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Abstract 
This thesis comprises seven interrelated investigations to better understand visual impairment, 

corneal features, and keratoconus in people with Down syndrome (DS) in New 

Zealand-Aotearoa. 

A review of corneal topographies identified that approximately 1 in 3 athletes with DS who 

underwent corneal topographic screening at a national sporting event had keratoconus. This 

study revealed the feasibility of integrating corneal evaluation into community events to 

improve access to care for a population at risk of keratoconus development. 

A prospective study using detailed, three-dimensional imaging of the cornea confirmed that 

keratoconus disproportionately affected this population. This study involved comparison of an 

extensive range of corneal tomographic parameters for people with DS and keratoconus, 

suspect keratoconus as well as those without keratoconus. This study also highlighted that eye 

rubbing disproportionately affected people with DS and keratoconus. Additionally, corneal 

hydrops, an advanced stage of keratoconus disproportionately affected people with DS 

compared to the general population. Furthermore, analysis of the impact of keratoconus on 

vision related quality of life identified that people with DS and keratoconus scored 

significantly lower in the domains of general vision, near activities, mental health and 

dependency compared to those with DS who did not have keratoconus.  

The repeatability of corneal tomography was analysed for this population. This study 

highlighted that key parameters such as maximum keratometry and minimum pachymetry 

were notably variable. This indicated the importance of taking several scans during the 

imaging process. It also uncovered the challenge of monitoring serial scans in this population, 

as progression or stability may be masked by variability. Further studies revealed that 

additional investigations are still required into the utility of epithelial thickness distribution 

and ocular biomechanics for keratoconus detection in DS.  

A retrospective review of clinical records in a public hospital ophthalmology service 

highlighted that more severe forms of keratoconus presented more commonly and that regular 

clinic-based tomography screening is required for this population to prevent severe stages.  

Ultimately these studies informed the development of a proposed guideline for the care of 

keratoconus in people with DS such that early detection and management can be undertaken to 

minimise visual impairment.  
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1 Keratoconus 
1.1 Chapter overview 

Keratoconus is a typically bilateral, ectatic, corneal disease. It is associated with corneal 

thinning, biomechanical weakness and corneal protrusion.1,2 These structural changes result in 

deteriorating vision and irregular astigmatism. Historically, keratoconus has been described as 

non-inflammatory, however, in recent years that presumption has been questioned and a 

chronic inflammatory component has been proposed in the disease process.3,4 Keratoconus 

usually becomes manifest in early teenage years and can progress during adulthood up to the 

fourth decade of life. It is associated with asthma, eczema, hay fever and several systemic 

diseases.5  

Keratoconus affects 0.05% - 0.5% of the general population in New Zealand-Aotearoa and 

disproportionately affects people of Māori and Pacific descent.6,7 NZ has among the highest 

proportions of corneal transplants for keratoconus globally in adult and paediatric 

populations.8,9 

Treatment to slow down or stop keratoconus from getting worse is available through corneal 

cross linking (CXL).10 CXL appears more effective in early stages of disease.11 In mild 

keratoconus refractive correction can be achieved by spectacles or contact lenses. In advanced 

disease states, intervention by corneal transplantation is required however, with early detection 

and timely treatment by CXL this may be avoided.12 

This chapter provides an overview on the pathogenesis of keratoconus, imaging techniques 

and management.  

1.2 Anatomy and physiology of the cornea 

1.2.1 Pre-corneal tear film 

The tear film coats both the corneal and conjunctival epithelium. The pre-corneal tear film has 

a refractive index of 1.336.13 Its properties are important for maintaining surface lubrication, 

nutrition, anti-microbial activity and a uniform optical surface. Tears are produced at a rate of 

1.2µL/minute maintaining a volume of 6.2 ± 2.0µL.14 The thickness of the pre-corneal tear 

film ranges from 2.7µm – 46.0 µm.15,16 It has been shown that the integrity of the tear film can 

be affected by palpebral aperture height.17  The tear film consists a superficial lipid layer that 

is 0.2µm - 0.9µm in thickness.13 The lipid layer is predominantly produced by meibomian 

glands in the tarsal conjunctival plate. The sebaceous gland of Zeis and sweat gland of Moll of 
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the eyelid margin also contribute to this layer. The lipid layer prevents evaporation of the 

aqueous tears. The middle layer of the tear film consists of this aqueous layer with a thickness 

of 6.5µm - 7.5µm.13 The aqueous layer is produced by the lacrimal glands. The mucin layer 

which contacts the corneal epithelial microvilli is 0.5µm in thickness, is produced by the 

goblet cells in the conjunctiva and the lacrimal gland.13 The tear film is a dynamic structure 

consisting of lipids, electrolytes, growth factors, neuropeptides, interleukins, chemokines, 

cytokines, immunoglobulins, proteases, antimicrobial peptides and pro-inflammatory 

peptides.18 Dry eye disease is characterised on a continuum of aqueous deficiency to 

evaporative aetiologies rather than in an entirely mutually exclusive way.19  

1.2.2 Corneal refractive properties, innervation, blood and nutrient supply 

The cornea contributes one-sixth of the outer shell of the eye while sclera forms five-sixths of 

this area.13 In the adult human eye, the anterior cornea is 11mm - 12mm wide horizontally and 

9mm - 11mm in length vertically.18 It contributes approximately two thirds of the refractive 

power of the eye. The anterior keratometry is typically 43.97 ± 1.54D, with a range of 

39.50D - 49.37D.20 More recent values have been published in the literature.21 These values 

can vary across ethnicities.22 It is most curved centrally and gradually becomes flatter in the 

periphery. The radius of curvature of the anterior and posterior corneal surfaces are 

approximately 7.7mm and 6.9mm respectively.13 The refractive properties of the cornea are 

determined by the corneal radius of curvature and refractive index of air (1.00), tear film 

(1.336) cornea (1.376) and aqueous humour (1.336).18 These result in varying refractive power 

at the key interfaces, air – tear (+43.6D), tear – cornea (+5.3D) and cornea – aqueous 

(-5.8D).13 The cornea is typically a spherocylindrical shape and therefore has a major and 

minor principal meridian.18 The anterior surface is typically more curved in the vertical 

meridian resulting in with-the-rule astigmatism (WTR). The posterior radius of curvature is 

more curved vertically, yielding against-the-rule astigmatism (ATR).18,23 The cornea is 

536µm ± 31µm 24 thick centrally and gradually increases peripherally to approximately 

700µm.13 The central corneal thickness can vary between ethnicities.25   

The cornea is between 300 - 400 times more densely innervated than the skin.18 The long 

ciliary nerves originating from the ophthalmic branches of the trigeminal nerve enter radially 

at the peripheral cornea deep within the stroma.18 These divide into smaller branches, then 

abruptly course 90º anteriorly and penetrate Bowman’s layer in both the central and peripheral 

corneal regions.26 These branch into smaller bundles and take a 90º turn and align themselves 

parallel to the corneal surface.26 They terminate at the level of the wing cells within the 
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corneal epithelium.13 To maintain transparency nerve bundles lose their perineurium and 

myelin sheath 1mm beyond the limbus and maintain their Schwann cell sheath.26  

The avascular nature of the cornea and the absence of a lymphatic drainage system makes the 

cornea an immune privileged site. The limbal region of the cornea receives blood supply from 

the anterior ciliary arteries (which stem from the ophthalmic artery branching from the internal 

carotid artery) as well as supply from the facial branches of the external carotid artery.18 

Dendritic Langerhans cells involved in antigen presentation to T lymphocytes are absent from 

the central cornea however are present in the peripheral cornea at the level of the epithelium.18 

In the event of corneal insult, the Dendritic Langerhans cells quickly relocate to the site of 

injury.18   

The cornea obtains most of its oxygen by diffusion from the tear film which receives it from 

the air. Specifically, the central cornea receives oxygen from the tear film and the peripheral 

part receives oxygen from the limbal anterior ciliary arteries.13 Nutrients diffuse into the 

cornea from the aqueous humour and from the anterior ciliary blood vessels.13  

1.2.3 Corneal epithelium 

The corneal epithelium is the outer-most layer of the cornea forming the interface with the tear 

film anteriorly. It is approximately 50µm - 60µm thick of non-keratinised, stratified squamous 

epithelium.18  There are two to three layers of superficial cells which are flat with microvilli 

and microplicae that reaches into the tear film.13 The superficial cells are approximately 

40µm - 60µm in diameter and contain desmosomes, tight junctions and adherens junctions.18 

Posterior to the superficial cells lie two to three layers of polyhedral wing cells, which derive 

their name from the presence of wing-like processes.13,18 Their junctional complexes include 

desmosomes, gap junctions and adherens junctions.18 Basal cells are located posterior to the 

wing cells and lie on a basement membrane.13 Basal cells are a single layer of columnar cells 

that are 18µm - 20µm in length and 8µm - 10µm in diameter.18 The basement membrane 

contains type IV collagen.27 In addition to the junctional complexes of the wing cells, the basal 

cells attach to the basement membrane via hemidesmosomes.18 These hemidesmosomes 

adhere to the stroma via anchoring fibrils passing through the basement membrane and 

Bowman’s layer. The anchoring fibrils comprise of type VII collagen and end in an anchoring 

plaque in the stroma of with type I collagen.13,18 Glycogen, mitochondria and Golgi apparatus 

are most abundant at the basal level of the epithelium compared to the layer of superficial cells 

and wing cells.18 The corneal epithelium is regenerated by mitosis of basal cells, which 

transform and migrate into wing cells and then into superficial cells.  This regeneration occurs 
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over a period of seven to 14 days as the superficial cells desquamate into the tears.18 The 

causes of desquamation include mechanical sloughing from blinking, ultraviolet exposure and 

hypoxia.18 The epithelial equilibrium is depicted by the X + Y = Z hypothesis. X represents 

the proliferation and differentiation of basal epithelial cells into superficial cells, Y represents 

the centripetal migration of peripheral epithelial cells and Z represents the desquamation of the 

superficial cells.18 At the limbus between the cornea and conjunctiva are palisades of Vogt 

which contains epithelial stem cells. The palisades of Vogt create an environment to preserve 

the function of stem cells by maintaining a highly vascular region, providing extracellular 

matrix, neural signals and growth signals.18 The stem cells transform into transient amplifying 

cells, proliferate and migrate into terminally differentiated cells.18  

1.2.4 Bowman’s layer 

Bowman’s layer lies posterior to the basement membrane of basal cells, is 12µm thick, 

acellular and comprised of a disorganised layer of type I and type III collagen fibrils and 

proteoglycans.18 The collagen in this layer is produced by stromal keratocytes. Each fibril has 

a diameter of 20nm - 30nm in diameter.18 Laterally, the Bowman’s layer terminates  at the 

limbus and posteriorly it is in contact with the anterior stroma.13,18  

1.2.5 Corneal stroma 

The corneal stroma consists of more than 90% of the full thickness of the cornea.18 Figure 1-1 

displays a cross-section of a healthy human cornea. The stroma gives rise to the biomechanical 

strength and transparency of the cornea. The highly ordered arrangement of collagen in stroma 

results in corneal transparency. 

Keratocytes are spindle shaped cells that are dispersed throughout the stroma. It predominates 

the cellular component of the stroma, forming 2% - 3% of the stromal volume.18 They possess 

an intracellular cytoskeleton with actin filaments and connect to neighbouring cells by gap 

junctions at the tips of their processes. They transform into myofibroblasts when triggered by 

stromal injury. These are then able to produce components to aid wound repair such as 

extracellular matrix, degradation enzymes and inflammatory mediators.18  

Collagen contributes over 70% of the dry weight of the cornea.18 Keratocytes secrete 

pro-collagen molecules into the extracellular space which then undergo a process of 

maturation. 18 A collagen molecule comprises a triple helix structure of polypeptides, five 

molecules form a fibril.28 Type I collagen is most common collagen type in the stroma.27 type 

III, V, VI, XII, and XIV are also present.29 Corneal transparency is determined by a uniform 
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mean diameter (25nm - 35nm) of collagen fibrils and mean distance (41.4nm ± 0.5nm).18,30 

This distance is less than half the wavelength of visible light (400nm - 700nm).18 This 

arrangement enables destructive interference of scattered light from incident rays of each 

collagen fibril enabling transparency.31 The transparency would be lost if the size or distance 

of collagen fibrils loses its uniformity. The fibrils are aligned into lamella. There are 

approximately 300 lamellae, their width ranges from 0.5µm - 250µm and ranges in thickness 

from 0.2µm - 2.5µm.18 They interweave with each other at 21° to Bowman’s layer in the 

anterior stroma unlike the parallel inter-weaving pattern in middle and posterior regions.18 

This pattern sustains the curvature of anterior stroma.18 The lamellae adhere to Bowman’s 

layer anteriorly and Descemet’s membrane posteriorly.  

 

 

Dispersed among collagen fibrils are proteoglycans which are made from a protein core and 

glycosaminoglycans. These play a role in collagen fibrillogenesis.18 Keratan sulfate the 

predominant glycosaminoglycan, contains core proteins keratocoan, lumican and mimecan.18 

Figure 1-1  Healthy human corneal cross section stained with Haematoxylin and Eosin and 
viewed with a light microscope. The image displays the epithelium (A), Bowman's layer (B), 

stroma (C), Descemet's membrane (D) and endothelial layer (E).  Clear spaces are due to 
tissue processing. Image courtesy Judy Loh and Prof. Trevor Sherwin. 



7 
 

Chondroitin sulfate and dermatan sulfate contain core proteins decorin and biglycan. The 

glycosaminoglycan hyaluronan does not exist as a proteoglycan in the stroma.18 Keratan 

sulfate typically determines collagen fibril diameter and dermatan sulfate regulates the 

distance between collagen fibrils and the adhesion of collagen lamellae.32 

1.2.6 Descemet’s membrane 

A pre-Descemet’s membrane layer known as Dua’s layer has been reported.33 Descemet’s 

membrane forms the basement membrane of the corneal endothelium. It comprises collagen 

types IV and VIII, laminin and fibronectin.34,35 The thickness of Descemet’s membrane 

changes with age and has been shown to be approximately 2µm at ten years old and 10µm at 

80 years old.36 Descemet’s membrane is tightly attached to the posterior stroma and closely 

follows it contour.18  

1.2.7 Corneal endothelium 

The endothelium is in contact with the posterior Descemet’s membrane and the anterior 

chamber. It is a single layer of metabolically active cells with a large nucleus and abundant 

with mitochondria.13,18 The cells are arranged in a mosaic pattern, with 70% - 80% having a 

hexagonal shape. In the healthy cornea of a child, the endothelium has a cell density of 

3500cells/mm2 and decreases with age.37 Injury can result in cell polymegathism and 

pleomorphism.  

The endothelium is critical in maintaining stromal hydration. The cells contain tight junctions, 

macula occludens, macula adherens and gap junctions.18 These control the flow of aqueous 

fluid and ions. There is an osmotic gradient flow of Na+ from the aqueous humour into the 

corneal stroma and an associated flow of K+ from the stroma to the aqueous humour.18,38  

Active transport of Na+ and K+ dependent ATPase and Na+/H+ electrolyte exchange 

occurs.38 Alongside this, carbon dioxide and water diffuses into the cytoplasm and is catalysed 

by carbonic anhydrase to produce HCO3-.38 The HCO3- then leaves the endothelial cells and is 

released into the aqueous humour. 

When the endothelial cells are damaged, this compromises stromal hydration. These cells do 

not replicate in normal circumstances. Instead, the surrounding endothelial cells enlarge and 

spread to cover the affected area.18 
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1.3 Aetiology 

Keratoconus which remains a somewhat enigmatic disease, was initially described in a 

detailed landmark treatise as the ‘conical cornea’ by John Nottingham in 1854.39 Keratoconus 

is a progressive, ectatic disorder of the cornea that results in corneal thinning, biomechanical 

weakness and protrusion.40 As a result of the corneal shape change, irregular astigmatism 

develops and visual acuity deteriorates. Keratoconus is typically a bilateral condition. Despite 

developments in our understanding of keratoconus and the advent of corneal imaging 

modalities, it is an inscrutable disease. The exact aetiology remains unknown but is believed to 

be multi-factorial, including complex, multigenic mode of inheritance and environmental 

factors. It typically develops during early teenage years and has a male predisposition. 

Interestingly, a recent meta-analysis identified no correlation with keratoconus and gender.41 

However, this may be affected by selection bias of the studies included in the meta-analysis. 

Keratoconus has been traditionally classified as a non-inflammatory disorder since it is not 

associated with redness, heat, swelling and pain. However, an imbalance of pro-inflammatory 

and anti-inflammatory ocular surface markers exists. This was shown by increased levels of 

IL-6 and IL-7 in  the tear film of individuals with keratoconus.42,43 Additionally, increased 

levels of TNF-α and matrix metalloproteinase 9 (MMP9) in keratoconus have also been 

identified in the tears.42,44  The increase in IL-6, TNF α  and MMP-9 was also related to 

disease severity.42 Other authors have identified a statistically significant decrease in 

pro-inflammatory mediators including IL-12, TNF-α, Chemokine C-C motif ligand 5 (CCL5) 

among those with keratoconus.43 Additionally, IL-13 was statistically significantly reduced 

among those with severe keratoconus.43 Immunoinflammatory cells such as macrophages, 

leukocytes and antigen presenting cells have been correlated with keratoconic tissue.45 

Furthermore analysis of tear film reported lower levels of lactoferrin and secretory IgA were 

significantly lower in people with keratoconus.46 An increase in tear film proteases such as 

cathepsin B and reduction in protease inhibitors have been reported. Along with this, there was 

down-regulation of protective factors such as cystatin S and cystatin SN.47 It has also been 

shown that there were significantly greater numbers of IL-1 receptors in keratocytes in 

keratoconus possibly making them susceptible to apoptosis.48,49 

1.4 Genetic, systemic and environmental associations 

1.4.1 Genetics 

Gonzalez et al identified that 58% of individuals with keratoconus had at least one parent 

presenting with abnormal corneal topography characteristics in central corneal power, 
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difference in central power between eyes, or inferior-superior asymmetric corneal power.50 

These abnormal findings are often present in suspect or early stages of keratoconus. The 

literature indicates that family history of keratoconus in one family member or more was 

present in 5% - 28% of individuals with keratoconus.51-53 Sporadic, autosomal dominant and 

autosomal recessive modes of inheritance have been detected.54  Consanguinity has also been 

significantly associated with keratoconus, with an odds ratio of 3.96.55 The concordance in 

studies on monozygotic twins point to a genetic role in the development of keratoconus. 

However, discordance in monozygotic twins have also been reported indicating the influence 

of environmental factors in addition to a genetic predisposition on the aetiology of 

keratoconus.56 

Candidate gene studies have identified mutations the visual system homeobox 1 (VSX1) gene 

among cases affected with keratoconus.57 The study also showed its role in those affected with 

posterior polymorphous dystrophy. However, a meta-analysis showed that it is not 

significantly associated with keratoconus.58  The gene superoxide dismutase 1 (SOD 1) on 

chromosome 21 has also been investigated. However, keratoconus-causing mutations have not 

been confirmed.59 The gene encoding for collagen type VI, COL6A1, on chromosome 21 has 

been investigated but an association with keratoconus could not be established.60 Linkage 

studies have identified 17 genomic regions have been identified for keratoconus. However, 

only three loci have been independently validated and two potential genes MIR184 and 

DOCK9 are potential genes associated with keratoconus.61 Lysyl oxidase which is involved in 

corneal stroma CXL has been investigated with conflicting evidence.59 Genome wide studies 

for keratoconus have been conducted, however, independent replication studies are required to 

validate these findings.59 

1.4.2 Systemic associations 

Systemic conditions associated with keratoconus, some of which are of genetic origin, include 

Down syndrome, Leber’s Congenital amaurosis, connective tissue disorders, Marfan’s 

syndrome, mitral valve prolapse, Ehlers Danlos syndrome and Turner’s syndrome.1,62,63 The 

mechanical trauma from eye rubbing among those with  Leber’s congenital amaurosis may 

contribute to the exacerbation of keratoconus.64 The association with connective tissue 

disorders such as Ehlers Danlos and osteogenesis imperfecta have also been previously 

reported.65,66 Additionally, keratoconus has been observed among individuals with floppy 

eyelid syndrome.67  An underlying connective tissue anomaly may alter the collagen 

composition and behaviour in the cornea, predisposing this group to the development of 

keratoconus.68 This may have a role in a Down syndrome population where low muscle tone, 
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hypermobility and ligament laxity are common musculoskeletal characteristics.69 These 

possible genetic and connective tissue anomalies may lead to an increased incidence of 

keratoconus in DS, and the general population.  

1.4.3 Atopy 

Atopy is a known risk factor for the development of keratoconus. Atopy encapsulates allergic 

diseases including hay fever, eczema and asthma. Among children in NZ, the rates of allergic 

rhino-conjunctivitis (11.4%), asthma (22.2%) and eczema (15%) have been reported.70 

Allergy, asthma and eczema are associated with keratoconus with odds ratio of 1.42, 1.94 and 

2.95 respectively.41 Individuals with keratoconus with ophthalmic allergic conditions such as 

vernal keratoconjunctivitis or allergic conjunctivitis had significantly more severe keratoconus 

than those with keratoconus who did not have the allergic condition.71 The importance of 

managing atopy in the context of keratoconus is highlighted when a study identified that 66 of 

67 of patients had clinical atopy before developing keratoconus.72 It has been postulated that 

leukocyte-derived enzymes resulted in collagen degradation and may link related 

inflammation to keratoconus.5 Atopy and allergy are known risk factors for keratoconus 

development, however, these are not causative factors per se, and are not a universal finding in 

those with keratoconus.  

1.4.4 Eye rubbing 

Eye rubbing is a known risk factor in keratoconus development. Approximately half of 

patients with keratoconus have a history of eye rubbing.51,73. These data are further supported 

by a meta-analysis showing that the odds ratio of developing keratoconus was three times 

greater in the group who rubbed their eyes daily.41 Another study showed that eye rubbing had 

an odds ratio of 6.31.74 The proposed aetiology of keratoconus is generally based on the 

two-hit hypothesis, which proposes a genetic predisposition coupled with environmental 

factors. Therefore, eye rubbing and associated microtrauma is a strongly linked risk factor, 

possibly most important according to Rabinowitz et al.75 Vigorous and a longer duration of 

eye rubbing has been associated with keratoconus patients (10 seconds - 180 seconds) 

compared to non-keratoconic patients (<5 seconds).76-78 The effect of handedness has also 

been reported in the literature where the eye on the same side as the dominant hand generally 

has more advanced keratoconus compared to the contralateral eye.72 Furthermore, it has been 

shown that individuals with keratoconus rub their eyes with their knuckles or finger tips and in 

a circular motion.79,80 Although described in the literature, this is not a universal observation. 

The method of eye rubbing has been reported to be different to characteristics observed in the 
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non-keratoconic group who tend to rub their eyes with their finger pad, palm or hand and in a 

horizontal direction.79 The mechanical impact of eye rubbing has shown to reduce the corneal 

epithelial thickness.81 Micro-trauma from eye rubbing may also induce apoptosis of 

keratocytes.82 Eye rubbing also has biochemical implications as increased levels of  TNF-α, 

IL-6 and MMP-13 have been detected in the tear film after 60 seconds of eye rubbing.79 

Therefore, eye rubbing can induce the inflammatory cascade. 

1.4.5 Ultraviolet light exposure 

The effect of ultraviolet light (UV) on keratoconus developed is unclear. High levels of UV 

light may increase the oxidative stress on the cornea.83 However, UV light is also used in 

CXL, a treatment to slow or halt keratoconus progression by forming covalent bonds between 

stromal collagen.84 In a second hit hypothesis, UV exposure may be a significant component 

and such exposure is consistent with the higher prevalence of keratoconus among populations 

in India and the Middle East compared to Finland and Denmark.77 However, specifically, in 

India and parts of the Middle East, consanguinity may play a more significant role in terms of 

genetic predisposition.77 

1.4.6 Geographic and ethnicity associations 

International estimates of keratoconus range internationally from 0.0003% in Russia, 0.05% in 

the United States to 2.30% in India and 2.34% in Israel.85-88 In NZ, the first report on the 

frequency of keratoconus was produced in 1978 and reported a prevalence of keratoconus of 1 

in 2000 (0.05%) people.6 More recently a NZ based study utilising three-dimensional anterior 

segment imaging including 1916 children identified a significantly higher prevalence of 

0.52%.7 Furthermore, over-representation among Māori and Pacific peoples have been 

shown.7,89  Interestingly, abnormal corneal topography indicating possible suspect keratoconus 

have been reported to be as high as 19% among teenagers in NZ,90 being significantly higher 

among teenagers of Māori and Pacific ethnicity. The disparate prevalence values identified are 

likely due to the classification of disease and device used.  

NZ has among the highest proportions of corneal transplantations for keratoconus globally, 

reaching 34.5% in 2015.91 This exceeds rates in Australia (31%), the United Kingdom 

(22.5%), Hungary (18.6%) and is more than double compared to rates in the United States 

(16%), Canada (13.8%).92-96 Furthermore, the prevalence of corneal transplants for 

keratoconus in a paediatric population (<15 years old), in NZ is also significantly high 

(67.2%).9 This estimate is notably high. This may be due to the small sample size of the study 
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and limited causes for corneal transplantation in children. Larger studies are required to 

identify the prevalence of corneal transplantation in a paediatric population.  

1.5 Pathophysiology 

Damage from oxidative stress and the increase in cytotoxic products have been implicated in 

the pathophysiology of keratoconus.47,83,97 The cornea has several enzymes to prevent 

oxidative damage including superoxide dismutase, glutathione peroxidase and catalase.98 

Elevated levels of malondialdehyde, a cytotoxic biproduct from lipid peroxidation has been 

detected in keratoconic corneas.99 This is generated by increased levels of reactive oxygen 

species and reactive aldehyde species.99 Elevated levels of nitrotyrosine, a toxic biproduct of 

nitric oxide, has been detected in keratoconus.99 The generation of nitrotyrosine is mediated by 

peroxynitrite and originates from nitric oxide synthase isomers. In addition to increased 

nitrites and lipid peroxidation, the glutathione and antioxidant capacity was significantly lower 

in keratoconus compared to controls.100 Furthermore, elevated IL-1α which is present in 

keratoconus has been shown to reduce superoxide dismutase production.101 Additionally, 

elevated peroxynitrite has been associated with a reduction in tissue inhibitor matrix 

metalloproteinase 1 (TIMP-1) and elevated nitric oxide has been associated with elevated 

gelatinase activity in keratoconic stromal fibroblasts.102 Taken together, the reduction in 

antioxidant ability and increased oxidative stress can lead to apoptosis of keratocytes, stromal 

tissue degradation and therefore result in the development or progression of keratoconus.102-104  

Corneal stromal thinning is a characteristic sign in keratoconus and may be mediated by 

enzymatic imbalance. Degradation of the collagen in the corneal stroma may occur due to an 

upregulation of matrix metalloproteinases. These are produced by epithelial and stromal cells 

in the cornea. These matrix metalloproteinases include gelatinases, collegenases (MMP-1, 

MMP-8 and MMP-13), and cathepsins.47  Eye rubbing and contact lens wear have been shown 

to elevate levels of MMP-13.79,105 Alterations to the gene encoding lysyl oxidase have been 

investigated for an association with keratoconus development.106 Lysyl oxidase is involved in 

cross linking collagen and elastin. A decrease in lysyl oxidase has been reported in keratoconic 

eyes.107 Hormonal changes during pregnancy among patients with keratoconus can result in 

keratoconus progression. Additionally, reduction in corneal thickness and corneal 

biomechanical integrity has been observed in pregnancy.108 It has been reported oestrogen can 

modulate corneal biomechanics.109 
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1.6 Corneal structural changes in keratoconus 

1.6.1 Corneal epithelium  

Thinning of the central epithelium has been reported through ex vivo histopathological 

investigations.110 In vivo confocal microscopy identified that superficial epithelial cells at the 

cone are elongated and form a whorl like pattern.111 The basal layer develops fold-like 

changes.111 Ex vivo electron microscopy have indicated that the basal cells of the corneal 

epithelium are affected during the early stages of keratoconus even when overlying superficial 

layers do not appear to have an altered morphology.112 Basal cells undergo alterations to their 

cylindrical shape and palisade pattern of arrangement.112 As the disease progresses, the basal 

cells degenerate, and only superficial cells remain in contact with an abnormal basement 

membrane, Bowman’s layer or anterior stroma.112 As this occurs, ferritin accumulates between 

epithelial cells.113 This may be detectable during slit-lamp examination of the cornea as the 

Fleischer’s ring sign. Laser scanning in vivo confocal microscopy identified significantly 

reduced basal cell density in the keratoconic cornea (4340.6cells/mm2 ± 595.2cells/mm2) 

compared to the healthy cornea (5777.6cells/mm2 ± 958.2cells/mm2).114 Peroxidase-based 

terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick and labelling 

(TUNEL) positive staining has been detected in the epithelial layer revealing apoptotic 

activity.115 TUNEL positive staining has also been reported in deeper layers of the 

epithelium.116  

1.6.2 Bowman’s layer 

Ex vivo histopathological studies have identified multiple regions of fragmentation in 

Bowman’s layer in some keratoconic specimens while other keratoconic corneas did not show 

these breaks.110 Scanning electron microscopy of keratoconic corneas has revealed the 

presence of sharp-edged defects with a lattice-type formation of the fragmented area.113 

Collagenous scar tissue was also identified within the areas of fragmentation.113 It has also 

been shown that keratocytic processes infiltrates Bowman’s layer.117  

1.6.3 Corneal nerves 

A NZ based study involving 52 individuals with keratoconus and 52 age-matched controls 

identified that in vivo laser scanning confocal microscopy identified a 52.7%  reduction in the 

density of the sub-basal nerve plexus in the keratoconic cornea compared to the control 

group.114 This reduced density of the sub-basal nerve plexus was related to the severity of 

keratoconus associated with the younger age of keratoconus detection, previous eye rubbing 
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and Māori or Pacific Peoples.114 The reduction in the density of the sub-basal plexus has also 

been reported in a non-NZ population.118 In addition to a reduced density of the sub-basal 

nerve fibre bundle, the network of nerves were arranged in closed loops and were tortuous at 

the apex of the cone while the nerve fibre bundles were arranged in a concentric fashion 

around the base of the cone.119 Thickening of sub-basal nerve fibres have also been reported 

where they were in close proximity to abnormal regions of Bowman’s layer and keratocytes. 

Despite the significantly altered morphology of the sub-basal nerve plexus in corneas with 

keratoconus, surprisingly, analysis of central corneal sensation by non-contact corneal 

aesthesiometer  revealed significant reduction in sensation only among patients with 

keratoconus who wore contact lenses.120 However, corneal sensation was not different 

between patients with keratoconus who did not wear contact lenses and individuals without 

keratoconus. Patel et al. identified that sensation was significantly correlated with sub-basal 

nerve density.120 

1.6.4 Corneal stroma 

Reduction in keratocyte density, number of lamellae and degradation of fibroblasts occurs in 

keratoconus.121 In vivo laser scanning confocal microscopy have shown that there are 

significantly lower keratocyte density compared to age-matched controls.122 This may be 

attributed to keratocyte apoptosis.115 Keratocyte density was lowest in the anterior stroma 

compared to the middle and posterior stromal regions.111 There were significantly fewer 

collagen lamellae in keratoconus compared to controls, however, there was no significant 

difference in thickness of the lamellae when compared to controls.123 The arrangement of 

stromal lamellae was significantly different in the keratoconic cornea and the mass of collagen 

fibrils was uneven at the cone apex.124 Fewer ordered proteoglycans were detected in 

keratoconic corneas than in controls.125 Collagen fibril orientation is significantly deviated in 

keratoconus from the orthogonal arrangement observed in the healthy cornea.126 Abnormal 

inter-lamellar and lamellar-Bowman layer interactions have been postulated.127,128 

Additionally, lamellar slippage may result in corneal thinning and increased corneal curvature 

or that the abnormal orientation of collagen fibrils may result in reduced biomechanical 

integrity in keratoconus.124,126 Figure 1-2 displays a keratoconic cornea showing increased 

corneal curvature, corneal thinning and scarring.  
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1.6.5 Descemet’s membrane 

A rupture of Descemet’s membrane occurs in corneal hydrops, an advanced stage of 

keratoconus. Figure 1-3 displays corneal hydrops observed on slit-lamp bio-microscopy.  As a 

result, aqueous humour enters the stroma causing significant stromal oedema and resolves 

after approximately three months.129 

Figure 1-2 Severe keratoconus, showing forward protrusion of the cornea, corneal stromal 
thinning and scarring. Image courtesy Prof. Charles McGhee. 
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1.6.6 Endothelium 

Keratoconus does not appear to affect the endothelial cell density.130 However, pleomorphism 

of endothelial cells and elongation of the endothelial cells such that the long axis of these cells 

is in the direction of the cone have been identified.1 Resolution of acute corneal hydrops 

typically causes neighbouring endothelial cells to increase in size and migrate to the damaged 

area.129 Penetrating keratoplasty following resolved corneal hydrops has an increased the risk 

of endothelial graft rejection.129 

1.7 Diagnosis 

The majority of clinical signs are difficult to detect in suspect or mild keratoconus cases 

without three-dimensional corneal imaging.131 Therefore, refractive error or slit-lamp 

bio-microscopy alone can lead to missed diagnosis in early stages of disease. 

1.7.1 Refractive error 

Keratoconus should be suspected among young people with reduced vision, difficulty 

correcting to 6/6 and changing astigmatism. The CLEK study showed that 19% of subjects had 

Figure 1-3 Corneal hydrops affecting pupil axis with Munson’s sign on down-gaze. Image 
courtesy Prof. Charles McGhee. 
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reduction in ten letters of best corrected visual acuity with high contrast letters in at least one 

eye over seven years.132 Keratoconus is initially associated with increasing irregular 

astigmatism with or without a myopic shift. 

If refraction is conducted with retinoscopy a scissoring reflex or the Charleux sign, also known 

as the oil droplet sign,1 may be observed making the process of objective refraction which is 

more complex in keratoconus. Furthermore, auto-refraction may be affected in keratoconus 

due to the irregular corneal surface.133  

Initially, spectacles alone can correct refractive error however, as the diseases progresses, 

complex contact lens fitting with rigid gas permeable contact lenses is required to achieve 

better visual outcomes as corneal astigmatism becomes increasing irregular. In approximately 

24% of patients, there was an increase of 3D in corneal curvature in at least one eye.132 Among 

children, 88% showed progression of keratoconus.134 Therefore, suspicion of keratoconus 

should be maintained if spectacle or contact lenses prescriptions need to be updated 

frequently.  

1.7.2 Slit-lamp bio-microscopy  

The corneal signs of keratoconus detectable by slit lamp bio-microscopy include thinning, 

protrusion, Munson’s sign, Fleischer’s ring, prominent corneal nerves, Vogt’s striae, Rizzuti’s 

sign and corneal scarring.1 Figures 1-4 to 1-6 displays keratoconus signs observed with 

slit-lamp bio-microscopy. 

Corneal thinning leads to biomechanical weakness causing the cornea to protrude forward. In 

significant cases of protrusion, Munson’s sign may be detected.135 This is the V-shape 

formation of the lower eye lid when the patient directs the eye inferiorly. Fleischer’s ring is the 

deposition of an iron line typically at the base of the cone. It can surround the cone fully or 

extend partially around the cone base. Prominent corneal nerves have been suggested to arise 

from a reduction in keratocytes and increased translucency. Vogt striae are fine vertical lines 

affecting deeper regions of the stroma and may affect Descemet’s membrane. These fine 

striations are normally in the direction of the steepest meridian.135 When digital pressure is 

gently applied to the globe, these fine lines disappear. Rizzuti’s sign may also be present, this 

sign occurs when a light beam is directed to a point near the nasal limbus when the 

illuminating beam is based temporally.  In severe keratoconus, corneal scarring may be present 

at the sub-epithelial layer or stroma. It is particularly debilitating if the visual axis is involved. 

In end stage keratoconus, corneal hydrops may occur. This is clearly observable with the slit-

lamp bio-microscopy. Corneal hydrops is an acute, painful, and potentially blinding stage of 
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keratoconus. In corneal hydrops, Descemet’s membrane ruptures and aqueous fluid from the 

anterior chamber invades the stroma leading to significant oedema, visual impairment, and 

stromal scarring and in some cases neovascularisation.129 

 

 
Figure 1-4 Fleischer’s ring present in keratoconus and observed with slit-lamp bio-microscopy 
using direct diffuse illumination with cobalt blue filter. Image courtesy Prof Charles McGhee. 
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Figure 1-6 Rizzuti’s sign, a conical reflection that appears nasally when light is directed from 

the temporal region of the eye. Image courtesy Prof Charles McGhee. 
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1.7.3 Assessment of corneal shape 

The advent of advanced computerised corneal imaging modalities from traditional non-

computerised methods has enabled early detection of disease. This involves quantitative and 

qualitative displays revealing abnormalities that may otherwise go undetected when utilising 

refractive error and slit-lamp bio-microscopy alone.  

Handheld Keratoscopy 

Handheld Placido disks (keratoscopes) were previously used to assess corneal curvature.1 The 

clinician examines the Placido disk reflection on the cornea. In keratoconus, the corneal 

irregularity results in non-uniform spacing of the reflected rings. Furthermore, there is 

downward decentration of the horizontal axis in the appearance of the mires.  

Keratometry 

There are two main types of keratometry devices. The Javal Schiotz has a fixed image size and 

is a two position keratometry device while the Bausch and Lomb has fixed object size and is a 

one position device.136 The keratometer provides measures of corneal curvature along the two 

principal meridians based on data from 2 - 3 points on the cornea approximately 3mm apart.1 

In keratoconus, the mires are distorted and central or inferior steepening is present. To observe 

the inferior corneal curvature, the patient needs to fixate in up-gaze allowing the keratometer 

to be aligned with the inferior cornea.135  

Computerised corneal topography  

The corneal topographer is a non-invasive device to assess the quantitative and qualitative 

aspects of the anterior corneal curvature. It is based on the principle of specular reflection. 

Since the following parameters are known: mire which is object size, the distance from the 

specular corneal surface, image size formed by the reflection the shape can be modelled.137 

This is imaged by a digital camera and an algorithm reconstructs into corneal curvature 

measures. The information is then displayed as quantitative measures and qualitative 

colour-coded maps. There are several numerical topometric indices that quantify various 

characteristics of the cornea. The types of indices available vary between corneal topography 

devices.  

Several univariate topography parameters have been developed. The I-S value is the difference 

between five points at 30 degree intervals on the superior hemisphere and five points on the 
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inferior hemisphere at 3mm from the apex of the cornea.138 I-S value greater than 1.8 is an 

indicator of keratoconus.137,138 Central keratometry is the average curvature at the 2, 3 and 

4mm ring diameters, values above 48.7D indicate keratoconus.137,139 However, early 

keratoconus can exist with central keratometry less than this value. Skewed radial axis 

(SRAX) is the smaller angular difference between the steepest curvature above the horizontal 

meridian and steepest curvature below the horizontal meridian. The final SRAX value is this 

smaller angular difference subtracted from 180 degrees.  A value of 20 degrees with greater 

than 1.5D astigmatism indicates keratoconus.140 Further parameters analyse irregularities 

between sectors and along meridians.139 

The first multivariate corneal topography parameter was the Rabinowitz and McDonell Index, 

based on I-S values, central K and difference of central K between the eyes.137,138 The KISA% 

is based on Central K, SimK, I-S and SRAX. A KISA% greater than 100 indicates 

keratoconus, with this cut off point 280 of 281 participants were accurately classified.140 The 

Keratoconus Predictive Index is based on a linear discriminant and binary decision tree 

consisting of Ksteep, Kflat, SAI, DSI, OSI, CSI, IAI and AA a cut off greater than 0.23 was 

most sensitive, specific and accurate for detecting keratoconus.139 The Keratoconus Index 

identifies keratoconus from non-keratoconus cases and is based on a classification tree with a 

linear discriminant.139 The Keratoconus Severity Index, assess severity of keratoconus and 

consists of 10 parameters using an expert system classifier and neural network. Clinical 

keratoconus was identified with a value greater than 30%.141  

Corneal tomography 

Corneal tomography, the gold standard method of corneal assessment allows comprehensive 

three-dimensional anterior segment analysis. Corneal tomography has a higher sensitivity in 

screening for keratoconus compared to computerised Placido topography methods.142 There 

are several corneal tomography devices with quantitative indices that vary between devices.  

