Technical University.'* Many studies,
thereafter, provide an explicit description of the treatments,
various procedures, and how it is very necessary to follow
specific criteria to prevent any complications. However, these
procedures need further investigations to determine if they
are adequate to improve corneal rigidity and its biomechani-
cal properties."”

For this reason, assessing UV corneal CXL is crucial,
especially where CXL treatment has the potential to be an
alternative procedure in reducing the progression in forme
fruste or preclinical keratoconus. This can be achieved by
some new imaging devices that have become more sophis-
ticated by using different imaging principles and techniques.
Accordingly, differences in cell density and morphology help
contour the corneal layers more accurately. Moreover, the
ability of these devices to measure parameters such as thick-
ness, elevation, and biomechanical properties combined with
refractive power is used to clarify the disease progression in
in vivo cornea as compared to the actual alterations described
by laboratory ex vivo studies.'® Topographic and tomographic
measurements are essential to estimate the capacity of these
parameters to assess the treatment effectiveness. This finding
confirms the efficacy of corneal biomechanical changes and
collagen lamellae organization.

Pachymetry and elevation parameters show high repeat-
ability and reproducibility in several studies'® where posterior
elevation measurements are more accurate in detecting

keratoconus.'” Recently, the most common consideration is
the accuracy of quantifying surface sphericity, which indi-
cates the maintenance of the corneal structure.'® Therefore,
descriptors of corneal asymmetry parameters should empha-
size and refer to the clinical assessment correctly to classify,
monitor, and evaluate the crosslinked cornea. There are many
separate elements available in the Oculus Pentacam software
for assessing corneal asymmetry. These elements have been
found to be more valuable in monitoring the normalization of
the cornea. These include the index of symmetrical variation
(ISV), keratoconus index (KI), central keratoconus index
(CKI), index of height asymmetry (IHA), index of vertical
asymmetry (IVA), index of height decentration (IHD), and
minimum radius of curvature (R _; ). Previous studies had
reported that the cornea becomes more optically regular after
CXL using the same indices on patients who were analyzed
after 1 year of treatment.'**° However, data from these studies
did not assess the posterior corneal elevation changes and
peripheral corneal asphericity to show reliable improvement
in corneal shape after CXL.

In this study, the corneal asymmetry indices were
measured by Oculus Pentacam before and after CXL for
keratoconus patients in conjunction with the back elevation
(BE) map. Peripheral corneal asphericity (6-8 mm) was also
evaluated to to understand the cumulative effect of corneal
haze after treatment.

Patients and methods

This preliminary investigation was a retrospective nonran-
domized comparative study. All subjects were recruited from
Manchester Royal Eye Hospital (MREH) from August 2015
to August 2016. The study protocol was approved by
Central Manchester University Hospital NHS Foundation
Trust, Manchester, UK, and Research Ethics Committees
in adherence to the guidance of the Declaration of Helsinki.
All patients provided informed consent after receiving a
detailed description of the nature of the study. A total of
24 eyes from 24 patients were included in this study. The
exclusion criteria included patients younger than 18 years or
patients with other ocular or systemic disease associated with
keratoconus, contact lens wearers, history of eye surgery,
scarring, and current topical medication users. Changes in
the corneal symmetry in 18 eyes from patients with kerato-
conus treated with CXL were measured before corneal CXL
treatment and 1 month, 3 months, 6 months, and 12 months
after treatment. A matched control group of patients with
keratoconus who did not have corneal CXL was seen on their
first clinical visit and 12 months later. Table 1 summarizes
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Table | Demographic data of both groups, including sample
size, age, gender, and Amsler—Krumeich classification of grading
keratoconus

Treated group Untreated group

Sample size n=18 n=6

Age (years) 26.35+6.49 29.8317.03

Gender (ratio M:F) Male I5/female 3 (5:1) Male 5/female | (5:1)
Classification of 2.063+0.5 2.15+0.4

keratoconus

Note: Data shown as mean + SD and p-value.
Abbreviations: SD, standard deviation; M, male; F, female.

the demographic data of both groups, including sample size,
age, gender, and Amsler—Krumeich classification of grading
keratoconus. Patients who underwent corneal CXL treatment
were selected from the hospital clinic database. Relevant
information including their age, gender, best-corrected
visual acuity (BCVA), and date of surgery were recorded for
descriptive data analysis. Corneal tomography was evaluated
with the Pentacam (OCULUS Optikgerite Gmbh, Wetzlar,
Germany). The diagnosis of keratoconus stages was based on
the interpretation of corneal curvature and relative thickness
as discussed in the Amsler—Krumeich classification.?!