The Pentacam provides data on the anterior and posterior corneal surface as well as data on 

corneal thickness simultaneously. This involves three-dimensional reconstruction of the 

cornea based on a rotating Scheimpflug camera. The recently developed Belin-Ambrósio 

Enhanced Ectasia Display (BAD) system is available on the Pentacam (Oculus, Wetzlar, 

Germany). The BAD-D score comprises regression analysis of nine tomographic parameters 

to guide keratoconus diagnosis. These parameters include, change in anterior and posterior 

corneal surface elevation, anterior and posterior corneal elevation at the thinnest point, rate of 

change in pachymetry from the minimum corneal thickness to the corneal periphery, minimum 
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corneal thickness, displacement of the thinnest point, maximum anterior keratometry and 

Ambrósio’s Relational Thickness - Maximum (ART-Max).143 Previous authors have indicated 

that utilising anterior and posterior elevation and corneal thickness were useful in screening 

individuals with suspect keratoconus.144 ART-Ave and ART-Max combines single point 

metrics, central corneal thickness (CCT) and thinnest point (TP) with the pachymetric 

progression index (PPI). The PPI-Avg is determined by the average of meridians 360 degrees 

around the thinnest point of the cornea.145 On the other hand the PPI-Max is the meridian with 

the greatest increase in pachymetry. These ART indices are calculated as follows: 

ART-Ave = TP/PPI-Ave, ART-Max = TP/PPI-Max.146 The authors have reported an 

ART-Ave and ART-Max area under the receiver operating curves of 0.987 and 0.983 

respectively with best-cut off values of 424µm and 339µm respectively. Cut-off points for 

detecting keratoconus are instrument specific.40 A list of Pentacam based parameters with 

means and standard deviations and optimal cut off points have been published.147  

Data on the posterior corneal surface is particularly useful as is thought to be a key sign in 

early or subclinical keratoconus.40 A cut off point for suspect keratoconus was 29µm of 

posterior elevation and 35µm for clinical keratoconus has been identified for the Pentacam 

(Oculus, Wetzlar, Germany) with a high level of sensitivity and specificity.148 The Orbscan II 

on the other hand has a posterior elevation of 40µm limit for suitability for refractive 

surgery.144  

1.7.4 Corneal biomechanics 

Degradation of stromal components such as keratocytes, collagen lamellae and abnormal 

orientation of collagen fibrils occurs in keratoconus.123,126 Along with these abnormalities, 

there are fewer cross-links between corneal fibril.149 Slippage between lamellae due to loss of 

cohesive forces occurs and therefore reduced biomechanical integrity results in corneal 

thinning and protrusion of the cornea.124  

The cornea is a viscoelastic material.150 It responds to stress applied in a biphasic fashion with 

a rapid initial response followed by a slower response. There is a lag between the response to 

the loading of force and recovery when it is unloaded.151 This difference is described as 

corneal hysteresis. In contrast, an elastic tissue does not have a lag between the loading and 

unloading phase.  

The Corvis ST (CST; Oculus, Wetzlar, Germany) is a non-contact tonometer which releases a 

pulse of air and causes a biphasic response. During this process, energy is released, resulting 



23 
 

in more time taken to return to its original shape. A Scheimpflug camera records 4330 frames 

per second captures cross-sectional images during this process. It releases 60mmHg of air 

pressure from an area of 3.05mm at a distance of 11mm.152 A greater amplitude of 

deformation is present in keratoconic eyes compared to non-keratoconic eyes.153 

The CorVis ST biomechanical index (CBI) and, tomographic and biomechanical index (TBI) 

have been developed recently. The CBI is based on the amplitude of deformation, horizontal 

thickness profile and corneal stiffness. A cut off value of 0.5, had 100% sensitivity and 98.4% 

specificity in discriminating keratoconus corneas from healthy controls.154 A novel 

keratoconus assessment index known as the TBI has also been reported. With a cut-off value 

of 0.79, 100% sensitivity and 100% specificity could be achieved to identify keratoconus.155 

The TBI has been reported to have a sensitivity of 84.4% and 82.4% specificity with an cut off 

point of 0.16 in subclinical keratoconus.156 Chan et al in 2018 highlighted the potential role of 

the TBI parameter in differentiating subclinical keratoconus from normal corneas.156 

1.7.5  Epithelial thickness distribution 

The basal epithelium degenerates in the pathogenesis of keratoconus. These degenerating 

basal cells produce proteolytic enzymes that affect Bowman’s layer and collagen fibrils in the 

corneal stroma.112 It has been suggested that remodelling of the epithelium may occur to mask 

changes in Bowman’s layer and stroma to create a uniform optical surface.157-159 

Histopathology of the corneal epithelium have revealed thinning at the apex of the cornea as 

well as a surrounding area of epithelial thickening.110 This pattern has been identified by a 

very high frequency ultrasound arc-scanner.160,161 This pattern has also been identified using 

anterior-segment optical coherence tomography imaging in clinical keratoconus.162 Pattern 

standard deviation of the epithelium thickness has been identified as a potential new diagnostic 

variable for detecting subclinical keratoconus.163 It has also been shown that minimum 

epithelium thickness was significantly thinner in forme fruste keratoconus compared to eyes 

with low corneal astigmatism, suggesting that thinning occurs before epithelial remodelling.162 

The authors also postulated that force of the eye lids can result in upper epithelial thinning.  

1.7.6 Aberrations 

Alterations to corneal morphology in keratoconus results in higher order aberrations. Corneal 

aberrations result when an irregular corneal surface degrades the quality retinal image. 

Wavefront analysis and Zernike polynomials to classify these aberrations help to better 

understand the characteristics of aberrations in keratoconus. Root mean square of coma-like 
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aberration produced by the Corneal Map Analysis System (CSO, Florence, Italy) has been 

described as a method to measure the severity of keratoconus in addition to keratometry and 

corneal thickness.164  

Patients with keratoconus have greater degrees of anterior surface vertical coma compared to 

controls.165 This is greater in advanced cases of keratoconus. The coma-like aberration occurs 

from the downward corneal cone displacement of the optical axis in keratoconus. A high 

sensitivity of coma-like aberrations have been reported when discriminating between 

keratoconus and controls.165 Coma and third-order root mean square may be particularly 

effective at classifying severity of keratoconus.166 The Pentacam-based front vertical coma had 

an area under the curve of 0.857, sensitivity of 75% and specificity of 100% to differentiate 

early keratoconus from normal corneas.167 Posterior aberration specifically, root mean square 

per unit area, was associated with decreasing corrected visual acuity in keratoconus and was 

identified as a useful parameter to distinguish normal corneas from mild keratoconus.168 While 

a method for classifying keratoconus severity based on aberration parameters have been 

previously described, the higher-order aberrations and vertical coma for the anterior and 

posterior corneal surfaces have limited repeatability.169  

1.8 Grading severity and progression 

There are several methods to grade severity and progression of keratoconus. The method to 

grade severity and progression will depend on the clinical parameters available and the corneal 

imaging method used.  

The Amsler Krumeich classification system is an historic, but still widely-used, method of 

grading the severity of keratoconus (Table 1-1).170 It utilises parameters from refraction, 

anterior keratometry, corneal thickness and refractive error. It classifies severity into four 

stages. The utilisation of central curvatures and apical corneal thickness may be less accurate 

as keratoconus typically affects the paracentral, infero- or infero-nasal cornea. Additionally, 

the distribution of corneal thickness or posterior corneal characteristics are not considered.  
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Stage Parameters 

1 

Eccentric steepening 

Myopia, induced astigmatism, or both <5.00 D 

Mean central K readings <48 D 

2 

Myopia, induced astigmatism, or both from 5.00 to 8.00 D 

Mean central K readings <53.00 D 

Absence of scarring 

Corneal thickness >400 micron 

3 

Myopia, induced astigmatism, or both from 8.00 to 10.00 D 

Mean central K readings >53.00 D 

Absence of scarring 

Corneal thickness 300–400 micron 

4 

Refraction not measurable 

Mean central K readings >55.00 D 

Central corneal scarring 

Corneal thickness < 200 micron 

 

The ABCD grading system is available as part of the Pentacam (Oculus, Wetzlar, Germany) in 

built software.171 It is based on the anterior radius of curvature centred at a 3mm zone over the 

thinnest point, posterior radius of curvature at a 3mm zone over the thinnest point, corneal 

thickness at the minimum point, distance visual acuity as well as corneal scarring (Table 1-2). 

Utilising a surrounding area at the thinnest point better discriminates the area of ectasia 

compared to single-point such as maximum keratometry.171  Parameters at the thinnest point as 

opposed to the apical points were more sensitive at detecting sub-clinical disease.171 

 

 

 

 

 

Table 1-1. Amsler Krumeich classification of keratoconus severity.170 
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Stage 
ARC (3 mm 

zone) (A) 

PRC (3 mm 

zone) (B) 

Minimum 

Pachymetry 

(μm) (C) 

BSCVA 

(D) 
Scarring 

0 
>7.25 mm 

(<46.5D) 
>5.90 mm  >490 ≥20/20 − 

1 
>7.05 mm 

(<48.0D) 
>5.70 mm  >450 >20/20 −,+,++ 

2 
>6.35 mm 

(<53.0D) 
>5.15 mm  >400 <20/40 −,+,++ 

3 
>6.15 mm 

(<55.0D) 
>4.95 mm  >300 <20/100 −,+,++ 

4 
<6.15 mm 

(>55.0D) 
<4.95 mm  ≤300 <20/400 −,+,++ 

 

High order aberrations from the anterior corneal surface have also been explored as a method 

to grade the severity of keratoconus. Spherical, higher order and coma-like aberrations are 

significantly greater in keratoconus.164 The authors correlated RMS coma-like aberration to 

the Amsler-Krumeich classification and identified the following grades: Grade 1 RMS of 

1.87µm, Grade 2 of 2.97µm, Grade 3 of 3.46µm and Grade 4 of 5.20µm.164 The authors 

highlight the utilisation of mean root mean square of coma-like aberrations in detecting early 

disease as well as grading severity of disease.  

Monitoring keratoconus is needed but is challenging. Keratoconus has been shown to progress 

in as high as 88% of children and approximately 24% of adults.132,134 Furthermore, 21% of 

previously unoperated eyes progress to require a corneal transplant for keratoconus.172 The 

Global Consensus on Keratoconus and Ectatic disease defines progression as a consistent 

change in at least two of three characteristics: increased anterior surface curvature, increased 

posterior surface curvature, reduced corneal thickness or increased rate of change from the 

peripheral cornea to the thinnest point.40 These changes need to be outside the noise of the 

system utilised. It has also been highlighted that a change in BSCVA may or may not 

accompany progression of keratoconus. The repeatability of an extensive list of Pentacam HR 

parameters have been investigated based on keratoconus severity.169 It is a useful reference for 

clinical and research purposes.  

Table 1-2. Pentacam based ABCD keratoconus severity grading criteria.171 
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Clinically, a change in refractive error of 1D in manifest refractive sphere, 0.5D increase in 

manifest refractive cylinder, increase in maximum keratometry of greater than 1D in one year 

or 15µm of corneal thinning over 1 year is an indicator of progression. A recent systematic 

review and meta-analysis reported that children with Kmax greater than 55D had pronounced 

risk of progression.173 In addition, an increase of 1D in corneal astigmatism using Scheimpflug 

imaging was an indicator of progression.174 

Maximum keratometry is a widely used parameter to monitor progression as well as to 

monitor stability of the cornea following treatment by CXL.175 However, a limitation is that it 

is a single point measure that does not include posterior elevation analysis. Therefore, utilising 

the ABCD progression display can detect changes earlier and guide clinical decision 

making.176 Its usefulness has also been shown in a paediatric population.177 Some authors have 

reported that progression can occur even when Kmax appears to be stable or reduced.171,178  

An extension to the ABCD severity staging criteria is the Belin ABCD Progression display 

which is available on the Pentacam to compare multiple parameters and provides comparison 

between multiple visits.179 The ABCD severity system is reliable and repeatable and can 

reliably detect keratoconus progression.180 The progression display analyses change between a 

baseline examination compared to subsequent examinations specifically on anterior and 

posterior curvature centred over a 3mm optical zone at the thinnest corneal point, minimum 

corneal thickness and distance visual acuity. The algorithm incorporates 80% and 95% one 

sided confidence intervals for each of these parameters since progression is represented by 

increase in curvature or thinning of the cornea.179 Both confidence intervals are included to 

help guide clinical decision making in relation to intervention, in the context of other risk 

factors for progression.179  

1.9 Impact on quality of life 

There are several questionnaires available to evaluate the quality of life in keratoconus.181 The 

scores were consistent with visual acuity, corneal topography, corneal thickness, and severity.  

The National Eye Institute Vision Function Questionnaire assess several aspects of quality of 

life including general, near, distance and colour vision, impact on roles, dependency, mental 

health, and social function. A 51-point questionnaire is available however, a shorter 25-item 

questionnaire is also available. The questionnaire has been previously used in assessing the 

impact of chronic eye conditions including glaucoma and age-related macular degeneration. 
182,183 Among 30 patients with keratoconus and 30 healthy controls, vision related quality of 
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life was poorer among patients with keratoconus.184 Statistically significant differences were 

observed in the subscales of general vision, ocular pain, near vision, aspects of mental health, 

difficulty performing role and peripheral vision. It was identified that vision related quality of 

life was significantly influenced by the vision in the better eye among patients with 

keratoconus. The authors suggested that among patients with keratoconus, the use of contact 

lenses and preserving good vision can improve the vision related quality of life.  

Previously validated keratoconus specific questionnaires include the Keratoconus outcomes 

research questionnaire (KORQ) and the Keratoconus end-points assessment questionnaire 

(KEPAQ). The KORQ questionnaire assess activity limitation and symptoms.185 The KORQ is 

a psychometrically robust questionnaire developed using Rasch analysis specifically for a 

keratoconic population. The validated Portuguese translation of the KORQ showed 

significantly better quality of life scores in patients with keratoconus with best corrected visual 

acuity of 0.3 LogMar (6/12) or better and prior CXL.186 The KEPAQ questionnaire takes into 

account both functional and emotional compromise in patients with keratoconus.187  

1.10 Management 

1.10.1  Spectacles 

In the early stages of keratoconus, spectacles alone can correct refractive error or may be used 

as an adjunct to contact lens wear. Having keratoconus may cause difficulty in providing 

definitive subjective refraction responses leading to reduced repeatability.188,189 However, 

repeatable refractions can be made in early cases of keratoconus. Utilising large lens steps may 

be needed for some patients to discriminate differences and help the clinician determine 

endpoints.190 Since sphero-cylindrical spectacle lenses correct refractive error along the two 

principal axes, optical outcome of spectacle correction is limited due irregular astigmatism.  

1.10.2  Contact lenses 

Soft toric contact lens options are available to correct astigmatism. When a soft design is 

required, then keratoconus specific soft lenses can also be considered. The Global Consensus 

on Keratoconus and Ectatic Diseases indicated that a rigid gas-permeable contact lens should 

be used if there is spectacles or conventional soft hydrogel or silicone hydrogel contact lens 

intolerance.40 Options include rigid gas permeable (toric and bitoric) contact lenses, 

keratoconus design gas permeable lens, hybrid lenses, piggy-back as well as corneoscleral, 

mini-scleral and scleral designs.40 Rigid gas permeable contact lenses have been shown to 

provide superior visual acuity and stereoacuity when compared to optical correction with 
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spectacles.191 The fitting of a rigid gas permeable contact lens on a keratoconic cornea is 

shown in Figure 1-7. Scleral lens wearers have reported better satisfaction with vision and 

comfort compared to corneal gas permeable lenses.192 The use of corneal topography and 

anterior segment optical coherence tomography (AS-OCT) have aided the contact lens fitting 

process as well as computerised contact lens fittings.193 Combined, these optimise vision by 

aiding the lens selection process and has been shown to reduce chair time. However, AS-OCT 

may be limited to clinics specialising in complex contact lens fittings rather than widely 

available across all optometry practices.  

 

1.10.3  Corneal cross linking 

CXL is a treatment to prevent progression of keratoconus in adult and paediatric 

populations.194 It is typically performed under local anaesthesia and was initially performed 

with corneal epithelial debridement. It involves the use of a riboflavin 0.1% solution, a 

photosensitiser. In the original Dresden protocol, riboflavin was applied for 30 minutes, the 

cornea was then irradiated for 30 minutes with 3mW/cm2 continuously, achieving a dose of 

5.4J/cm2.195 Figure 1-8 displays CXL treatment being performed. When the riboflavin is 

sensitised by UV-A light, it excites riboflavin into a triplet state which produces reactive 

oxygen species to induce covalent bonds between amino groups of collagen fibrils.196 A study 

on bovine eyes showed that treatment works by cross linking α- and β-chains into large 

polymers and cross-links some proteoglycan core proteins to form high molecular weight 

Figure 1-7 Rigid gas permeable contact lens on a keratoconic cornea. Sodium fluorescein 
pattern shows light apical touch, paracentral pooling, mid-peripheral contact and edge 

clearance. Image courtesy Dr Akilesh Gokul. 
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polymers.196 This increases the rigidity of the cornea and may prevent further progression of 

keratoconus. Additionally, the authors showed that mimecan and decorin forms high 

molecular weight polymers by cross linking with collagen. 

 

 

A study involving 152 children (10 years old to 18 years old) with documented keratoconus 

progression showed stabilisation was maintained at the 36 month follow up.197 A minimum 

corneal thickness following epithelial removal and swelling with hypoosmolar solution of 

400µm has been reported to prevent damage to the corneal endothelium, lens or retina.198 This 

study highlighted the safety and efficacy of the treatment. Another study by this group 

indicated that 24% regression rate over a ten year follow up period for children 15 years old or 

younger.199  

A review of 2350 patients undergoing CXL identified that 0.0017% developed infective 

keratitis with the conventional CXL epithelium-off procedure.200 Persisting corneal haze has 

been reported to affect 8.6% of eyes and was associated with lower corneal thickness and 

higher corneal curvature.201 A review of 2025 eyes of patients undergoing accelerated CXL 

identified a significant association between patients with vernal keratoconjunctivitis and 

delayed epithelial healing.202 This review also identified a significant relationship in people 

with Down syndrome (DS) and haze and sterile infiltrate formation. The authors attributed the 

Figure 1-8 Cornea soaked with riboflavin and irradiated with UV-A light during CXL 

treatment. Image courtesy Dr Akilesh Gokul. 
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corneal haze in DS to subclinical inflammation associated with eye rubbing and immune 

response abnormality in DS. They attributed sterile infiltrate formation in DS to immune 

response abnormality in DS as well as staphylococcal exotoxin from blepharitis in this group. 

Several types of CXL protocols have been developed since. The accelerated protocol follows 

the Bunsen Roscoe Law where an irradiance is increased, and exposure time decreased to 

achieve the total dose of 5.4J/cm2 with pulsed and continuous variations to improve 

oxygenation.203 Epithelium-off and epithelium-on procedures have also been described. The 

epithelium-on method has been shown to be less effective than the epithelium-off method.204 

The CXL treatment has also been investigated in combined procedures to achieve keratoconus 

stability and optimise vision such as with photorefractive keratectomy followed by CXL.205 

The potential of intrastromal corneal ring segments followed by same day CXL has also been 

investigated.206  Furthermore the potential of a toric implantable collamer lens after CXL has 

also been studied.207  

Some authors have suggested that the need for corneal transplantation has reduced by a quarter 

to a half with the implementation of CXL while others have indicated that the reduction can 

only be more accurately highlighted in data after a decade of implementation.12,91,208  

CXL has also been shown to be cost-effective with previous studies showing that the 

incremental cost-effectiveness ratio was $11163/Quality adjusted life years (QALY) with 

lifetime corneal stabilisation.209 A Canadian study also showed that CXL treatment was more 

cost-effective, CAN$9090/QALY when compared to penetrating keratoplasty.210 

1.10.4  Intracorneal ring segments 

Intracorneal ring segments are polymethylmethacrylate arcs that are inserted into the stroma to 

treat keratoconus. However, their initial use was in correcting myopia.211 The rings or 

segments flatten the cornea, provide biomechanical stability and have been reported to be safe 

and effective even in an adolescent population.212 Artificial neural networks to guide 

implantation have shown to result in better visual acuity, reduced mean spherical refraction  

and reduction in coma-like aberrations when compared to implantation based on the 

manufacturer’s nomogram.213 Improvements in refraction and visual acuity has been 

demonstrated , however, the long term stability has been variable and these procedures do not 

appear to have any effect on the progression of keratoconus.214,215 Ring segments combined 

with CXL may aid in the longer-term management of keratoconus.216,217 
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1.10.5  Refractive surgery  

Keratoconus is contraindicated in refractive surgical procedures due to risk for developing 

keratectasia. Photorefractive keratectomy (PRK), however, has been investigated as a 

treatment option for myopia and irregular astigmatism in keratoconus. PRK is preferred over 

laser-assisted in situ keratomileusis (LASIK) due to a thicker residual stroma post-treatment. 

PRK has been shown to be relatively safe and effective in treating refractive error in suspect 

and early keratoconus.218,219 The use of toric intra-ocular lenses is another method of 

correcting refractive error in individuals with stable suspect or mild keratoconus. An anterior 

or posterior chamber phakic IOL is more appropriate for a young population affected by 

keratoconus with useful accommodation.220,221 Predictable outcomes of phakic intraocular 

lenses have been reported in keratoconus.222,223 Pseudophakic intraocular lenses would be 

more appropriate for the presbyopic population with keratoconus undergoing cataract 

surgery,224,225 and good predictability for pseudophakic toric intraocular lens implantation has 

been reported in cases with low corneal irregularity.226  

1.10.6  Corneal transplantation 

Corneal transplantation is indicated when there is reduced functional vision that cannot be 

corrected with optical methods. This may be due to significant corneal morphological change, 

significant scarring from keratoconus or corneal hydrops. Penetrating keratoplasty (PKP) and 

deep anterior lamellar keratoplasty (DALK) are the two main methods of corneal 

transplantation for keratoconus. A PKP involves a full thickness corneal replacement and was 

first performed in 1905 and continues to be performed successfully.227-229 The DALK 

procedure, has been adopted more widely in recent times in place of PKP where appropriate. 

Figure 1-9 displays a DALK for keratoconus. The benefit of DALK is that in this lamellar 

surgery the anterior cornea is replaced while the host Descemet’s membrane and endothelium 

are kept intact. This reduces the risk of graft rejection which is largely directed toward donor 

endothelium. DALK is more suitable when corneal scarring is not present and has comparable 

outcomes to PKP.230,231 The biomechanical characteristics of PKP and DALK have been 

shown to be statistically similar. However, PKP was biomechanically more different when 

compared to a healthy cornea than DALK.232 A study reviewing PKP and DALK in a 

paediatric population (≤18 years old) affected with keratoconus revealed no significant 

difference in outcomes between the two methods.233 Recurrence of ectasia can occur in 

6% - 11% of corneal transplants, a case series on peripheral CXL of keratoconus before 

transplantation was shown to be achievable and safe.234  
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Stromal lenticule implantation is a novel surgical procedure for advanced keratoconus which 

involves inserting a negative meniscus shaped lenticule into the stroma. It has been shown to 

produce a flattening effect on the corneal curvature, increase corneal thickness and result in an 

improvement in corrected distance visual acuity in early studies.235,236 

 

1.10.7  Stem cell therapy 

Promising results were obtained when stem-cell enriched spheres obtained from the peripheral 

cornea of normal human corneas from cadavers were implanted into keratoconic stromal tissue 

in vitro.237 Cells from spheres could repopulate the keratoconic en face sections and displayed 

signs of initial differentiation.  

A three year follow up showed improvement in distance visual acuity and no complications 

when autologous adipose-derived adult stem cells and decellularised stromal lamina with 

autologous adipose-derived adult stem cells, or laminas recellularised with autologous 

adipose-derived adult stem cells, were implanted in patients with advanced keratoconus.238  

1.11 Conclusion 

Keratoconus remains an enigmatic disease. With the gold standard corneal tomography 

devices available for three-dimension modelling of the cornea as well as several adjunctive 

Figure 1-9 Deep anterior lamellar keratoplasty with continuous sutures for an eye with 
keratoconus. Image courtesy Prof. Charles McGhee. 
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tests, earlier stages of disease can be detected and monitored. This should enable timely 

treatment with CXL to prevent further disease progression and vision can be potentially 

optimised with refractive surgery. Currently a full understanding of the aetiology of this 

relatively common corneal disease is yet to be achieved.  
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2 Ophthalmic manifestations in Down syndrome  
2.1 Introduction 

In 1866, physician Dr John Langdon Haydon Down first described characteristic clinical 

features in a subset of people affected with intellectual disability.239 Dr Down’s description 

encompassed a lively nature, straight hair, flat and broad facial features, prominent cheeks, a 

small nose, prominent tongue, reduced skin elasticity and reduced life expectancy.239 Specific 

ophthalmic characteristics he observed included slanted eyes, narrow palpebral fissures, 

increased distance of the medial canthi and a tendency to increase the palpebral fissure height 

with the occipito-frontalis muscle.239 Since Dr Down’s description, there have been many 

scientific publications on the clinical characteristics among people in this population. The 

scientific literature are in agreement that people with Down syndrome (DS) have notable 

systemic phenotypic variations, increased risk for certain systemic diseases and significant 

burden of disease.240-243 These are also reflected in the eye and ocular adnexa itself, where 

there is a susceptibility to several ophthalmic conditions.244 This chapter will outline common 

ocular characteristics and practical implication in a standard eye exam for people with DS.  

For the purpose of this chapter and thesis, the condition will be referred to as Down syndrome 

due to the current medical, scientific, and general familiarity with the term. In 1961, steps 

were taken by 19 geneticists to cause a change in the medical, scientific and general 

vocabulary to describe people with Down syndrome (DS) using respectful terminology and 

outdate less respectful terms.245,246 A previous search of PubMed over 1961 - 2010 identified 

that ‘Down’ was the most common term used to describe people with this syndrome.246 

Although beyond the scope of this chapter, it is acknowledged that it may be appropriate to 

consider if further refinement to the term “Down” is required. If the term ‘down’ carries a 

labelling effect on an already burdened population, it seems appropriate to address this 

population in a more neutral way. However, modifications to an established term should 

involve people affected and their support networks, consistent with the philosophy of 

advocates for the rights of people with disability “Nothing about us without us”.247  

2.2 Aetiology of Down syndrome 

There are three main aetiologies for developing DS. It is most often caused by meiotic 

non-disjunction, which is a failure of homologous chromosomes to segregate during meiosis. 

In DS, this results in a gamete with a diploid chromosome 21 instead of its haploid form. In 

DS, 80% - 95% of cases obtain an extra copy of chromosome 21 in this manner.248,249 
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Non-disjunction during maternal meiosis predominates, with approximately 90% occurring in 

this manner.250,251  

Translocation has been reported to affect between 3% - 4% of people with DS. 248,252,253 In this 

type of DS, a segment from chromosome 21 is attached to another chromosome for example 

chromosome 13, 14, 15, or another chromosome 21.254 Translocation DS occurs when a 

gamete with an unbalanced form of translocation undergoes fertilisation with a normal gamete.  

Mosaicism affects approximately 2% - 3% of people with DS.248,252,253 In Mosaic DS, 

non-disjunction occurs post-fertilisation. Genetically distinct cell lines are generated from the 

zygote, this results in a cell line containing a trisomy of chromosome 21 and a euploid cell 

line.255  

A partial trisomy is extremely rare. In these cases, only a segment of chromosome 21 is 

triplicated.253  

2.3 Systemic manifestations 

DS is associated with a reduced life expectancy. The estimated life expectancy of people with 

DS increased from nine years old in 1929 to 60 years old in 2002.256,257 Some of the main 

causes of death among adults with DS include congenital heart disease, respiratory infection 

and dementia.258 The reduced life expectancy in DS may be due to the several systemic 

manifestations in DS.  

The clinical disorders in DS are multi-system in nature including neuro-developmental, 

psychiatric, neurological, cardiovascular, musculoskeletal, haematological, immunological, 

gastrointestinal, reproductive, craniofacial, sensory, respiratory and autoimmune conditions 

that manifest in this population.253 A recent review identified particularly common disorders in 

DS include congenital heart disease (44%), respiratory illness as a cause of death 

(34% - 40%), hearing impairment (84%), sleep disorders (65%), hypothyroidism (50%), 

dysphagia (55%), dementia (68% - 80%) and visual problems (57%).240 Additionally, among 

people with DS 40 years old and above, rates of visual impairment, hearing impairment, 

epilepsy, thyroid disorders and dementia rapidly increase in prevalence compared to the 

general population.259 Therefore, life-long multi-disciplinary support is required for this 

population.   
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2.4 Vision  
During infancy, visual acuity in DS initially appears to be similar compared to normative 

data.260,261 As the infant grows, uncorrected refractive error and differences in neuronal 

development between the groups may lead to reduced visual acuity in young children with 

DS.261,262  

 

Children with DS have significantly lower best corrected visual acuity compared to 

controls.263 Among children with DS 4 years old to 11.9 years old, binocular visual acuity 

norms were determined to be approximately 6/12.264 A lower mean presenting visual acuity 

have also been reported in adulthood, with 43.3% reported to present with moderate to severe 

visual impairment.265,266  

 

Evaluation of visual acuity is a standard component of an eye exam. However, the subjective 

nature of visual acuity can be challenging for some people with DS.264 Visual acuity testing 

techniques which are appropriate for an individual’s ability are required for accuracy. 

Objective measurements of visual acuity such as Teller Acuity cards, Cardiff acuity cards, or 

optokinetic nystagmus (OKN) assessments are typically utilised in very young children in the 

general population. However, it may be required in some people with DS over four years of 

age. 264,267-269 Further studies are required to assess how comparable OKN derived visual 

acuity is to other acuity testing methods in DS to aid clinical interpretation of results. It is 

possible that this method might be less accurate in DS since people with DS have significantly 

lower horizontal OKN performance compared to controls using computerised eye tracking 

methods.270 

 

Subjective visual acuity testing can occur with picture or letter matching techniques such as 

LEA symbols, Kay Pictures, HOTV and Sheridan Gardiner. These are some common 

alternatives for individuals unable to use the standard Bailey Lovie or ETDRS Chart. Some of 

the picture or letter matching techniques are measured at 3m. Accommodative lag is common 

in DS.271  Therefore, this factor may be a source of variability in visual acuity measurements 

in DS.   

 

The visual acuity testing method should be sufficiently challenging since threshold vision is 

being assessed but should be achievable for the individual undertaking the task. Repeatability 

of monocular visual acuity assessment using the Bailey Lovie chart and HOTV chart in adults 

with DS compared to controls was shown to be similar despite the lower visual acuity in 
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people with DS, variable level of intellectual disability in DS and co-existing ocular anomalies 

that are common in this group.265 However, in this study four of 34 (11.8%) individuals with 

DS were excluded as they were unable to perform the acuity assessment due to significant 

degree of intellectual disability. Additionally, participants with DS did not have visually 

significant cataract. Taken together, the sample selection may have led to similar repeatability 

of visual acuity assessment between the DS cohort and control group in this study. The authors 

recommend that to reduce variability in visual acuity measurements in DS a letter by letter 

acuity scoring method is preferred over a line by line method.265 Additionally, reducing the 

length of testing time by pointing to the individual letter and by starting with the line that the 

patient can get all letters correct on first may be useful. 189,265,272-274 
 

2.5 Refractive error 
The significant difference in prevalence of refractive error among children with DS compared 

to those without have been previously reported.275 The significant proportion of individuals 

with DS affected with refractive error indicate a potential deficit in emmetropisation.275  

 

Hyperopia and astigmatism are common in DS. Estimates vary due to sample size, ethnicity 

distribution of participants, method of refraction and dioptric criteria for refractive errors. 

Among several larger studies, hyperopia was estimated to affect 46.5% - 81.2% of participants 

when a minimum of 1.00DS was utilised.268,276-278  Median spherical equivalent for each year 

among children between one to 15 years old, inclusive, remained hyperopic.279 Astigmatism 

significantly and disproportionately affects people with DS.263 Astigmatism is estimated to 

affect 66.8% - 94.1% when a minimum of 1.00DC was considered.268,277,278 Oblique 

astigmatism was reported in 45% - 52% of children and young adults with DS.277-279 Slanted 

palpebral fissures commonly seen in DS has been postulated to be a contributing factor of 

oblique astigmatism in this population.280 An astigmatism axis categorised as 135° 

(106° - 164°) among right eyes and 45° (16° - 74°) among left eyes were common findings.281 

These data highlight the need for refractive error screening in a population predisposed to 

refractive error. 

 

There are several considerations required when assessing refractive error accurately in people 

with DS. Subjective refraction can be performed in individuals that are able to provide a 

verbal response. It can also be performed by obtaining responses non-verbally through hand 

gestures. Determining refractive error could also involve auto-refraction or auto-refraction 

combined with cycloplegia to determine a starting point for baseline refraction. However, 
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individuals with DS have abnormal corneal morphology.282 These include steeper anterior and 

posterior corneal curvatures, and thinner corneas even without a keratoconus diagnosis. This 

could affect measurements from the auto-refractor. Additionally, difficulty fixating may be 

present due to reduced visual acuity, small palpebral apertures, strabismus and nystagmus 

during the automated assessment.282-284 Variability was 2.8 times greater using open-field 

design auto-refraction with a movie playing in the background to help maintain fixation in DS 

compared to those without DS.285  Retinoscopy with or without cycloplegia is useful, however, 

this may be affected by an abnormal retinoscopy reflex such as scissoring from an abnormal 

cornea, obscuration by lens opacities and ability to maintain fixation particularly if it is being 

done without cycloplegic agent. Mohindra retinoscopy is a modified method that has been 

shown to provide similar outcomes to a cycloplegic refraction and has been used among 

children with DS.275,286 With the combined sources of variation when refracting people in this 

population, obtaining accurate automated outputs, achieving examiner end-points or 

end-points from the patient may be challenging.  

 

Management of refractive error involves spectacle correction, contact lens correction or 

surgical methods. Specially fitted spectacles to suit the cranio-facial profile of individuals with 

DS should be considered during frame selection.287 Contact lens correction may be suitable for 

individuals who are able to handle the contact lenses appropriately and independently, 

maintain contact lens hygiene and take appropriate action when the contact lens does not feel 

comfortable on eye. Refractive surgery for children with significant ametropia as well as 

spectacle and contact lens aversion is also an option but requires careful decision making.288-

291 The anticipated improvement in daily life from refractive surgery in children should be 

considered before deciding whether to proceed with the intervention. Additionally, factors to 

consider include risks associated with general anaesthesia in a vulnerable group, precision of 

measurement and impact of reduced fixation in the context of significant refractive error since 

these could affect the pre-, peri- and post-operative outcomes.290 

 

2.6 Strabismus 
Strabismus has been reported to affect between 18.1% - 57.0% of individuals with 

DS.276,278,292-300 It is significantly more prevalent among people with DS compared to 

controls.263 Esotropia occurred more frequently than exotropia. 276,278,292-296,298-300 The acquired 

type occurs more frequently than the infantile form in DS.301 Esotropia in DS is typically 

associated with hyperopia and accommodative weakness.301,302 Those with higher hyperopia 
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are more likely to develop esotropia.302 Additionally, incomitant forms of strabismus was the 

main cause (26.6%) of an abnormal head posture among individuals with DS.303  

 

Due to the prevalence of esotropia in DS, testing for strabismus is important in a routine eye 

exam for this group. Among larger studies, strabismus was identified using the Hirschberg 

test, alternate cover-uncover test with or without prism, synaptophore, Krimsky test. 276,278,292-

294,296,298,299   Distance strabismus assessment may be less reliable since sustained distant 

fixation can be challenging in this group.301,304 For near deviation detection in DS, the 

Hirschberg’s corneal reflex test and prism cover test using the Lang’s cube accommodative 

target can aid the assessment.301 Although the Hirschberg test can aid assessments, it does 

have limitations. Another study attributed the low prevalence of strabismus in DS in their 

study to potentially the use of the Hirschberg test resulting in the under-detection of 

microtropia.305  

 

Strabismus can compromise stereoacuity. Almost half (41.7%) of individuals with DS and 

strabismus could comply with either or both of the Titmus House Fly or Lang’s stereoacuity 

testing techniques.301 The mean stereo-acuity identified among 22 children with DS was 

611.37seconds of arc ± 193.29seconds of arc.306 A positive response on the stereo-acuity tests 

relied on a subjective response from the patient, which may be challenging for individuals 

with DS particularly if they are unfamiliar with the task.301,306 In another study, the Lang 

Stereo test was discontinued in the study among children with DS due to difficulty in 

understanding the test.305 This highlights that care should be taken to communicate how to 

perform the task in a way that the individual can understand. 

 

Surgical intervention of strabismus is required in some cases. In the surgical correction of 

esotropia in DS, the standard surgical dosage used in a non-DS population can be applied to 

the DS population.307,308 Children undergoing surgical correction for esotropia, having a mean 

pre-operative deviation of 37.6∆ and success was achieved in 85.7% of children, within 10∆ of 

orthophoria.307 There were no significant differences between the groups at the two year post-

operative time point when similar surgical dosage was used.308 Other authors have suggested 

lowering the surgical dose to prevent over-correction of the eso-deviation among children with 

developmental delays.309,310 However, an under-correction has also been observed in 44% of 

children with developmental disorders when the surgical dosage was reduced.311  
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2.7 Amblyopia 
Amblyopia is common in people with DS, with a prevalence of 16.9% - 36.4%.263,278,299,312 

The main causes of amblyopia in DS were due to strabismus (53%), strabismus and refractive 

error mixed aetiology (13%) and anisometropia (33%).312  

 

Studies on the outcomes of amblyopia management are required in a DS specific population. 

The standard approach to amblyopia management includes a number of techniques including 

spectacle correction to maximise vision.301 Then, patching of the better seeing eye or 

pharmacological ‘penalisation’ with atropine is undertaken to encourage use of the amblyopic 

eye. The standard care of amblyopia with spectacles and physical occlusion therapy via 

patching can be challenging in those with DS due to challenges with spectacle or patching 

tolerance and following the treatment regimen during the critical period. However, patching 

should be considered first in DS before pharmaceutical occlusion. 

 

Pharmaceutical occlusion, with atropine, is another method of amblyopia management. 

Systemic side effects of atropine include tachycardia, dry mouth, reduced sweating, dizziness, 

nausea, drowsiness, slurred speech, hallucinations, and skin rash. Children receiving atropine 

eye drops have been shown to have seven times greater rate of side effects (71/811, 8.8%) 

compared to children receiving cyclopentolate eye drops (27/2238, 1.2%).313 Among those 

with side effects, flush and/or fever, comprised 86% of the side effects with atropine, while 

drowsiness was the leading side effect (37%) associated with cyclopentolate.313 In this study 

there were two children with DS in each cohort undertaking atropine and cyclopentolate. 

Among both these groups, the side effects were not serious. Apprehension may exist in 

utilising atropine for a DS population. Previous clinicians have reported that they have not 

experienced adverse events during their use of atropine eye drops in patients with DS.314 A 

cycloplegic refraction is a standard part of the paediatric eye exam and is important in the 

context of managing hyperopia, a common finding in DS.  