Clinical signs such as stromal thinning, corneal steeping,
Fleischer ring, Vogt’s striae, scissoring reflex, applanation
tonometry, dilated funduscopic examination, and abnormal
corneal astigmatism were also recorded. Patients following the
standard surgical protocol of CXL (0.4% hypotonic riboflavin
every 5 min for 20 min/ultraviolet-A [UVA; 9.86 mW] for
10 min) were chosen. Postoperative measurements including
corneal tomography and BCVA were also recorded. To mini-
mize the effect of diurnal variation in the corneal swelling, all
measurements were performed at the same time between 10:00
and 3:00 PM. Postoperative data of corneal asymmetry indices
were retrieved from the Oculus Pentacam database stored in
the Oculus Pentacam instrument located in MREH.

Statistical analysis

Data were analyzed using SPSS 22.0 (IBM Corporation,
Armonk, NY, USA). Normality of data was assessed with
the Shapiro-Wilk W-test. Two groups were analyzed: the
untreated keratoconus group and the treated subgroup. Data
of the treated group were presented in each follow-up as the
mean * standard deviation (SD) at baseline, 1-3 months,
4-6 months, 7-9 months, and 10-12 months. The same
analysis was performed for the untreated group for two peri-
ods of time: first visit and follow-up a year after. A paired
two-tailed #-test was used to analyze changes in follow-ups
as compared to the baseline. An independent r-test was used

to compare postoperative changes in Pentacam parameters
between patients who received corneal CXL and those who
did not have CXL after | year. Pearson correlation coefficient
was used to analyze the possible correlation between BCVA
and both asphericity and densitometry. A p-value <0.05 was
used to determine statistical significance.

Results

A total number of 18 eyes from 18 patients with keratoconus
were studied before and after corneal CXL treatment, and an
additional six eyes from six patients with keratoconus who
were not treated were used as controls. Treated patients were
seen throughout their follow-ups at 1-3 months, 4—6 months,
7-9 months, and 1012 months. For the purpose of analysis,
the pre-CXL treatment measurements were considered the
baseline. The control group was seen twice: once during their
first clinic visit (baseline) and after 1 year.

In the treated group, the initial measurement after CXL
shows that central corneal thickness (CCT) has been sta-
bilized as there was no significant change compared to the
baseline (440.47+43.22 um to 439.57+29.68 um, p=0.313).
However, the maximum K-reading value significantly wors-
ened after 3 months (57.06£7.71 Dto 54.51+5.47 D, p=0.026)
and returned with a significant improvement at 9 months
(58.65%£8.77 D, p=0.035). Moreover, BCVA has continu-
ously improved over time, where it showed a significant
improvement at 6 months after CXL. However, the untreated
group showed a significant progression with a reduction in
CCT (494.83+46.39 um to 480.50£46.89 pum, p=0.038)
and a steeping of the maximum keratometric reading after
1 year. Table 2 shows the initial parameters for both groups
at scheduled visits.

In the CXL-treated group, there were significant changes
in some of the corneal asymmetry indices such as the ISV and
KT at 3 months after treatment and significant changes in IHA
and R at9 months after treatment, but all indices showed
no significant changes | year after CXL compared with the
baseline. However, the control group had significant changes
in ISV, KI, CKI, and R
elevation (BE) showed continued elevation after 1 year.
There were no significant differences between the treated

. Surprisingly, maximum posterior

min

group and the untreated group after 1 year of follow-up in
any of the topographic indices.