 

The use of videogames in the management of amblyopia by using dichoptic stimulation, 

incorporating an enhanced stimulus to the affected eye is also being investigated.315 However, 

studies on dichoptic stimulation as part of amblyopia management is required in a DS specific 

population. Maintaining interest is important in delivering eye care effectively to individuals 

with intellectual disability.316 By incorporating interesting stimuli during amblyopia 

management, compliance with treatment may be improved. 
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2.8 Accommodation 

Accommodative lag is common among individuals with DS.261,271,281,317-321 It is typically 

associated with hyperopia and strabismus and reduced visual acuity.281,301,302,318,322  It is also 

associated with poorer near visual acuity.323 Accommodative lag requiring near addition 

correction is often seen in individuals with DS.271,322,324 It can be present with both hyperopia 

and myopia and therefore should be considered as part of all optical prescriptions.271 A thinner 

and weaker lens power in DS has been previously described, this could contribute to the 

accommodative anomalies, however further studies are required to investigate this.280 Others 

have suggested that the accommodation inaccuracy observed in people with DS may be related 

to neural control of the accommodative systems or a greater tolerance for blur resulting in 

under-accommodation.322 

Examining accommodation should be a standard assessment in people with DS. It has been 

shown that reduced near visual acuity is present in DS, reflected by the presenting near visual 

acuity range during vision screening.325 Although many factors can contribute to reduced 

presenting near visual acuity, the authors highlighted that dynamic retinoscopy should be part 

of an eye examination for children and adults with DS. They also showed a negative 

correlation between viewing distance and near LogMar visual acuity. Therefore, examination 

of accommodation in this group is important. Accommodation has been previously measured 

specifically in a DS population with modified Nott retinoscopy, an open-field autorefractor 

and video based infrared photo-refractor.271,321,326 Previous authors have evaluated 

accommodation at several distances to identify accommodative lags, most commonly 10cm, 

16.7cm and 25cm.261,327-329 Another study utilising a custom built auto-refractor assessed 

accommodation by switching the viewing stimulus from between 11m and 50cm, 33cm, 25cm 

or 20cm.321 Incorporating viewing targets with an interesting stimuli may improve the 

examination of the patient’s accommodation. 

The use of bifocal spectacles in DS have shown improvements in near acuity, strabismus and 

accommodation.319,327 Improvement of near visual acuity has been reported with both the 

uncrowded and crowded Lea symbols charts at 40cm with bifocals compared to single vision 

correction.330 A randomised controlled trial comparing bifocals to single vision spectacles in 

DS resulted in a reduction of manifest angle of strabismus at one year.327 A near addition 

correction of +2.50D with bifocals among children with DS showed better accommodative 

accuracy upon assessment with dynamic retinoscopy than single vision spectacles for 

significant refractive error.317 Interestingly, accurate accommodation was maintained when 

children returned to single vision lenses after bifocal wear.328 Full compliance with the use of 
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spectacles at school was identified in 82.4% of children with DS and 17.6% were partially 

compliant.317 Use of bifocals was studied with participants followed up at six weeks, six 

months, and one year, with all but one child able to use their bifocals sufficiently, with good 

compliance at one year.327 The compliance with spectacle correction has been reported to be 

better in the group with accommodative weakness compared to those with accurate 

accommodation.302 This may be due to the lesser discernable benefit among the group with 

accurate accommodation.302 

Improved parameters of literacy have been reported in children with near additions compared 

to single vision correction alone.319 Specifically, significant improvements were observed on 

sight words, word identification, visual closure and visual form constancy.319 Therefore, the 

near addition may better support children and adults with DS in their learning and near work 

engagement.  

Careful dispensing of bifocal spectacles is needed. The fitting height of the near segment set at 

the pupil centre should be monitored at follow up visits.317 Where the child is looking through 

the distance portion of lens for near work due to the segment height being notably lower than 

the pupil centre, frames should be readjusted or lenses need to be reordered.317 Ensuring that 

both the segment height and fit of the frame are appropriate is needed to improve the use of 

the near addition. Providing time to adapt to spectacle wear, involving the patient and support 

persons in prescribing spectacles and provide task-specific directions regarding the use of 

spectacles and frequency as well monitoring the effect of spectacle wear is needed in this 

group.316 Practical steps for home and school support persons to overcome spectacle aversion 

in this group may help maximise functional vision for these individuals.331 

2.9 Nystagmus  
Nystagmus is reported to affect 2% - 33.3% of individuals with DS.269,276,292,294,295,305,332  

Among 56 individuals with nystagmus, fine rapid horizontal nystagmus was reported as the 

most common form of nystagmus in DS and 73% of those with nystagmus presented with an 

esotropia.333  Both manifest and latent nystagmus types are present in DS. Among ten children 

with nystagmus, eight had a manifest form while two had the latent form.305 Among six adults 

with DS and nystagmus, all had the latent or manifest latent form.334  

 

Infantile nystagmus in DS has been attributed to abnormalities at the level of the cerebellum or 

oculomotor circuits.335 Among 12 children with Down syndrome, neuroimaging was 

conducted in one due to the presence of spasmus nutans.336 Nystagmus has a large impact on 
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other clinical assessments, particularly measurements that require stable fixation such as 

auto-refraction, topography, fundus imaging, and optical coherence tomography. Studies on 

nystagmus in DS typically involved a very small size which must be considered in terms of 

generalisability. Larger studies on the assessment of nystagmus in DS are required. 

 

2.10 Anterior ocular adnexa 

There are several eyelid characteristics that are common in DS. Among 149 people with DS, 

upward slanting palpebral fissures occurred in 89.3%.337 Additionally, epicanthal folds were 

present in 61% of individuals.298 Blepharitis has been reported to occur between 4% - 81.9% 

in DS, shown in Figure 2-1 and significant lid crusting in Figure 2-2.292,296. Nasolacrimal duct 

obstruction has been reported between 3.3% - 35.6% of individuals with DS.269,296,298,336 

Figure 2-3 shows recurrent conjunctivitis in a patient with nasolacrimal duct obstruction. Eye 

lid hygiene is important in this group particularly if blepharitis and nasolacrimal duct 

obstruction coexist as this may increase their risk for infection. Appropriate referral for a 

suspected nasolacrimal duct obstruction should be instigated as a recurrent watery eye can 

contribute to reduced vision, reduced visual comfort, frustration for the patient and may be a 

stimulus for intense and frequent eye rubbing to clear the recurrent watery eye. Additionally, 

DS is a risk factor for developing extensive alopecia areata,338 see Figure 2-4, the lack of 

lashes results in a predisposition to dust and foreign body entering the eye.  
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Figure 2-1 Blepharitis in a participant with DS. 

Figure 2-2 Crusting of eyelid in a participant with DS. 
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Figure 2-3 Recurrent conjunctivitis in a participant with DS and nasolacrimal duct obstruction. 

Figure 2-4 Absence of eye lashes in a participant with alopecia and DS. 
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2.11 Cornea 
The cornea in DS has been shown to be different to the cornea in people without DS in several 

ways. People with DS have steep anterior and posterior corneal surfaces and thinner corneas 

compared to those without DS even in the absence of corneal ectasia, such as 

keratoconus.282,339,340 Additionally, corneal volume is lower in people with DS compared to 

controls even without keratoconus.341 Full thickness density in the 0mm - 12mm zone was 

greater in the DS group without keratoconus when compared to the control group.341 These 

corneal characteristics typically observed in keratoconus in the general population also appear 

in the DS population without keratoconus. Further studies are required to determine if all 

individuals with DS are on the spectrum of keratoconus or if a DS specific keratopathy exists. 

 

Corneal tomography is a sensitive device for diagnosing keratoconus as it provides 

three-dimensional corneal imaging and provides data on the posterior corneal surface. The 

literature provides a range of estimates of keratoconus in DS among studies utilising corneal 

tomography (12.4% - 32.3%).342,343 Figures 2-5 to 2-7 show slit-lamp images of signs in 

keratoconus in people with DS. Furthermore, as many as 71.3% of people with DS had signs 

compatible with keratoconus assessed by corneal tomography.282 The variability of estimates 

highlights a possible challenge of confirming keratoconus in this population.  

 

The aetiology of keratoconus in DS is unknown. Currently, there is no gene for keratoconus 

identified specifically on chromosome 21. It is possible that the triplication of chromosome 21 

amplifies the effect of other genes on other chromosomes leading to a genetic predisposition 

for keratoconus.344 Furthermore, a collagen anomaly could play a role in abnormal corneal 

collagen structure in DS by reducing its biomechanical strength and resulting in ectatic 

changes. Interestingly, the most recent multi-ethnic genome wide association study has 

implicated that collagen matrix integrity may be key to keratoconus per se.68 People with DS 

are predisposed to congenital heart defects. Genes encoding α1 and α2 chains of Collagen VI 

located on chromosome 21 have been investigated as a cause for congenital heart defects in 

DS.345,346 It is conceivable that people with DS may be susceptible to the development of 

keratoconus due to the combined genetic and collagen alterations in this population. Eye 

rubbing is a known risk factor for keratoconus development, the specific association of eye 

rubbing and keratoconus in DS is needed, as previous authors have suggested that it may be 

more common in DS.347  
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Screening for keratoconus is important particularly due to the inherently thinner cornea in this 

group. Early detection and appropriate monitoring for timely treatment is required so that the 

disease does not progress beyond the safety limitation of corneal cross linking (CXL). 

Approximately 39.6% of individuals under 20 years old with DS have been identified with 

progressive keratoconus.342 Corneal tomography, although highly sensitive has a longer 

acquisition time, requiring prolonged stable fixation. Individuals with DS present with 

multiple ophthalmic manifestations which can affect fixation, including reduced visual acuity, 

slanted and small palpebral apertures, cataract, strabismus and nystagmus. These factors may 

make it challenging to obtain accurate and repeatable measurements. As a result, confirming 

the diagnosis, or monitoring progression or stability of keratoconus can be challenging in DS.  

 

CXL is an established treatment for keratoconus. Unfortunately, corneal haze and sterile 

infiltrate formation are significantly more common in DS following CXL.202  The accelerated 

CXL protocol has been able to slow progression of disease in people with DS, although its 

efficacy in advanced cases appeared lower than the standard protocol.348 Epithelium-off CXL 

under local anaesthesia in DS has been studied.349 The procedure was not performed if the 

corneal thickness was less 400µm or if corneal scars were present.349 Among nine eyes of 

seven patients with DS, treatment was performed successfully for seven eyes with delayed 

epithelium healing in one case.349 A more invasive form of keratoconus treatment is by corneal 

transplantation. While clear grafts can be successfully achieved in people with DS, 

complications with suture removal without sedation can occur, careful candidate selection and 

support from a caregiver are required for a successful outcome.350 A diligent support person to 

aid with topical medication, monitor eye rubbing and seek medical care early in an adverse 

event is important in the post-operative care in DS.  
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Figure 2-5 Previous hydrops showing central scar, Descemet's break, and iron 
line in advanced keratoconus in a participant with DS. 

Figure 2-6 Corneal scarring and inferior corneal thinning in keratoconus in DS. 
Cataract is also present in this participant. 
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2.12 Iris 

351 However, several studies did not identify these in their 

cohorts.266,269,296,298,352 People with DS with a lighter colour iris were more likely to present 

with Brushfield spots than those with darker irises.299  

 

 

Figure 2-7 Significant corneal protrusion in a participant with DS. 

Figure 2-8 Prominent Brushfield spots in a participant with DS. 
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2.13 Lens 
Lens opacities in DS have been reported to range from 4% - 72%. 266,304,352,353 The range of 

reported prevalence may be due to age of DS subjects. Specifically, a prevalence of 4% 

was identified in a study involving 140 children, whereas the estimate of 72% included 91 

adult participants (>30 years old). Punctate dot opacities are present in 50% of people with 

DS.354 Among those with DS who underwent cataract surgery, 45% of patients had 

bilateral cataracts and 36% of eyes had white cataracts.355 Figures 2-10 and 2-11 are slit 

lamp images showing lenticular opacities. It has also been identified that developmental 

quotients were greater among children with DS who did not have cataracts compared to 

those with DS and cataracts requiring surgery.356  Therefore, those with more severe DS 

may have greater global delay as well as more severe systemic and ocular disease such as 

cataract leading to poorer visual performance. 

 

Intraocular lens selection for people with cataract requiring surgery may be more difficult 

in the DS population due to challenges with pre-operative assessment. Challenges can 

occur with performing imaging such as biometry and corneal tomography.355,357 Therefore 

utilising contemporary instruments such as the IOL Master 700 for biometry for example, 

may help the assessment of people with DS due to rapid acquisition. The anterior chamber 

depth among children with DS (3.08mm ± 0.24mm) and controls (3.02mm ± 0.31mm) 

were statistically similar.358 Among young adults with Down syndrome, the lens was 

identified to be significantly thinner (3.27mm ± 0.29mm) compared to control participants 

without DS (3.49mm ± 0.2mm). 280 Additionally, the lens power calculated was 

significantly weaker in DS (17.70D ± 2.36D) compared to controls (19.48D ± 1.24D).280 

The calculated lens power may be obscured by a possibly higher keratometry measurement 

Figure 2-9 Brushfield spots in a participant with DS. 
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in DS as they are known to have steeper corneas. Challenges also arise with obtaining 

refraction, pre-operative refraction could be obtained in 36.4% of adults with DS and post-

operative refraction could be obtained in 63.6% of adult participants.355  

  

Phacoemulsification was performed in 84.9% of eyes among people with DS while 

extracapsular cataract extraction occurred in 15.1%.355 Intraocular lens implantation was 

conducted in 97% of eyes of adults with DS.355 In one series, intraocular lens implantation 

occurred in eight (61.5%) children, four of whom were initially left aphakic and underwent 

intraocular lens implantation later.359 Surgery for bilateral cases have been reported to be 

undertaken at the same time to reduce the frequency of general anaesthetic use in a 

population with congenital heart defects.355,357,359 Two of 13 children with DS experienced 

desaturation during treatment under general anaesthesia.359  

  

Cataract surgery typically results in improvement in visual acuity. An improvement was 

noted from 1.36logMAR ± 0.77logMAR to 0.84logMAR ± 0.55logMar after cataract 

surgery in adults.355 The authors highlighted that visual outcomes was limited by 

co-existing ocular disorders including keratoconus.359 Among children undergoing cataract 

surgery, 40% attained best corrected visual acuity between 6/9 to 6/18.360 Difficulties with 

performing visual acuity assessments in this group may also be a limitation.357,360 

Evaluating the patient’s performance of daily life activities such as facial recognition, 

eating, mobility and interaction with others as well as obtaining information from the 

patient’s carer can aid this process of evaluation.357  
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Figure 2-10 Anterior congenital polar cataract in a participant with DS. 

Figure 2-11 Anterior subcapsular lens opacity in a participant with DS. 



55 
 

2.14 Optic nerve 
The optic nerve appearance in children with DS is variable. A smaller disc and disc tilting 

are previously recorded characteristics in this group.296,361 Additionally, crowding of retinal 

vasculature anomalies at the disc have also been observed in this group potentially due to 

early branching of blood vessels.268,293,298,362 Myelinated nerve fibres have also been 

reported.268 Optic nerve pallor was detected in between 0.6% - 7.6% of the DS 

population.296,363  

 

A greater disc-to-macula to disc diameter ratio, used as an indicator of disc size, was 

observed in children with DS compared to controls.361 Along with this, the cup to disc ratio 

in the DS group was smaller than in the non-DS group.361 Optic nerve crescents affected 

48% of children with DS and were significantly more common in DS when compared to 

controls.361 The authors suggest that the disc ovality and tilting noted in this group may be 

associated with the myopia and oblique astigmatism that can occur in DS.361 Peri-papillary 

and papillary pigment changes were observed in 30% of children with DS.361 It has been 

proposed that trisomy 21 could be associated with increased serum levels of endostatin 

which inhibits angiogenesis resulting in early retinal vasculature branching since this is 

encoded on chromosome 21.362 Angiogenesis is required for renal maturation. Therefore, 

individuals with DS with a crowded disc, may require screening for renal abnormalities 

and may have a reduced risk for proliferative vascular events.362 

 

Glaucoma has been reported between 0% - 11.5% of individuals with DS.268,293,364 Whilst 

optic nerve drusen has been reported in 6.8% - 8% of children with DS.263,361 

Pseudotumour cerebri can also occur and may affect 3.4% of individuals with DS.365 

Radiological imaging is required to rule out papilloedema. Among four children with 

pseudotumour cerebri in DS, one had improvement in visual acuity and optic nerve 

appearance following medical therapy and lumbar puncture, while two patients had optic 

nerve atrophy following medical therapy and lumbar puncture.365 The fourth had optic 

nerve swelling resolution at the one year follow up without intervention. 

 

Undilated posterior segment assessment can be challenging in this group due to unstable 

fixation. The use of fundus images and optical coherence tomography can be useful. 

Functional assessment of the optic nerve by visual field testing is difficult.361 Automated 

structural testing can be affected by the quality of scans and it can therefore be challenging 

to detect early signs of pathology. Due to a difficulty with standard visual field testing, 
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variable testing methods such as a preferential looking perimeter could be used. 

Additionally the development of visual field assessment based on OKN is currently being 

investigated.366 Objective methods of visual field assessment should be further investigated 

for use particularly in a population that might find standard subjective visual field testing 

methods challenging.  

 
2.15 Retina and Choroid 
Retinal anomalies have been estimated to affect 5.1% - 36.9% of children with DS. These 

include myopic chorioretinitis, retinal degeneration, tortuous vessels, tigroid fundus, 

pre-retinal haemorrhage and localised hyperplasia of the retinal pigment 

epithelium.268,296,298,363 Retinal detachments has been reported to affect 0.7% - 1.8% of 

people with DS.299,367,368 Proliferative diabetic retinopathy appears to be less common in 

DS even with long-standing diabetes.369 It has been suggested that this may be associated 

with reduced angiogenesis in DS.362 

 

Retinal and choroidal assessment has been conducted in the DS population with dilation 

and Heidelberg spectral domain optical coherence tomography for retinal and nerve fiber 

layer assessment. Enhanced depth imaging was used to assess the sub-foveal choroid.263 In 

contrast, a handheld spectral domain OCT was used to examine children with DS.370 The 

benefit of the hand-held method was the ability to conduct the test in the supine position if 

this was preferred and sedation was not required. 370 A trained technician in OCT imaging 

for infants was utilised in this study.370 Best centred images were selected by alignment of 

the foveal dip and foveal tenting of the photoreceptors.370 When these characteristics were 

not identifiable the authors selected the image with the deepest foveal depth or where the 

foveal tent was most elevated.370 

 

An increased macula thickness has been reported in children with DS compared to 

controls.263,371  In contrast, another study identified that foveal thickness was statistically 

similar between children with DS compared to controls.370 The peripapillary retinal nerve 

fibre layer thickness was significantly greater in DS compared to controls.263 

Abnormalities of the retina in DS compared to controls were identified in the inner retina, 

outer plexiform layer, external limiting membrane and outer segment of the interdigitation 

zone.370 It was postulated that the anomalous retina morphology observed in DS is 

associated with neuro-sensory factors rather than vascular factors.263 
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The choroid of adults with DS has been shown to be thicker compared to controls.372 

In contrast, another study identified no statistically significant differences in the sub-foveal 

choroidal thickness between individuals with DS and individuals without the syndrome.263 

Greater tessellation of the choroid has been observed in DS even without myopia.373 It was 

hypothesised that choroidal vasculature may contribute to this manifestation.373 

 

2.16 Challenges in delivering eye care 
Tailored eye care is needed to accommodate the variability of ophthalmic, systemic, 

behavioral, and intellectual variations in people with DS.316 Due to the multiple and varied 

ophthalmic manifestations in DS, the use of an examination checklist of common ocular 

conditions in DS to document ophthalmic anomalies accurately has been proposed.298 The 

examination duration for people with DS could be longer as repeated testing may be 

required to gain reliable results or better quality images or views. The time-consuming 

nature of these tests, potential distress for the patient and travel costs for frequent reviews 

can be challenging for the individual and their caregiver.316  

 

Clinicians may feel dissatisfied with the level of care they provide due to difficulty with 

achieving clear endpoints in a test. Additionally, challenges around history taking, 

communicating with the patient, reduced feedback from a non-verbal patient, as well as 

limited experience with this group can be factors that contribute to frustration.316  

Difficulties in communication can result in challenges in delivering eye care in a timely 

manner. Individuals with DS may not inform a support person or clinician about ocular 

symptoms they may experience such as reduced vision, difficulties with focusing on near 

fine print or of the presence of an uncomfortable eye.374 The need for an attentive and 

responsive support person is important to seek timely care. Educating the patient 

themselves and the support person on signs to monitor is needed. 

 

Information about the examination prior to the appointment would enable the individual to 

know what to expect and be better prepared. Providing modified questionnaires in advance 

of the appointment may enable the individual and their support person to take time to 

answer questions that would be relevant to the eye examinations. These answers obtained 

prior to the eye examination might aid the history taking aspect of the eye examination.316 

 

Utilising ability appropriate rather than age-appropriate tests are an important 

consideration for this group. Assessment with paediatric tests and objective measures can 
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be useful for individuals with DS who might find standard adult tests or subjective tests 

challenging.316 If it is challenging to keep still at a fixed instrument incorporating a 

portable method such as a hand-held slit-lamp, direct ophthalmoscope or binocular indirect 

ophthalmoscope may be more suitable.316  

 

Integrating vision screening and ocular health checks for this group at community 

recreational group settings such as the Lions Clubs International Opening Eyes screening 

program may allow for improved access to eye care, familiarity with examinations as well 

as the opportunity to educate individuals and their support person about vision and ocular 

health.375,376 
 

2.17 Participation in research 
The diagnosis of DS should not preclude individuals from participating in research. 

However, special considerations for this vulnerable population are needed, particularly in 

preventing harm.377,378 Practical considerations include evaluating the balance of risks and 

benefits of the project to the participant, method of describing the project to potential 

participants, obtaining consent as well as participant handling throughout the research 

process.377 Precautions should be taken to ensure participation is voluntary and without 

coercion.377 Participants should be encouraged to consult with a support person prior to 

participating in a project.377 Obtaining research ethics requires a detailed rationale for 

inclusion, and consultation with advisory and support groups is essential. 

 

Obtaining informed consent from an individual with intellectual disability can be 

challenging since the degree of intellectual disability is highly variable. This process 

involves an understanding that participation is up to the potential participant. The potential 

participant should be supported to understand the project itself, its personal implication and 

evaluating the risks and benefits to arrive at a decision.379 A supported decision-making 

model could enable patients to exercise their right to participate and to refuse to participate 

in research.378,380,381  

 

Disseminating research results to participants and communities involved in their care 

would improve the benefit of the project.382 Furthermore, researchers involved in studies 

on those with intellectual disability should interact with ethics committees to refine 

regulation.380 It is important that further research is undertaken to increase knowledge of 
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ocular condition prevalence, appropriate methods of assessment and tailored management 

in this unique group to improve care provided and, as a result, visual outcomes. 
 

2.18 Conclusion  
Individuals with DS are affected by a variety of ophthalmic anomalies. Effective delivery 

of eye care to this population is complex due to the variability of ocular abnormalities that 

is commonly present in this group as well as the non-eye-related sources of variability. 

Knowledge of the key ocular manifestations as well as practical implications of assessing 

the eyes of people with DS can enable the clinician to better assess and manage this group 

in both clinical and research settings. 
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Chapter 3 
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3 Methods 
3.1 Overview 

This chapter mainly outlines the process involved in enrolling participants into the study 

relating to Chapters 5, 6, 7, 8, as well as the technical aspects of clinical procedures included 

in the examination. It also highlights methodical aspects of the retrospective studies in Chapter 

4 and 9. The components of the examination in the prospective study included history taking, 

visual acuity assessment, cover test, focimetry, corneal tomography, corneal topography, auto-

refraction, anterior segment optical coherence tomography, corneal biomechanical strength 

assessment, slit-lamp bio-microscopy, intraocular pressure measurement, spectacle refraction 

and a visual function questionnaire. The assessments were performed at the Department of 

Ophthalmology Research Clinic at the Faculty of Medical and Health Sciences, University of 

Auckland. Figure 3-1 displays an image of a participant, their support person at the site. 

 

 

Figure 3-1 A participant and their support person with members of the project team at the 
research site (with permission). 
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3.2 Inclusion criteria 

Individuals with DS ten years old and above and able to provide assent were eligible to 

participate in this study. There were no restrictions based on previous ocular or general 

disease, injuries, or surgeries. The study was open to individuals whether or not they had 

undergone a previous eye examination. The study was open to individuals from all regions 

within New Zealand-Aotearoa (NZ).  

3.3 Ethics 

Ethics approval for the retrospective review in Chapter 4 was obtained from the University of 

Auckland Human Participants Ethics Committee (021305). Ethical approval for the studies in 

Chapters 5, 6, 7 and 8 were obtained from Health and Disability Ethics Committees 

(18/NTA/192). Ethics for the retrospective review of clinical records in Chapter 9 was 

obtained from the Auckland Health Research Ethics Committee (AH2851). The tenets of the 

Declaration of Helsinki were adhered to throughout all research projects. 

3.4 Recruitment 

For the prospective studies relating to Chapters 5, 6, 7 and 8, participants and support persons 

were recruited via various community organisations, schools and advocacy groups supporting 

the wellbeing of individuals with DS. The project was also promoted at events hosted by these 

organisations to inform individuals with DS and their support persons about the opportunity to 

participate. The project was further advertised through community newsletters, websites and 

social media to extend the reach of information to as many people as possible with DS, their 

families and support persons throughout the country. Presentations were also provided at 

several scientific conferences to inform clinicians about the opportunity for their patients to 

participate in this study. These scientific conferences included: 

- Australia and New Zealand Cornea Society and Eye Bank Meeting, Auckland 

(February 2020) 

- New Zealand Association of Optometrists Annual Conference, Napier (October 2019) 

- Save Sight Society Annual Conference, Wellington (August 2019) 

- Royal Australia and New Zealand College of Ophthalmologists New Zealand Branch 

Meeting, Auckland (May 2019) 

- Auckland Medical Research Foundation Public Lecture Series, Auckland (March 

2019) 

- Cornea Contact Lens Society, Rotorua (February 2019) 
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- University of Auckland Faculty of Medical and Health Science Healthex Elevator 

Pitch, Auckland (September 2018) 

- Save Sight Society, Nelson (August 2018) 

- New Zealand National Eye Centre Seminar, Auckland (June 2018) 

- Royal Australia and New Zealand College of Ophthalmologists New Zealand Branch 

Meeting, Auckland (May 2018) 

The enrolment of new participants for studies in Chapters 5, 6, 7 and 8 occurred in January 

2019 - March 2020. Three-, six-, nine- or twelve- months follow up visits occurred in parallel 

during this time and was completed in September 2020.  

This study was impacted by COVID-19. When university based clinical research restrictions 

were lifted, participants and support persons with follow up appointments were screened with 

a COVID-19 screening questionnaire developed by the faculty. Assessments that occurred 

during this period were performed with personal protective equipment including gloves and 

masks for the clinicians and masks for the participant and their support person. Only one 

support person was permitted in the clinic to enable at least 1m social distancing in the clinic 

room space. The appointment times were appropriately staggered apart to enable time for 

thorough sanitisation between each participant.  Handwashing and disinfection of surfaces 

with 70% isopropyl alcohol which were already performed throughout the study continued 

during this period and continued to be performed before and after each appointment. An 

acrylic shield was attached to the slit-lamp bio-microscope, and an acrylic shield was also 

assembled for use with some corneal imaging instruments.  

3.5 Consenting process 

Participants were enrolled into the prospective studies relating to Chapter 5, 6, 7 and 8. Before 

the appointment and during the appointment it was emphasised that the decision to participate 

was entirely up to the participant. It was also emphasised that the participant had the right to 

refuse to participate and stop the assessment at any time. Information about the study and 

consent forms were provided to the support person and participant in advance of the study. 

The participant and support person were advised that they could ask questions at any time 

before and throughout the appointment.  

A comprehensive information sheet and a concise version were provided to the participant and 

support person prior to the appointment. The concise version was evaluated for readability 

based on the Flesch Reading Ease score and aspects of the Easy Read guide were taken into 
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consideration.383  Time to consider participation, ask questions and consult with others 

involved in the care of the potential participant were provided.  

At the appointment, a thorough explanation of the study was provided verbally to the potential 

participant and the support person. Time was provided to ask questions and have these 

answered. Consenting adult (≥18 years old) participants involved a three-step documentation 

process and the decision to participate was up to the participant. The study was explained to 

the participant and their support person. A supported decision-making process was undertaken 

and assenting process was undertaken with the participant as well as a fully informed consent 

from the welfare guardian or representative of the participant. In addition, the adult participant 

could co-sign the fully informed consent form if they wished after going through the supported 

decision-making process and assenting process. The documentation involved in consenting a 

child (<18 years old) involved a two-step documentation process. After the study was 

explained to the child and parent, fully informed consent from the parent or welfare guardian 

and assent from the child was obtained. This process was conducted before beginning the 

examination.  

3.6 History taking 

In Chapter 5, the participant’s data on demographics such as date of birth, gender, ethnicity 

were obtained in addition to contact details. The support person’s contact details were 

recorded for correspondence during the study such as to provide appointment reminders, 

re-schedule appointments if required and to provide research outcome information. Questions 

on ocular history was asked including spectacle wear, contact lens wear, history of eye 

injuries, eye surgery or ocular medication. Any known risk factors for keratoconus were 

recorded such as asthma, hay fever, eye rubbing and family history. Questions about general 

health were asked including general health conditions, medications, allergies. Data on the 

participant’s family ocular history were also collected.  

The contact details of other clinicians involved in the care of the participant such as their 

ophthalmologist, general practitioner and optometrist were recorded. The clinicians were 

updated on the results of the keratoconus screening and follow up plan if this was required. 

3.7 Aided and unaided visual acuity 

The minimum angle of resolution of the human eye 1/60th of a degree. Visual acuity measures 

the ability of the eye to resolve two separate objects as separate. There are a variety of letter 

charts that enable the measurement of acuity. Three letter charts were used in this study to 
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accommodate for the range of intellectual abilities in a large sample of individuals with DS. 

The Bailey Lovie computerised chart, HOTV chart and the Lea Symbols charts were utilised 

for Chapter 5.  

The letters on the Bailey Lovie Charts are constructed on a 5:4 height to width ratio. There are 

the same number of letters on each line in the Bailey Lovie Chart.384 The size of the letters 

progresses in a logarithmic increment.384 The space between letters is the width of a single 

letter on that line.384 The spacing between each line is equivalent to the height of the letters on 

the row with the smaller letters. This spacing size is very similar to the width of the letters on 

the row with the larger sized letters.384 This was presented on a wall mounted digital screen for 

a visual acuity measurement at 6m. This is suitable for individuals fluent with the English 

alphabet and can verbalise these.  

The HOTV chart, shown in Figure 3-2, uses the four letters H, O, T and V and includes a letter 

matching card. The optotype size increases in a logarithmic progression. The test chart is held 

by an examiner at a 3m distance, and a matching card is available for the individual to point to 

what they see on the chart. The matching card method is useful as it provides a moderate level 

of difficulty by using letters while aiding participants that may have some difficulty with 

naming letters.385 It also gives them the option to verbalise or point to the optotype they see.  

 

Figure 3-2 HOTV chart which consists of only four letters was incorporated in the study. The 
letter chart was utilised along with a matching card. 
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The Lea symbols include four optotypes which all blur equally to a circle at the threshold of 

vision.386 Figure 3-3 displays the Lea chart used in this study and Figure 3-4 displays the 

utilisation of the matching card. The spacing between the optotype is equivalent to the width 

of the optotype. The size of letters also increases a logarithmic progression.386 These symbols 

include a circle, a house, an apple and a square. The hand-held chart is held by the examiner at 

a 3m distance from the participant.  

 

 

 

 

Figure 3-3 LEA chart was incorporated into the study and was utilised alongside a matching card. 
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Aided visual acuity refers to an individual’s visual acuity with refractive error correction. This 

may be corrected by spectacles or contact lenses. Unaided visual acuity is the level of 

recognition acuity that can be attained without refractive error correction by spectacles or 

contact lenses.  

The participant was directed to sit comfortably on the ophthalmic examination chair. If the 

participant knew their letters and were able to identify these without a matching card, the 

Bailey Lovie Chart was selected. If the participant knew their letters but could not verbalise 

them the HOTV Chart was selected. If they preferred pictures, the Lea symbols were selected. 

The appropriate chart was selected to sufficiently challenge the patient but to ensure the task 

was achievable.  

When the optotype matching techniques were required, the participant was asked to name each 

optotype on the matching card if they were able to verbalise these so that the clinician was 

aware of how each optotype was identified by the participant. If the participant was unable to 

verbalise these, the examiner pointed to each of the optotypes on the hand-held chart at a close 

distance and the participant was asked to point to them on the matching card. This exercise 

was done to initially familiarise the individual with the testing method prior to measuring 

acuity at the 3m test distance.  

A narrow pointer with a red tip was used to point to each optotype during the visual acuity 

test. To arrive at the participant’s threshold vision, the participant was asked to identify the 

optotype of each line verbally or non-verbally. The testing began with optotypes on the larger 

lines to build confidence and if the participant is finding the task easy the clinician directed the 

participant to optotypes on smaller lines. The participant was directed to the first letter on each 

consecutive line initially. If the task was easy for the participant, lines were skipped until the 

task started to become challenging. The participant was directed to read across all letters on 

one line above the line that was difficult. They were advised that the task was meant to be 

hard. The participant was encouraged to try their best to identify the optotype.  

If a participant wore spectacles or contact lenses, their aided binocular visual acuity was 

measured first. Then visual acuity in the right eye was measured by occluding the left eye with 

a black handheld occluder. This was followed by occluding the right eye and measuring the 

visual acuity in the left eye. After this, the participant was asked to remove their spectacles or 

contact lenses so that their unaided vision could be measured. This was measured binocularly 

first then right eye then left eye acuity were obtained. Visual acuity was recorded in the 

Snellen notation with scoring for each letter.  
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The visual standard for this study was 6/12. If the participant did not wear spectacles and 

unaided vision was poorer than 6/12 refraction was performed at the end of the appointment. If 

spectacle aided vision was worse than 6/12 then refraction was also performed. Where the 

letters on the largest available line could not be read, the chart was brought closer to the 

participant until the letters on the top line could be seen. If this was not possible light 

perception and light projection were measured.  

3.8 Cover test 

The cover uncover test was used to identify distance heterotropia by covering and uncovering 

each eye while the participant fixated in the distance for Chapter 5. When covering an eye, the 

uncovered eye was observed for movement.387 The participant was asked to fixate at a target 

optotype one line above the visual acuity in the worse eye. A black cover paddle was used 

during this test. Regular reminders and encouragement were provided to focus on the target 

letter. If the participant was unable to sustain fixation on the target letter, they were asked to 

look at their support person’s or a research assistant’s face while the distance heterotropia test 

was being conducted. They were directed at a specific facial feature such as to look at the 

nose. The cover test was performed while the participant was aided and unaided.  

3.9 Focimetry 

The Shin-Nippon DL-900 (Rexxam, Kagawa, Japan) auto-focimeter was used to measure the 

lens prescription of participants that wore spectacles for chapter 5. The automated focimeter 

involves a measuring the deflection of a collimated ring of light as it passes through the test 

lens. The pattern of deflection is assessed by photo-detector array. Deflection caused by the 

spectacle lens will result in an altered pattern such as an ellipse. The beam detector determines 

the major and minor meridians and calculates the spectacle lens parameters.388 This focimeter 

measures the spherical power ranging from -25D to +25D and was set to measure the power in 

0.25D steps. The measurable cylinder power ranged from 0 to -10D in 0.25D steps. The axis 

was measured in 1º steps from 0º to 180º. The spectacle lens was placed on the lens stop, nose 

cone and clamping the system for stability when measuring the power of the lens. A 

measurement was acquired when the lens was aligned appropriately and adjusting the lens 

position so that beam was normal to the lens.  The sphere, cylinder and axis were recorded.  

3.10 Corneal tomography 

Corneal parameters from the Pentacam AXL (Oculus, Wetzlar, Germany) were utilised in this 

study for comprehensive corneal imaging for Chapters 5, 6, 7and 8.389 The Scheimpflug 
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imaging system has a wide depth of focus in imaging the anterior segment and thus enables  

the acquisition of information from the anterior and posterior corneal surface.388 The Pentacam 

AXL also involves partial coherence interferometry enabling additional information to be 

acquired such as intraocular lens power calculation and axial length.390 The corneal 

tomography imaging system of the Pentacam AXL consists of a rotating  Scheimpflug camera 

combined with a static camera and a slit beam. It produces an image resolution of 800 x 600. 

The slit rotates about the optical axis from zero to180º and an image is captured along 

meridians at regular angles on the cornea. It has a precision and reproducibility of ±0.1D for 

normal corneas.390,391 The static camera identifies the pupil and is able to compensate for eye 

movement that occurs during the acquisition process. The Pentacam has a fixation target 

illuminated by a light emitting diode of 800nm in wavelength.391 The slit is produced by a UV 

free light emitting diode at 475nm.391 The instrument can acquire 25, 50 and up to 100 corneal 

images per scan. It measures over 25,000 data points per scan and has an image acquisition 

time of approximately 2 seconds for the 25 image acquisition.389,391 The instrument was set to 

acquire 25 images per scan for this project.  

A quality specification score is available for the three-dimensional corneal scan. Elements for 

each of the front corneal and posterior corneal surfaces that are assessed independently include 

analysed area, valid data, lost segments, lost segments continuous, 3D model deviations. 

Furthermore, alignment in the XY plane, alignment in the Z plane as well as eye movement 

are analysed. For each of these parameters, the software has an in-built permissible threshold. 

The software also provides suggestions on how to obtain improved scores specific for each 

these parameters.  For example, a reduced analysed area would likely arise from small 

palpebral apertures or eye lashes that obstructs data acquisition. The patient was required to 

open their eyes wide to obtain a better score. The acquisition of valid data may be affected by 

corneal scars or due to a significantly irregular cornea. Additionally, an ambient light source 

may produce artefacts that may reduce the score for this parameter. Lost segments and 

continuous lost segment scores are affected by blinking or a shadow from the nose. The 

software indicates that the patient should keep their eyes wide during the acquisition process 

and the nose should be turned away while fixation is maintained to reduce the shadowing 

effect from the nose. The highest quality score was indicated by a white colour code and an 

“OK” label. A medium quality image was indicated by a yellow colour code and red colour 

code was present in a poor-quality scan. If scans acquired was in the yellow or red colour 

code, the scan was assessed qualitatively and the scan with the fewest errors on each of the 

elements were selected to undergo specialist review.  
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Figures 3-5 to 3-7 show participants at the corneal tomographer. The participant was shown 

the chin rest and the forehead rest and were asked to place their forehead on the forehead rest 

and chin on the chin rest. The participant was advised to open their eyes wide. The 

investigator demonstrated how to do this. If the participant closed their eyes and opened their 

mouth instead, the investigator repeated the demonstration and reminded the participant to 

open their eyes and close their mouth. Once at the chin rest, the height was adjusted so that the 

temporal canthus was aligned with the eye level marker. The table height was adjusted so that 

the participant was upright and comfortable.  

 

 

 

Figure 3-5 Utilisation of the Pentacam AXL. A research participant is aligned at the instrument 
for image acquisition (with permission). 
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The participant was advised to look straight ahead at the red fixation light and to ignore the 

blue rotating slit during the image acquisition process (Figure 3-8). The participant was 

informed to have a few blinks prior to the image acquisition. They were advised to keep very 

still and open their eyes wide during the acquisition process. Where able, three consecutive 

Figure 3-6 A participant with their support person and members of research team at the 
Pentacam AXL (with permission). 

Figure 3-7 Utilisation of the Pentacam AXL. An acrylic barrier is used during the alignment 
and acquisition process (with permission). 
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images were obtained for each eye so that the best quality scan could be obtained. Throughout 

the acquisition process the participant was reminded to keep their eyes open by saying “open 

your eyes, open wide, open wide”. If eyelids were obstructing the acquisition process, the 

participant was reminded to open their eyes wide. If needed, a research assistant or support 

person raised the superior eyelid to increase the size of the palpebral aperture. If the eyes 

rolled back while the superior eyelid was lifted, the participant was reminded to look straight 

ahead. When needed, the inferior eyelid was held open as well as this would ride up when the 

superior lid was lifted. If the participant persisted with squeezing their eyelid tightly closed in 

response to eyelid holding, they were reminded to open their eyes wide and to attempt the scan 

without eyelid contact. During the assessment their head was supported to ensure their 

forehead was on the forehead rest throughout and to reduce movement in the z-plane. 