The mean value of the anterior cormneal surface asphericity
in the treated group decreased significantly 3 months after
treatment in all peripheral rings: 6 mm, 7 mm, and 8 mm
(p=0.027, p=0.018, and p=0.005, respectively). Conversely,
there was a significant negative shift in asphericity 9 months
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Table 2 Comparison of the corneal symmetry indices and asphericity measurement in both treated and untreated group through their

scheduled visits

Treated group

Untreated group

Baseline I1-3 months  4-6 months 7-9 months 10-12 months Baseline I year follow-up
(n=18) (n=9) (n=8) (n=6) (n=7) (n=6) (n=6)
CCT (um) 440.47+43.22 441.11446.37  436.50+53.21 440+48.19 439.57+29.68 494.83+46.39 480.50+46.89
Maximum K-reading (D) 57.06+7.71 54.51+5.47% 60.07+8.30 58.6548.77%  55.36+6.05 49.95+2.25 51.97+3.83*
Minimum K-reading (D) 52.54+5.90 50.84+4.39 55.43+8.38 53.57+5.86 51.46+4.97 47.4612.14 49.41+4.04*
BCVA 0.39+0.39 0.41+0.23 0.21+0.21% 0.03+0.03 0.04+0.18 - -
1SV 138.47+36.71  12633431.35% |57.77+40.44 154.83+45.78 121+30.08 97.16429.10  107.83+31.85*
IVA 1.23+0.43 1.18+0.19 1.3240.38 1.26+0.39 1.05+0.314 1.05+0.43 1.07+0.41
Ki 1.37£0.12 1.3540.13% 1.44+0.14 1.37+0.15 1.32+0.14 1.2540.12 1.29+0.13*
CKI 1.16+0.09 1.13£0.05 1.20+0.10 1.23£0.10% 1.15+0.06 1.09+0.03 1.12+0.05*
IHA 52.69+35.21  42.87+37.22 39.95+3525  18.46+12.30% 42.5(1+16.99 347542205  25.30+16.19
IHD 0.22+0.07 0.18+0.05 0.24+0.07 0.22+0.08 0.19+0.06 0.16+0.06 0.17+0.06
R (mm) 5.14+0.71 5.36+0.56 4.83+0.73 4.82+0.86* 5.26+0.67 5.80+0.54 5.55+0.71*
BFS (mm) 5.89+0.32 6.00+0.22 5.80+0.32 5.90+0.31 5.96+0.11 6.1340.26 6.05+0.29
BE (mm) 69.70£35.10  61.44+29.97 83.00+43.37 87.66139.98  88.28+3].32* 40.17£15.30  52.17+24.54*
Asphericity 6 mm (Q-value) —1.91+0.85 —1.78+0.74* -2.30+0.94 -2.5240.96*  —|.86+0.63* —1.13+0.45 —1.45+0.67
Asphericity 7 mm (Q-value) —1.68+0.76 —1.58+0.66* —2.06+0.86 -2.16+0.87 —1.6140.55% —1.05+0.38 —1.36+0.53
Asphericity 8 mm (Q-value) —1.50+0.65 —1.40£0.56* —1.8240.79 —-1.8710.77 —1.4310.47 —0.87+0.32 —1.10£0.44

Notes: *Statistically significant compared to baseline (p<0.05). Data presented as mean + SD and p-value.
Abbreviations: SD, standard deviation; CCT, central corneal thickness; BCVA, best-corrected visual acuity; ISV, index of symmetrical variation; IVA, index of vertical

asymmetry; Kl, keratoconus index; CKI, central keratoconus index; IHA, index of height asymmetry; IHD, index of height decentration; R

BFS, best-fit sphere; BE, back elevation; Q-value, anterior corneal asphericity.

after surgery in all peripheral rings (6 mm, 7 mm, and 8 mm),
where it was only significant in the 6 mm ring with p=0.048.
After that, all peripheral rings turned with a positive shift
1 year postoperatively (p=0.031, p=0.047, and p=0.105) as
shown in Figure 1. The untreated group showed no signifi-
cant changes after 1 year of follow-up, although there was a
slight increase in their measurements. Moreover, there were
no significant differences between the treated group and the

0.00 - T = T T

Baseline 3 months 6 months 9 months 1 year

s

=1.00 1

-1.50

/./
L Y"1

-3.00

-2.00

—2.50

Mean (Q-value) of asphericity

-3.50

Follow-up

Peripheral 6 mm-ring (diameter)
Peripheral 7 mm-ring (diameter)
Peripheral 8 mm-ring (diameter)

Figure | Changes in the anterior corneal surface asphericity over time in the
treated group.

minimum radius of curvature;

mint

untreated group in the mean value after 1 year of follow-up
in all topographic indices (p>0.05).

Within the CXL group, the absolute measurement of
the peripheral 6 mm ring of the anterior corneal asphericity
at 3 months indicates an insignificant negative correlation
with BCVA (R*=0.390, p=0.053), but maximum K-reading
shows a strong negative correlation with all zones at 3 months
(6 mm: R’=0.704, p=0.005; 7 mm: R*=0.676, p=0.007; § mm:

?’=().682, p=0.006; Figures 2 and 3). However, both show no
correlation with asphericity changes at 6 months, 9 months,
and 12 months after treatment in all peripheral rings.

Discussion
Collagen CXL treatment is widely used for keratoconus
patients to improve corneal rigidity and visual outcome.
According to the significant improvement in distance vision
and evidential ability to stabilize progression of this disease, this
treatment has been used in many cases as a first-line treatment
option for early keratoconus stages. On the other hand, the altera-
tion in the stromal histological structure induces a postoperative
visual acuity reduction within the first few months after treat-
ment. Moreover, the collagen fibers will vary in their diameter
and regularity, which increase light scatters and affect corneal
transparency. As a consequence, continuous corneal haze
symptoms have been observed in most cases after CXL.>
The first part of this study demonstrates evaluating
tissue disturbances by measuring corneal symmetry, which
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Figure 2 Correlation between BCVA and asphericity at 3 months in (A) in 6 mm ring, (B) in 7 mm ring and (C) in 8 mm ring.
Abbreviation: BCVA, best-corrected visual acuity.
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indicates the recovery of corneal asymmetrical shape and
the reduction in the biomechanical deformation. The Oculus
Pentacam software provides abnormal values in topographic
measurement of symmetrical indices in keratoconus. There-
fore, these parameters may be useful in following the pro-
gressive changes in keratoconus patients and increase our
comprehension of the restoration of the corneal shape after
CXL treatment.

Our finding for the treated group shows a significant
reduction in the ISV and K1 after 3 months and a significant
reduction in IHA and R, 9 months after treatment, whereas
other indices show no significant changes. Based on this
finding, we suggested that the cornea has been flattened as
a result of CXL treatment.

To our knowledge, the study of Gutiérrez et al* is the only
study measuring index changes over time and, in contrast
to our results, found a significant reduction in the IVA and
the IHA at 3 months (p<<0.05) which returned to baseline
values after 6 months.

Our study also showed that there were no significant
changes in all indices 1 year after treatment, and this
finding has good agreement with the studies of Gutiérrez
et al and Razmjoo et al. In contrary to our findings, Toprak
et al reported an improvement in the corneal regularity by
significant reduction in ISV, CKI, and R . In their study,
patients were treated with isotonic riboflavin solution and the
baseline of maximum K-reading value was lower than that
of our treated group (53.83+64.43 D).!*234

Koller et al also found significant improvements in CKI,
R .. KI, and IHA indices | year after CXL in patients with
progressive keratectasia. However, their crosslinked group
had an average corneal thickness of 456 um, while in our
study, the group has been treated with further reduction in
CCT of 440 um. This may reflect that both Toprak et al and
Koller et al treated their patients in earlier stages of kerato-
conus than in our patients. Changes in the refractive index
of the crosslinked stromal layer also might be an explanation
leading to a false thinner result of optical ray tracing.*

Moreover, we have detected changes in some indices
in the untreated group where ISV, KI, CKI, and R_, were
significantly progressed, which was similar to the control
group of Koller et al. This finding supports the idea of the
effectiveness of CXL in declining progression and enhancing
corneal regularity in the treated group.