 

 

 

The investigator aligned the device so that it was centred over the cornea in the x, y and z-

plane. This was guided by the red arrows on the monitor which provided directions to obtain 

alignment in all three dimensions. When alignment was reached a red cross would appear and 

the instrument would auto-acquire the image. In cases where alignment was challenging, the 

manual acquisition function was used.  Figure 3-9 shows a corneal tomography output 

following image acquisition.  

Figure 3-8 Corneal tomographer from the participant’s view showing a blue streak with a 
central, circular, red fixation target. 
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Figure 3-9 Corneal tomography scans for the right eye and left eye obtained from a research 
participant. These highlight numeric data summary (left panel), plus curvature, front and rear 

elevation, and thickness maps for right (OD) and left (OS) eyes. 
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3.11 Corneal topography 

The Tomey TMS-4N (Tomey Corp, Nagoya, Japan) Placido topography device images were 

reviewed in Chapter 4 and was prospectively utilised in Chapters 5 and 6 for anterior surface 

keratometry. The Placido mires are projected onto the anterior corneal surface and the 

reflection from the tear film is analysed by the device. With the known size of the Placido 

mires, distance of the target to the anterior cornea and the refractive index of the cornea, the 

keratometric data of the anterior surface can be calculated. The sagittal axial curvature map 

was used in this study with a dioptric range from 35D to 60D.  

Cornea topographers are more widely available in optometry practices in NZ compared to 

corneal tomographers which are typically available in ophthalmology centres. The Tomey 

TMS-4N has faster acquisition time compared to the Pentacam AXL, taking approximately 

0.033 seconds per scan.392 Additionally, the auto-capture function takes four successive 

topography images. A 25- or 31-ring cone attachment is available. The 25-ring Placido cone 

attachment was used to allow the cone to be placed closer to the eye and reduce interference 

with the nose or brow bone. The cone contains green illuminated rings with a red central 

fixation target. There are 256 points analysed on each ring. It acquires a maximum of 6400 

data points on the front surface of the central cornea between an area of 3mm - 6mm.392 The 

instrument involves manual alignment with auto-correction and auto-capture. The instrument’s 

manual-capture function was used if required. 

The outer canthus was aligned with the alignment marker by elevating or reducing the chin 

rest height. Where interference with the nose was present the participant was asked to turn 

their head, pointing their nose away from the cone while maintaining fixation on the red target. 

Where the brow bone limited the cone from being positioned closer to the eye for image 

acquisition, the participant was asked to tilt their chin forward beyond the chinrest by a small 

amount to enable scan capture. The participant’s head was stabilised on the forehead rest 

throughout the imaging process. Figure 3-10 and 3-11 show the alignment process with a 

participant at the corneal topographer. Figure 3-12 shows the fixation target that participants 

needed to look at while at the TMS-4N corneal topographer.  

The participant was reminded to blink a few times before the alignment process. They were 

then requested to keep their eyes wide open during the acquisition. If the palpebral aperture 

was not large enough the eye lids were held open where able. The clinician centred the cornea 

in the x-, y- and z-plane. Centration was indicated when a white circular mire was centred and 

focussed over the central circle on the liquid crystal display (LCD) unit. When alignment was 
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achieved the image was automatically acquired. Four successive images were acquired where 

able. The quality of the image was assessed by visual inspection and by the analysed area 

index. Both characteristics were evaluated to select the best quality for each eye for specialist 

review. 

 

 

Figure 3-10 Participant with DS at the Tomey TMS-4N corneal topographer with a lower 
superior eyelid position (with permission). 
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Figure 3-11 Alignment process during scan acquisition with the Tomey TMS-4N corneal 
topographer (with permission). 

Figure 3-12 Central, red, circular fixation target at the TMS-4N corneal topographer 
viewed by the participant. 
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3.12 Auto-refraction  

The ARKM-150 (Takagi, Nagano-ken, Japan) auto-refkeratometer was used to obtain an 

auto-refraction measurement for Chapter 5. The instrument has a spherical range of -25D to 

+22D and a cylinder range of -10D to +10D at a vertex distance of 12mm. The axis ranges 

from 0 to 180 in one-degree steps. It takes 0.2 seconds per eye to obtain a measurement.393  

The instrument is based on the Scheiner disc principle where dual near infrared LED sources 

enters the pupil.394 When a single spot is observed, it indicates that refractive error is 

corrected, and the target is focussed on the retina. If the LED images appear crossed, a myopic 

refractive error is present. If the LED images appear uncrossed, a hyperopic refractive error is 

present. The sources of light can be rotated 180º to measure astigmatic refractive error. The 

ARKM-150 involves a fogging to control accommodation prior to taking each measurement. 

The instrument auto-captures a measurement when the pupil is appropriately aligned. 

The participant was advised to place their chin on the chinrest and forehead on the forehead 

rest. The height of the chin rest was adjusted so that the lateral canthus was aligned with the 

temporal marker on the device. The participant was advised to blink a few times then open 

their eyes wide and look into the machine. Where fixation could be sustained, three 

measurements were obtained by the instrument and an average auto-refraction reading was 

provided. This was performed for each eye. 

3.13 Anterior segment optical coherence tomography 

The REVO nx (Optopol, Zawiercie, Poland), a spectral domain OCT (optical coherence 

tomograph) was used to acquire data for Chapter 7. Figure 3-13 shows the OCT device used 

and Figure 3-14 shows the fixation target. The device has a scanning speed of 110,000 

measurements per second. A super luminescent diode (SLED) source provides illumination at 

a wavelength of 830nm.395 It has an axial resolution of 5µm and a transverse resolution 

between 12µm - 18µm.395 

OCT utilises the principle of low coherence interferometry. In the OCT, a broadband light 

source passes through a beam splitter directing the light in two paths. One pathway is directed 

to a fixed reference mirror in the spectral domain OCT and the other pathway is directed to the 

tissue sample. Light from the reference and sample arm are then recombined by the beam 

splitter and directed to the spectrometer. Due to the different refractive index of tissue 

structures, an echo time delay of reflected light occurs from structures.396 Through Fourier 

transform, 2D and 3D images can be constructed.  
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The AS-OCT provides data on the corneal epithelial thickness distribution and the corneal 

thickness distribution. The central 5mm area over the cornea was covered. Centration was 

identified by visually inspecting the placement of thickness distribution map relative to the 

segmentation lines. The quality of the image was presented, a score of ≥7 indicated a good 

quality image.  

The participant was positioned at the chinrest and forehead rest. The height of the table was 

adjusted so that the participant was comfortable. The participant’s head was supported at the 

forehead rest for stability. They were asked to blink a few times during the alignment process 

and to open their eyes wide for the scan capture. The auto-alignment function was used 

however, alignment was conducted manually when required.  

 

 

 

 

Figure 3-13 A participant undergoing alignment and scan acquisition at the REVO nx OCT 
(with permission). 
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3.14 Corneal biomechanics 

The CorVis ST (Oculus, Wetzlar, Germany) measures deformation of the cornea to a pulse of 

air in vivo. A UV-free, 455nm, illuminated horizontal slit is incorporated that is 8.5mm in 

length.397 A collimated pulse of air is released over a 3.05mm diameter of the cornea. The 

pressure profile of this air pulse is constant throughout. This is connected to an 

ultra-high-speed Scheimpflug camera obtaining 4330 frames per second. The CorVis ST 

releases an air pulse of 60mmHg.  

The participant was directed to the chinrest and forehead rest and the table height was 

appropriately altered to ensure that the participant was in a comfortable position. Figure 3-15 

shows a participant positioned at the CorVis ST and Figure 3-16 displays the fixation target. 

The participant’s outer canthus was aligned with the canthus marker on the CorVis ST. 

Centration over the cornea was guided by the red arrows on the display unit in the x-, y- and 

z-axis. When alignment was achieved the device was automatically initiated, where needed 

this was initiated manually. Throughout the procedure the individuals head was supported on 

the forehead rest. When the air pulse is initiated, this results in an inward deformation 

response of the cornea followed by first applanation phase then deformation to the highest 

concavity. The cornea then undergoes an outward concavity phase, second applanation before 

returning to its original shape.397   

 

Figure 3-14 Central green fixation cross on the REVO nx OCT viewed by the 
participant. 
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Figure 3-15 A participant with DS positioned at the CorVis ST (with permission). 

Figure 3-16 Central red circular fixation target at the CorVis ST viewed by the participant. 
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3.15 Slit-lamp bio-microscopy 

The slit-lamp involves an observation system coupled to an illumination system. This was 

utilised in Chapter 5. The observation system is composed of two Galilean telescopes. The 

binocular viewing system provides the advantage of stereoscopic viewing. The observation 

and illumination systems rotate around the same axis but can rotate independently of each 

other. Having the same axis allows both systems to maintain focus despite differences in 

relative positions.398 The slit-lamp typically has a light intensity of 200mW/cm2, the lamp is 

housed on top of the upright arm of the illumination system.388 In combination with a 

condensing lens and an adjustable aperture size the slit height and width ranges from 0mm – 

14mm. The magnification can be altered from a range of 6x to 40x by adjusting the power of 

the objective lens.399 A neutral density filter reduces the intensity of light, a cobalt blue filter 

enables improved visualisation of iron deposits in the cornea and sodium fluorescein staining 

and a red-free filter produces a green beam of light by preventing red wavelengths of light 

from being transmitted through the filter. 

Figure 3-17 shows the utility of the slit-lamp with a research participant. The participants chin 

and forehead was placed on the chin rest and the forehead. The outer canthus was aligned 

vertically with the marker. The height of the table was adjusted so that the participant was 

comfortable at the slit-lamp.  

Broad, inclusive viewing of the cornea was undertaken by diffuse illumination.398 This form of 

illumination allows gross assessment of the cornea and adnexa. This is viewed with or without 

the neutral density filter. In this viewing method, gross corneal scarring can be detected 

however, depth of scarring is difficult to judge by this illumination method.  

Direct focal illumination by using a narrower beam, known as a parallelepiped, was used to 

examine specific structures including the lids, lashes, meibomian glands, conjunctiva and the 

cornea.398 The superior and inferior lid margins were raised and lowered respectively. The 

superior and inferior cornea was also assessed during the down and up gaze, respectively. 

Then the participant was guided to look nasally and temporally for assessment of the temporal 

and nasal conjunctiva, respectively. The central cornea was assessed using a parallelepiped 

beam while the participant looked straight ahead. 

To better visualise depth, an optic section, was produced using a very narrow beam width with 

a high light intensity and 45° offset between the optics and illumination.398 This method 
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provided information of depth of scarring if present, layers of the cornea affected and 

visualisation of corneal thinning which is present in advanced keratoconus.  

Retro-illumination was utilised to better view Vogt’s striae in the cornea. This occurs by 

focussing the observation system on the specific area of interest on the cornea and altering the 

position of the illumination beam to illuminate the structure behind the area of interest.398 This 

method highlights fine details on the cornea that could be missed with direct focal 

illumination.398  

Slit-lamp indirect bio-microscopy was conducted on undilated pupils and with a 90D lens to 

view the optic disc and the macula. This biconvex lens produces a real image that is vertically 

and laterally inverted.388 The participant was asked to maintain fixation at a support person’s 

face, an electronic device or to look in the direction of the examiner’s ear. 

 

 

 

 

Figure 3-17 Utilisation of the slit-lamp bio-microscope with a research participant 
with DS (with permission). 
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3.16 Intraocular pressure 

As part of the eye examination delivered during data acquisition for Chapters 5, 6, 7 and 8 

intraocular pressures were screened using the rebound technique with the iCare TA01i (iCare, 

Finland) tonometer. This is a hand-held tool with a disposable probe which contacts the cornea 

briefly to obtain a measurement of intraocular pressure. Pressure is measured by the 

deceleration of the probe after contact with the cornea.400 The higher the intraocular pressure, 

the greater the deceleration of the probe.  

The handheld device was rested on the participants forehead for stability. They were asked to 

blink their eyes a few times then open their eyes wide and look at a support person’s face or at 

an electronic device to maintain stable fixation. While the participant fixated at a specific 

target, measurements were taken. This test was conducted for each eye. 

3.17 Spectacle refraction 

Outcomes of refraction are reported in Chapter 5. Auto-refraction was conducted for 

participants regardless of level of visual acuity. Further investigation of refraction was 

performed as the final eye examination procedure at the appointment so that corneal specific 

imaging could be prioritised. 

The results from the auto-refraction was used as a baseline for the subjective refraction in 

patients when vision was worse than 6/12. The trial frame was adjusted so that the angle of the 

nose bridge piece and height of the bridge piece was fitted to the participant. The temples were 

also adjusted so that it was stable behind the ears.  Participants were typically asked “which 

was better option 1 or option 2”. If they had difficulty understanding this, a lens would be held 

in front of the eye and the participant would be asked if it was “clear” or “blurry’’ or they 

would be asked if a lens was “good’’ or “bad’’ followed with a thumbs up and thumbs down 

hand gesture as the options were presented. Visual acuity was re-measured, and the best 

corrected visual acuity was recorded. Large spherical and cylindrical lens steps were used so 

that the participant could discern the difference between views more easily.  

Where subjective refraction could not be performed, and vision was worse than 6/12, dry 

retinoscopy (i.e. without mydriatics) was conducted in a darkened room while the participant 

was encouraged to look at the green part of the duochrome distance chart. If it was challenging 

to maintain fixation, the participant was asked to look in the distance at a support person’s face 

or at a distant electronic device.  
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3.18 National Eye Institute Visual Function Questionnaire 

The National Eye Institute Visual Function Questionnaire 25 question (NEIVFQ-25), 

interviewer administered format was utilised.401 The NEIVFQ-25 is a questionnaire that has 

been widely used to assess the impact of chronic ocular diseases on the impact on quality of 

life. The participant and their support person were given the opportunity to discuss the 

questions and answer options prior to the appointment. The questionnaire was administered 

during the appointment. Results of responses from the initial appointment is reported in 

Chapter 5. Where needed, the support person would help the participant better understand the 

question or add context to the question to enable the participant to best answer the question. 

Where the participant was unable to answer the question, responses from the support person 

was accepted. 

3.19 Keratoconus diagnosis 

The results of a keratoconus diagnosis was reported in Chapter 5 and was used to group 

cohorts in Chapter 6, 7 and 8. Further investigations into quantitative limits for a keratoconus 

diagnosis are still required.40 Diagnosing keratoconus is challenging in DS as people with DS 

are known to have steeper and thinner corneas than those without DS.282,339 These are 

overlapping signs with keratoconus. Therefore, the presence of keratoconus was confirmed by 

anterior-segment trained sub-specialist ophthalmologists based on corneal tomography. The 

four-map display on the Pentacam AXL was selected showing measures of the anterior axial 

power, corneal thickness distribution, posterior elevation, and anterior elevation map. Corneal 

topography of the anterior cornea using the TMS-4N was included as a supplementary image. 

Where a tomography or topography scan could not be obtained, slit-lamp bio-microscopy 

image were also used to guide a diagnosis.  

Keratoconus was confirmed when at least two of the three ophthalmologists determined 

keratoconus was present. A suspect case was confirmed when at least two of the three 

clinicians determined a suspect case was present. Keratoconus was discounted when at least 

two of three clinicians determined that keratoconus was not present. Where at least one 

clinician determined that a diagnosis could not be made this was grouped in the ‘unable’ 

cohort. Where one clinician determined the case to be keratoconic, another determined a 

suspect case and the third determined no keratoconus, a suspect diagnosed was selected. 
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3.20 Keratoconus progression 

Progression should be defined as change outside the noise of the system.40 This is challenging 

in DS where the quality of images is variable. At the time of writing there were no studies on 

the repeatability of the corneal tomography in DS with keratoconus and without keratoconus – 

repeatability of the Pentacam AXL in participants with KC and DS is covered in Chapter 6.  

Therefore, progression was assessed qualitatively with clinical judgement being applied to 

account for poor quality images. This was qualitatively assessed by an anterior segment 

sub-specialist ophthalmologist. While considering quality of the image, 1D increase in 

maximum keratometry, steep keratometry, flat keratometry, corneal astigmatism, mean 

keratometry, decrease in minimum corneal thickness, increase in posterior surface elevation 

were considered to guide a decision of progression.342 Furthermore changes to the anterior 

curvature at the thinnest point, posterior curvature at the thinnest point and corneal thickness at 

the thinnest point was assessed using the one sided 80% and 95% confidence interval limits 

available on the Belin and Ambrosio (ABCD) Progression Display. To confirm true 

progression, further follow ups were required to ensure that changes were repeatable.40  

3.21 Review of clinical records 

A review of the clinical records of patients with DS attending the Department of 

Ophthalmology, Auckland District Health Board clinical service was performed. This review 

aimed to determine how common keratoconus was among patients attending the service, the 

severity of keratoconus and level of vision. If corneal cross linking (CXL) or a corneal 

transplant had been undertaken, this was reported. Additionally, data on how frequently 

corneal tomography is obtained among the group involved in the review were collected.  

3.22 Clinical guideline 

A draft guideline for the care of keratoconus in DS was formulated. The guideline was firstly 

reviewed by representatives of the supervisory team within the doctoral research group. This 

included a fellowship trained anterior segment sub-specialist ophthalmologist and a 

post-doctoral, therapeutic qualified optometrist with a special clinical and research interest in 

keratoconus. The guideline was then reviewed by four other fellowship trained sub-specialist 

ophthalmologists who were external to the doctoral research group.  
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4 Topographic screening reveals keratoconus to be extremely 

common in Down syndrome 
4.1 Introduction1 

Down syndrome (DS) has a variety of ophthalmic manifestations, as outlined in Chapter 2. 

Keratoconus is a key ophthalmic condition in DS as it is potentially progressive and 

potentially blinding.266,282,293,402-409 Treatment in the form of corneal cross linking (CXL) can 

slow or halt progression. While the association between keratoconus and DS has been long 

known,410 literature on the prevalence of keratoconus in this group is sparse.  

Keratoconus is characterised by the presence of a steep cornea, abnormal thickness 

distribution and posterior elevation.40 People with DS have generally steep and thin corneas 

compared to those without DS even without keratoconus.282 Reported estimates of keratoconus 

prevalence in DS range widely from 0% to 71.3% having corneal signs compatible with 

keratoconus.282,298,404 The range of estimates may be due to diagnostic technique, sample size 

and participant demographics. Surprisingly, even large, recent studies utilising three-

dimensional modelling by corneal tomography produced variable estimates (12.4% to 

71.3%).282,342 This range could indicate the challenge of diagnosing keratoconus due to the 

physiological corneal characteristics in DS.282,339,344,402,411 

Screening for keratoconus is further required since eye rubbing behaviour may also be 

common in DS and may further contribute to keratoconus development in this group.51,347 The 

association between keratoconus and eye rubbing is highlighted in Chapter 5. The severity of 

keratoconus may also be greater in DS, thus those with DS may be over-represented in studies 

of acute corneal hydrops 412 compared to the general population affected by keratoconus.129,413 

A notable prevalence of corneal hydrops was identified in people with keratoconus and DS in 

Chapter 5 and Chapter 9. Due to the greater prevalence of keratoconus and greater prevalence 

of end-stage disease states in DS, screening for keratoconus is needed in this population.  

 
1Mathan JJ, Gokul A, Simkin SK, Meyer JJ, Patel DV, McGhee CN. Topographic screening 

reveals keratoconus to be extremely common in Down syndrome. Clin Exp Ophthalmol 

2020;48:1160-1167 
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Placido based computerised corneal topography is a device used to screen for keratoconus. As 

noted in Chapter 2, it has a fast acquisition time 392 and is therefore useful for a fast paced, 

pilot keratoconus screening in a DS population. Anterior corneal curvature, anterior corneal 

astigmatism and several derived discriminant functions provide analysis of symmetry and 

characteristics consistent with keratoconus.139,141,414 Thresholds for these indices indicating an 

abnormal cornea in the general population has been reported in the literature.139,141,414 

Additionally, colour coded maps characterising the corneal curvature are generated so that 

characteristic keratoconic patterns can be qualitatively interpreted.415 It has been previously 

reported that both assessment of quantitative corneal characteristics as well as qualitative 

review are required to confirm keratoconus.416 This is particularly important in the population 

with DS due to the physiological corneal characteristics present in this group. 

As noted in Chapter 1, keratoconus in the general New Zealand-Aotearoa (NZ) population 

appears to be high and proportions of corneal transplants for keratoconus in NZ are among the 

highest globally.7,91 Therefore, data on the prevalence of keratoconus in DS in a NZ specific 

population is needed. Results from this keratoconus screening pilot study informed the large, 

prospective, investigation on the prevalence of keratoconus in DS detailed in Chapter 5. This 

pilot investigation presents a retrospective screening study and reports the prevalence and 

severity of keratoconus in a cohort of athletes with DS in NZ, who attended the 2017 NZ 

Special Olympics National Summer Games Special Olympics Lions Clubs International 

Opening Eyes screening. 

4.2 Aim 

This study aims to: 

1. Investigate the prevalence of keratoconus in athletes with DS who attended the 2017 

NZ Special Olympics National Summer Games Special Olympics Lions Clubs 

International Opening Eyes screening. 

4.3 Methods 

4.3.1 Study design 

An ophthalmic screening service, the Special Olympics Lions Clubs International Opening 

Eyes (SOLCIOE) screening, is provided free of charge to athletes competing in the Special 

Olympics, a competitive sporting event for individuals with intellectual disability. The 

SOLCIOE vision and ocular health screening was provided to athletes competing in the 

NZSOSG 2017. The SOLCIOE screening incorporated medical/ocular history, visual acuity, 
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colour vision, stereoscopic vision, cover test, ocular motility, near-point of convergence, slit-

lamp bio-microscopy, ophthalmoscopy, intra-ocular pressure, auto-refraction and subjective 

refraction where indicated. These data were recorded but not reported in this retrospective 

study. In addition to the refraction and ocular health assessments, Placido-based computerised 

corneal topography (Topographic Modelling System TMS-4N; Tomey, USA) was provided at 

the screening event.  Figure 4-1 displays an athlete at the corneal topographer. 

 

 

A diagnosis of DS was made by the athlete’s attending physician prior to the NZSOSG 2017 

and recorded by the event organisers.  In addition to complete assessments of refractive status 

and ocular health, athletes with DS also underwent further, detailed corneal assessment by a 

University of Auckland Ophthalmology team (Joyce Mathan, Aki Gokul, Samantha Simkin) 

led by the author that included corneal topography during the event and the author 

subsequently analysed the axial power maps in greater detail retrospectively. Ethical approval 

was obtained through the University of Auckland Human Participants Ethics Committee 

(021305) and followed the tenets of the Declaration of Helsinki.  

Where possible, at least two corneal topography scans were obtained for each eye. The best 

scan was selected by visual inspection and by utilising the auto-generated “Analysed Area 

Index”, an indicator of scan quality.139 

Figure 4-1 Athlete with DS positioned at the corneal topographer while he was at the vision 
and ocular health screening event. Image supplied (with permission). 
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A diagnosis of keratoconus was made using two independent groups of quantitative criteria to 

initially identify axial power maps suspicious of keratoconus. Maps that were identified as 

suspicious of keratoconus subsequently underwent expert qualitative analysis to confirm a 

diagnosis of keratoconus.  

Quantitative criteria 1 were based on the published Placido-based Keratoconus Severity Index 

(KSI), by Smolek and Klyce.139,141 When KSI was greater than or equal to 30%, qualitative 

assessment was undertaken to confirm the presence of keratoconus.141   Quantitative criteria 2 

were adapted from a summary of normal topographical values in the literature provided by 

Burns et al.414 Quantitative criteria 2 were determined by selecting topography parameters that 

are likely to be abnormal in keratoconus as well as incorporating the Keratoconus Prediction 

Index.139,414 When ≥4 selected parameters were considered abnormal in criteria 2, the axial 

power map was considered suspicious of keratoconus. Then, qualitative assessment was also 

undertaken to confirm the presence of keratoconus. The two groups of quantitative criteria that 

were used are detailed in Table 4-1.   

 

 

Qualitative assessments of axial power maps that met quantitative criteria 1 and 2 were 

performed independently by three expert, fellowship-trained, cornea and anterior segment sub-

specialist ophthalmologists (Prof. Charles McGhee, Prof. Dipika Patel and Dr Jay Meyer) to 

make a definitive diagnosis of keratoconus. Those with a definitive diagnosis were grouped 

into Keratoconus Confirmed Group 1 (KCC1) and Keratoconus Confirmed Group 2 (KCC2). 

Characteristics that were considered by the reviewers when undertaking qualitative assessment 

Table 4-1Quantitative and qualitative keratoconus diagnostic strategies. 

Quantitative criteria 1 Quantitative criteria 2 

1) Keratoconus Severity Index ≥ 30% 

 

1) Mean Keratometry > 46.7D 

2) Surface Asymmetry Index > 0.42 

3) Differential Sector Index > 3.51D 

4) Surface Regularity Index; > 0.56 

5) Opposite Sector Index > 2.09D 

6) Centre Surround Index > 0.8D 

7) Irregular Astigmatism Index > 0.49 

8) Keratoconus Prediction Index ≥ 0.23 

Qualitative analyses by three cornea fellowship trained ophthalmologists 
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included the Rabinowitz characteristics, 415 such as inferior steepening, asymmetric bow tie 

pattern, skewed radial axes as well as pellucid marginal degeneration. The color-coded 

absolute keratometric scale was set to a range from 35D to 60D in 1D steps for qualitative 

review. A diagnosis of keratoconus was confirmed when it was identified by at least two of the 

three corneal specialists.  

To enable comparison with earlier studies, severity was categorised based on mean 

keratometry (Mean K) according to the Amsler-Krumeich classification.417 Topography 

parameters were analysed in the affected eye of athletes with unilateral keratoconus and in the 

worse eye of athletes with bilateral keratoconus. The worse eye was selected based on the eye 

with steepest Mean K. However, when Mean K was the same in both eyes, the worse eye was 

determined by maximum keratometry. 

4.3.2 Inclusion criteria 

- Athletes with DS attending the SOLCIOE screening service who underwent 

Placido-based computerised topography keratoconus screening 

4.3.3 Exclusion criteria 

- Individuals who could not undergo imaging in both eyes were excluded from analysis 

- No exclusions were made based on ophthalmic manifestations in DS such as upward 

slanted palpebral apertures, refractive error, cataract, strabismus or nystagmus 

4.3.4 Outcome measures 

Keratoconus Prevalence 

- Proportion of athletes affected with keratoconus 

- Proportion of athletes with unilateral keratoconus  

- Proportion of athletes with bilateral keratoconus 

- Proportion of athletes that could not undergo imaging 

Demographics  

- Age 

- Gender 

- Ethnicity 
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Outcome measures  

- Mean Keratometry (D) 

- Simulated keratometry along steep meridian (D) 

- Simulated keratometry along flat meridian (D) 

- Corneal astigmatism (D) 

- Surface asymmetry index 

- Differential sector index (D) 

- Surface regularity index 

- Opposite sector index (D) 

- Centre surround index (D) 

- Irregular astigmatism index 

- Keratoconus prediction index 

- Keratoconus severity index 

- Maximum keratometry (D) 

- Analysed area (%) 

4.3.5 Statistical analysis 

The collected data were used to assess: 1) Prevalence of keratoconus in this DS population; 2) 

Severity of keratoconus in this DS population; 3) Athlete demographics including age, gender 

and self-reported ethnicity; 4) Ocular history including spectacle wear, contact lens wear, 

visual acuity, auto-refraction and history of corneal cross linking (CXL)/keratoplasty. 

Descriptive statistics was performed with Microsoft Excel (Office 2003, Microsoft Co., USA). 

4.4 Results 

One hundred and ten athletes with DS were assessed at the NZSOSG 2017 event, but 12 were 

excluded as corneal topography could not be acquired for both eyes. Among those athletes 

included (N=98), the mean age was 30.0±9.7 years old (range 15-53 years). Male athletes 

(n=68, 69.4%) were over-represented and most athletes were of European ethnicity (n=76, 

77.6%). Other ethnic groups included Māori (n=5, 5.1%), Pacific (n=3, 3.1%), other 

ethnicities (n=3, 3.1%) and 11 (11.2%) athletes did not declare their ethnicity. 

Thirty nine of 98 (39.8%) individuals had KSI value greater than or equal to 30%. 

Keratoconus was confirmed by qualitative assessment in 30 of 39 (76.9%) athletes (KCC1). 

Sixty-three athletes met quantitative criteria 2 for keratoconus. Upon qualitative analysis of the 

axial power maps, keratoconus was confirmed in 38 of 63 (60.3%) athletes (KCC2). Twenty-
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eight athletes were identified in both the KCC1 and KCC2 groups. Among those affected, in 

group KCC1 nine of 30 (30%), and in group KCC2 18 of 38 (47.4%), athletes were identified 

with bilateral keratoconus. The demographics of athletes identified by each diagnostic method 

are reported in Table 4-2. 

Demographic 
Criteria 1 + Qualitative 

Analysis  
(Group KCC1) 

Criteria 2 + Qualitative 
Analysis  

(Group KCC2) 
Keratoconus prevalence n (%) 30 (30.6) 38 (38.8) 

Age, years 30.8 ± 10.3 31.3 ± 9.6 

Gender, male n (%) 19 (63.3) 29 (76.3) 

Ethnicity  

European n (%) 24 (80) 30 (78.9) 

Māori n (%) 1 (3.3) 2 (5.3) 

Pacific n (%) 1 (3.3) 1 (2.6) 

Other n (%) 2 (6.7) 2 (5.3) 

Not declared n (%) 2 (6.7) 3 (7.9) 

Laterality  

Unilateral n (%) 21 (70.0) 20 (52.6) 

Bilateral n (%) 9 (30.0) 18 (47.4) 

 

Mean corneal topography parameters of the affected eye in unilateral keratoconus and worse 

eye in bilateral cases, as identified by each quantitative criteria and qualitative diagnostic 

method, are presented in Table 4-3. Placido-based computerised corneal topography 

parameters are similar between the two diagnostic methods except for KSI.  Unsurprisingly, 

mean KSI was higher among athletes diagnosed with keratoconus in group KCC1 than those 

in group KCC2. Both diagnostic strategies indicated that 90% and 92% of athletes respectively 

were in stage one or two of disease severity, according to the Amsler-Krumeich classification, 

by the first and second diagnostic methods, respectively. Figure 4-2A and 4-2B demonstrates 

Table 4-2 Keratoconus diagnosis and demographics in athletes with Down syndrome. Data 
displayed as n (%) or Mean±SD. 
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corneal topography for the right and left eye respectively of a 21-year-old male athlete of 

European descent. Keratoconus was detected in the left eye by both quantitative criteria and 

was confirmed by qualitative assessment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-3 Corneal topography parameters in the affected eye in unilateral keratoconus cases 
and the worse eye in bilateral cases among athletes with Down syndrome. Data displayed as 
Mean±SD. 

Corneal topography 

parameter 

Criteria 1 + 

Qualitative Analysis 

(Group KCC1, n=30) 

Criteria 2 + 

Qualitative Analysis 

(Group KCC2, n=38) 

Mean Keratometry (D) 48.4 ± 3.2 48.2 ± 2.9 

Simulated Keratometry 

along steep meridian (D) 
49.9 ± 3.9 49.8 ± 3.5 

Simulated Keratometry 

along flat meridian (D) 
46.9 ± 2.8 46.7 ± 2.6 

Corneal Astigmatism (D) 3.0 ± 2.3 3.1 ± 2.2 

Surface Asymmetry Index 1.3 ± 1.0 1.1 ± 0.9 

Differential Sector Index (D) 6.5 ± 3.6 6.1 ± 3.3 

Surface Regularity Index 0.7 ± 0.4 0.81 ± 0.3 

Opposite Sector Index (D) 4.8 ± 3.6 4.1 ± 3.5 

Centre Surround Index (D) 1.2 ± 1.3 1.0 ± 1.2 

Irregular Astigmatism Index 0.5 ± 0.1 0.5 ± 0.1 

Keratoconus Prediction 

Index 
0.3± 0.1 0.3 ± 0.1 

Keratoconus Severity Index 48.8±19.4 37.9±25.4 

Maximum Keratometry (D) 51.6 ± 4.6 51.5 ± 4.3 

Analysed Area (%) 77.3 ± 11.0 75.7 ± 11.1 
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Data of 12 athletes were not included in the analysis since corneal topography could not be 

obtained on both eyes of eight subjects and one eye of four subjects. Among the former, one 

athlete wore rigid gas permeable contact lenses bilaterally preferred not to remove them for 

the scan. Corneal topography could not be undertaken on one eye of two athletes due to 

scarring from previous corneal hydrops and a severely irregular cornea which prevented scan 

capture. Therefore, although not considered further (due to exclusion criteria), at least 3 of 

these 12 (25%) excluded athletes also appeared to exhibit keratoconus. 

4.5 Discussion 

This pilot study highlights that keratoconus may affect between 31% and 39% of individuals 

with DS - up to 700 times more prevalent than some estimates of keratoconus in the general 

population.86 The extremely high prevalence of keratoconus identified in this cohort may be 

due to: an intrinsic greater predisposition to keratoconus in DS, differing criteria and 

diagnostic instrumentation between studies, population sample bias, and a more diverse 

corneal phenotype in a DS population where inherent corneal abnormalities are also present.344 

Notably, the cornea of those with DS is typically reported to be steeper, thinner and 

biomechanically weaker compared to those without DS.280,339,344,411,416 Interestingly, 

individuals with DS may have corneal topography indicating keratoconus without the presence 

of clinical signs on slit-lamp bio-microscopy and on retinoscopy reflex.344 These intrinsic 

corneal differences in DS in the absence of keratoconus has led to the suggestion of a 

DS-keratopathy.340 

Figure 4-2 A) Corneal topography of a 21-year-old European male with keratoconus in the 
right eye confirmed by criteria 2 and qualitative assessment but did not meet quantitative 

criteria 1 (B) Corneal topography of the same athlete with keratoconus detected in the left eye 
by each quantitative criteria and confirmed by expert review. 
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Two groups of quantitative computerised topography criteria, adapted from published 

Placido-based computerised topographic characteristics of keratoconus, were used in 

conjunction with qualitative analysis by corneal sub-specialists.  Firstly, the topography 

system utilised in the study (Topographic Modelling System TMS-4N) generates the KSI by 

Smolek/Klyce, comprised of 10 auto-generated indices combined with a neural network 

classification. The benefit of using the KSI is the reported accuracy, sensitivity, and specificity 

of up to 100%.141 The KSI contains parameters also included in the auto-generated 

Klyce/Maeda Keratoconus Index (KCI) except for flat simulated keratometry. Further 

parameters included in the KSI which are not included in KCI are corneal cylinder, standard 

deviation of corneal power and surface regularity index.418 The KCI has a reported sensitivity 

and specificity of 98% and 99% respectively.419 In the current study 39 individuals were 

identified by quantitative criteria 1 alone. 

Secondly, criteria 2 was also used to capture keratoconus and borderline cases and enable 

these to undergo qualitative assessment, with at least four of eight criteria being fulfilled to be 

considered for qualitative assessment. The benefit of a broader requirement in criteria 2 

allowed more varied combinations of abnormal topography parameters to qualify for sub-

specialist review. This contrasts with criteria 1, which although is a composite of 10 

parameters, the single threshold of KSI ≥ 30% had to be fulfilled. Therefore, it was expected 

that criteria 2 alone in the current study would identify more (63 vs 39) individuals for 

subsequent qualitative assessment compared to criteria 1 alone.  

Twenty-eight athletes were identified in both KCC1 and KCC2, therefore, perhaps 

unsurprisingly there was an overall similarity between the groups in terms of topographic 

parameters and demographics. In two athletes, keratoconus was detected by KCC1 but 

classified as non-keratoconic by KCC2. The KSI did not identify keratoconus in eight athletes 

which were detected by criteria 2 and confirmed qualitatively. The importance of both 

topographic parameters and clinical judgement is highlighted. 

The combination of both quantitative and expert qualitative assessment of corneal 

topographies, as applied in the current study, is still needed in screening for keratoconus in 

DS.142 Qualitative review is particularly useful in the presence of borderline cases which are 

more difficult for current algorithms to differentiate. Furthermore, qualitative review of 

topography may enable the differentiation between keratoconus and potential DS-keratopathy, 

since people with DS are known to have steep and thin anterior and posterior corneal 

curvature.282,339,340 While the KSI has a reported high accuracy, sensitivity and specificity to 
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detect clinical keratoconus, the network system was not trained on DS corneas specifically. 

Nonetheless, in the current study of 39 eyes diagnosed by KSI, the majority (30, 76.9%) were 

also identified as keratoconus by qualitative expert review of the topography maps. A 

prevalence of 31% (KCC1) and 39% (KCC2) was confirmed. Therefore, we believe the 

overall prevalence of keratoconus is within this range.  

The prevalence values identified in this study are within the range reported in the literature.  

Indeed, estimates of the prevalence of keratoconus in DS range extremely widely between 0% 

and 71.3%.269,282,298,404  This marked variation is likely attributable to differences in the 

sensitivity of various methods used for detecting keratoconus; from standard slit-lamp 

bio-microscopy to Scheimpflug tomography.282,296 Furthermore, studies that failed to identify 

keratoconus in DS included participants ranging from 1 month to 18 years old,269,296,298 some 

of whom may not have been able to cooperate with assessment or may not yet have developed 

keratoconus, since the condition typically manifests in the teenage years. 

Most athletes with keratoconus in this study had milder forms of keratoconus based on Mean 

K and the Amsler-Krumeich criteria. This is possibly due, in part, to sample bias from a 

population of athletes with DS who have adequate functional vision to compete in a national 

sporting event.  It is also possible that keratoconus is intrinsically of a less progressive nature 

in DS, or that a key environmental factor, eye rubbing, is less common in this specific 

population. Surprisingly, a significant association between keratoconus and DS with eye 

rubbing was not identified by a previous study, however, larger studies are required to 

investigate this.374 Inevitably, further studies on corneal thickness, posterior elevation and 

longitudinal studies to assess the severity and nature of keratoconus progression in DS are 

required.  

Europeans were over-represented among those included in analyses as well as those diagnosed 

with keratoconus. A recent study in the United States indicated that DS is most common 

among non-Hispanic whites and significantly less common among those of Asian and Pacific 

Island descent.420 However, NZ data over the period 2005 to 2009 indicate that, while there is 

a trend of DS being more prevalent among European than Māori and Pacific Peoples at birth, 

there is no overall significant difference in the prevalence of DS between ethnicities.421 

Additionally, differences between babies born with DS of Māori ethnicity compared to 

non-Māori and non-Pacific ethnicities were also not significantly different based on data from 

2008 to 2012.422 The NZ population comprises significantly more Europeans (74%) than 

Māori (15%) and Pacific Peoples (7%).423 Therefore the ethnic distribution in our study may 
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simply reflect the general ethnic composition of the NZ population and a manifestation of the 

limited sample size.  

We report that the male to female ratio (M: F) among athletes with DS was approximately 2:1. 

A study in the United States indicated that DS is more common among males than females, 

however, NZ data indicates that there is no statistically significant gender difference in the 

prevalence of DS although a male bias of (1.25:1) has been reported.420 Interestingly, 

Umb-Carlsson and Sonnander reported that the participation between men and women with 

intellectual disability in outdoor and indoor sport were statistically similar.424 Although it was 

previously reported there is no statistically significant difference between men and women 

with intellectual disability in sport, the male predisposition could reflect a difference in gender 

equity in sport in DS. This requires further investigation. 