Surprisingly, we have found a significant continuous pro-
gression of the posterior cornea after 1 year in both groups.
The same trend was seen in the study of Gutiérrez et al,
although insignificant changes were observed. Our assump-
tion of this continuous elevation is related to intrastromal

shrinking processes of the anterior part of chemical bonds
induced by the radicals formed during CXL, causing a sec-
ondary distortion of the posterior layers.”

A novel finding in our study was a significant positive shift
of anterior corneal asphericity in the 6 mm, 7 mm, and 8 mm
peripheral rings 3 months after treatment. This has a weak cor-
relation with visual acuity reduction (R?=0.390, p=0.053) but
astrong correlation with the maximum K-reading (R*=0.704,
p=0.005). This change might be explained by pointing out that
the cause of spherical aberration is influenced by the alteration
in the corneal curvature. Subsequent measurements resulted
in a significant negative direction after 6 months, which
may be due to the temporal evolution of surface ablation.
At 12 months, there was another significant positive change
in asphericity in the 6 mm ring diameter, while there were no
changes verified at 7 mm and 8 mm. This finding is similar to
the finding of Koller et al where they reported that O was
calculated within a circular area of 8 mm. As compared to
the treated group, the untreated group showed an insignificant
negative shift at the | year follow-up. This finding contrasted
to that of Kovacs et al where they reported on those who
had relevant negative posterior O-values because of corneal
protrusion. However, they used a different way of measuring
asphericity by measuring Q-value at the sagittal angle ring at
30° centered on the apex, which showed high accuracy (90%
of specificity) and moderate sensitivity (60%).* This differ-
ence could be attributed to the size of our untreated group,
which was too small as compared to their study. The limitation
of this study was because of a small sample size which had
some impact on the statistical results due to a small number of
non-contact lens wearers in this stage of keratoconus. Another
problem was the loss of patients during their follow-up,
which is an important factor in the strength of our conclu-
sions about each period. For instance, for precise results, the
same methodology in previous studies was chosen for our
research and measurements were taken after a 3-month period
of time subsequently.” However, due to the high demand
and overloading of hospital appointments, there may have
been inability of patients to visit clinics at a required time.
Moreover, extending and expanding follow-up assessment are
required to understand the nature of the corneal haze. In doing
s0, finding a correlation between corneal shape objectively
and contrast sensitivity subjectively after treatment is helpful
to investigate the relationship between visual improvement,
spherical aberration reduction, and haze discomfort.*®

Conclusion
This study reveals the impact of CXL treatment in corneal
symmetrical indices and asphericity measurements during
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consecutive periods of follow-ups. The strong correlation
between asphericity and keratometric reading 3 months after
CXL treatment reflects the tissue disturbance influenced by
the temporal ablation of the cornea. This contributes to some
complaints such as visual reduction and the corneal haze. Inter-
estingly, our study shows insignificant asymmetrical alteration
in the corneal shape | year after treatment, which explains the
structural constancy and confirms the tissue recovery. This also
emphasizes the aspect that these objective measurements are
able to interpret the progression of keratoconus.
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Abstract

Purpose

Fuchs’ dystrophy is a degenerative disease of the corneal endothelium leading to corneal edema and eventually to loss of vision. There
are several treatment options including corneal transplantation, which can be full (Penetrating Keratoplasty) or partial (Descemet's
stripping automated endothelial keratoplasty) thickness. Disease progression and treatment out comes are normally monitored by
corneal thickness and visual acuity. In this study, we have used the new densitometry software for the Oculus Pentacam to compare the
corneal clarity measurement between Penetrating Keratoplasty (PK) and Descemet's Stripping Endothelial Keratoplasty (DSAEK) in
patients with Fuchs dystrophy

Methods

A retrospective comparative study was carried out at Manchester Royal Eye Hospital. Data collection of one year after the corneal
transplantation for 23 Fuchs dystrophy patients, including; best corrected visual acuity (BCVA), corneal densitometry, central corneal
thickness (CCT) was analysed

Results

Analysis of densitometry measurements found higher corneal densitometry after PK than DSAEK in the posterior layer between 2 and

6 mm from the centre but it was not significant. There were no significant correlation between CCT and corneal densitometry. Corneal
densitometry was found to be significantly correlated with BCVA inthe central 0-2 mm zone. This correlation differed in corneal depth, in
PK it was with the posterior layer but in DSAEK it was with the anterior stroma These difference were found to be significant between the
two group (p<005.).