Keratoconus was more common among male athletes with DS with a ratio of approximately 

1.7:1 and 3:1 (M: F) in groups KCC1 and KCC2 respectively. This is higher than the reported 

male bias of annual new-borns with DS (1.25:1) and individuals with keratoconus (1.4:1) in 

NZ, respectively.421,425  A large study in 143 subjects with DS noted M: F bias of 0.6:1.0 

among those with keratoconus.426 This contrasts with the known male predisposition for 

keratoconus in the general population.51 The significant male predisposition of keratoconus in 

DS may reflect the gender distribution in our study sample, however, this predisposition merits 

further investigation, although a recent meta-analysis of gender distribution in keratoconus per 

se failed to identify a male predilection.41 

We acknowledge that our subject population may consist of potentially higher functioning 

individuals with DS and thus have naturally selected for less severe keratoconus. Additionally, 

the male predisposition could skew the results as keratoconus was identified to be more 

common in males than females.425 Therefore, this limitation may inaccurately estimate the 

prevalence and severity of keratoconus in the wider DS population in NZ. Nonetheless, given 

the estimate of 60,000 annual live births in NZ, an estimated incidence of DS of one in 1000, 

and a life span of 60 years for this group, we estimate there are approximately 3600 

individuals with DS in NZ.248,427,428 Therefore, our study sampled approximately 2.7% of the 

NZ DS population which, although indicative, may not be representative of the NZ DS 

population as a whole. Furthermore, the use of corneal topography is a limitation of this study 

as it is only able to assess the anterior corneal surface. Corneal tomography is a more sensitive 

tool for detecting clinical and sub-clinical keratoconus as it provides data on corneal thickness 

profile as well as anterior and posterior elevation, parameters that are characteristically 
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affected even in sub-clinical keratoconus. Thus, corneal tomography may have detected a 

higher prevalence of keratoconus. However, corneal topography was better suited to a fast-

paced screening setting due to its shorter acquisition time and easier compliance by 

participants. Additionally, optical coherence tomography should also be considered in this 

population due to the more rapid acquisition time, compared to Scheimpflug imaging.429 

4.6 Conclusion 

This study identified that keratoconus appears to be extremely common in Down syndrome 

and may be up to 700 times more prevalent in this population compared to the general NZ 

population. However, this may still be under-estimated due to the use of corneal topography 

(rather than tomography), selection bias and sample size. Nonetheless, the service delivered, 

and reasonably large sample size achieved compared to the current literature, could be 

considered a genuine strength of the study. Overall, this study highlights the need for 

three-dimensional corneal imaging in DS as well as, larger, more representative population 

studies to determine the true prevalence of keratoconus in the population with DS.  
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5 Keratoconus in Down syndrome: prospective evaluation of 

risk factors, detection, vision, quality of life 
5.1 Introduction 

Keratoconus is known to disproportionately affect people with Down syndrome (DS) with a 

wide range of estimates in the literature.269,282,296,298-300,342,343,347,352,367,368,402,407-409,426,430-435 The 

range of values may be due to method of diagnosis and sample size. Even with the use of 

corneal tomography assessment in people with DS, the estimates of individuals affected with 

keratoconus vary between 12.4% and 32.3%, additionally, Alio et al highlighted that 71.3%  of 

participants with DS had corneal tomographic signs compatible with keratoconus but not 

necessarily confirmed keratoconus.282,342,343 The range of values also existed in larger study 

cohorts. The prevalence of keratoconus determined by corneal tomography in these 

international studies are greater than the reported prevalence estimates in the non-DS cohort in 

New Zealand-Aotearoa (NZ) (0.52%) and among individuals of Māori (2.25%) ethnicity.7 

The predisposition to keratoconus in DS may be due to a gene encoding for keratoconus on 

chromosome 21, however, a definite link has not yet been confirmed.59,60,344 Previous authors 

have also attributed the greater prevalence of keratoconus in this group to mechanical 

micro-trauma from eye rubbing as being a significant risk factor in this group.299,347 

Individuals with DS even without a diagnosis of keratoconus have been shown to have steeper 

anterior and posterior corneal curvatures, as well as thinner corneas, than those without the 

syndrome.282,339,341,411,436,437 Additionally, higher order aberrations including coma-like 

aberration tend to be greater in this group than those without DS.282 These signs are also 

characteristic of keratoconus. Therefore, the differences in prevalence values may also arise 

from the challenge of distinguishing anatomical, phenotypical characteristics of the cornea in 

people with DS without keratoconus and those with definite keratoconus.  

Screening and monitoring progression of keratoconus over time appears to be particularly 

important in people with DS. Hashemi et al reported that keratoconus progression was noted in 

39.6% of 28 cases with DS.342 Notably, this is a relatively small study and the only published 

study on natural progression of keratoconus in DS specifically. This population also tends to 

have thinner corneas at baseline and therefore may be more likely to be closer to the safety 

(thickness) limit for corneal cross linking (CXL) making screening and early detection crucial. 

People with DS are an already disadvantaged population.242 Several studies have investigated 

the impact of keratoconus on quality of life in the general population.181 Poorer scores among 
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those affected with keratoconus have been identified.438,439 Therefore, screening and 

appropriate intervention are needed so vision related quality of life may be preserved. 

A comprehensive corneal assessment was performed in this study to investigate the 

prevalence, natural history, impact on quality of life and uncover practical challenges and 

implications in the care of keratoconus in people with DS. 

Aims 

The aims of this study were to: 

1. Determine the prevalence and severity of keratoconus in a population with DS in NZ 

2. Determine the keratoconus risk factors, vision, refraction, tomographic and slit-lamp 

bio-microscopy signs in a population with DS in NZ  

3. Determine impact of keratoconus on quality of life by utilising the National Eye 

Institute Quality of Life Vision Function Questionnaire in a population with DS in NZ  

4. Investigate longitudinal corneal tomographic change in DS in NZ 

5.2 Methods 

5.2.1 Study design 

This was a prospective, longitudinal study involving. Enrolments began on 29th January 2019 

and ended on 24th March 2020. Follow up visits continued in parallel and ended on 29th 

September 2020. The study was performed in the Department of Ophthalmology Research 

Clinic at the Faculty of Medical and Health Sciences at the University of Auckland.  

The study was approved by the Health and Disability Ethics Committees (18/NTA/192) and 

adhered to the principles of the Declaration of Helsinki. The study was open to individuals 

with DS 10 years old or above and able to provide assent to participate. The process for 

consenting participants into this project is outlined in Chapter 3. No exclusions were made on 

previous ocular or general health conditions, injuries, or surgeries. 

The procedures undertaken are detailed in Chapter 3. Tests including history taking, habitual 

aided and unaided distance visual acuity, cover-uncover test, corneal tomography, corneal 

topography, auto-refraction, focimetry, slit-lamp bio-microscopy and refraction were 

performed as part of this study. The best tomographic scan was selected for each participant 

based on the fewest errors in the examined domains provided by the Pentacam AXL combined 

with qualitative review. This was performed for baseline scans as well as for each follow up. 
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The interval for follow up visits were determined by a qualified anterior segment 

sub-specialist ophthalmologist. Participants were followed up with either a three-, six-, 

nine- or twelve-month interval. Due to delays resulting from COVID-19 lockdown restrictions 

in NZ time frames were approximated to meet these categories. A provisional diagnosis of 

keratoconus was made based on corneal tomography, corneal topography and slit-lamp 

bio-microscopy (Figure 5-1). The corneal scans were subsequently examined independently by 

three fellowship trained, experienced, anterior-segment specialists and a final diagnosis was 

made. Keratoconus was confirmed in an eye when at least two of the three independent 

examiners identified keratoconus. Suspect keratoconus was determined when two of the three 

examiners identified suspect keratoconus. A suspect diagnosis was also determined if all three 

options: no keratoconus, suspect and yes keratoconus was identified among the three 

clinicians. A diagnosis for an eye was determined as ‘unable’ if at least one clinician 

determined that a diagnosis could not be made.  

 

 

 

Participants were categorised into DS-KC, DS-SK and DS-NK groups based on the eye with 

the more severe diagnosis. Among participants that could undergo corneal tomography, data 

Figure 5-1 Participant with DS undergoing slit-lamp bio-microscopy assessment 
(with permission). 
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from the eye with greater Kmax was used. Where Kmax was the same, the eye with the greater 

Mean K was selected. If imaging could only be conducted in one eye, data from this eye was 

selected. 

5.2.2 Outcome measures 

Keratoconus prevalence based on corneal tomography, corneal topography, slit-lamp 

bio-microscopy 

- Keratoconus prevalence  

- Demographics (age, gender, ethnicity, regional location) 

General health history 

- Participants taking more than one form of general health medication n (%) 

- Heart condition n (%) 

- Musculoskeletal condition n (%) 

- Diabetes condition n (%) 

- List of other reported general health conditions 

Ocular history and keratoconus risk factors 

- Eye examination within three years n (%) 

- Never had an eye exam n (%) 

- Unsure about a previous eye exam n (%) 

- Owns spectacles n (%) 

- Owns contact lenses n (%) 

- Habitual distance esotropia n (%) 

- Previous eye surgery unrelated to keratoconus n (%) 

- Eye rubbing n (%) 

- Asthma n (%) 

- Eczema n (%) 

- Hayfever n (%) 

- Family History of keratoconus n (%) 

- Hydrops n (%) 

Treatment for keratoconus 

- CXL n (%) and corneal transplantation n (%) 
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Habitual distance binocular vision 

- Participants with a habitual binocular vision <6/18 n (%) 

Keratoconus prevalence based on corneal tomography  

- Keratoconus prevalence  

- Demographics (age, gender, ethnicity) 

Corneal tomography characteristics 

- Scan Quality errors  

- ‘OK’ Scan Quality n (%) 

- Front Sim Kflat (D) 

- Front Sim Ksteep (D) 

- Front Mean K (D) 

- Corneal Astigmatism (D) 

- Corneal Astigmatism >1.00D n (%) 

- Flat Meridian 

- Flat Meridian RE 

- Flat Meridian LE 

- Front Kmax (D) 

- Back Kflat (D) 

- Back Ksteep (D) 

- Back Mean K (D) 

- Posterior Elevation at thinnest point (µm) 

- Thinnest corneal thickness (µm) 

- Thinnest corneal thickness <450(µm) n (%) 

- ARC (mm) 

- PRC (mm) 

- ISV 

- IVA 

- KI 

- CKI 

- IHA 

- IHD 

- IS 
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- KISA (%) 

- BAD-D myopic database 

- BAD-D hyperopic database 

- ART Max (µm) 

- Anterior vertical coma (µm) 

- Posterior RMS HOA (µm) 

- Posterior vertical coma (µm) 

- Axial length (mm) 

Agreement in diagnosing keratoconus 

- Same diagnosis by all specialists n (%) 

- Same diagnosis of at least on clinician compared to most experienced clinician 

Tomographic and topometric keratoconus detection parameters 

- Posterior elevation for an 8mm optical zone at the thinnest point >10µm n (%) 

- BAD-D myopic database (1.6≤X<3.0) n (%) 

- BAD-D myopic database (≥3.0) n (%) 

- BAD-D hyperopic database (1.6≤X<3.0) n (%) 

- BAD-D hyperopic database (≥3.0) n (%) 

- Topometric (Abnormal or possible KC) n (%) 

- Topometric (Stage ≥ KC 1) n (%) 

Keratoconus severity for A score, B score, C score in the ABCD criteria 

- Stage 0 n (%) 

- Stage 1 n (%) 

- Stage 2 n (%) 

- Stage 3 n (%) 

- Stage 4 n (%) 

Tomographic parameters in DS-KC with ≥ Stage 3 in two of three domains of ABC  

- Kmax (D) 

- PachyMin (µm) 

- Anterior RMS HOA (µm) 

- Anterior vertical coma (µm) 
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Slit-lamp bio-microscopy 

- Apical scarring n (%) 

- Vogt’s striae n (%) 

- Fleischer’s ring n (%) 

National Eye Institute Visual Function Questionnaire (NEIVFQ-25) Scores (Interviewer 

administered format) 

- General Health 

- General Vision  

- Ocular Pain 

- Near Activities 

- Distance Activities 

- Social Functioning 

- Mental Health 

- Role Difficulties 

- Dependency 

- Colour vision 

- Peripheral vision 

Longitudinal tomographic parameters for DS-SK and DS-KC for participants attending 

the 6 month follow up and for participants attending a one year follow up 

- Front Sim Kflat (D) 

- Front Sim Ksteep (D) 

- Corneal Astigmatism (D) 

- Kmax (D) 

- TCT (µm) 

- ARC (mm) 

- PRC (mm) 

- BAD-D 

- A score 

- B score 

- C score 
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5.2.3 Statistical analysis 

Data from one eye of each participant was used for the cross-sectional aspect of this study. 

Normality was assessed using the Shapiro Wilk test. Continuous parameters that were 

normally distributed were assessed with One-Way ANOVA to make comparisons between 

DS-KC, DS-SK and DS-NK groups with Bonferroni correction.  The Kruskal Wallis test was 

performed for non-parametric continuous data between those with DS-KC, DS-SK and 

DS-NK groups Bonferroni correction. The Chi-squared test was used for identifying 

associations between categorical variables. For assessment of longitudinal data, data from both 

eyes from participants were used where available. A related samples t-test was used for 

parametric data and the Wilcoxon signed-rank test was used for non-parametric data. A p-

value less than 0.05 was considered statistically significant. Statistical analysis was conducted 

with the IBM SPSS Statistics Version 27 for Windows (Chicago, IL, USA) software package.  

5.3 Results 

5.3.1 Demographics 

A total of 190 participants were included in this prospective study. Keratoconus affected 

26.3% of the 190 participants based on corneal tomography, corneal topography or slit-lamp 

bio-microscopy imaging techniques. Suspect cases affected 33.7% of the 190 participants and 

no keratoconus were present in 34.2% of the 190 participants that took part. Imaging could not 

be undertaken in 5.8% of the 190 participants enrolled. Table 5-1 shows the age, gender and 

ethnicity of participants in each cohort. The median age of participants was greatest in the 

group with keratoconus and was youngest in the group that were unable to undergo reliable 

imaging. Significant difference in age were identified when DS-KC was compared to each of 

the DS-SK (p=0.001), DS-NK (p=0.001) and Unable (p<0.0001) cohorts. There was no 

statistically significant difference when DS-SK, DS-NK and Unable were compared to each 

other.  Approximately half were male across in each of the DS-KC, DS-SK, DS-NK and 

Unable groups. There was no statistically significant difference in gender between the groups 

(p=0.983). Over half of participants were European in each of these cohorts and there was no 

statistically significant difference in ethnicity between the groups (p=0.372). Most participants 

were from the Auckland region and there was no statistically significant difference in location 

between the groups (p=0.497).  
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 DS-KC DS-SK DS-NK Unable 

n (%) 50 (26.3) 64 (33.7) 65 (34.2) 11 (5.8) 

Age 28.0 (16.0) 18.0 (12.0) 18.0 (10.5) 15.5 (13.0) 

Gender n (%)  

Male 28 (56.0) 35 (54.7) 34 (52.3) 6 (54.5) 

Female 22 (44.0) 29 (45.3) 31 (47.7) 5 (45.5) 

Ethnicity 

n (%) 
 

European 31 (62.0) 39 (60.9) 47 (72.3) 7 (63.6) 

Māori 12 (24.0) 13 (20.3) 11 (16.9) 2 (18.2) 

Pacific Peoples 5 (10.0) 3 (4.7) 3 (4.6) 0 (0.0) 

Asian 1 (2.0) 9 (14.1) 3 (4.6) 2 (18.2) 

Middle Eastern/ 

African/ Latin 
1 (2.0) 0 (0.0) 1 (1.5) 0 (0.0) 

NZ Region  

n (%) 
 

Northland 3 (6.0) 5 (7.8) 1 (1.5) 0 (0.0) 

Auckland 34 (68.0) 45 (70.3) 52 (80.0) 11 (100.0) 

Waikato 4 (8.0) 6 (9.4) 1 (1.5) 0 (0.0) 

Bay of Plenty 1 (2.0) 1 (1.6) 4 (6.2) 0 (0.0) 

Hawke’s Bay 4 (8.0) 2 (3.1) 4 (6.2) 0 (0.0) 

Manawatū-

Whanganui 
2 (4.0) 1 (1.6) 0 (0.0) 0 (0.0) 

Wellington 0 (0.0) 2 (3.1) 1 (1.5) 0 (0.0) 

Tasman 0 (0.0) 1 (1.6) 0 (0.0) 0 (0.0) 

Marlborough 1 (2.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Canterbury 0 (0.0) 0 (0.0) 2 (3.1) 0 (0.0) 

 

Table 5-1 Demographics of participants in each cohort (Total = 190). Keratoconus was 
identified based on corneal tomography, topography or slit-lamp bio microscopy. Data 
presented as n (%) or Median (Interquartile Range). 
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5.3.2 General health history 

Table 2 displays the proportion of participants on medication for general health and proportion 

of participants affected with conditions including heart, musculoskeletal and diabetes. Almost 

half of participants were on at least one form of medication for general health issues in the 

DS-KC and DS-NK groups and over half of participants in the ‘unable to diagnose’ cohort 

were on at least one form of general health medication. Among all 190 participants, 29.5% had 

a heart condition that was either self-reported or reported by the support person. These 

included congenital heart defects such as atrial septal defect, ventricular septal defect, patent 

ductus arteriosus, heart murmur, narrowing of aorta, tricuspid valve regurgitation and 

bradycardia. Musculoskeletal disorders were reported by 12.1% of participants this included 

hypermobility, hip dysplasia, psoriatic arthritis, juvenile idiopathic arthritis, osteopenia.  

Other self/support person reported general health conditions included: 

 Neurology – Moyamoya disease, epilepsy, benign brain tumour removal, neuralgia 

 Sensory – Hearing impairment 

 Respiratory – Sleep apnoea, tracheoesophageal fistula, bronchitis 

 Thyroid – Hypothyroid, hyperthyroid, Grave’s disease 

 Digestive – Coeliac disease, irritable bowel disease, narrowed oesophagus, 

gastro-oesophageal reflux, duodenal web, Hirschsprung’s disease, hiatal hernia, 

“digestive problems” 

 Kidney – “Kidney problems” 

 Weight – “Over-weight” 

 Skin – Psoriasis, alopecia, dermatitis, tinea 

 Lymphatic - Lymphoedema 

 Infection - Methicillin-resistant Staphylococcus aureus positive, “viral infection” 

(reported prior to the COVID-19 pandemic) 

 Blood – Hyperlipidaemia, leukaemia, deep vein thrombosis 

 Emotional – “Mood disorder” 

 Syndromic – Klinefelter syndrome, Eisenmenger’s syndrome 
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 DS-KC DS-SK DS-NK Unable 

Participants on 

≥1 form of 

general health 

medication  

n (%) 

24 (48.0) 16 (25.0) 29 (44.6) 7 (63.6) 

Heart n (%) 16 (32.0) 18 (28.1) 17 (26.2) 5 (45.5) 

Musculoskeletal 

n (%) 
5 (10.0) 7 (10.9) 9 (13.8) 2 (18.2) 

Diabetes n (%) 0 (0.0) 0 (0.0) 3 (4.6) 1 (9.1) 

 

5.3.3 Ocular history and keratoconus risk factors 

Table 5-3 displays participant ocular history and keratoconus specific history. Most 

participants in each group had reported undergoing a previous eye examination in the last 

three years. This included examinations in an ophthalmology, optometry or vision and ocular 

health screening such as at the Special Olympics Lions Clubs International Opening Eyes 

program. Over half of participants reported owning spectacles and one individual was a 

contact lens wearer. This participant wore a rigid permeable gas contact lens due to 

keratoconus (Figure 5-2). 

Eye rubbing was most common in the keratoconus group (42.0%) and was the only risk factor 

that was significantly associated with keratoconus (p=0.036) in DS. A sub-set of 

participants/support persons were contacted during the lockdown period to follow up on the 

nature of eye rubbing. Among those who could be contacted and responded (N=40) 6/17 

(35.3%) in the DS-KC group, 3/11 (27.2%) DS-SK and 4/9 (44.4%) DS-NK reported using 

their knuckles to rub their eyes. 

Previous acute corneal hydrops affected six participants and one participant presented with an 

active acute corneal hydrops (Figure 5-3). Six of the seven participants affected had unilateral 

acute corneal hydrops while one participant had bilateral acute corneal hydrops.  

 

Table 5-2 General health medication and conditions. Data presented as n (%). 
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 DS-KC DS-SK DS-NK Unable 

Ocular history  

Eye Exam within 3 

years n (%)  
36 (72.0) 48 (75.0) 52 (80.0) 8 (72.7) 

No prior eye exam 

n (%) 
3 (6.0) 1 (1.6) 1 (1.5) 0 (0.0) 

Unsure about 

previous eye exam 

n (%) 

5 (10.0) 7 (10.9) 5 (7.7) 1 (9.1) 

Spectacles n (%) 29 (58.0) 40 (62.5) 48 (73.8) 9 (81.8) 

Contact Lenses  

n (%) 
1 (2.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Habitual manifest 

distance esotropia  

n (%) 

23 (46.0) 16 (25) 20 (31.0) 3 (27.2) 

Eye surgery 

unrelated to KC  

n (%) 

6 (12.0) 9 (14.1) 7 (10.8) 1 (9.1) 

Keratoconus 

specific history 
 

Eye rubbing n (%) 21 (42.0) 15 (23.4) 12 (18.5) 3 (27.3) 

Asthma n (%) 4 (8.0) 8 (12.5) 1 (1.5) 0 (0) 

Eczema n (%) 7 (14.0) 5 (7.8) 3 (4.6) 0 (0.0) 

Hay fever n (%) 10 (20.0) 10 (15.6) 7 (10.8) 0 (0.0) 

Family history KC 

n (%) 
1 (2.0) 2 (3.1) 0 (0.0) 0 (0) 

Corneal Hydrops  

n (%) 
7 (14.0) 

 CXL n (%) 4 (8.0) 

Keratoplasty n (%) 3 (6.0) 

 

Table 5-3. Ocular history and keratoconus specific history among study participants. Data 
presented as n (%). 
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Four participants in the study had CXL. Three received treatment prior to enrolling into the 

study. Both eyes were treated in three cases and only one eye was treated in one participant. 

Three participants in the study had corneal transplantation. One participant who had unilateral 

acute corneal hydrops subsequently underwent deep anterior lamellar keratoplasty (DALK) for 

Figure 5-2 Rigid gas permeable contact lens in situ for keratoconus in a participant with DS. 

Figure 5-3 Active acute corneal hydrops causing severe visual impairment in a 
participant with DS. The protruding cone also produces a marked Munson’s sign even in 

modest downgaze. 
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that eye and CXL in the contralateral eye. Another participant had bilateral CXL then 

subsequently underwent DALK in one eye. A third participant had a penetrating keratoplasty 

in one eye, due to limited reported history, corneal hydrops as a cause could not be confirmed. 

Figures 5-4 and 5-5 displays DALK in two different participants. 

 

 

 

 

 

Table 5-4 shows the proportion of habitual binocular visual acuity poorer than 6/18 among 

those who could undergo acuity testing in the DS-NK, DS-SK and DS-KC groups. The 

proportion of participants who could perform habitual aided or unaided visual acuity testing at 

Figure 5-4 Deep anterior lamellar keratoplasty in a participant with DS due to significant 
visual impairment from corneal hydrops. 

Figure 5-5  Deep anterior lamellar keratoplasty for corneal scarring from keratoconus with 
resolving blood at the deep graft to host interface. 
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the first visit and who had binocular visual acuity poorer than 6/18 was greatest in the DS-KC 

(26.0%) participant cohort.  

 
DS-KC 

n=50 

DS-SK 

n=63 

DS-NK 

n=65 

Habitual binocular 

vision poorer than 

6/18 n (%) 

13 (26.0) 4 (6.3) 6 (9.2) 

 

5.3.4 Corneal tomographic characteristics 

Table 5-5 shows the prevalence of keratoconus based on corneal tomography assessment only 

for individuals that could undergo imaging for a diagnosis to be confirmed. Among the 175 

participants that underwent tomography-based diagnosis, keratoconus affected 26.9% of 

participants, suspect keratoconus affected 36.6% participants and 36.6% participants did not 

have keratoconus. The median age was greatest in the keratoconic group and was significantly 

greater when compared to the DS-SK (p<0.0001) and DS-NK (p=0.001) groups. 

Approximately half of participants were male across all the three subgroups. There was no 

statistically significant difference in gender between the groups (p=0.825). European ethnicity 

was the most common ethnicity reported across the three subgroups. There was no statistically 

significant difference in ethnicity between the groups (p=0.162).  

  

Table 5-4. Proportion of participants with habitual aided or habitual unaided measurable visual 
acuity poorer than 6/18. Data presented as n (%). 



116 
 

 DS-KC DS-SK DS-NK 

n (%) 47 (26.9) 64 (36.6) 64 (36.6) 

Age 27.9 (16) 18 (12.3) 18 (9.8) 

Gender n (%)  

Male 27 (57.4) 35 (54.7) 33 (51.6) 

Female 20 (42.6) 29 (45.3) 31 (48.4) 

Ethnicity n (%)  

European 29 (61.7) 39 (60.9) 47 (73.4) 

Māori 11 (23.4) 13 (20.3) 11 (17.2) 

Pacific Peoples 5 (10.6) 3 (4.7) 2 (3.1) 

Asian 1 (2.1) 9 (14.1) 3 (4.7) 

Middle Eastern/ 

African/Latin 
1 (2.1) 0 (0.0) 1 (1.6) 

 

Table 5-6 displays visual acuity and refraction data in each of the DS-KC, DS-SK and DS-NK 

groups. Among participants who were habitually unaided (optically), median visual acuity was 

significantly poorer in the DS-KC group compared to the DS-SK group. Astigmatism based on 

auto-refraction was statistically significantly greater in the DS-KC group compared to the 

DS-SK group. Astigmatism based on subjective refraction was statistically significantly 

greater in the DS-KC group compared to the DS-NK group.  

 

 

 

 

 

Table 5-5. Demographics of DS participants that underwent corneal tomography (Total = 
175). Data presented as n (%) and Median (Interquartile Range). 
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 DS-KC DS-SK DS-NK p-value 

Habitual spectacle 

corrected vision 

(LogMar) 

0.40 (0.3) n=23 0.30 (0.1) n=32 0.30 (0.1) n=33 p=0.060 

Habitual unaided 

vision (LogMar) 

0.46 (0.46) n=22 

Vs. DS-SK p=0.033 

Vs. DS-NK p=0.189 

0.3 (0.1) n=30 

Vs. DS-NK p=1.00 
0.35 (0.1) n=30 p=0.035 

Focimetry MSE (D) 1.75 (3.75) n=19 2.00 (3.75) n=31 2.63 (2.68) n=29 p=0.194 

Focimetry Cyl (D) -1.92±1.27 n=19 -1.40±0.74 n=31 -1.41±0.74 n=29 p=0.118 

Focimetry Axis 96.8±43.8 n=19 74.7±63.7 n=31 83.1±52.4 n=29 p=0.396 

Auto-refraction 

MSE (D) 
0.25 (4.94) n=34 0.94 (3.13) n=58 1.13 (2.75) n=57 p=0.194 

Auto-refraction 

Cyl (D) 

-2.50 (2.31) n=34 

Vs. DS-SK p=0.031 

Vs. DS-NK p=0.065 

-1.75 (1.75) n=58 

Vs. DS-NK p=1.00 
-1.75 (1.75) n=57 p=0.025 

Auto-refraction Axis 97.00 (100.50) n=34 101.50 (112.50) n=58 85.00 (95.00) n=57 p=0.689 

Subjective Refraction 

MSE (D) 
-0.38 (4.03) n=18 0.25 (3.25) n=21 1.13 (3.38) n=25 0.083 

Subjective Refraction 

Cyl (D) 

-2.54±1.17 n=18 

Vs. DS-SK p=0.766 

Vs. DS-NK p=0.037 

-2.14±1.24 n=21 

Vs. DS-NK p= 0.460 

 

-1.68±0.84 n=25 

 
p=0.040 

Subjective Refraction 

Axis 
105.00 (71.25) n=18 143.00 (109.00) n=21 80.00 (121.00) n=25 0.438 

Subjective Refraction 

VA (LogMar) 
0.46±0.30 n=18 0.34±0.19 n=21 0.34±0.12 n=25 0.119 

 

Table 5-7 displays corneal tomographic parameters in each of the DS-KC, DS-SK and DS-NK 

groups. The best quality score, with zero errors and labelled ‘OK’ by the Pentacam could be 

achieved in 20 (42.6%) participants in the DS-KC group, 21 (32.8%) participants in the 

DS-SK group and 24 (37.5%) participants in the DS-NK group. Statistically significant 

differences were present when DS-SK and DS-NK were compared to DS-KC in 25 of 33 

parameters analysed. The median anterior vertical coma was surprisingly low in the DS-KC 

group however ranged from 0.08µm to -7.54µm. On sub-analysis, 10/46 (21.7%) participants 

in the DS-KC group had vertical coma of -2.00µm or greater. Figure 5-6 and 5-7 displays 

Table 5-6. Vision and refraction among individuals that underwent corneal tomography. Data 
presented as Mean±SD and Median (Interquartile Range).  
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corneal tomography in an 11-year-old and 18-year-old participant respectively. Although 

posterior vertical coma was small, the interquartile range was greatest in DS-KC. 

 
 DS-KC n=47 DS-SK n=64 DS-NK n=64 p-value 

Scan Quality 

Errors 
1.0 (2.0) 1.0 (2.0) 1.0 (2.0) 0.526 

Front Sim K1 (D) 49.51±7.53§Φ 45.20±1.46 43.77±1.69 p<0.001 

Front Sim K2 (D) 52.44±9.14§Φ 47.06±1.55 45.62±1.54 p<0.001 

Front Mean K (D) 50.90±8.18§Φ 46.11±1.38 44.67±1.52 p<0.001 

Corneal 

astigmatism (D) 
2.10 (1.70) 1.60 (1.50) 1.75 (1.50) 0.106 

Corneal 

astigmatism 

>1.00D n (%) 

39 (82.98) 47 (73.44) 47 (73.44) 0.424 

Flat meridian 102 (111.6) 93.9 (136.8) 70.5 (102.20) 0.139 

Flat meridian RE 
106.60 (103) 

n=21 

144.40 (64) 

n=33 

128.30 (69.0) 

n=22 
0.237 

Flat meridian LE 
86.1 (110.23) 

n=26 

32.90 (53.50) 

n=31 

40.25 (56.25) 

n=42 
0.055 

Front Kmax (D) 50.20 (10.30) §Φ 47.60 (1.95) * 46.50 (2.40) p<0.001 

Back Kflat(D) -6.50 (1.00)§Φ -6.30 (0.40) -6.20 (0.30) p<0.001 

Back K2 (D) -7.53±1.59§Φ -6.70±0.31 -6.48±0.29 p<0.001 

Back Mean K (D) -7.17±1.33§Φ -6.48±0.27 -6.30±0.27 p<0.001 

Posterior 

Elevation at 

thinnest point 

(µm) 

24.0 (38.00) §Φ 10.00 (13.75) * 8.00 (6.00) p<0.001 

Thinnest corneal 

thickness (µm) 
453.66±72.69§Φ 489.98±34.25 503.88±25.92 p<0.001 

Thinnest corneal 

thickness 

<450microns  

n (%) 

19 (40.42) 9 (14.06) 0 (0%) p<0.001 

 

Table 5-7 Corneal tomography parameters in each cohort. Data presented as Mean±SD and 
Median (Interquartile Range). Statistically significant difference shown as *=DS-NK vs DS 
SK, §=DS-NK vs DS-KC, ΦDS-SK vs DS-KC. 
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 DS-KC n=47 DS-SK n=64 DS-NK n=64 p-value 

ARC 7.01 (0.81) §Φ 7.27 (0.28) * 7.53 (0.39) p<0.001 

PRC 5.59 (1.32) §Φ 5.96 (0.36) * 6.21 (0.42) p<0.001 

ISV 45.00 (68.00) §Φ 34.00 (11.50) 28.00 (13.00) p<0.001 

IVA 0.36 (0.5) §Φ 0.25 (0.16) 0.18 (0.14) p<0.001 

KI 1.14±0.15§Φ 1.04±0.04 1.03±0.03 p<0.001 

CKI 1.02 (0.04) §Φ 1.01 (0.01) 1.01 (0.01) p<0.001 

IHA 19.6 (22.60) §Φ 7.20 (7.15) 6.10 (7.98) p<0.001 

IHD 0.04 (0.10) §Φ 0.02 (0.01) 0.01 (0.01) p<0.001 

IS 1.77(4.10) §Φ 0.61(1.52) 0.32(1.16) p<0.001 

KISA (%) 85.12 (1388.62) §Φ 8.52 (21.93) 8.50 (21.17) p<0.001 

BAD-D myopic 

database 
3.46 (4.85) §Φ n=42 2.09 (1.23) * n=64 1.38 (1.11) n=64 p<0.001 

BAD-D 

hyperopic 

database 

3.17 (4.74) §Φ 

n=42 

1.82 (1.19) * 

n=64 

1.13 (1.08) 

n=64 
p<0.001 

ART Max (µm) 
217.63±110.55§Φ 

n=47 

326.48±98.01* 

n=62 

385.20±102.13 

n=64 
p<0.001 

Anterior RMS 

HOA (µm) 

1.15 (2.94) §Φ 

n=46 

0.66 (0.42) 

n=64 

0.59 (0.38) 

n=64 
p<0.001 

Anterior 

vertical coma 

(µm) 

-0.59 (1.36) §Φ 

n=46 

-0.16 (0.49) 

n=64 

-0.08 (0.36) 

n=64 
p<0.001 

Posterior RMS 

HOA (µm) 

0.36 (0.71) §Φ 

n=46 

0.25 (0.23) * 

n=64 

0.22 (0.10) 

n=64 
p<0.001 

Posterior 

vertical coma 

(µm) 

0.07 (0.29) § 

n=46 

0.02 (0.08) 

n=64 

-0.01 (0.07) 

n=64 
p<0.001 

 

Table 5-7 Continued. Corneal tomography parameters in each cohort. Data presented as 
Mean±SD and Median (Interquartile Range). Statistically significant difference shown as 
*=DS-NK vs DS SK, §=DS-NK vs DS-KC, ΦDS-SK vs DS-KC. 
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Figure 5-6 Corneal tomography scans for the right eye (top) and left eye (bottom) in an 
11-year-old participant with DS showing anterior surface asymmetry, localised thinning 

centrally and no significant posterior elevation at the thinnest point specifically. 
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Figure 5-7 Corneal tomography in the right eye (top) and left eye (bottom) in an 
18-year-old showing anterior corneal steepening, focal thinning, and no significant 

posterior elevation specifically at the thinnest point. 
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5.3.5 Axial length 

In addition to corneal tomographic evaluation, analysis of axial length was performed on a 

sub-set of participants examined throughout the study period who could undergo further 

imaging for axial length measurements using the Pentacam AXL. This was attempted at the 

follow up visit rather than the first visit. Only scans with zero image errors, labelled “OK” 

were included in analysis. Twenty-nine participants were included (DS-NK=4, DS-SK=16, 

DS-KC=9). The Mean±SD were for DS-NK, DS-SK and DS-KC were 22.30mm ± 1.38mm, 

22.15mm ± 1.18mm, 21.84mm ± 1.19mm respectively. No significant difference was present 

between the groups (p=0.771). 

5.3.6 Agreement in diagnosing keratoconus 
The same diagnosis in the eye included in statistical analysis, was agreed by all three 

independent examiners in 53.2% of participants with DS-KC (Table 5-8). The same diagnosis 

by all three independent examiners occurred to a significantly lesser extent in the included eye 

of participants in the DS-SK and DS-NK groups. When agreement was evaluated by the same 

diagnosis of at least one examiner compared to the most experienced examiner, agreement 

could be achieved in 100% of DS-NK participants but perhaps unsurprisingly to a lesser extent 

in the DS-KC and DS-SK groups. Figure 5-8 displays corneal tomography of two different 

adult participants with keratoconus.  

 
DS-KC 

n=47 

DS-SK 

n=64 

DS-NK 

n=64 

Same diagnosis by all 

specialists n (%) 
25 (53.2) 2 (3.1) 5 (7.8) 

Same diagnosis of at least one 

clinician compared to most 

experienced clinician n (%) 

31 (66.0) 31 (48.4) 64 (100) 

 

 

 

 

Table 5-8 Agreement of keratoconus diagnosis of the worse eye based on review of corneal 
tomography between three fellowship trained, experienced anterior segment sub-specialists. 
Data presented as n (%). 
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Figure 5-8 Corneal tomography from two different adult participants with keratoconus (top) 
and pellucid marginal degeneration (bottom) showing anterior corneal steepening, 

corresponding localised thinning, and corresponding posterior elevation at the thinnest point. 
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5.3.7 Corneal tomography-based parameters to detect keratoconus   

Table 5-9 displays outcomes for metrics that guide a keratoconus diagnosis. Consistent with 

the examiner diagnosis of keratoconus, 80.9% of participants with DS-KC had posterior 

elevation at the thinnest point of >10µm, 66.7% and 54.8% of participants with DS-KC had a 

BAD-D score of ≥3.0 using a myopic and hyperopic database respectively. Additionally, 66% 

had topometric keratoconus staging of ≥KC 1 

 DS-KC DS-SK DS-NK p-value 

Posterior elevation for 

an 8mm optical zone 

at the thinnest point 

>10µm n (%) 

38 (80.9)  

n=47 

30 (46.9)  

n=64 

18 (28.1)  

n=64 
p<0.001 

BAD-D (1.6≤X<3.0) 

based on a myopic 

database n (%) 

10 (23.8)  

n=42 

38 (59.4)  

n=64 

23 (35.9)  

n=64 
p<0.001 

BAD-D (≥3.0) based 

on a myopic database 

n (%) 

28 (66.7)  

n=42 

10 (15.6)  

n=64 

2 (3.1)  

n=64 
p<0.001 

BAD-D (1.6≤X<3.0) 

based on a hyperopic 

database n (%) 

14 (33.0)  

n=42 

31 (48.4)  

n=64 

16 (25.0)  

n=64 
p=0.014 

BAD-D (≥3.0) based 

on a hyperopic 

database n (%) 

23 (54.8)  

n=42 

6 (9.4)  

n=64 

2 (3.1)  

n=64 
p<0.001 

Topometric 

(Abnormal or possible 

KC) n (%) 

8 (17.0)  

n=47 

17 (26.6)  

n=64 

9 (14.1)  

n=64 
p=0.180 

Topometric (Stage ≥ 

KC 1) n (%) 

31 (66.0)  

n=47 

15 (23.4)  

n=64 

7 (10.9)  

n=64 
p<0.001 

 

 

Table 5-9 Corneal tomographic based keratoconus detection parameters. Data presented as n 
(%) of participants with DS. 
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Table 5-10 shows the ABC scores for participants in the DS-KC group from the ABCD 

corneal ectasia grading system. Based on the A score, most participants (34.0%) were in stage 

2 of disease. The B score revealed that 36.2% were in stage 3 and greater of disease. Based on 

the C score, most participants were in stage 1 of disease. 

 
DS-KC n=47 

A score n=47 B score n=47 C score n=47 

Score 2.10 (1.9) 2.20 (3.00) 2.04±0.99 

Stage 0 (n, %) 12 (25.5) 11 (23.4) 4 (8.5) 

Stage 1 (n, %) 9 (19.1) 7 (14.9) 24 (51.1) 

Stage 2 (n, %) 16 (34.0) 12 (25.5) 8 (17.0) 

Stage 3 (n, %) 1 (2.13) 3 (6.4) 8 (17.0) 

Stage 4 (n, %) 9 (19.1) 14 (29.8) 3 (6.4) 

 

Table 5-11 shows sub-analysis of tomographic parameters for participants that were in stage 3 

or above for at least two of the three severity ABCD scoring domains. Thirteen eyes of 

thirteen participants in the DS-KC group met these criteria.  

 
DS-KC n=13 

≥ Stage 3 in two of three ABC domains 

Kmax (D) 75.02±12.88 

PachyMin (µm) 348.08±78.96 

Anterior RMS HOA (µm) 6.71±3.18 

Anterior vertical coma (µm) -3.26±2.41 

 

Table 5-10 Keratoconus severity based on ABCD criteria. Data presented as Mean±SD and 
Median (Interquartile Range). Number of participants and proportions are presented as n (%). 

Table 5-11 Tomographic parameters of DS KC participants with ≥ Stage 3 severity scores in 
two parameters in the ABC severity scoring system. 
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5.3.8 Slit-lamp bio-microscopy 

Assessment by slit-lamp bio-microscopy identified that 24% of participants diagnosed with 

keratoconus had apical scarring. Table 12 displays proportions of participants with 

keratoconus affected by apical scarring, Vogt’s striae and Fleischer’s ring. Figure 5-9 shows 

corneal scarring from resolved acute corneal hydrops. 

 DS-KC n=50 

Apical scarring n (%) 12 (24) 

Vogt’s Striae n (%) 4 (8) 

Fleischer’s ring n (%) 5 (10) 

 

 

 

 

Table 5-12. Slit-lamp bio-microscopy signs of keratoconus. Data presented as n (%). 

Figure 5-9 Central scarring from resolved acute corneal hydrops in a participant with DS. 
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5.3.9 National Eye Institute Visual Function Questionnaire 

Table 5-13 displays the National Eye Institute Visual Function Questionnaire scores in the 

DS-KC vs DS-NK groups. The DS-KC group scored significantly poorer in the domains of 

general vision, near activities, mental health, and dependency. Figures 5-10 to 5-13 displays 

box plots comparing the scores between DS-KC and DS-NK for NEI-VFQ-25 domains that 

were significantly different between the two groups. None of the participants were driving a 

car and therefore the driving related domain was not included. 

Table 5-13. National Eye Institute Visual Function Questionnaire (NEIVFQ-25) Scores. Data 
presented as Median (Interquartile Range).  
 

 DS-KC n=44 DS-NK n=59 p-value 

General Health 75.00 (43.75) 75.00 (50.0) p=0.142 

General Vision 80.00 (20.00) 80.00 (40.00) p=0.002 

Ocular Pain 93.75 (34.38) 100.00 (12.50) p=0.086 

Near Activities 91.67 (29.17) 100.00 (16.67) p=0.041 

Distance Activities 89.58 (22.92) 100.00 (8.33) p=0.087 

Social Functioning 100.00 (9.38) 100.00 (0.00) p=0.069 

Mental Health 93.75 (25.00) 100.00 (6.25) p=0.006 

Role Difficulties 100.00 (37.50) 100.00 (12.50) p=0.131 

Dependency 100.00 (22.92) 100.00 (0.00) p=0.023 

Colour vision 100.00 (0.00) 100.00 (0.00) p=0.687 

Peripheral vision 100.00 (25.00) 100.00 (0.00) p=0.147 
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Figure 5-10 Box plot showing significantly poorer NEIVFQ-25 general vision score in DS-KC 
compared to DS-NK. 

Figure 5-11 Box plot showing significantly poorer NEIVFQ-25 near activities score in DS-KC 
compared to DS-NK. 
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Figure 5-12 Box plot showing significantly poorer NEIVFQ-25 mental health scores in DS-KC 
compared to DS-NK. 

Figure 5-13 Box plot showing significantly poorer NEIVFQ-25 dependency score in DS-KC 
compared to DS-NK. 
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5.3.10  Longitudinal assessment of corneal tomographic parameters 

Figure 5-14 shows the ABCD progression display for a participant being monitored for 

corneal change. This is an example of a case where further follow up is required to determine 

if change or stability is being masked by the variability of images.  

 

 

All participants requiring a follow up visit determined by an ophthalmologist underwent both 

baseline and follow up visits with corneal imaging. Participants with an eye with suspect 

keratoconus attending the six-month follow up had a Median (IQR) age of 17.5 years (10.5). 

Table 5-14 shows that there were no significant differences in corneal tomographic parameters 

between baseline and the six-month follow up.  

 

Figure 5-14 ABCD Progression display for a 17-year-old participant. The right eye revealed 
progression in ARC however stability was present in PRC and increased corneal thickness 

between baseline and final visit. The left eye shows that in ARC, PRC and corneal thickness 
were similar between the baseline and third visit. Further follow up is required to ascertain 

true progression or stability. 
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Suspect   

n(eyes)=46, n(participants)=30 

Baseline 6 months p-value 

Front Sim Kflat (D) 45.10±1.39 45.20±1.33 0.163 

Front Sim Ksteep (D) 46.6±1.45 46.54±1.41 0.423 

Corneal Astigmatism (D) 1.40 (1.05) 1.20 (0.85) 0.319 

Kmax (D) 47.25 (2.05) 47.1 (1.75) 0.382 

TCT (µm) 492.5±35.4 489.0±37.0 0.165 

ARC (mm) 7.34±0.21 7.36±0.22 0.141 

PRC (mm) 6.03 (0.39) 6.04(0.34) 0.690 

BAD-D myopic database 1.82 (1.15) 1.81 (1.22) 0.456 

A score 0.80 (0.83) 0.70 (0.83) 0.234 

B score 0.45 (1.53) 0.45 (1.48) 0.561 

C score 1.11±0.66 1.17±0.71 0.205 

 

Participants with an eye with suspected keratoconus attending the one-year follow up had a 

Median (IQR) age of 16.0 years (6.0). Table 5-15 shows that there were no significant 

differences in between corneal tomographic parameters between baseline and the one year 

follow up. 

 

 

 

 

Table 5-14. Corneal tomographic data at baseline and six-month follow up for participants 
attending the follow up with an eye suspected of keratoconus. 
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Suspect  

n(eyes)=29, n(participants)=18 

Baseline One year p-value 

Front Sim Kflat (D) 45.21±1.60 45.33±1.57 0.210 

Front Sim Ksteep (D) 46.81±1.61 46.80±1.73 0.952 

Corneal Astigmatism (D) 1.30(1.50) 1.30(0.90) 0.580 

Kmax (D) 47.74±1.68 47.67±1.74 0.561 

TCT (µm) 487.10±41.05 486.21±38.29 0.708 

ARC (mm) 7.28(0.28) 7.29(0.33) 0.782 

PRC (mm) 6.00±0.34 6.04±0.27 0.376 

BAD-D myopic database 2.07±0.98 2.15±1.04 0.643 

A score 0.94±0.65 0.93±0.67 0.797 

B score 0.50(1.70) 0.40(1.10) 0.430 

C score 1.22±0.80 1.26±0.73 0.524 

 

 

 

 

 

 

 

 

 

Table 5-15. Corneal tomographic data at baseline and one-year follow up for participants 
attending the follow up with an eye suspected of keratoconus.  
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Participants with an eye with keratoconus attending the six-month follow up had a Median 

(IQR) age of 31years (17.50). Table 5-16 shows that a statistically significant decrease in PRC 

was identified and is consistent with a statistically significant increase in the B score. This 

corresponded to a statistically significant increase in BAD-D. 

 

Keratoconus 

n(eyes)=24, n(participants)=16 

Baseline 6 months p-value 

Front Sim Kflat (D) 46.60 (2.98) 46.35 (3.27) 0.226 

Front Sim Ksteep (D) 48.51±2.52 48.69±2.49 0.366 

Corneal Astigmatism (D) 1.96±0.92 1.98±0.88 0.929 

Kmax (D) 49.70 (3.83) 49.75 (3.50) 0.746 

TCT (µm) 469.58±30.47 465.25±28.56 0.055 

ARC (mm) 6.99 (0.49) 6.94 (0.57) 0.683 

PRC (mm) 5.81 (0.66) 5.62 (0.59) 0.013 

BAD-D myopic database 2.26 (2.08) 3.28 (2.66) 0.023 

A score 2.10 (1.45) 2.15 (1.63) 1.00 

B score 1.50 (2.15) 2.15 (1.93) 0.007 

C score 1.53±0.64 1.62±0.65 0.110 

 

Participants with an eye with keratoconus attending the one year follow up had a Median 

(IQR) age of 23years (16.50). Table 5-17 shows that unexpectedly, there was a statistically 

significant increase in minimum corneal thickness and a corresponding statistically significant 

decrease in C score between baseline and the one year follow up. There was no significant 

difference between baseline and the one year follow up for all other parameters.  

 

Table 5-16. Corneal tomographic data at baseline and six-month follow up for participants 
attending the follow up with a keratoconic eye. 
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Keratoconus 

n(eyes)=29, n(participants)=18 

Baseline One year p-value 

Front Sim Kflat (D) 46.31±2.52 46.32±2.07 0.266 

Front Sim Ksteep (D) 48.57±3.02 48.87±2.89 0.162 

Corneal Astigmatism (D) 2.20 (1.40) 2.40 (2.15) 0.750 

Kmax (D) 50.0 (4.35) 51.40 (5.80) 0.918 

TCT (µm) 457.86±49.03 464.62±42.65 0.039 

ARC (mm) 6.98 (0.69) 6.93 (0.73) 0.367 

PRC (mm) 5.59 (0.96) 5.50 (1.02) 0.280 

BAD-D myopic database 3.40 (5.66) 3.73 (4.84) 0.770 

A score 2.10 (1.80) 2.20 (1.85) 0.601 

B score 2.20 (2.85) 2.40 (3.20) 0.212 

C score 1.74±0.89 1.63±0.80 0.028 

 

5.4 Discussion 

This investigation highlighted that keratoconus is common in people with DS. This study 

identified that keratoconus affects 26.3% - 26.9% among participants included. The proportion 

of people affected with keratoconus identified in this study is within the range of prevalence 

estimates among the few studies utilising corneal tomography.282,342,343 This study identified 

that 33.7% - 36.6% of participants were considered as suspects for keratoconus. Combining 

the proportions of participants identified for definite keratoconus and suspect cases, the 

outcomes of this study are consistent with Alio et al who determined that 71.3% of individuals 

with DS have signs compatible with keratoconus.282  

As expected, the prevalence of keratoconus identified in this study was significantly greater 

than estimates of keratoconus in a non-DS cohort in NZ.7 It is also known that Māori and 

Pacific Peoples are disproportionately affected with keratoconus.7,440 In this study, among 

participants that could undergo corneal tomography imaging, 34% in the keratoconic group 

Table 5-17. Corneal tomographic data at baseline and one-year follow up for participants 
attending the follow up with an eye with keratoconus. 
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were of Māori or Pacific ethnicities.  Additionally, consistent with current knowledge, a 

significant association was identified between eye rubbing and keratoconus.80 Taken together, 

these data emphasises the importance of keratoconus screening in this vulnerable population 

who appear to be susceptible to developing keratoconus. Furthermore, the NZ clinical care 

guideline for children with DS could be updated with guidelines on keratoconus screening as 

the current prevalence states that just 6% of people with DS are affected.441 The outcomes of 

the prevalence of keratoconus in DS and its associated risk factors indicate the importance of 

keratoconus screening in people with DS 

In addition to the notable prevalence of definite keratoconus and suspect cases, this study 

identified a disproportionately high prevalence of corneal hydrops (14%). In contrast, corneal 

hydrops is estimated to affect approximately 3% of the general population with keratoconus, 

this highlights the need for screening and appropriate management to prevent the development 

of hydrops.129,413,442 A further study identified that among 22 cases of hydrops, six (27%) 

affected individuals with Down syndrome.412  Corneal hydrops is a painful and blinding stage 

of disease and may result in the need for corneal transplantation which is costly and carries 

significant risks in the general population.210,350,443. Therefore, the need for keratoconus 

screening in this group is further highlighted, particularly with the view of preventing disease 

progression by utilising CXL when appropriate. 

Confirming keratoconus, particularly early keratoconus can be challenging in DS. Consistent 

with previous studies, this study used independent review by multiple clinicians to diagnose 

keratoconus in this group.282,342 This was required as people with DS have steeper anterior and 

posterior corneal surfaces, thinner corneas and more asymmetric corneas even in the absence 

of keratoconus.282,339,340,411,437 As a result, a DS specific keratopathy has been suggested.340 

Qualitative review of corneal imaging is important.416 This is also important to determine what 

might be a normal anatomical characteristic of the cornea in DS and what might be 

keratoconic. It is also important to distinguish what might be a true characteristic of the 

individual’s cornea from what might be an artefact in the image as achieving even good scan 

quality is particularly challenging in this group. The corneal tomographic data in the 

cross-sectional part of this study were obtained from the best scan taken in the first 

examination date. This is different to the study by Hashemi et al. who brought participants 

back to the clinic until a scan labelled ‘OK' was achieved.342 Data on how often an ‘OK’ score 

was obtained was not included in the scope of their study. In our study, agreement on imaging 

examination between at least one of two clinicians compared to the most experienced clinician 

was greatest in the DS-NK group, followed by the DS-KC group and agreement was poorest 
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in the DS-SK group which is unsurprising. This could be due to the criteria used in the study 

that did not require slit-lamp bio-microscopy signs, which if were part of the criteria would 

result in better agreement between clinicians as shown in the study by Hashemi et al.342 The 

differences in interpretation of tomography between experience sub-specialist clinicians 

highlight the reality of variable diagnosis of early keratoconus and suspect cases. Including 

slit-lamp signs as a criterion for diagnosis may detect moderate to severe disease states.  

There are several univariate and multivariate quantitative parameters provided by the 

Pentacam AXL that aids the clinician in detecting keratoconus and grading severity. 

Identifying abnormal posterior elevation is mandatory in confirming keratoconus.40 Utilising 

posterior elevation at the thinnest point may enable detection of subclinical keratoconus with 

an average of 9.4µm ± 5.4µm previously reported in subclinical cases for the general 

population.444 Among the participants with DS in this study, posterior elevation at the thinnest 

point >10µm was present in 80.9% of DS-KC, 46.9% of DS-SK and 28.1% of DS-NK.  A 

greater posterior elevation at the thinnest point has been reported among hyperopes and among 

eyes with lower axial lengths.445 Since hyperopia and reduced axial length is common in DS, it 

may be important to analyse this parameter along with other indicators of ectasia particularly 

in a DS population rather than in isolation. The highly regarded ‘BAD-D index’ developed by 

Professor Michael Belin’s group combines nine parameters and indicated ectasia (≥3.0 score) 

in 66.7% and 54.8% of people with DS-KC using the myopic and hyperopic database 

respectively. A greater detection outcome may not have been possible due to the significant 

anatomical variability of the cornea in DS (as the database is not specific to a DS population) 

and by the inherent variability of tomographic imaging in DS per se - as highlighted in later 

chapters. The ABC components of the well-established ABCD criteria also developed by 

Belin et al 446,447 were used to grade severity. The ABCD criteria have been utilised in large 

samples of 1917 eyes of 1000 patients with keratoconus in the general population.448  Further 

refinements and studies using the ABCD criteria may better guide the utility of its role in the 

confirmation of keratoconus. Among participants with DS-KC, 27.7% who underwent corneal 

tomography were in stage 3 or greater in at least two of three domains in the ABC components 

of the ABCD criteria. This estimate is consistent with the outcome that 26% of participants in 

the DS-KC group had habitual binocular vision poorer than 6/18.  The topometric based 

severity available on the Pentacam showed that 17% in the DS-KC were determined as 

“possible keratoconus”. This further highlights the importance of qualitative review when 

diagnosing keratoconus since consensus between three anterior segment specialist identified 

definite keratoconus.416 Asgari et al. proposed the best discriminants for detecting definite 

keratoconus were high order aberration and coma and the best discriminants for suspect 
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keratoconus were minimum corneal thickness, corneal volume and BAD-D in DS.449 Further 

studies on appropriate detection indices for early keratoconus specific to a DS population are 

required. However, this is beyond the scope of this thesis and would require a significant 

sample. 

Determining progression in this group is challenging due to the variability of the scans. A 

significant increase in PRC and the B score was identified in the DS-KC group between 

baseline and the six-month mark. In addition, a statistically significant increase in minimum 

corneal thickness and significant decrease in the C score were identified at baseline and at the 

one-year data for those with DS-KC. The Global Consensus indicates that progression is 

determined by being outside the noise of the system and it should be repeatable.40 There were 

no previously published repeatability studies on the Pentacam in a population with DS, 

however, this was investigated and reported in Chapter 6. Hashemi et al identified that 39.6% 

of participants with DS, who were evaluated for over one year, had progressive 

keratoconus.342 The follow up imaging in our study was analysed, however, this will require 

ongoing follow up to determine if progression for the individual is repeatable or if 

mild-modest definitive progression is masked by imaging variability.  This creates a challenge 

for clinicians in deciding when to intervene with CXL particularly when the goal is to 

intervene early to avoid significant visual impairment or the need for keratoplasty. This study 

could not identify definitive progression of keratoconus possibly because a) of the variability 

in scans of KC in DS, b) the mean age of people affected was older and therefore the 

keratoconus may have stabilised, or c) that longer term follow up of younger participants is 

required to identify significant progression in this group. Additionally, the severity at initial 

presentation would affect the detection of progression. This shows that regular and close 

follow up (3 to 6 months) should be anticipated particularly in young children to monitor for 

progression. Indeed, Meyer et al have recently reported that more severe disease at 

presentation is associated with more rapid progression in children and adolescents.450 Older 

patients with an equivocal diagnosis may be followed up at wider time intervals.  

Clinical tests such as visual acuity and refraction are part of a standard eye examination. It is 

known that visual acuity tends to be lower in DS early in life compared to a non-DS 

population.275 Oblique astigmatism and against the rule astigmatism has been reported to be 

more common in DS compared to controls.436,451 Among participants with DS-KC, DS-SK and 

DS-NK, over 70% exhibited corneal astigmatism greater than 1D. Additionally, when the right 

and left eye were analysed separately, the direction of the flat meridian corresponded to the 

expected lid position in a group with upward slanted lids. There were no significant 
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differences in corneal astigmatism between the DS groups, therefore, astigmatism may not be 

a suitable indicator to detect or exclude a diagnosis of keratoconus in DS. Additionally, 

hyperopia tends to be more common in DS.452 A myopic refraction is typical in keratoconus in 

the general population, however, due to the high prevalence of hyperopia in DS, as shown by 

the axial length assessment, keratoconus in this group can occur with a hyperopic refraction in 

DS. This leads to additional challenges when incorporating these clinical measures to guide a 

diagnosis of keratoconus. It highlights that corneal imaging as well as clinical assessment 

should be undertaken for this group.  

Despite the notable prevalence of keratoconus in DS, the proportion of participants that had 

undergone CXL was low. This might be due to the lack of keratoconus screening and could be 

improved by incorporating screening for keratoconus into all eye examinations that are 

conducted in individuals of the DS population, particularly as they reach teenage years. The 

youngest reported patient with DS and progressive keratoconus who underwent CXL was  4 

years old with successfully acquired corneal tomography.453 Çakmak et al reviewed 2025 eyes 

undergoing accelerated CXL and identified that 2.3% had DS.202 They identified that corneal 

haze and sterile infiltrates were associated with DS. Based on two-year follow-up outcomes, 

Hashemi et al identified that accelerated CXL of 9mW/cm2 for 10 minutes could be an 

alternative to the standard CXL protocol of 3mW/cm2 for 30min in DS.348 The authors noted 

an increase of +2.12D in zonal-Kmax 3mm, in the accelerated CXL group at the one year 

mark, however,  flattening was observed at the two year follow up.  

CXL under local anaesthesia may be a viable treatment option in DS, however, this requires 

very careful candidate selection. Soeters et al reported epithelium-off CXL with local 

anaesthesia in nine eyes of seven patients with DS.349 This study is particularly useful as 

epithelium-off CXL is more painful but typically reported as more effective than 

epithelium-on CXL.204 Nonetheless, the epithelium-on CXL procedure may be preferred in DS 

due to maintenance of an intact epithelium and therefore lower pain, lower stimulus to eye 

rubbing and lower risk of infection. Additionally, if local anaesthetic is possible this would be 

preferred over general anaesthesia to minimise systemic risks of anaestheia in DS. Soeters et al 

developed a clinical decision-making tool to determine co-operation and therefore success 

with treatment under local anaesthetic. The three domains included a general pre-operative 

assessment, treatment assessment and after care assessment. The general pre-operative 

assessment included spectacle tolerance, eye contact, verbal communication and an adequate 

tomographic scan.349 Aspects of treatment assessment included abrupt movements of limbs, 

maintenance of a supine position and fixation for five minutes, tolerance of a topical 
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anaesthetic and eye lid contact.349 Aspects of after-care assessment included eye rubbing, 

ability to follow instructions, presence of a support person and general impression.349 Two of 

the nine eyes in this study could not proceed with the procedure due to corneal thickness of 

less than 400microns even with hypoosmolar riboflavin, and the authors identified that 

delayed epithelial healing occurred in one eye.349  

In the current study, the National Eye Institute Visual Function Questionnaire identified poorer 

keratoconus related quality of life in the domain of general vision, near activities mental health 

and dependency in DS-KC compared to DS-NK. Since treatment for keratoconus is available, 

and related visual impairment is preventable, keratoconus screening should be undertaken in 

DS to prevent keratoconus related reduction to quality of life. Although it has been highlighted 

that better measures of keratoconus related quality of life are needed, this outcome reveals an 

additional health burden to an already disadvantaged population.181 In this study, an 

interviewer administered questionnaire was used that involved input from both the support 

person and the individual, theoretically, this may produce a confounding effect where a 

support person answers on behalf of the individual, despite attempts to enable the individual to 

answer for themselves. However, care was taken by the support person and interviewer to 

direct the question for the individual and provide examples and context to help them better 

understand the question.  

5.5 Conclusion 

This study identified that keratoconus and corneal hydrops disproportionately affects people 

with DS. Additionally, eye rubbing was identified as a risk factor for developing keratoconus 

in this group. This study highlighted the challenges of confirming a diagnosis of keratoconus 

in DS due to anatomical corneal variability and imaging variability. As a result of these 

limitations, the challenges of confirming disease progression is also highlighted.  

Vision related quality of life assessment showed that keratoconus has a negative impact on 

general vision, near activities, mental health, and dependency in DS.  

Taken together, this study shows that keratoconus screening is required for a DS population to 

enable early detection, identify progression, and provide appropriate treatment where 

appropriate so that keratoconus related visual impairment may be prevented or minimised. 
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6 Repeatability and reliability of corneal tomographic and 

topometric indices in Down syndrome 
6.1 Introduction 

The Global consensus on keratoconus and ectatic disease have highlighted that disease 

progression is indicated by consistent change and this change needs to exceed what is 

explainable by the noise of the instrument.40 They have also highlighted that instrument 

specific quantitative data are required to define progression.40  

Corneal characteristics that are compatible with keratoconus have been shown to significantly 

affect people with DS as reported by previous authors.282 These characteristics have been 

described in detail within Chapter 4 and 5. Overall, individuals with DS generally have steeper 

anterior and posterior corneal surfaces and thinner corneas even in the absence of  

keratoconus.282,339 With additional factors such as alterations to collagen and eye rubbing, this 

group could be predisposed to developing keratoconus earlier, progress and present with more 

severe forms of disease if keratoconus remains undetected.  

Therefore, determining the repeatability of the Pentacam AXL corneal tomographer as well as 

the repeatability of the Tomey TMS-4N is important for clinical practice so that stability or 

progression can be monitored appropriately particularly for a group that is predisposed to this 

disease. An investigation into the repeatability of corneal imaging in DS with keratoconus has 

not been conducted before.  

6.2 Aim 

This study aims to: 

2. To evaluate the repeatability and reliability of corneal tomographic and corneal 

topometric indices obtained by the Pentacam AXL (Oculus Optikgeräte GmbH, 

Wetzlar, Germany) 

3. To evaluate the repeatability and reliability of corneal topometric indices obtained by 

the Tomey Topographic Modelling System TMS-4N (Topographic Modelling System, 

Tomey Corp, Nagoya, Japan) 

 



142 
 

6.3 Methods 

6.3.1 Study design 

Participants in Chapter 5 attending a follow up visit from 26th May 2020 onwards were 

eligible to participate. The study was approved by the Health and Disability Ethics 

Committees (18/NTA/192) and adhered to the principles of the Declaration of Helsinki. The 

consenting process was described in Chapter 5. 

For all visits, corneal imaging was consistently attempted first with the Pentacam AXL and if 

possible, the Tomey TMS-4N topographer was then attempted. The standard 25 image per 

scan setting was utilised on the Pentacam AXL. For both instruments, participants were asked 

to sit back from the instrument after each attempt at imaging, they were re-positioned at the 

instrument before the next scan was acquired. Data from the best three attempts were used in 

analysis. Up to six scans were attempted if required on the Pentacam AXL on the right eye. 

However, if there was difficulty in acquiring images in the right eye a decision was made to 

attempt scans for the left eye. Up to four scans were attempted on the Tomey TMS-4N. The 

right eye was attempted first, if there was difficulty in acquiring images in the right eye a 

decision was made to attempt imaging in the left eye. The scans were acquired within a 

30-minute time frame for each participant. No eye drops were used prior to the examination. 

No exclusions were made based on common ophthalmic manifestations in DS such as 

epicanthal folds, upward slanted palpebral fissures, refractive error, cataract, strabismus, 

nystagmus or any systemic conditions. Figure 6-1 shows an image of a participant at the 

corneal tomographer. 

6.3.2 Inclusion criteria 

- DS 

- ≥10 years old 

- Three interpretable scans in a single visit 

6.3.3 Exclusion criteria 

- Corneal scarring based on slit-lamp bio-microscopy 

- Eyes with previous hydrops 

- Contact lens wear 

- Eye injury 

- Corneal surgery 
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- For final analysis, participants were excluded if they had a non-keratoconus diagnosis 

due to small sample size in this subgroup 

6.3.4 Outcome measures 

Demographics  

- Age (years) 

- Gender 

- Quality assessment 

Outcome measures Pentacam AXL 

Anterior cornea parameters: 

- Anterior flat keratometry (D) 

- Anterior steep keratometry (D) 

- Anterior mean keratometry (D) 

- Anterior astigmatism (D) 

- Anterior maximum keratometry (D) 

- Anterior radius of curvature at the thinnest point (mm) 

- A score  

Posterior cornea parameters: 

- Posterior flat keratometry (D) 

- Posterior steep keratometry (D) 

- Posterior mean keratometry (D) 

- Posterior astigmatism (D) 

- Posterior radius of curvature at the thinnest point (mm) 

- B score  

Pachymetry: 

- Thinnest corneal thickness (µm) 

- C score 
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Derived parameters: 

- Average pachymetric progression index 

- Belin-Ambrosio enhanced ectasia final D  

- Index of surface variance 

- Index of vertical asymmetry 

- Keratoconus index 

- Central keratoconus index 

- Index of highest asymmetry 

- Index of highest decentration 

Outcome Measures Tomey TMS-4N 

- Keratoconus severity index 

- Keratoconus index 

- Flat keratometry (D) 

- Steep keratometry (D) 

- Corneal astigmatism (D) 

- Keratoconus predictive index 

- Maximum keratometry (D) 

6.3.5 Statistical analysis 

The best three scans from the right eye were included in the data analysis. If at least three 

scans could not be acquired from the right eye, data from the left eye was used. Only one eye 

from each participant was analysed. Normality approximations were examined by the 

Shapiro-Wilk test and graphically. Repeatability was analysed by within-subject standard 

deviation (Sw), precision (Pr), coefficient of repeatability (CoR) and coefficient of variation 

(CoV). Intraclass correlation coefficient (ICC), determined by the ratio of between-subject 

variance to the sum total of combined within-subject + between-subject variance and precision 

was determined as 1.96 x Sw. 454,455 Intrasession repeatability (COR) was determined as 2.77 x 

Sw. The within-subject CoV (%) was determined by Sw/Mean (of 3 measurements) x 100. If 

ICC was between 0.75 and 0.9, there was good reliability and if ICC was greater than 0.9, the 

reliability was excellent.456 Statistical analysis was conducted with the IBM SPSS Statistics 

Version 26 for Windows (Chicago, IL, USA) software package.  
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6.3.6 Results 

Seventy-one participants with DS attempted imaging with the Pentacam AXL instrument. The 

median age and interquartile range among those who attempted imaging were 19.0 years 

(15.0). For the Pentacam AXL repeatability study, seven participants who could get three 

scans and had a non-keratoconus diagnosis still had to be excluded from this study due to 

small sample size for sub-group analysis. Fifty participants attempted a Tomey TMS-4N scan 

during the period of this study. The median age and interquartile range for this group who 

attempted imaging were 19.5 years (13.0). For the Tomey TMS-4N, since there were only six 

participants with a non-keratoconus diagnosis and who could get three scans, this sub-group 

was excluded due to small sample size.  

Among those who attempted imaging, forty-four participants were included in final analysis of 

repeatability with the Pentacam AXL (44/71, 62%) corneal tomographer and Tomey TMS-4N 

(44/50, 88%) corneal tomographer. Among those included, an ‘OK’ scan quality could be 

achieved in at least two of three scans in 45% of the keratoconic group and 30% of suspect 

cases using the Pentacam AXL. An Analysed Area Index of at least 70% was obtained in at 

least two of three scans in 62% of the keratoconic group and 56% of the suspect group with 

the Tomey TMS-4N.  

Table 6-1 shows that the DS-SK was younger among participants in the Pentacam AXL group 

and Tomey TMS-4N group. Approximately half were male across all groups and most 

participants were able obtain three images on the right eye to be used in analysis.  

 Pentacam AXL Tomey TMS-4N 

 
DS-KC 

n=24 

DS-SK 

n=20 

DS-KC 

n=26 

DS-SK 

n=18 

Age 28 (12.75) 18 (5.75) 29.5 (16.0) 18 (3.75) 

Male 

n (%) 
13 (54.2) 10 (50.0) 15 (57.7) 10 (55.6) 

Female 

n (%) 
11 (45.8) 10 (50.0) 11 (42.3) 8 (44.4) 

Right eye  

n (%) 
20 (83.3) 17 (85.0) 20 (76.9) 17 (94.4) 

 

Table 6-1. Demographics of participants with keratoconus and suspect keratoconus. 
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Table 6-2 details the repeatability of anterior corneal parameters with the Pentacam AXL 

corneal tomographer for participants with keratoconus and suspect cases. Repeatability 

indicated by CoR was greater in the DS-KC group than DS-SK except for the A score. The 

CoR was more than double in the DS-KC group than the DS-SK group for anterior flat 

keratometry, mean keratometry and anterior astigmatism. Reliability, indicated by ICC, was 

greater than 0.75 for most anterior corneal parameters with the Pentacam AXL except anterior 

corneal astigmatism in the DS-KC group and for anterior radius of curvature at the thinnest 

point in both the DS-KC and DS-SK group.   

 

Figure 6-1 Participant with DS displaying small palpebral apertures, positioned at the 
Pentacam AXL with a support person and members of the project (with permission). 
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 DS-KC n=24 DS-SK n=20 

 Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw Pr CoR CoV ICC 

Ant K1 46.29±1.81 0.64 1.25 1.77 0.45 0.885 45.64±1.44 0.19 0.37 0.52 0.50 0.983 

Ant K2 48.57±2.39 0.44 0.86 1.22 0.43 0.967 47.17±1.52 0.22 0.44 0.62 0.34 0.979 

Ant 
Mean K 47.40±2.03 0.46 0.90 1.27 0.80 0.951 46.39±1.44 0.12 0.24 0.34 0.82 0.993 

Ant ∆K 2.29±1.18 0.66 1.30 1.84 0.49 0.74 1.51±0.71 0.3 0.58 0.82 0.46 0.843 

Ant 
Kmax 50.94±5.65 1.07 2.09 2.95 0.41 0.965 47.99±1.6 0.58 1.14 1.61 0.42 0.879 

ARC 7.01±0.58 0.33 0.65 0.91 0.38 0.736 7.28±0.23 0.17 0.33 0.47 0.41 0.611 

A score 1.83±0.95 0.24 0.47 0.66 0.39 0.940 1.08±0.60 0.25 0.49 0.69 0.43 0.846 

 

Table 6-3 displays the repeatability and reliability of posterior corneal parameters with the 

Pentacam AXL corneal tomographer. The CoR was approximately 1.5 times greater in the 

DS-SK than DS-KC for posterior astigmatism and B score. ICC was less than 0.75 for 

posterior astigmatism in both DS-KC and DS-SK groups. ICC was also less than 0.75 in the 

DS-SK group for posterior steep keratometry, posterior corneal astigmatism, posterior radius 

of curvature at the thinnest point and the B score. 

 

 

 

 

Table 6-2. Intra-observer repeatability and reliability of anterior corneal parameters with the 
Pentacam AXL corneal tomographer. Ant  K1= anterior flat keratometry, Ant K2 = anterior 
steep keratometry, Ant MeanK = anterior mean keratometry, Ant ∆K = anterior corneal 
astigmatism, Ant Kmax =anterior maximum keratometry, ARC = anterior radius of curvature 
at the thinnest point. 



148 
 

 DS-KC n=24 DS-SK n=20 

 Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw Pr CoR CoV ICC 

Post K1 -6.49±0.42 0.16 0.32 0.45 0.45 0.865 -6.35±0.25 0.13 0.26 0.37 0.5 0.753 

Post K2 -6.93±0.48 0.13 0.25 0.35 0.43 0.933 -6.74±0.27 0.15 0.3 0.42 0.34 0.738 

Post 
Kmean -6.71±0.44 0.12 0.23 0.33 0.8 0.929 -6.53±0.25 0.09 0.17 0.24 0.82 0.891 

Post ∆K 0.44±0.22 0.16 0.32 0.45 0.49 0.600 0.39±0.16 0.24 0.47 0.66 0.46 0.109 

PRC 5.52±0.61 0.17 0.34 0.48 0.38 0.922 5.93±0.25 0.21 0.41 0.58 0.41 0.524 

B score 2.00±1.28 0.41 0.80 1.13 0.39 0.904 0.99±0.74 0.64 1.26 1.78 0.43 0.501 

 

Table 6-4 displays the repeatability and reliability of pachymetric parameters with the 

Pentacam AXL corneal tomographer. The CoR for C score was greater in the DS-SK group 

and ICC were greater than 0.75 for both pachymetric measures regardless of diagnosis.   

 DS-KC n=24 DS-SK n=20 

 Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw Pr CoR CoV ICC 

TCT 464.94±35.53 14.77 28.96 40.93 0.45 0.845 486.37±37.43 11.32 22.19 31.36 0.50 0.914 

C 
score 1.62±0.70 0.22 0.43 0.61 0.43 0.907 1.22±0.69 0.25 0.49 0.69 0.34 0.879 

 

 

 

Table 6-3. Intra-observer repeatability and reliability of posterior corneal parameters with the 
Pentacam AXL corneal tomographer. Post  K1= posterior flat keratometry, Post K2 = 
posterior steep keratometry, Post MeanK= posterior mean keratometry, Post ∆K = posterior 
corneal astigmatism, PRC = posterior radius of curvature at the thinnest point. 

Table 6-4. Intra-observer repeatability and reliability of pachymetric corneal parameters with 
the Pentacam AXL corneal tomographer. TCT = thinnest corneal thickness. 
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Table 6-5 shows the repeatability and reliability for derived tomographic parameters and 

topometric parameters for the Pentacam AXL corneal topographer. The CoR was more than 

double in the DS-KC group compared to the DS-SK for central keratoconus index and index 

of highest asymmetry. The CoR was greater in the DS-SK group for the BAD-D and index of 

surface variance. The ICC was less than 0.75 in pachymetric progression index, BAD-D, index 

of surface variance, index of vertical asymmetry, keratoconus index, central keratoconus index 

and index of highest decentration in the DS-SK group only. The ICC was less than 0.75 in the 

index of highest asymmetry regardless of diagnosis.  

 DS-KC n=24 DS-SK n=20 

 Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw Pr CoR CoV ICC 

PPI 
avg 1.60±1.05 0.56 1.10 1.55 0.80 0.759 1.06±0.27 0.33 0.65 0.92 0.82 0.261 

BAD-D 4.70±3.75 1.4 2.75 3.89 0.49 0.872 2.4±0.97 1.49 2.92 4.13 0.46 0.092 

ISV 52.47±33.08 5.81 11.38 16.09 0.38 0.970 31.32±7.68 8.23 16.12 22.79 0.41 0.347 

IVA 0.49±0.39 0.08 0.16 0.23 0.39 0.956 0.23±0.07 0.06 0.11 0.16 0.43 0.514 

KI 1.09±0.08 0.03 0.07 0.1 0.74 0.831 1.06±0.03 0.02 0.05 0.06 0.76 0.591 

CKI 1.02±0.03 0.01 0.02 0.03 0.41 0.862 1.01±0.01 0.00 0.01 0.01 0.46 0.592 

IHA 20.71±23.12 17.22 33.76 47.71 0.37 0.596 9.43±4.25 6.53 12.8 18.09 0.4 0.075 

IHD 0.05±0.06 0.02 0.03 0.05 0.38 0.915 0.02±0.01 0.02 0.03 0.05 0.41 0.254 

 

 

 

Table 6-5. Intra-observer repeatability and reliability of derived tomographic and topometric 
corneal parameters with the Pentacam AXL corneal tomographer. PPIavg = average 
pachymetric progression index, BAD-D = Belin-Ambrosio Enhanced Ectasia Final D, ISV = 
index of surface variance, IVA = index of vertical asymmetry, KI = keratoconus index, CKI = 
central keratoconus index, IHA = index of highest asymmetry, IHD = index of highest 
decentration. 
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Table 6-6 display the repeatability and reliability of the Tomey TMS-4N corneal topographer. 

The CoR was more than 1.5 times greater in the DS-KC group compared to the DS-SK in 

keratoconus severity index, keratoconus index and keratoconus predictive index. The CoR for 

corneal astigmatism was greater in the DS-SK group compared to the DS-KC group. The ICC 

was lower than 0.75 in keratoconus severity index in the DS-KC group. The ICC was less than 

0.75 in flat keratometry, steep keratometry, anterior corneal astigmatism, keratoconus severity 

index, keratoconus index and keratoconus predictive index in the DS-SK group. 

 DS-KC n=26 DS-SK n=18 

 Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw Pr CoR CoV ICC 

K1 45.93±2.28 1.02 2.01 2.84 11.98 0.822 45.63±1.04 0.95 1.85 2.62 0.52 0.462 

K2 49.56±3.51 1.19 2.33 3.30 11.95 0.893 47.49±1.36 0.99 1.95 2.75 0.35 0.605 

∆K 3.63±3.61 0.41 0.8 1.13 12.30 0.987 1.86±0.92 0.50 0.98 1.39 0.82 0.748 

KSI 33.78±25.24 14.82 29.04 41.05 12.02 0.719 6.93±7.56 9.10 17.84 25.21 0.48 0.269 

KI 24.82±29.36 10.93 21.43 30.29 11.94 0.873 1.96±5.20 5.1 9.99 14.12 0.41 0.418 

KPI 0.26±0.08 0.03 0.06 0.08 11.9 0.865 0.21±0.02 0.02 0.04 0.05 0.42 0.364 

Kmax 51.15±4.08 1.13 2.22 3.13 11.90 0.927 48.61±1.66 0.89 1.75 2.48 0.31 0.756 

 

6.4 Discussion 

Ocular imaging in DS is challenging due to a reduced ability to fixate which may be 

multifactorial in nature. The range of ophthalmic sources as well as intellectual variability in 

this population may affect the quality and repeatability of images. The challenge in obtaining 

Pentacam AXL corneal tomography in people with DS was clearly observed. Ultimately, of 

those with keratoconus or suspect keratoconus, 69% (44/64) could successfully obtain three 

interpretable scans with the Pentacam AXL. On the other hand, 100% (44/44) participants 

could obtain three interpretable images from the Tomey TMS-4N corneal topographer. 