Conclusions

There were different outcomes in the corneal densitometry measurement after different type of corneal transplantation. Oculus
Pentacam provides an objective evaluation to monitor the cornea status. Further investigation with prospective design, a longer study
period and larger sample size are now underway.

About Wiley Online Library v
Help & Support >4
Opportunities A
Connect with Wiley b
tps://onlinelibrary.wiley.com/doi/10.1111/).1755-3768.2016.0467 1/2

256



OPEN ACCESS
ARVO Annual Meeting Abstract | June 2017

Corneal Imaging and Densitometry
Measurements in Healthy Volunteers
Across Different Age Groups

khaled alzahrani; Fiona Carley; Arun Brahma; Debbie Morley; M Chantal Hillarby

[ 4+ Author Affiliations & Notes

Investigative Ophthalmology & Visual Science June 2017, Vol.58, 3546. doi:

Abstract

Purpose : Measuring corneal clarity in healthy eyes is important because it could help
when planning treatments. This study aims to standardize and investigate the changes
in corneal clarity with age. Densitometry software for the Oculus Pentacam was used to
examine corneal clarity at different age groups.

Methods : A total of 192 eyes of 97 healthy participants were included in this cohort
comparative non-randomized cross-sectional study. Central Manchester University
Hospitals NHS Foundation Trust, Manchester, UK and NREC local ethics committee
approved this Study. An Oculus Pentcam was used to image cornea for healthy
participants grouped by sex and age (between 10 and 70 years old). Data from the
densitometry output has been used to determine the clarity in concentric zones and
different depths of the cornea.

Results : Corneal densitometry across all age groups showed significant differences
between groups when we divided the corneal into layers: anterior, central and
posterior (p<0.05). We also showed significant differences when the cornea was divided
in to 0-2 mm, 2-6 mm, and 6-10 mm concentric zones (p<0.05). The most striking
increase in densitometry values occurred with age in all 3 layers was in the periphery
(6-10 mm) (p<0.05). Additionally, we showed that the 10-20 yr age group had lower
clarity than the 20-30-age group (p<0.05) and after 30 years the cornea shows a steady
progression of increased densitometry values. Densitometry of the anterior and
posterior layer was shown to be the least stable with aging.

257



Conclusions : This study is the first study to our knowledge that has standardized
corneal densitometry value in healthy control eyes, which include teenage
densitometry values. These values for corneal densitometry, as well as subdivisions
based on layer and surface area, might provide a standardized stage for use in further
studies and clinical practice. This study established that relation between corneal
densitometry and age is differed when cornea divided by layers and zone. This study
suggested that there are other factors play an essential role in corneal densitometry
level as well as age.

This is an abstract that was submitted for the 2017 ARVO Annual Meeting, held in
Baltimore, MD, May 7-11, 2017.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives

4.0 International License.
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Abstract

Purpose : To assess UV corneal crosslinking (CXL) treatment for keratoconus by
evaluating the corneal regularity through patients’ follow-up using Oculus Pentacam.
This could provide relevant information about secondary haze which is commonly

present treatment.

Methods : : A total of eighteen eyes from eighteen CXL keratoconic patients were
studied before and after treatment and six eyes from six keratoconic patients, who
were not treated with CXL were used as controls. Treated patients were seen at 1-3
months, 4-6 months, 7-9 months, 10-12 months afetr treatment and analysis was
compared to an untreated baseline. Symmetry and asphericity were evaluated and
correlated with BCVA and with maximum k-readings.