Therefore, although providing less information, the Tomey TMS-4N may be a more successful 

Table 6-6. Intra-observer repeatability and reliability for the Tomey TMS-4N corneal 
topographer. K1 = anterior flat keratometry, K2 = anterior steep keratometry, ∆K = anterior 
corneal astigmatism, KSI = keratoconus severity index, KI = keratoconus index, KPI = 
keratoconus predictive index, Kmax = anterior maximum keratometry. 
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screening tool for keratoconus in DS. This may be due to the longer acquisition time with the 

Pentcam tomographer (1 second for the 25-picture scan mode) compared to the Tomey 

TMS-4N topographer (0.033sec).391,392,457 Although challenging, corneal tomography is 

important as it may enable earlier detection of keratoconus compared to corneal topography by 

providing data on thickness and posterior corneal characteristics. Wherever possible, 

three-dimensional imaging should be undertaken in this population to screen for early signs of 

keratoconus to enable timely intervention for a population with keratoconus-like features at 

baseline.282 Furthermore, tomographic data will enable better differentiation of this disease 

from a possible DS-specific keratopathy.340 

Examining the repeatability of corneal diagnostic instruments is useful for informing clinical 

practice as it informs clinicians on the inherent noise in an imaging system.169,458,459  Noise is 

often greater in diseased eyes and indeed has been confirmed that the Pentacam is less 

repeatable in patients with keratoconus than in controls and with greater severity of 

keratoconus.169,460-464 Additionally, it has been shown that repeatability is poorer in 

keratoconus for corneal topographer instruments such as the OPD-Scan III (Nidek, Gamagori, 

Japan), iTrace (Tracey Technologies, Texas, USA) and Eyesys (Eyesys Vision, Texas, USA) 

and Tomey TMS-1 (Tomey Technology, Massachusetts, USA).465-468 Tables 6-7 to 6-10 

highlight current data available in the literature on the repeatability of the Pentacam in studies 

involving keratoconic patients in the general population with or without a control group 

comparison. This shows that there are a limited number of repeatability studies available and 

that further studies are required.  

Information on repeatability is particularly important for a DS population as these individuals 

are disproportionately affected with keratoconus like characteristics, 340,342 thus specific 

knowledge of the repeatability of corneal parameters in this population is essential to better 

identify early signs of keratoconus development and better assess disease progression. To 

appropriately identify progression the CoR should be lower than the definition of progression 

for a parameter.469 This study identified that the CoR of corneal tomography was consistently 

greater in the DS-KC group compared to the DS-SK group in six of seven anterior parameters. 

This is consistent with previous studies that reported that the CoR of anterior corneal 

tomographic parameters were greater in the keratoconic group compared to a control 

group.169,461 Additionally, the CoR of anterior parameters showed a trend of being greater with 

increasing severity of keratoconus.169  
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When compared to a non-DS population (Table 6-7), the repeatability score for maximum 

keratometry in the DS-KC group was greater than the repeatability score in moderate 

keratoconus in a non-DS population.169 Additionally, the repeatability score for maximum 

keratometry for the DS-SK group was also greater than a non-DS group with moderate 

keratoconus.169  A 1D increase in anterior maximum keratometry is a common definition used 

in clinical practice as a CoR of 0.8D was previously identified.457 Furthermore 1D – 1.5D has 

been used to effectiveness of CXL.470-474 However, in the DS-KC and DS-SK the anterior 

maximum keratometry was 2.95D and 1.61D respectively which exceeds the 1D definition.  

The greater CoR identified in this study would make it challenging to confirm progression or 

stability of keratoconus in individuals with DS and would indicate that clinicians should have 

a higher threshold for determining if a change in anterior parameters truly represent 

progression. 

Assessment of posterior surface parameters revealed that CoR was greater in the DS-SK group 

for four of six parameters. These include posterior steep keratometry, posterior corneal 

astigmatism, posterior radius of curvature at the thinnest point and the B score. This is 

different to previously published studies that identified that posterior corneal features tended 

to have a greater CoR in keratoconus compared to controls.169,461,463 Furthermore, Kreps et al 

showed that individuals with moderate keratoconus had a trend of greater CoR compared to 

mild keratoconus and subclinical keratoconus. The DS-KC and DS-SK groups had comparable 

repeatability scores to moderate keratoconus in the non-DS population for five of six 

parameters.169 The repeatability of the B score was poorer in the DS-KC and DS-SK groups 

compared to the non-DS group with moderate keratoconus.169 The unexpected greater 

repeatability in the DS-SK group may be due to the younger age of participants in the DS-SK 

group, 18 (5.75), compared to the age in the DS-KC group of 28 (12.75). Additionally, it has 

been shown that the abnormal posterior features, are present in DS even without 

keratoconus.339,340 This phenotypic variability may further contribute the reduced repeatability 

of the posterior measurements in the DS-SK group. Due to the reduced repeatability, it would 

indicate that measurement of posterior elevation with the Pentacam will likely produce a large 

range of overlap in the DS population between keratoconus suspects and true keratoconus.  

The thinnest corneal pachymetry had a greater CoR in DS-KC compared to DS-SK which is 

expected. Another common progression indicator is change in thinnest corneal thickness of 

≥10-20µm.470-473 The CoR obtained for the DS-KC and DS-SK groups are 40.93µm and 

31.36µm respectively which significantly exceeds the common range used to define 

thickness-based progression. Each of the DS-KC and DS-SK groups had greater CoR than 
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those without DS affected by moderate keratoconus as displayed in Table 6-9.169 People with 

DS already have thinner corneas at baseline and therefore, monitoring for progressive thinning 

is important in this group.282 The notable CoR in TCT in DS uncovers a challenge in 

confirming whether the disease is stable or progressing after CXL treatment. 

The CoR was greater in the DS-KC group compared to the DS-SK group in both derived 

tomographic parameters from the Pentacam AXL (Avg PPI and BAD-D). Four of six derived 

topometric parameters from the Pentacam AXL showed a greater CoR in the DS-KC 

compared to the DS-SK (IVA, KI, CKI, IHA).  The BAD-D score is a widely used measure to 

indicate the likelihood of the presence of ectatic disease that is a multivariate index involving 

nine parameters. A score of ≥3 indicates a high likelihood of ectasia however, the CoR was 

greater than this threshold for the DS-KC (3.89) and DS-SK (4.13). These CoR scores are 

significantly greater than in the non-DS population with keratoconus (Table 6-10).169,462 While 

the BAD-D score was not generated to confirm keratoconus it was developed to guide a 

diagnosis, due to the lower repeatability of BAD-D scores in people with DS, clinical 

judgement is required when interpreting this index. This highlights the importance of 

qualitative review of corneal imaging as was undertaken by anterior segment sub-specialist 

ophthalmologists to make the diagnosis of keratoconus in Chapter 5. 

The repeatability of corneal topography involving 140 eyes of 70 individuals with DS and 264 

eyes of 132 subjects has been previously reported.475 The authors utilised the Zeiss Atlas 9000 

corneal topographer (Carl Zeiss Meditec, Inc. Jena, Germany). The repeatability and reliability 

data for steep keratometry and corneal astigmatism from this study are displayed in 

Table 6-11. The CoR for steep keratometry was greater in the DS-KC (3.30D) and DS-SK 

(2.75D) compared to their study (1.22D). The CoR for astigmatism was lower in the DS-KC 

group compared to their study (1.13D vs. 1.31D). However, the result for the DS-SK group 

was greater than their study (1.39D vs. 1.31D). A reason for the difference may be the 

different instrument utilised as well as the nature of the sample group. Our study sample was 

also smaller and was stratified into people with DS-KC or DS-SK compared to their study 

which included athletes with DS regardless of a keratoconus diagnosis. 

Acquiring repeatable data can be challenging for a group with intellectual disability. Visual 

and auditory impairment is common in people with DS as well as speech deficits.476,477 

Combined, these can lead to difficulty in aspects of communication and interaction between 

the examiner and patient.316 Three-dimensional imaging of the cornea required sustained 

stable fixation and some corneal topographers have a cone attachment that is positioned very 
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close to the eye. Explaining the steps involved in the imaging process should occur in a way 

that the patient can understand. The explanation should be to the patient themselves rather than 

to their support person.316  

People with DS generally have corneal structural variability, increased corneal optical density 

and light scatter which further increases with a diagnosis of keratoconus.341 Furthermore, 

additional sources of variability could arise from reduced visual acuity in DS, upward slanting 

lids, reduced visual acuity, refractive error, strabismus, nystagmus and nasolacrimal duct 

obstruction which can make stable fixation difficult. 292,478,479 The impact of combined 

misalignments, consisting of x, y, z and rotational deviations, during scan acquisitions have 

been investigated. Zheng et al showed that errors between serial measurements significantly 

reduced in anterior and posterior tomographic data in both keratoconus and control cases in 

the general populations when misalignment was corrected for. Misalignment ratios were also 

greater in the keratoconic group.480 Variable measurements may arise for difficulty of the 

software to locate key positions of the cornea such as the apex, corneal contour abnormalities 

and optical clarity.480 Subjectively assessing and anticipating the impact of artefact in images 

in combination with knowledge that these result in lower repeatability will aid in interpretation 

of imaging results.  

When examining corneal images in any population, quality of images should be considered 

when deciding a diagnosis or monitoring for progression and is particularly important in the 

DS population as the ability to obtain high quality scans in these individuals is reduced. To 

manage the lower repeatability in the DS population, multiple measurements should be 

obtained, and an average or median outcome could be considered rather than assessing a single 

scan.174 Additionally, the measurements should be obtained with the same instrument for serial 

measurements when monitoring for change whenever possible.40,458 Patient familiarity with 

the instrument may play a role, thus initially, several initial appointments may be required to 

establish baseline measurements.  

Reviewing the consistency between anterior, pachymetric and posterior maps for a particular 

individual is likely to play an important role in confirming a keratoconus diagnosis. When the 

results remain less repeatable with no clear, repeatable posterior elevation and a goal to 

intervene early to prevent further keratoconus related visual impairment, the decision to 

confirm a diagnosis becomes even more challenging. The common progression limits are 

exceeded by the CoR in the DS-KC and DS-SK groups. The need for progression thresholds 

based on severity has been suggested as device repeatability reduces as severity increases.169 
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Theoretically, progression thresholds could be developed specifically for a DS population. 

Increasing thresholds may help this issue, however, there are challenges with defining a DS 

population-wide criteria since there is a spectrum of ability and ophthalmic manifestations in 

this group and so predicting variability and therefore defining repeatability may be challenging 

to conduct at a population level. Thus, assessment of the variability of multiple scans on an 

individual may be a superior method to determining what the threshold for progression should 

be for that individual – potentially obtained from the within subject standard deviation. An 

improvement to current software would be generating anterior, posterior and thickness 

distribution maps based on an average of several maps selected by the practitioner for that 

individual.  Additionally, to aid decision making, evaluating the risk of keratoconus 

development for the individual by considering age, baseline thickness, baseline posterior 

corneal appearance and looking for focal tomographic abnormalities are essential.  

Being aware of imaging strategies before the image acquisition process can be beneficial. In 

communicating, talking to the individual rather than mainly to the support person is important.  

Telling the participant what the instrument does, and the steps needed on their part for a scan 

to be taken is also important. Participants who are non-verbal can still process information and 

cooperate with the steps involved in imaging. Some useful strategies included constantly 

reminding the participant to open their eyes wide and to close their mouth. Often saying ‘open 

wide’, triggers a response where the participant opens their mouth instead and squeezes their 

eye lids closed. Holding the eye lid open for the participant may help in some cases, however, 

others may be averse to this and may squeeze the eyelids more tightly closed, preventing scan 

capture. In some cases, it was useful to cover the other eye to help stabilise the fixating eye. 

Positioning the participants hands away from the chin rest height adjustment collar is 

important so that they do not alter the height themselves during the acquisition process. Some 

participants thrive on lots of encouragement while other times others do better in a quiet 

environment without the sensory overload.  

The Tomey TMS-4N comes with a 25- or 31-ring cone attachment. The smaller size may 

enable closer positioning of the cone to the eye and if required inform the participant to direct 

their nose away from the cone. Other times the cone is obstructed by the supra-orbital margin 

and the topographer cannot get close enough to the eye for image acquisition. In this case, to 

enable a scan to be captured, tilt the chin forward beyond the chin rest so that the instrument 

can get closer to the device. However, this adaptation to enable scan capture can also affect 

centration and repeatability. Having a parent of support person to assist with reminders 

throughout the test and participant positioning was also useful.  
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This study could be improved in several ways. A larger sample size, a non-keratoconus 

population with DS for comparison as well as controls from the general population would 

improve this study. Having a larger sample of more severe keratoconus may also better reflect 

the impact of severity on the repeatability and reliability of tomographic and topographic data.  

Utilising age-matched comparison groups would strengthen this study. Furthermore, 

examining the inter-observer and inter-session repeatability will be useful in determining the 

repeatability of imaging that is obtained over time and better reflect the clinical setting when 

monitoring progression. It is possible that the sample is biased by only including individuals 

that obtained three measurements, with the requirement of a complete data set for all 

parameters assessed. However, the benefit of involving three scans instead of two is to 

improve the confidence of estimates.481 While a greater number of repeated measures would 

improve the confidence in the estimate, such as five repeated measures, this possibility needed 

to be balanced with practical feasibility. Additionally, these measurements may have been 

biased by familiarity as they were obtained at a follow up visit rather than the first visit. The 

participants would be familiar with the site, staff, acquisition process and instruments. There is 

also limited literature to reference on the repeatability of corneal tomography and corneal 

topography particularly on studies that evaluate an extensive range of parameters 

auto-generated by the instrument.  
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Table 6-7 Studies on patients with keratoconus evaluating the repeatability and reliability anterior cornea parameters using Pentacam AXL. 

 
Keratoconus (most severe group in study) Subclinical 

keratoconus Control 
Mean±SD 

or [95%CI] Sw Pr CoR CoV ICC Mean±SD Sw CoR Mean±SD 
or [95% CI] Sw Pr CoR CoV ICC 

Anterior flat keratometry  
Kreps169 45.7±3.7 0.3  0.87   43.1±1.6 0.1 0.18 42.4±1.0 0.1  0.16   

Matalia 460 46.6 [45.9 to 
47.4] 0.1   0.2 0.99    43.6 [43.3 to 

43.9] 0.0   0.1 0.98 

de Luis Eguileor482 44.5±0.2   0.77  0.994          
Meyer459 45.3±3.1 0.3 0.63 0.90 0.5 0.996          
Hashemi467 54.5±5.7   1.66  0.989          
Szalai461 47.2±6.6 0.8  2.08  0.989    43.2±1.5 0.2  0.47  0.991 

Anterior steep keratometry  
Kreps169 49.2±3.7 0.3  0.82   44.0±1.4 0.1 0.18 43.2±0.9 0.1  0.20   

Matalia460 51.3 [50.2 to 
52.4] 0.1   0.1 0.99    44.4 [44.1 to 

44.6] 0.0   0.1 0.98 

de Luis Eguileor482 47.7±0.3   1.54  0.980          
Meyer459 50.3±4.2 0.4 0.71 1.00 0.5 0.997          
Hashemi467 60.2±5.8   2.80  0.970          
Szalai461 50.9±7.1 0.6  1.56  0.994    44.2±1.7 0.2  0.47  0.992 

Anterior mean keratometry  
Kreps169 47.4±3.6 0.2  0.66   43.6±1.5 0.1 0.16 42.8±0.9 0.1  0.15   
Shetty483 46.7±4.5 0.2  0.64 0.5           

Anterior astigmatism  
Kreps169 3.5±1.7 0.4  1.05   0.5±1.1 0.1 0.25 0.9±0.6 0.1  0.16   
Szalai461 3.7±2.0 0.7  1.94  0.892    01.0±0.5 0.1  0.29  0.950 
Anterior maximum keratometry  

Kreps169 56.5±4.5 0.6  1.66   45.0±1.3 0.1 0.25 43.7±1.0 0.2  0.47   

Matalia460 52.3 [51.0 to 
53.5] 0.1   0.1 0.99    44.6[44.3 

to 44.9] 0.0   0.1 0.99 

de Luis Eguileor482 52.8±0.3    1.1 0.996          
Kosekahya462 56.2±5.0 0.5 0.95 1.34 0.5 0.997    44.4±1.2 0.2 0.39 0.55 0.3 0.991 

ARC  
Kreps169 6.6±0.4 0.1  0.16   7.7±0.2 0.0 0.04 7.9±0.2 0.0  0.04   

A Score  
Kreps169 3.0±1.4 0.2  0.54   0.2±0.3 0.0 0.10 0.0±0.0 0.0  0.00   
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Table 6-8 Studies on patients with keratoconus evaluating the repeatability and reliability posterior cornea parameters using Pentacam AXL. 

 
Keratoconus (most severe group in study) Subclinical 

Keratoconus Control 

Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw CoR Mean±SD Sw Pr CoR ICC 

Posterior flat 
keratometry  

Kreps169 -6.8±0.7 0.1  0.35   -6.2±0.3 0.0 0.07 -6.0±0.2 0.0  0.10  
Sideroudi 
Operator 1463 -6.6±2.3 0.1 0.19 0.27  0.978    -6.0±0.3 0.1 0.11 0.16 0.951 

Sideroudi 
Operator 2463 -7.0±0.7 0.1 0.20 0.29  0.981    -6.0±0.3 0.1 0.11 0.16 0.937 

Szalai461 −6.9±1.3 0.2  0.55  0.977    −6.2±0.3 0.1  0.16 0.964 
Posterior steep 

keratometry  

Kreps169 -7.5±0.8 0.1  0.35   -6.4±0.3 0.1 0.13 -6.3±0.2 0.0  0.11  
Sideroudi 
Operator  1463 -7.9±0.9 0.1 0.16 0.23  0.986    -6.4±0.3 0.3 0.53 0.74 0.949 

Sideroudi 
Operator  2463 -7.9±0.8 0.1 0.19 0.27  0.992    -6.4±0.2 0.1 0.13 0.18 0.937 

Szalai461 −7.7±1.3 0.2  0.51  0.982    −6.5±0.3 0.1  0.18 0.962 
Posterior mean 

keratometry  

Kreps169 -7.1±0.8 0.1  0.20   -6.3±0.3 0.0 0.10 -6.2±0.2 0.0  0.11  
Shetty483 −6.8±0.8 0.1  0.28 1.4          

Posterior 
astigmatism  

Kreps169 0.8±0.5 0.1  0.30   0.3±0.1 0.1 0.13 0.3±0.1 0.1  0.14  
Szalai461 0.8±0.4 0.2  0.58  0.799    0.3±0.1 0.1  0.18 0.690 

PRC  
Kreps169 4.9±0.4 0.1  0.21   6.2±0.2 0.0 0.11 6.4±0.1 0.0  0.10  

B Score  
Kreps169 4.5±1.8 0.3  0.81   0.3±0.6 0.1 0.25 0.0±0.0 0.0  0.00  
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Table 6-9 Studies on patients with keratoconus evaluating the repeatability and reliability minimum pachymetry and C score 
parameters using Pentacam AXL. 

 
Keratoconus (most severe group in study) Subclinical 

Keratoconus Control 

Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw CoR Mean±SD Sw CoR ICC 

Minimum 
pachymetry  

Kreps169 460±38 6.3  17.5   530±24 3.9 10.9 544±19 3.0 8.41  

de Luis Eguileor482 475±5   14.2  0.984        

Meyer459 454±41 10.1 19.85 28.1 1.3 0.979        

Shetty483 469±38 9.3  25.8 2.3         

Szalai461 458±54 4.7  13.0  0.992    551±31 4.1 11.45 0.983 

C Score  

Kreps169 1.8±0.8 0.1  0.36   0.58±0.4 0.1 0.19 0.25±0.22 0.0 0.10  
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Table 6-10 Studies on patients with keratoconus evaluating the repeatability and reliability derived parameters using Pentacam AXL. 

 
Keratoconus (most severe group in study) Subclinical 

Keratoconus Control 

Mean±SD Sw Pr CoR CoV ICC Mean±SD Sw CoR Mean±SD Sw Pr CoR CoV ICC 

PPI Avg  
Kreps169 2.2±0.5 0.1  0.35   1.5±0.1 0.0 0.10 1.0±0.1 0.0  0.07   
Kosekahya462 2.1±0.6 0.2 0.35 0.50 3.0 0.973    1.0±0.1 0.0 0.03 0.05 7.0 0.975 

BAD-D  
Kreps169 9.5±2.3 0.5  1.39   2.0±0.5 0.1 0.36 0.7±0.4 0.1  0.36   
Kosekahya462 8.4±3.6 0.4 0.72 1.02 3.0 0.996    0.9 ± 0.3 0.2 0.31 0.44 4.0 0.962 

ISV  
Kreps169 103.0±22.7 2.0  5.62   23.0±10.8 0.9 2.57 15.5±4.6 0.5  1.45   
Kosekahya462 80.1±29.1 1.3 2.58 3.65 1.0 0.999    17.3±5.3 1.0 1.90 2.68 1.0 0.989 

IVA  
Kreps169 1.2±0.3 0.0  0.08   0.2±0.2 0.0 0.05 0.1±0.1 0.0  0.02   

Kosekahya462  
0.8±0.3 0.0 0.08 0.12 3.0 0.996    0.1±0.0 0.0 0.01 0.02 1.0 0.949 

KI  
Kreps169 1.3±0.1 0.0  0.02   1.1±0.0 0.0 0.02 1.0±0.0 0.0  0.01   
Kosekahya462 1.2±0.1 0.0 0.03 0.04 0.7 0.992    1.0±0.0 0.0 0.00 0.00 0.3 0.966 

CKI  
Kreps169 1.1±0.1 0.0  0.02   1.0±0.0 0.0 0.01 1.0±0.0 0.0  0.01   
Kosekahya462 1.1±0.0 0.0 0.00 0.00 0.3 0.994    1.0±0.0 0.0 0.00 0.00 0.2 0.934 

IHA  
Kreps169 29.1±23.3 18.2  50.6   9.1±8.6 3.0 8.20 5.3±3.0 1.6  4.52   
Kosekahya462 42.7±21.5 20.8 40.82 57.7 39.0 0.786    4.2±2.9 2.2 4.21 5.95 45.0 0.812 

IHD  
Kreps169 0.2±0.1 0.0  0.01   0.0±0.0 0.0 0.01 0.0±0.0 0.0  0.00   
Kosekahya462 0.1±0.1 0.0 0.00 0.00 5.0 0.999    0.0±0.0 0.0 0.00 0.00 8.0 0.894 
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6.5 Conclusion 

This study provided an indication of repeatability for a wide range of parameters provided by 

the Pentacam AXL and Tomey TMS-4N in individual with DS. It is the first study of its kind 

to report the repeatability of these instruments in a DS population. This study identified that 

repeatability of key progression indicators such as maximum keratometry of the anterior 

surface and thinnest corneal thickness exceed the commonly used thresholds for progression in 

clinical practice.  

The study also identified that repeatability of the DS-SK is comparable to the repeatability 

seen in moderate keratoconus for some parameters. This study also highlighted the need for 

averaged data from serial scans when analysing images for this group to address variability; 

indicating that DS population specific or even DS individual specific criteria for progression 

may need to be considered. This study highlights the ongoing clinical challenges in diagnosing 

keratoconus and determining stability or progression of the cornea in the population with DS.  

  

Table 6-11 Study evaluating the repeatability of corneal topography in DS with the Zeiss 
Atlas 9000 corneal topographer (Carl Zeiss Meditec, Inc. Jena, Germany) in DS. 

 
DS 

CoR CoV ICC 

Steep keratometry  

Ravikumar475 1.22 0.93 0.96 

Astigmatism  

Ravikumar475 1.31 27.5 0.84 
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7 Assessing corneal thickness and corneal epithelial thickness 

distribution using AS-OCT in Down syndrome 
7.1 Introduction 

Histopathological examination of the corneal epithelium and Bowman’s layer identified that 

thinning of the epithelium in the central cornea and breaks in Bowman’s layer were common 

in keratoconic corneas.110 Reduced density of the central basal corneal epithelium has also 

been identified by in vivo confocal microscopy (IVCM).114,120 Very high frequency digital 

ultra-sound (ArcScan Inc, Morrison, Colo) has identified thickening of the corneal epithelium 

in a “donut” pattern surrounding the cone and epithelial thinning at the corneal apex in 

keratoconus.160,161 This pattern of epithelial thinning where there is a relative increase in 

corneal power as well as thickening in the presence of relatively low corneal power is thought 

to regularise the  corneal surface and can mask stromal changes preventing early detection of 

keratoconus by corneal topography.160  This smoothing effect is further supported by Ziaei et 

al. who identified that among individuals with moderate to severe keratoconus, the corneal 

curvature measured after epithelial debridement was significantly greater than prior to 

epithelial debridement among patients undergoing epithelium off CXL.157,484  

Anterior segment optical coherence tomography (AS-OCT) provides the benefit of 

non-invasive imaging of overall corneal thickness and corneal epithelium thickness 

distribution. Other instruments that provide detailed delineation of corneal layers such as 

IVCM and very high frequency digital ultrasound are contact procedures, thus have the 

inherent risk of corneal abrasion and infection as well as being mildly uncomfortable. The 

AS-OCT has been able to detect subclinical and forme fruste keratoconus through epithelial 

thickness distribution changes that occur as part of the disease process.162,163,485,486  

AS-OCT epithelial thickness mapping in early detection of keratoconus has been investigated 
163,485,487-490, but studies in DS are required. This is pertinent as identifying early keratoconus is  

particularly challenging in individuals with DS who have inherently steeper and thinner 

corneas even in the absence of keratoconus.282 Furthermore, early corneal stromal changes 

may be masked by the epithelium and go undetected by Scheimpflug imaging.157,484 Therefore, 

given the complexity of diagnosing early keratoconus in DS and the common situation of an 

equivocal diagnosis, the AS-OCT may aid in distinguishing non-keratoconus from early 

keratoconus in DS. Characterising the differences in overall corneal thickness and corneal 

epithelial thickness distribution between individuals with DS, with and without keratoconus, 
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and controls that have keratoconus and those without keratoconus, is a first step in assessing 

the utility of AS-OCT in detecting keratoconus in DS.  

7.2 Aim 

The aim of this study was to: 

1. Characterise the overall corneal thickness and corneal epithelial thickness 

distribution using Fourier-domain AS-OCT REVO nx (Optopol, Zawiercie, 

Poland) in individuals with DS who have keratoconus (DS-KC), DS with 

suspect keratoconus (DS-SK), DS without keratoconus (DS-NK), individuals 

without DS with keratoconus (C-KC) and individuals without DS and without 

keratoconus (C-NK). 

7.3 Methods 

7.3.1 Study design 

This was a prospective, observational, cross-sectional study. This study comprised participants 

enrolled into the prospective study in Chapter 5.  The study cohorts in the DS group were 

formed based on the consensus diagnoses of keratoconus, by three fellowship trained anterior 

segment ophthalmologists, using the Pentacam AXL (Oculus Optikgeräte GmbH, Wetzlar, 

Germany), as reported in Chapter 5. Historical data for a control non-DS group with 

keratoconus and control non-DS non-keratoconic group from a separate prospective, 

cross-sectional study with the same data collection protocol as this study were included for 

comparison. Participants in the C-KC group also underwent corneal evaluation with the 

Pentacam AXL. The study was performed at the Department of Ophthalmology Research 

Clinic at the Faculty of Medical and Health Sciences at the University of Auckland.  This 

project was approved by the Health and Disability Ethics Committees (18/NTA/192) and 

adhered to the principles of the Declaration of Helsinki. The consenting process prior to 

enrolment into the study was described in Chapter 5.  

After participants attempted the imaging process described in Chapter 5, they were given the 

opportunity to undergo imaging of the cornea for both eyes using the AS-OCT function of the 

REVO nx. The image acquisition process was detailed in Chapter 3. Where able, automated 

image acquisition was attempted among participants with DS, however, for the most part, this 

process needed to be diverted to semi-automated alignment and capture. Data from the right 

eye of each participant was included in the analysis where possible. If high-quality images 

could not be obtained on the right eye, data from the left eye was used.  
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The device provides corneal thickness and epithelial thickness measurements within a 5mm 

diameter of the central cornea (a 2mm diameter central region and paracentral region 3mm in 

diameter (from the 2mm central zone out to the 5mm edge of the scan area) divided into 9 

sections.  The DS-KC and C-KC were age-matched within a range of three years inclusive.  

The DS-KC and C-KC groups were also matched by posterior elevation at the thinnest point 

within 3µm inclusive.  Figure 7-1 and Figure 7-2 shows a full corneal thickness and epithelial 

thickness distribution outcome report.   

Consultation via email with the device supplier revealed that automated algorithm used to 

obtain these measurements includes the tear film. The best scan determined by the best quality 

was finally selected for data analysis. The quality of the images was assessed using the QI 

score and by visual inspection of alignment with the eye and alignment of colour coded maps.  

 

 

 

Figure 7-1 AS OCT corneal thickness and corneal epithelial outputs for a single eye with the 
REVO nx AS OCT in a participant with DS and keratoconus. 
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7.3.2 Inclusion criteria 
- DS, no exclusions were made based on ophthalmic manifestations in DS such as 

upward slanted palpebral apertures, refractive error, cataract, strabismus, nystagmus 

- ≥10 years old 

- Keratoconus in DS, suspect cases in DS and no keratoconus in DS determined by three 

anterior segment sub-specialist ophthalmologists and based on corneal tomography 

from Chapter 5 

- REVO nx AS-OCT image with a Quality Index ≥7  

 

 

Figure 7-2 AS OCT corneal thickness and corneal epithelial outputs for a single eye with the 
REVO nx AS OCT in another participant with DS and keratoconus. 
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7.3.3 Exclusion criteria 
- Contact lens wear  

- Eyes with corneal hydrops  

- Eyes with corneal disease other than keratoconus 

- Eyes with eye injury or corneal surgery (including corneal cross linking (CXL))  

7.3.4 Outcome measures 

Parameters based on participant demographics, Pentacam AXL and REVO nx AS-OCT 

utilised in this study are outlined below.  

Demographics  

1. Age 

2. Gender 

3. Ethnicity 

Keratoconus severity based on Pentacam AXL 

1. Mean keratometry (D)  

2. Thinnest corneal thickness (µm) 

3. Maximum keratometry (D) 

4. Posterior elevation (µm) 

Location of minimum pachymetry based on Pentacam AXL 

1. x-coordinate (mm) 

2. y-coordinate (mm) 

 

Corneal thickness parameters obtained from the REVO nx AS-OCT  

 

1. Quality Index 

2. Central (µm) 

3. Minimum (µm) 

4. Maximum (µm) 

5. Superior (µm) 

6. Superior Nasal (µm) 

7. Nasal (µm) 

8. Inferior Nasal (µm) 
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9. Inferior (µm) 

10. Inferior Temporal (µm) 

11. Temporal (µm) 

12. Superior Temporal (µm) 

13. Minimum – Maximum (Min-Max) (µm) 

14. Superior Nasal – Inferior Temporal (SN-IT) (µm) 

15. Superior – Inferior (S-I) (µm) 

16. Superior Temporal – Inferior Nasal (ST-IN) (µm) 

17. Temporal – Nasal (T-N) (µm) 

 

Corneal epithelial thickness parameters obtained from the REVO nx AS-OCT  

 

1. Central (µm) 

2. Minimum (µm)  

3. Maximum (µm) 

4. Superior (µm) 

5. Superior Nasal (µm) 

6. Nasal (µm) 

7. Inferior Nasal (µm) 

8. Inferior (µm) 

9. Inferior Temporal (µm) 

10. Temporal (µm) 

11. Superior Temporal (µm) 

12. Minimum – Maximum (Min-Max) (µm) 

13. Superior Nasal – Inferior Temporal (SN-IT) (µm) 

14. Superior – Inferior (S-I) (µm) 

15. Superior Temporal – Inferior Nasal (ST-IN) (µm) 

16. Temporal – Nasal (T-N) (µm) 

 

7.3.5 Statistical analysis 

Normality of outcomes measures was assessed using the Shapiro-Wilk test. Non-parametric 

data were presented as median (interquartile range) and were analysed using the 

Kruskal-Wallis test and post-hoc analysis with Bonferroni adjustment was utilised. Parametric 

data were presented as Mean±SD and analysed with the one-way analysis of variance with the 

Bonferroni post-hoc correction. The Chi-squared test was used to assess differences in 
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proportions. A p-value less than 0.05 was considered statistically significant. Pairwise 

comparisons using the Kruskal-Wallis test was not available when the asymptotic significance 

value was not statistically significant. For these cases a p values of ≥0.05 was recorded. 

Statistical analysis was conducted with the IBM SPSS Statistics Version 27 for Windows 

(Chicago, IL, USA) software package. 

7.4 Results 

Demographics 

The groups comprised 19 DS-KC, 44 DS-SK, 48 DS-NK, 19 C-KC and 30 C-NK individuals. 

The demographic data for each group are shown in Table 7-1. Although there were significant 

differences in age between all groups overall, the DS-KC and C-KC groups specifically were 

age-matched (p=1.00). Additionally, the age of the DS-KC and C-NK specifically were not 

statistically different (p=0.289). There was a male predisposition across the DS groups and a 

female predisposition in the non-DS group, however there was no statistically significant 

differences in gender between the groups overall. There was a statistically significant 

difference in ethnicity distribution between the cohorts. There was a predisposition toward the 

European ethnicity in the DS group regardless of a keratoconus diagnosis. Individuals of 

Māori ethnicity predominated in the C-KC group and individuals of Asian ethnicity 

predominated in the C-NK group. Each group, regardless of keratoconus diagnosis had a 

median quality index of 9 or higher. The Quality Index scores are displayed in Table 7-2.  

Keratoconus severity  

Keratoconus severity was investigated in the test groups using corneal tomography with the 

Pentacam AXL (Oculus, Wetzlar, Germany). The DS-KC and C-KC groups were matched for 

posterior elevation at the thinnest point, the median and (interquartile range) were 26.0µm 

(40.0) and 28.0µm (38.0) respectively. Therefore, there was no statistically significant 

difference between these groups for this parameter (p=0.919). The median and interquartile 

range of these corneal tomographic parameters with the Pentacam AXL are shown in 

Table 7-3. Pairwise comparison showed that there were no statistically significant differences 

between the DS-KC and C-KC groups in mean keratometry (Mean K), thinnest corneal 

thickness (TCT) and maximum keratometry (Kmax). There was no statistically significant 

difference in Mean K and TCT between the DS-KC and DS-SK groups. There was however a 

difference in Kmax between these groups. When the DS-KC and DS-NK groups were 

compared, there were significant differences between Mean K and Kmax but not for TCT.   
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The DS-SK and DS-NK were significantly different in Mean K. When the DS-SK and C-KC 

groups were compared, no statistically significant differences were identified for Mean K, 

Kmax or TCT. When DS-NK and C-KC were compared, there was a significant difference in 

Kmax but not for Mean K or TCT.  

 

 

Table 7-1 Age, gender and ethnicity distribution of individuals in each study cohort. 

 DS-KC 
(n=19) 

DS-SK 
(n=44) 

DS-NK 
(n=48) 

C-KC 
(n=19) 

C-NK 
(n=30) p-value 

Age, Median 
(Interquartile 

range) 
26 (14) 17.5 (11) 21 (9) 23 (7) 31 (20) p<0.001 

Gender, n (%)  

Male 11 (57.9) 26 (59.1) 25 (52.1) 8 (42.1) 8 (26.7) 
p=0.063 

Female 8 (42.1) 18 (40) 23 (47.9) 11 (57.9) 22 (72.3) 

Ethnicity,  

n (%) 
 

European 11 (57.9) 31 (70.5) 36 (75.0) 8 (42.1) 11 (36.7) 

p<0.001 

Māori 7 (36.8) 5 (11.4) 7 (14.6) 6 (31.6) 1 (3.3) 

Pacific Peoples 1 (5.3) 2 (4.5) 2 (4.2) 3 (15.8) 0 (0.0) 

Asian 0 (0.0) 6 (13.6) 2 (4.2) 1 (5.3) 14 (46.7) 

Middle Eastern/ 

African/Latin 
0 (0) 0 (0) 1 (2.1) 1 (5.3) 4 (13.3) 

Table 7-2 AS OCT quality index scores for each study group. Data displayed as Median 
(Interquartile Range) 

 DS-KC 
(n=19) 

DS-SK 
(n=44) 

DS-NK 
(n=48) 

C-KC 
(n=19) 

C-NK 
(n=30) 

Quality Index 9.0 (1.0) 9.0 (1.5) 9.0 (0.0) 10.0 (1.0) 9.0 (1.0) 
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Table 7-3 Corneal tomography parameters in DS and affected control group, data is presented 
as Mean±SD or Median (Interquartile Range). 

 DS-KC 
(n=19) 

DS-SK 
(n=44) 

DS-NK 
(n=48) 

C-KC 
(n=19) 

Mean K (D) 

47.5±3.8 

Vs. DS-SK p=0.115 

Vs. DS-NK p<0.001 

Vs. C-KC p=0.090 

46.1±1.3 

Vs. DS-NK p=0.006 

Vs. C-KC p=1.000 

 

44.5±1.5 

Vs. C-KC p=0.248 

 

45.8±3.1 

TCT (µm) 

463.3±35.0 

Vs. DS-SK p=0.209 

Vs. DS-NK p=0.240 

Vs. C-KC p=1.000 

494.0±32.9 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

 

492.8±74.2 

Vs. C-KC p=1.000 

 

479.9±33.7 

KMax (D) 

51.7±7.1 

Vs. DS-SK p=0.006 

Vs. DS-NK p<0.001 

Vs. C-KC p=1.000 

48.0±2.3 

Vs. DS-NK p=0.099 

Vs. C-KC p=1.000 

46.0±1.7 

Vs. C-KC p<0.001 

 

51.2±6.5 
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Position of minimum pachymetry based on the Pentacam AXL 

Mapping of the full corneal thickness and epithelium thickness using the AS-OCT covered a 

5mm diameter of the central cornea (a 2mm diameter central region and paracentral region 

from the 2mm central zone out to the 5mm edge of the scan area). This area was divided into 9 

sub-regions. Figure 7-3 shows that the thinnest point on the cornea as determined by the 

Pentacam AXL in the DS-KC group mostly lies within the area examined by the AS-OCT. An 

inferior-temporal predominance was observed. 

 

 

Corneal pachymetry  

Table 7-4 displays corneal pachymetry and the significance of any differences. Among the DS 

groups, regardless of a keratoconus diagnosis, the full corneal thickness was consistently and 

significantly thinner than the C-NK group. This was observed in the central, minimum, 

maximum, superior, superior nasal, nasal, inferior nasal, inferior, inferior temporal, temporal 

and superior temporal parameters. The DS-KC group was statistically similar to the C-KC 

Figure 7-3 Location of thinnest point on the cornea in the x- and y- direction in the DS-KC 
group based on the Pentacam AXL, displaying an inferior-temporal predisposition. 
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groups for all full thickness parameters except for maximum full corneal thickness where the 

DS-KC had a significantly lower maximum corneal thickness than C-KC. The DS-KC group 

was significantly thinner than the DS-SK group in minimum corneal thickness only. The 

DS-KC group had significantly lower corneal thickness values than the DS-NK group for the 

central, minimum, inferior, inferior temporal and temporal parameters.  