Results : In the CXL treated group, there were significant changes in the ISV and Kl at 3
months after treatment and in IHA and Rmin at 9 months after treatment. After one
year, all indices show no significant changes from the baseline but there were
significant changes in ISV, Kl, CKI and Rmin in the untreated group. A novel finding in
our study was a slight positive shift of anterior asphericity in 6mm, 7mm and 8mm
three months after treatment which had a correlation with BCVA (R2= 0.390, P=0.05)

and strong correlation with maximum k-reading (R2= 0.690, P=0.005).

Conclusions : transient corneal haze is associated with the spherical aberration
influenced by temporal evolution of surface ablation and increases of cloudiness.
However, Insignificant changes in symmetry readings after one year leads to support
the idea that CXL stabilizes the cornea structure and normalizes corneal shape
postoperatively when compared to untreated patients.
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Abstract

Purpose

To compare the preoperative and postoperative corneal densitometry of patients undergoing Laser Assisted in Situ Keratomileusis
(LASIK) and Laser Assisted Sub-epithelial Keratectomy (LASAK) and to determine how result differed between the 2 types of surgery.

Methods

A retrospective and comparative study was performed at Manchester Royal Eye Hospital, UK. Preoperative and postoperative corneal
densitometry data were collected from the Oculus Pentacam. The data were taken at 3 corneal depths (anterior,centre and posterior)
and at 3 corneal annulus ring diameter (0-2 mm, 2-6 mm and 6-10 mm). Postoperative data were collected at the time 6 weeks, 3 and
6 months post treatment.Quality of vision pre and post-surgery was determined by BCVA.

Results

Data of 60 eyes from 16 LASIK and 14 LASEK patients were collected with a mean age of 37.06 + 10.0 and 37.7 + 6.6 respectively. There
was statistically significant increase of corneal densitometry in all concentric zones in all corneal layers after 6 weeks in the LASIK
treatment group (p < 0.05). There was a statistically significant increase in densitometry after LASEK but only in the central and posterior
layers at all concentric zones (p < 0.05). Pre and Postoperative BCVA did not significantly differ after LASIK but found statistically
difference at 6 weeks and 3 months in post LASEK (p < 0.05).BCVA post treatment was significantly different between groups at 6 weeks
(p <0.0001) and 3 months (p = 0.001).

Conclusions

Corneal wound healing plays an important role in determining corneal transparency and may be responsible for an increase in corneal
haze following refractive surgery.This response differs based on the type of procedure used shown by the increased haze in the anterior
layer of the LASIK group which corresponds to the region where the flap was cut which will lead to increased would healing and
inflammation.
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Abstract

Purpose

Densitometry software for the Oculus Pentacam was used to investigate the treatment outcomes of corneal cross linking (CXL) in adult
and juvenile keratoconus patients.

Methods

A retrospective comparative study was carried out at Manchester Royal Eye Hospital. Corneal densitometry measurements collected
before and after CXL treatment for 32 eyes from KC patients, aged between 13 and 39, were divided to 2 groups 13-18 years(juvenile
group) and 19-39 years (adult group) was compared to pre and post treatment at 3, 6 and 12 months for each group and between both
groups.

Results

Analysis of densitometry measurements found higher corneal densitometry after CXL which peaks at 3 months post treatment in both
groups. There was significant diversity in corneal densitometry measurements at stromal zone 0-2 and 2-6 mm for all layer except the
posterior layer for each group p<0.05). Significant differences were found between both groups at six months in the central (p=0.006),
posterior (p=0.004) and full depth (p=0.02) layers for zone 0-2 mm.The same layers differed significantly in the 2-6 mm zone in all layers
(p=0.01). One year post treatment significant differences were shown in corneal densitometry level between both groups in the 0-2 mm
zone of the central layer (p=0.007), posterior layer (p=0.01) and full depth (p=0.03).The central layer in zone 2-6 mm was significantly
different between both groups (p=0.04).

Conclusions

Haze levels post CXL differing in severity in different corneal zones and between both groups.The 0-2 mm and 2-6 mm zones were found
to be the most affected area post treatment.Haze reached its maximum level at three months post treatment then appears to differ
significantly in improvement level between adult and juvenile group, with the later never returning to pre-treatment clarity in the most
anteriorly central zone in juvenile group
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