 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Central 

(µm) 

472.9±33.6 
Vs. DS-SK p=0.199 

Vs. DS-NK p=0.005 

Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

491.8±30.5 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

500.9±24.3 
Vs. C-KC p=1.000 

Vs. C-NK p=0.001 

488.5±30.7 
Vs. C-NK p<0.001 

529.1±30.2 

Minimum 

(µm)  

446.3±34.1 
Vs. DS-SK p=0.025 

Vs. DS-NK p<0.001 

Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

471.4±33.2 
Vs. DS-NK p=0.446 

Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

483.9±23.6 
Vs. C-KC p=0.061 

Vs. C-NK p<0.001 

 

461.5±30.2 
Vs. C-NK p<0.001 

 

513.5±30.0 
 

Maximum 

(µm) 

543.8±33.1 
Vs. DS-SK p=1.000 

Vs. DS-NK p=0.902 

Vs. C-KC p=0.026 

Vs. C-NK p<0.001 

555.5±38.6 
Vs. DS-NK p=1.000 

Vs. C-KC p=0.165 

Vs. C-NK p<0.001 

560.2±32.0 
Vs. C-KC p=0.513 

Vs. C-NK p<0.001 

579.1±43.5 
Vs. C-NK p=0.762 

597.7±31.6 

Superior 

(µm) 

507.7±31.4 
Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.429 

Vs. C-NK p<0.001 

516.1±34.2 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

522.1±33.0 
Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

529.5±32.2 
Vs. C-NK p=0.016 

560.7±32.6 

Superior 
Nasal 

(µm) 

511.9±32.7 
Vs. DS-SK p=1.000 

Vs. DS-NK p=0.742 

Vs. C-KC p=0.533 

Vs. C-NK p<0.001 

517.9±33.2 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

526.7±24.9 
Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

531.1±31.5 
Vs. C-NK p=0.003 

563.9±31.5 

 

  

Table 7-4 Comparison of corneal pachymetry parameters (µm) between study cohorts 
presented as Mean±SD. 
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 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Nasal 

(µm) 

507.3±33.3 
Vs. DS-SK p=1.000 

Vs. DS-NK p=0.605 

Vs. C-KC p=0.470 

Vs. C-NK p<0.001 

514.4±34.0 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

523.1±26.3 
Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

527.4±34.0 
Vs. C-NK p=0.010 

557.9±29.7 

Inferior 
Nasal 

(µm) 

497.7±35.7 
Vs. DS-SK p=1.000 

Vs. DS-NK p=0.220 

Vs. C-KC p=0.336 

Vs. C-NK p<0.001 

508.2±35.0 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

517.6±26.4 
Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

519.7±35.5 
Vs. C-NK p=0.018 

549.2±28.8 

Inferior 

(µm) 

482.3±36.1 
Vs. DS-SK p=0.285 

Vs. DS-NK p=0.014 

Vs. C-KC p=0.262 

Vs. C-NK p<0.001 

501.8±35.1 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

510.5±25.9 
Vs. C-KC p=1.000 

Vs. C-NK p=0.002 

505.6±38.4 
Vs. C-NK p=0.005 

539.2±29.2 

Inferior 
Temporal 

(µm) 

470.8±34.3 
Vs. DS-SK p=0.071 

Vs. DS-NK p=0.030 

Vs. C-KC p=0.382 

Vs. C-NK p<0.001 

494.5±34.0 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

502.5±25.0 
Vs. C-KC p=1.000 

Vs. C-NK p=0.003 

492.2±39.7 
Vs. C-NK p=0.001 

529.8±30.0 

Temporal 

(µm) 

473.5±32.4 
Vs. DS-SK p=0.179 

Vs. DS-NK p=0.011 

Vs. C-KC p=0.294 

Vs. C-NK p<0.001 

493.6±33.8 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

501.0±24.2 
Vs. C-KC p=1.000 

Vs. C-NK p=0.001 

495.3±34.9 
Vs. C-NK p=0.001 

530.4±31.0 

Superior 
Temporal 

(µm) 

492.2±31.7 
Vs. DS-SK p=1.000 

Vs. DS-NK p=0.215 

Vs. C-KC p=0.212 

Vs. C-NK p<0.001 

505.3±33.4 
Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p= p<0.001 

511.4±24.8 
Vs. C-KC p=1.000 

Vs. C-NK p<0.001 

515.3±32.6 
Vs. C-NK p=0.009 

545.6±32.4 

 

Table 7-5 displays the full corneal thickness uniformity indices and the significance of any 

differences. The full thickness Min-Max parameter was greatest in the C-KC group. This 

parameter reached significant difference when C-KC was compared to DS-SK, DS-NK and 

C-NK. The DS-KC and C-NK were statistically similar for all full corneal thickness 

uniformity parameters analysed.  There was a significant difference in the full corneal 

Table 7-4 Continued. Comparison of corneal pachymetry parameters (µm) between study 
cohorts presented as Mean±SD. 
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thickness SN-IT parameter when the DS-KC group was compared to DS-SK and DS-NK only. 

Each of the DS-SK and DS-NK had a significantly lower full thickness SN-IT parameter when 

compared to each of C-KC and C-NK groups. The S-I full thickness parameter was 

significantly lower in the DS-NK group when compared to the C-NK group.  

 

Corneal epithelial thickness distribution 

Table 7-6 displays epithelial thickness parameters and the significance of any differences 

between study cohorts. The central epithelial thickness was significantly lower in the C-KC 

Table 7-5 Total corneal thickness uniformity parameters data is presented as Mean±SD or 
Median (Interquartile Range). 

 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Min-Max 

(µm) 

-97.6±25.8 

Vs. DS-SK p=0.536 

Vs. DS-NK p=0.022 

Vs. C-KC p=0.155 

Vs. C-NK p=0.712 

-84.1±32.9 

Vs. DS-NK p=1.000 

Vs. C-KC p<0.001 

Vs. C-NK p=1.000 

-76.3±17.9 

Vs. C-KC p<0.001 

Vs. C-NK p=1.000 

-117.6±33.3 

Vs. C-NK p<0.001 
-84.2±12.9 

SN-IT 

(µm) 

33.0 (21.0) 

Vs. DS-SK p=0.021 

Vs. DS-NK p=0.019 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

25.5 (17.0) 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.001 

Vs. C-NK p=0.046 

26.0 (13.8) 

Vs. C-KC p=0.001 

Vs. C-NK p=0.040 

40.0 (27.0) 

Vs. C-NK p=1.000 
34.0 (17.3) 

S-I 

(µm) 

20.0 (27.0) 

Vs. DS-SK p=0.758 

Vs. DS-NK p=0.311 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

15.0 (17.3) 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.051 

Vs. C-NK p=0.703 

13.0 (17.5) 

Vs. C-KC p=0.014 

Vs. C-NK p=0.240 

29.0 (21.0) 

Vs. C-NK p=1.000 
21.5 (20.3) 

ST-IN 

(µm) 

-5.5±18.5 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

-3.0±19.6 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

-6.1±16.6 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

-4.5±29.9 

Vs. C-NK p=1.000 
-3.6±9.9 

T-N 

(µm) 

-33.8±20.1 

Vs. DS-SK p=0.047 

Vs. DS-NK p=0.098 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

-20.8±19.0 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.139 

Vs. C-NK p=0.894 

-22.1±14.0 

Vs. C-KC p=0.274 

Vs. C-NK p=1.000 

-32.1±21.5 

Vs. C-NK p=1.000 
-27.5±7.8 
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group when compared to each of the DS-SK, DS-NK and C-NK groups. The inferior nasal 

epithelial thickness region was significantly thinner in the C-KC group when compared to 

each of the DS-KC, DS-SK and DS-NK groups. Although this parameter was lower in the 

C-KC group compared to the C-NK group, this difference did not reach statistical significance. 

The inferior corneal epithelial thickness was lowest in the C-KC group however, only reached 

statistical significance when compared to the DS-NK group. The inferior-temporal and 

temporal epithelial thickness was significantly lower in the C-KC group when compared to 

each of the DS-SK, DS-NK and C-NK groups. There was no significant difference in corneal 

epithelial thickness values in DS regardless of keratoconus diagnosis when compared to the 

C-NK group. 

 

Table 7-6 Corneal epithelial thickness parameters are presented as Mean±SD or Median 
(Interquartile Range). 

 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Central 

(µm) 

59.0±7.2 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.00 

Vs. C-KC p=0.061 

Vs. C-NK p=1.000 

58.9±4.9 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.015 

Vs. C-NK p=1.000 

59.1±6.0 

Vs. C-KC p=0.008 

Vs. C-NK p=1.000 

53.7±6.6 

Vs. C-NK p=0.019 
59.1±5.9 

Minimum 
(µm) 

34.2±7.2 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

34.0±5.6 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

32.8±6.0 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

35.3±6.7 

Vs. C-NK p=1.000 
32.8±3.7 

Maximum 

(µm) 

87.0 (11.0) 

Vs. DS-SK p≥0.05 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

90.0 (9.0) 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

89.0 (6.8) 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

85.0 (16) 

Vs. C-NK p≥0.05 
90.5 (7.3) 

Superior 

(µm) 

56.9±5.8 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

58.9±9.7 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.881 

Vs. C-NK p=0.498 

57.3±6.0 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

55.6±5.2 

Vs. C-NK p=1.000 
55.6±5.0 

Superior 

Nasal 

(µm) 

58.9±6.1 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.135 

Vs. C-NK p=0.400 

57.3±7.7 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.482 

Vs. C-NK p=1.000 

57.4±5.0 

Vs. C-KC p=0.407 

Vs. C-NK p=1.000 

54.1±5.1 

Vs. C-NK p=1.000 
55.3±4.8 
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Table 7-6 Continued. Corneal epithelial thickness parameters are presented as Mean±SD or 
Median (Interquartile Range). 

 

Corneal epithelial thickness uniformity indices  

Table 7-7 displays the corneal epithelial thickness uniformity parameters and the significance 

of any differences between the cohorts compared. The corneal epithelial thickness SN-IT 

parameter was significantly different when DS-KC was compared to C-NK. There were no 

significant differences when cohorts were compared for corneal epithelial thickness Min-Max, 

 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Nasal 

(µm) 

57.8±5.2 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.361 

Vs. C-NK p=1.000 

56.9±4.8 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.754 

Vs. C-NK p=1.000 

57.6±5.1 

Vs. C-KC p=0.184 

Vs. C-NK p=1.000 

54.5±4.9 

Vs. C-NK p=1.000 
56.7±4.6 

Inferior 

Nasal 

(µm) 

59.0±5.8 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.005 

Vs. C-NK p=0.620 

57.5±4.5 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.030 

Vs. C-NK p=1.000 

57.6±3.9 

Vs. C-KC p=0.022 

Vs. C-NK p=1.000 

53.8±3.8 

Vs. C-NK p=0.432 
56.5±5.0 

Inferior 

(µm) 

56.8±5.8 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.889 

Vs. C-NK p=1.000 

57.7±4.5 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.074 

Vs. C-NK p=1.000 

58.2±4.3 

Vs. C-KC p=0.023 

Vs. C-NK p=1.000 

54.1±6.3 

Vs. C-NK p=0.386 
57.1±5.0 

Inferior 

Temporal 

(µm) 

56.2±5.9 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.109 

Vs. C-NK p=1.000 

56.5±4.2 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.012 

Vs. C-NK p=1.000 

57.8±4.8 

Vs. C-KC p<0.001 

Vs. C-NK p=1.000 

51.8±5.2 

Vs. C-NK p=0.002 
57.7±6.4 

Temporal 

(µm) 

54.4±4.8 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.233 

Vs. C-NK p=1.000 

55.5±4.8 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.004 

Vs. C-NK p=1.000 

56.4±3.6 

Vs. C-KC p<0.001 

Vs. C-NK p=1.000 

51.0±4.6 

Vs. C-NK p=0.004 
55.8±5.2 

Superior 

Temporal 

(µm) 

56.5±6.7 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

56.7±6.8 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

57.6±5.4 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

55.2±7.2 

Vs. C-NK p=1.000 
55.7±6.1 
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SN-IT and T-N parameters. There was also no overall significant difference between all 

groups for the corneal epithelial thickness S-I (p=0.171) and corneal epithelial thickness 

ST-IN (p=0.090) parameters.  

 

7.5 Discussion 

The corneal thickness for all regions evaluated in all DS groups, were significantly thinner 

than the C-NK group. Additionally, these parameters were generally statistically similar 

between the keratoconus groups. A significantly thinner cornea in DS-KC compared to C-NK 

is expected as corneal thinning occurs as part of the keratoconus disease process and this will 

typically occur regardless of whether an individual has DS. A significantly thinner cornea in 

Table 7-7 Corneal epithelial thickness uniformity parameters presented as Mean±SD or 
Median (Interquartile Range). 

 DS-KC (n=19) DS-SK (n=44) DS-NK (n=48) C-KC (n=19) C-NK (n=30) 

Min-Max 

(µm)  

-51.0±14.9 

Vs. DS-SK p=1.000 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=0.857 

-55.8±11.9 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.275 

Vs. C-NK p=1.000 

-55.0±13.7 

Vs. C-KC p=0.435 

Vs. C-NK p=1.000 

-48.0±15.8 

Vs. C-NK p=0.122 
-57.4±7.4 

SN-IT 

(µm)  

2.7±5.4 

Vs. DS-SK p=1.000 

Vs. DS-NK p=0.630 

Vs. C-KC p=1.000 

Vs. C-NK p=0.049 

0.80±7.3 

Vs. DS-NK p=1.000 

Vs. C-KC p=1.000 

Vs. C-NK p=0.286 

-0.40±5.7 

Vs. C-KC p=1.000 

Vs. C-NK p=1.000 

2.2±5.5 

Vs. C-NK p=0.112 
-2.4±6.0 

S-I 

(µm)  

0.0 (9.0) 

Vs. DS-SK p≥0.05 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

-1.5 (9.0) 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

-1.0 (6.0) 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

1.0 (4.0) 

Vs. C-NK p≥0.05 -2.0 (4.3) 

ST-IN 

(µm) 

-4.0 (9.0) 

Vs. DS-SK p≥0.05 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

-1.0 (6.0) 

Vs. DS-NK p≥0.05 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

0.0 (7.0) 

Vs. C-KC p≥0.05 

Vs. C-NK p≥0.05 

1.0 (7.0) 

Vs. C-NK p≥0.05 0.0 (6.5) 

T-N 

(µm)  

-3.5±5.1 

Vs. DS-SK p=0.983 

Vs. DS-NK p=0.747 

Vs. C-KC p=1.000 

Vs. C-NK p=0.967 

-1.4±4.9 

Vs. DS-NK p=1.000 

Vs. C-KC p=0.983 

Vs. C-NK p=1.000 

-1.3±4.3 

Vs. C-KC p=0.747 

Vs. C-NK p=1.000 

-3.5±4.3 

Vs. C-NK p=0.967 
-1.2±4.2 
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DS-NK compared to C-NK supports the evidence that people with DS have thinner corneas 

even without keratoconus compared to controls as identified with Scheimpflug tomography.282  

When the DS-KC and C-KC groups were compared, there were statistical similarities for all 

parameters except for maximum thickness. The similarity in corneal thickness between these 

groups was anticipated as these groups were matched for keratoconus disease severity by 

posterior elevation and were also matched by age. However, the significantly greater 

maximum corneal thickness in C-KC compared to DS-KC is an interesting result as it 

indicates that individuals with DS and keratoconus may have thinner corneas than individuals 

in the general population with keratoconus - even when Kmax, Mean K, TCT and posterior 

elevation at the thinnest point are statistically similar.  

These results show that the AS-OCT can characterise corneal thickness in DS in a manner that 

is consistent with current knowledge and has revealed a potentially novel observation that the 

corneas of individuals with DS and keratoconus may have thinner corneas compared to 

controls with keratoconus with otherwise the similar disease severity. Therefore, a lower 

threshold for CXL in DS should be considered so that progressive corneal thinning does not 

occur beyond the safety limit for CXL. It is possible that this threshold could be reached 

earlier in the keratoconus disease process in DS compared to the general population with 

keratoconus. 

Among DS groups, there were more corneal thickness parameters which were significantly 

different between DS-KC and DS-NK compared to DS-KC and DS-SK. When DS-KC and 

DS-NK were compared, the central, minimum, inferior, inferior temporal and temporal regions 

were significantly thinner in DS-KC. This is consistent with the literature that has established 

that corneal thinning in keratoconus typically affects the inferior regions and temporal regions 

of the cornea.491 This is also consistent with the location of the thinnest point in DS-KC 

identified by Pentacam imaging in this study, suggesting that corneal thickness assessment 

with the Revo nx and Pentacam produces similar results. When the DS-KC group was 

compared to the DS-SK group, only minimum corneal thickness was a significantly lower 

parameter in the DS-KC group. This is a surprising result as it would be anticipated that 

individuals with keratoconus would have thinner corneas than those with suspect keratoconus 

regardless of whether they have DS. This highlights that while corneal thickness alone may 

not distinguish suspect cases from keratoconus in DS, attention to a reduced minimum corneal 

thickness may be a potentially useful parameter to assess when utilising AS-OCT as part of 

discriminant analysis in differentiating suspect keratoconus from true keratoconus in DS. This 
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consideration is important in both DS and non-DS populations when being monitored for 

keratoconus development.  

The corneal thickness SN-IT index was of particular interest since it was the only thickness 

uniformity parameter that was significantly different when both DS-SK and DS-NK were 

compared to DS-KC. The corneal thickness SN-IT index was significantly lower in DS-SK 

(25.5µm (17.0)) and DS-NK (26.0µm (13.8)) compared to DS-KC (33.0µm (21.0)). These 

results reflect a greater asymmetry in corneal thickness distribution in keratoconus.  As 

anticipated, the severity matched DS-KC and C-KC group were statistically similar. Serrao et 

al identified an SN-IT value in the 2mm - 5mm region of 54µm ± 25µm in stable keratoconus, 

62µm ± 27µm in progressive keratoconus and 27µm ± 13µm among controls.492 The higher 

corneal thickness SN-IT values identified in the keratoconus cohorts by Serrao et al may be 

due to more severe keratoconus cases included in their study. This is consistent with the 

greater Kmax values present in their study for the stable keratoconus (54.98D ± 6.96D) and 

progressive keratoconus (55.00D ± 4.01D) cohorts. It is surprising that the full corneal 

thickness SN-IT values for the DS-KC and DS-SK groups were comparable to the control 

group by Serrao et al. In contrast to the corneal thickness SN-IT parameter, corneal thickness 

indices such as Min-Max, S-I and T-N indices were either not significantly different or were 

different for one but not both DS-SK vs DS-KC and DS-NK vs DS-KC comparisons. This is 

surprising as significant differences have been identified between groups when subclinical and 

controls were compared to early keratoconus.493 It appears atypical that the uniformity indices 

such as SN-IT and S-I were similar when DS-KC and C-KC were compared to C-NK as 

keratoconic corneas should generally differ from controls. Although the interquartile range of 

these sub-groups were quite large and sample sizes were small, the median values did 

generally follow conventional wisdom. However, since a statistically significant difference 

was not reached between these groups, the results remain inconclusive and further studies are 

required. These data revealed that in DS specifically, the corneal thickness SN-IT index 

showed significant differences between non-keratoconic and suspect cases in a DS cohort 

compared to keratoconus cases in DS, indicating that further investigation of this parameter is 

needed as it may have a role in assisting keratoconus diagnosis in a DS specific population. 

These data also highlight the need for larger sample sizes and inclusion of more severe 

keratoconus cases to identify statistically significant differences in corneal thickness 

uniformity indices between keratoconus and controls. 

The central corneal epithelium thickness was not significantly different in DS-KC compared to 

all other groups which was an unusual result. The similarity in central corneal epithelial 
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thickness between DS-KC (59.0µm ± 7.2µm) and DS-SK (58.9µm ± 4.9µm) may be 

explained by a similar central corneal thickness. The corneal stroma contributes most of 

corneal thickness and it has been previously shown that the thickness of the epithelium 

typically positively correlates with thickness of the stroma.488,494 The similarity in epithelial 

thickness identified in DS-KC and DS-SK might be due to a statistically similar corneal 

thickness. However, although these statistically similar outcomes were identified for central 

corneal epithelial thickness, further studies are required to determine if this is true in a larger 

sample size. Surprisingly, there was no significant difference when DS-KC was compared to 

DS-NK (59.1µm ± 6.0µm) and C-NK (59.1µm ± 5.9µm) despite significantly different central 

corneal thickness. This contrasts with studies in the general population where the central 

epithelium was significantly thinner in keratoconus (42.8µm - 51.9µm) than individuals 

without keratoconus (50.6µm - 58.3µm).485,488,489,494-500 It is unknown if there are other factors 

in addition to corneal thickness that affect the epithelial measurement. The central corneal 

epithelium thickness was statistically similar between DS-KC and C-KC (53.7µm ± 6.6µm). 

These measurements of central corneal epithelial thickness were greater than the upper limit of 

previously reported values for keratoconus in the general population. This may be due to less 

severe keratoconus in this study, decentration from ocular movements during the acquisition 

process or differences in the algorithms used to assess corneal epithelial thickness between 

devices. It was interesting that C-KC was significantly thinner when compared to DS-SK and 

DS-NK. Central epithelial thickness alone, when assessed with the Revo nx, does not 

distinguish keratoconus in DS as it was not significantly different when compared to DS-SK 

and even to DS-NK. Further studies are required to understand the epithelial thickness patterns 

in individuals with DS with and without keratoconus as well as investigations to validate the 

Revo nx. 

The epithelial thickness in the inferior zones and temporal zones were statistically similar 

when DS-KC was compared to DS-SK, DS-NK and C-NK which was unexpected. However, 

the corneal thickness of DS-KC compared to DS-NK and C-NK were statistically different at 

the inferior, inferior temporal and temporal zones and therefore a difference in epithelium 

thickness in these regions would be expected. This is surprising since keratoconus typically 

affects the inferior and temporal regions of the cornea and significantly reduced epithelial 

thickness at these regions have been reported in the general population with keratoconus and 

subclinical/forme fruste keratoconus.163,488,489,494,496-499 The inferior nasal corneal epithelium 

thickness was significantly thicker in DS-KC (59.0µm ± 5.8µm) compared to in the C-KC 

(53.8µm ± 3.8µm). This is unexpected as the groups were matched for disease severity and 

may also be due to small sample size. Interestingly, the corneal epithelium was significantly 
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thinner in the C-KC group when it was compared to each of the DS-SK and DS-NK in several 

inferior and temporal regions. These differences would likely be due to keratoconus in the 

C-KC group. Although significant differences were identified when C-KC was compared to 

DS-SK and DS-NK, these parameters were not significantly different when DS-KC compared 

to DS-SK and DS-NK. It is possible that the corneal epithelial thickness distribution in DS is 

different to that identified in the non-DS population. Further studies of a longitudinal nature 

are required that involve a large sample size and a device that measures a larger diameter of 

the cornea (compared to the device used in the current study). This may elucidate if there is 

evidence reflecting a different disease progression in DS, or a possible DS specific 

keratopathy. Based on our data, asymmetry indices alone may not distinguish keratoconus in 

DS and the thickness of the epithelium in DS may be affected by other factors in addition to 

corneal thickness.  

Similarly, unexpected results were observed in the epithelium asymmetry indices. While 

relative inferior thinning occurs in keratoconus, it was surprising that there were no significant 

differences in the epithelial SN-IT index when the DS-KC group was compared to the DS-SK 

and DS-NK groups. This is surprising since significant differences in the corneal thickness 

SN-IT index were present between these comparisons.  This highlights that the characteristics 

of the corneal epithelium in DS needs further investigation. Additionally, the Min-Max index 

appeared unexpectedly high. However, this was consistent between all groups and therefore 

might be due to such as centration when capturing scans and reasons intrinsic to the device 

such as limitations in epithelial mapping algorithms.  

The lack of epithelium thinning consistent with corneal thinning in DS could be due to the 

instrument including the tear film in epithelial thickness calculation on the REVO nx 

AS-OCT. The impact of this is unknown, as in the general population, the central tear film has 

been shown to be 3µm which is lower than the resolution of the Fourier domain OCT.15,501,502 

Additionally, individuals with DS also have smaller palpebral apertures.347 This may 

predispose them to a thicker central tear film resulting in erroneously greater corneal 

epithelium thickness measurements. Furthermore, the upward slanting eyelids have been 

proposed to play a role in corneal astigmatism.436,503 This may induce a relative corneal 

steepening effect and may also lead to variations in epithelial thickness measurements. Also, it 

is unknown if the nature of epithelial remodelling in corneas that are already thin at baseline 

such as in DS occurs differently than in the keratoconus disease process for the general 

population. It was surprising to note that with some parameters there were significant 

differences between C-KC and DS-SK or DS-NK but this was not evident when DS-KC were 
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compared to DS-SK or DS-NK. Matching keratoconus severity by posterior elevation 

appeared to be reasonable since thinner and more asymmetric corneas in DS may not always 

be indicative of keratoconus in DS. A better matching method could be combining several 

Scheimpflug based parameters such as maximum keratometry, posterior elevation and 

multi-variate indices including BAD-D scores. Further improvements would include studies to 

investigate if statistical similarities remain in the DS with a greater sample size. Analysing 

larger diameter corneal full thickness and epithelial thickness maps would also be useful. For 

the device used in this study, it would require an anterior attachment to the device and 

therefore a lower working distance which may affect compliance in this DS study group. 

Furthermore, it would be interesting to see if classic epithelium patterns are present in more 

severe keratoconus among individuals with DS.  

Characterising the corneal thickness and corneal epithelium thickness in DS may enable the 

formulation of diagnostic indices based on corneal thickness, epithelial thickness in 

combination with keratometry and corneal biomechanical values to better distinguish early 

disease in DS. These parameters have already been studied in the general 

population.486,498,504,505 Combining AS-OCT and Scheimpflug parameters was able to 

distinguish the unaffected eye in asymmetric keratoconus from a control group, delivering a 

score of 1.00 for area under the receiver operator characteristic curve, 100% sensitivity and 

100% specificity.486 A similar method would need to be validated in a DS population as these 

individuals tend to have steep and thin corneas even in absence of a keratoconus diagnosis so 

further studies, including posterior corneal metrics may help distinguish early keratoconus 

from non-keratoconus in this population.   

The utilisation of OCT has been integrated into community optometric care.506,507 The OCT is 

used particularly for the management of glaucoma and macular degeneration. The use of OCT 

in community optometric care is expected increase to monitor axial length measurements in 

the management of myopia. Therefore, detailed, non-contact, corneal pachymetric and corneal 

epithelial screening in DS can potentially occur in an optometric examination. However, not 

all OCT devices in clinical service can measure epithelial thickness. The utility of the 

AS-OCT in keratoconus detection is promising, however, further investigations in DS are 

obviously required to determine if AS-OCT may be useful in early detection of keratoconus in 

a population with DS. 
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7.6 Conclusion 

Corneal thickness distribution using AS-OCT showed characteristic thinning in DS-KC 

compared to DS-NK and C-NK. Surprisingly, despite the classic keratoconic distribution 

pattern, characteristic corneal epithelium patterns were less clear in DS. Despite this, epithelial 

thickness distribution in DS is worthy of further investigation. Further studies are required so 

that diagnostic indices may be developed based on corneal thickness, epithelium thickness, 

keratometry data and potentially corneal biomechanical data to better detect early keratoconus 

in DS. This is particularly important in a population where it is challenging to distinguish early 

keratoconus due to inherent corneal abnormalities.  
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8 Assessing biomechanical parameters of eyes of individuals 

with Down syndrome using CorVis ST 
8.1 Introduction 

The human cornea is a viscoelastic structure.508 In viscoelastic materials, there is a lag to 

deform when a force is applied and there is a lag to return to its original contour when the 

force is removed. During this time, energy is dissipated due to internal friction.  

Changes to corneal morphology in keratoconus may lead to alterations of biomechanical 

properties. Ex vivo load and deformation examination of keratoconic and healthy cornea have 

identified that the tensile strength of keratoconic corneas are compromised compared to 

healthy ones.509   The morphological changes in keratoconus comprise of reduced basal 

epithelial density, reduced regional corneal epithelium thickness, reduced Bowman’s layer 

thickness, reduced keratocytes, reduced organisation of collagen lamellae as well as slippage 

of lamellae and loss of microfibril bundles in the stroma.114,124,130,510,511 This contrasts with the 

healthy cornea, where the orientation and positioning of the collagen fibrils are highly ordered. 
30,512 Alterations to the spatial arrangement of corneal collagen lamellae from slippage 

between lamellae due to keratoconus may affect its biomechanical properties.  

The cornea of individuals with DS have been previously reported to be steeper and thinner 

than those without DS even without keratoconus.282 Asgari et al identified that the corneal 

volume was lower among people with DS whether or not a diagnosis of keratoconus was 

present.341 Additionally, the collagen fibril size and its lattice arrangement contributes to its 

transparency.513 Corneal density represents the transparency of the cornea. Asgari et al also 

identified that there was increased density and light scatter in the cornea of individuals with 

DS compared to those without DS.341 These features indicate that the extracellular matrix in 

DS may be different and may result in biomechanically altered corneas compared to the 

non-DS population. These alterations, identified even in DS non-keratoconic corneas, could 

reflect either a predisposition to, or an early pathological process in, keratoconus or 

DS-keratopathy. Alio et al identified that as high as 71.3% of individuals with DS had a 

diagnosis compatible with keratoconus.282 This is comparable to the 63.4% proportion of 

people with DS that may be affected with keratoconus detected in Chapter 5. Specifically, it 

was identified that keratoconus affected 26.9% of people with DS and a further 36.6% of 

participants were considered suspect cases for keratoconus. 
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In vivo biomechanics can be assessed by the CorVis ST which is a non-contact tonometer 

coupled with an ultra-high speed Scheimpflug camera. It analyses the response of the cornea 

to the pulse of air.  The released pulse of air not only transfers energy to the cornea but also to 

the globe, orbital tissue and extraocular muscles.514 Previously, researchers in our team have 

derived corneal and orbital parameters from the CorVis ST software, however, these are not 

automatic outputs of the device.515 

Aims 

The aims of this study were to: 

1. Determine if biomechanical outputs of the CorVis ST differ between the DS-KC, 

DS-SK, DS-NK and C-NK cohorts. 

8.2 Methods 

8.2.1 Study design 

This was a prospective, cross-sectional study, involving participants from the larger study 

involving 190 participants with a confirmed diagnosis of Down syndrome in Chapter 5. New 

enrolments for the study in Chapter 5 began on 29th January 2019 and ended on 24th March 

2020. Follow up assessments continued in parallel and ended on 29th September 2020. The 

CorVis ST imaging was conducted at the same visits in which imaging was performed relating 

to studies in Chapters 5, 6, and 7. Where able, imaging with the CorVis ST was undertaken. 

This was typically performed after corneal tomography, corneal topography, auto-refraction 

and optical coherence tomography imaging.  

The CorVis ST scans were assessed visually. Figures 8-1 and 8-2 display a CorVis ST output 

relating to a participant with keratoconus and DS. Only CorVis ST scans with a white or 

yellow quality indicator were included. If the quality of the scan was similar between both 

eyes, then the right eye was used. Data from the Dynamic Corneal Response, Vinciguerra 

Screening Report and Biomechanical/Tomographic Assessment outputs from the CorVis ST 

were used. Assessment of the respective Pentacam AXL scan were also performed to ensure 

the scan was also acceptable for use. The study was performed at the Department of 

Ophthalmology Research Clinic at the Faculty of Medical and Health Sciences at the 

University of Auckland.  

The study was approved by the Health and Disability Ethics Committees (18/NTA/192) and 

adhered to the principles of the Declaration of Helsinki. The consenting process was described 
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in Chapter 3. Data collected prior to this PhD study by the supervisors of this PhD was used to 

create a non-DS control group (C-NK) for comparison. All participants in the DS-KC, DS-SK 

and DS-KC groups were age-matched as best as possible to data from an individual in the 

C-NK group. Most participants with DS could be age-matched within ≤5 years, however, due 

to data availability seven participants with DS were matched to an individual in the C-NK 

group within six and seven years.   

 

 

Figure 8-1 Vinciguerra biomechanical screening report from the CorVis ST in a participant 
with DS and keratoconus. 
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8.2.2 Inclusion criteria 

- Participants with DS, no exclusions were made based on common ophthalmic 

characteristics in DS such as upward slanted palpebral apertures, refractive error, 

cataract, strabismus, nystagmus 

- Participants were 10 years old or above 

- A diagnosis of keratoconus, suspect case or no keratoconus in DS determined by a 

consensus diagnosis from anterior segment specialists based on corneal tomography 

from Chapter 5 

8.2.3 Exclusion criteria 

- Contact lens wear 

- Eyes with corneal hydrops 

- Eyes with corneal disease other than keratoconus 

- Eyes with previous eye injury or corneal surgery (including corneal transplantation and 

corneal cross linking (CXL)) 

 

Figure 8-2 Biomechanical and tomographic assessment output from CorVis ST for a 
participant with keratoconus and DS. 
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8.2.4 Outcome measures 

Demographics  

- Age, gender, ethnicity of participants with DS 

Corneal tomographic parameters based on Pentacam AXL 

1. Maximum keratometry (D) 

2. Thinnest corneal thickness (µm) 

3. Posterior elevation at the thinnest point (µm) 

Biomechanical outputs from the CorVis ST 

1. Quality Score 

2. Non-contact tonometer intra-ocular pressure (mmHg) 

3. Non-contact central corneal pachymetry (µm) 

4. Amplitude of deformation (mm) 

5. First applanation time (ms)  

6. Inward velocity (ms-1) 

7. First applanation length (mm) 

8. Second applanation time (ms)  

9. Outward velocity (ms-1) 

10. Second applanation length (mm) 

11. Highest concavity time (ms) 

12. Highest concavity radius (ms) 

13. Peak Distance (mm) 

14. ∆ Arc length (mm) 

15. Deflection amplitude at highest concavity (mm) 

16. Deflection amplitude ratio at 2mm 

17. Highest concavity deflection area (mm2) 

18. Deformation amplitude ratio at 2mm 

19. Inverse concave radius (mm-1) 

20. Whole eye movement (mm) 

21. Stiffness parameter A1, SP-A1 (mmHg/mm) 

22. Stress-strain index (SSI) 

23. Integrated Radius (mm-1) 

24. Ambrósio’s relational thickness horizontal (ARTh) 
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25. CorVis ST biomechanical index (CBI) 

26. Tomographic and biomechanical index (TBI) 

8.2.5 Statistical analysis 

Statistical analysis was conducted with the IBM SPSS Statistics Version 27 for Windows 

(Chicago, IL, USA) software package. Data from one eye from each participant was utilised. 

Normality was assessed using the Shapiro-Wilk test. Descriptive statistics were undertaken to 

obtain Mean±SD for normally distributed parameters. The Chi-Square Test was used to 

identify any significant differences of gender and ethnicity between the study cohorts. Corneal 

tomographic data with the Pentacam AXL and IOP as well as central corneal pachymetry from 

CorVis ST were analysed using the ANOVA test. Biomechanical parameters using the 

CorVis ST were analysed using ANCOVA to statistically control for age, central corneal 

thickness and intraocular pressure covariates as these factors may affect biomechanical 

measurements. The resulting adjusted mean and standard error were tabulated. A p-value less 

than 0.05 was considered statistically significant.  

8.3 Results 

A total of 37 eyes from 37 participants with DS were included in analysis.  Of these, 14 

participants with DS had keratoconus (DS-KC), 15 participants with DS were considered 

suspect cases (DS-SK) and eight participants with DS did not have keratoconus (DS-NK). 

Data from a further 37 eyes of 37 individuals from a previous study was included in a non-DS, 

non-keratoconus control group (DS-NK). Table 8-1 displays the demographic of participants. 

The age of participants in the DS-KC group was significantly greater than age of the 

participants in the DS-NK (p=0.017) and DS-SK (p=0.005) groups. There were no significant 

differences in age between the DS-KC and C-NK (p=0.601) groups. The mean age of 

individuals in the C-NK group was not significantly greater than the DS-NK (p=0.200) and 

DS-SK (p=0.081) group. The mean age between DS-NK and DS-SK were statistically similar 

(p=1.000). There was no statistically significant difference in gender between groups 

(p=0.419). There were also no statistically significant differences in ethnicity between the 

study cohorts (p=0.230).  
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 DS-KC 
n=14 

DS-SK 
n=15 

DS-NK 
n=8 

C-NK 
n=37 

Age 29.4±10.8 18.4±7.3 17.9±6.3 25.0±8.1 
Gender n (%)  

Male 9 (64.3) 8 (53.3) 3 (37.5) 15 (40.5) 
Female 5 (35.7) 7 (46.7) 5 (62.5) 22 (59.5) 

Ethnicity  
n (%)  

European 12 (85.7) 10 (66.7) 6 (75.0) 24 (64.9) 
Māori 2 (14.3) 3 (20.0) 2 (25.0) 1 (2.7) 

Pacific Peoples 0 (0.0) 1 (6.7) 0 (0.0) 2 (5.4) 
Asian 0 (0.0) 1 (6.7) 0 (0.0) 5 (13.5) 

Middle 
Eastern/ 
African/ 
Latino 

0 (0.0) 0 (0.0) 0 (0.0) 5 (13.5) 

 

Table 8-2 displays corneal tomographic parameters measured with the Pentacam AXL. As 

expected, Kmax was greatest in the DS-KC group. This was significantly greater than in the 

DS-NK compared to C-NK, however, it was statistically similar when compared to the DS-SK 

group.  The TCT parameter was lowest in the DS-KC group and greatest in the C-NK group. 

There was no significant difference in TCT between all DS groups. However, the TCT was 

significantly lower when each of the DS groups were compared to the C-NK group. Posterior 

elevation at the thinnest point was significantly greater in the DS-KC group. However, there 

were no significant differences in posterior elevation at the thinnest point between DS-SK, 

DS-NK, and C-NK. 

 DS-KC 
n=14 

DS-SK 
n=15 

DS-NK 
n=8 

C-NK 
n=37 

KMax (D) 
49.7±2.5 

Vs DS-SK p=0.116 
Vs DS-NK p<0.001 
Vs C-NK p<0.001 

48.0±2.0 
Vs DS-NK p=0.112 
Vs C-NK p<0.001 

46.1±1.0 
Vs C-NK p=0.006 

43.6±1.6 
 

TCT (µm) 
464.9±24.3 

Vs DS-SK p=0.372 
Vs DS-NK p=0.904 
Vs C-NK p<0.001 

485.7±29.2 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

483.9±27.9 
Vs C-NK p<0.001 

533.5±31.6 
 

Posterior 
Elevation 
at TCT 

(µm) 

29.9±21.2 
Vs DS-SK p<0.001 
Vs DS-NK p<0.001 
Vs C-NK p<0.001 

9.7±4.8 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

7.3±5.9 
Vs C-NK p=1.000 

7.0±5.3 
 

 

Table 8-1 Demographics of participants undergoing corneal biomechanical assessment. Data 
presented as Mean±SD or as n (%) 

Table 8-2 Corneal tomographic data presented as Mean±SD. 
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Among participants with DS, the highest quality score, labelled ‘OK’ were obtainable six of 

14 (43%) participants in the DS-KC group, nine of 15 (60%) participants in the DS-SK group 

and in four of eight (50%) participants in DS-NK group. In contrast, the ‘OK’ score could be 

obtained in 34 of 37 (92%) of individuals in the C-NK group.  

Table 8-3 shows the intraocular pressure and central corneal pachymetry measured with the 

CorVis ST. The intraocular pressure was significantly greater in the C-NK group compared to 

all DS groups. However, there were no statistically significant differences in intraocular 

pressure when all DS groups were compared to each other. The central corneal pachymetry 

were statistically similar between all DS groups. However, the central corneal pachymetry 

were significantly thinner when each DS group were compared to the C-NK group. 

 DS-KC 
n=14 

DS-SK 
n=15 

DS-NK 
n=8 

C-NK 
n=37 

IOP 
(mmHg) 

10.7±2.2 
Vs DS-SK p=0.553 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

12.2±2.8 
Vs DS-NK p=0.924 
Vs C-NK p=0.010 

10.7±1.1 
Vs C-NK p<0.001 14.7±2.5 

Central 
corneal 

pachymetry 
(µm) 

492.1±28.2 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

498.9±32.7 
Vs DS-NK p=1.000 
Vs C-NK p=0.002 

497.50±34.6 
Vs C-NK p=0.016 534.4±29.5 

 

Table 8-4 displays parameters from the CorVis ST from each cohort. The amplitude of 

deformation, whole eye movement and SP-A1 were significantly and expectedly different 

when each of DS-KC, DS-SK and DS-NK were compared to C-NK. The first applanation time 

was significantly greater when each of DS-KC and DS-SK were compared to C-NK. The 

second applanation times were significantly less in the DS-KC and DS-SK than the C-NK 

group. DS-KC was significantly lower than C-NK for peak distance. The outward velocity and 

deflection amplitude were greatest in the DS-SK and was significantly greater than the C-NK. 

It was also surprising that the ARTh index was significantly lower in the DS-KC compared to 

DS-SK and DS-NK but not to C-NK. 

  

Table 8-3 Non-contact tonometry intraocular pressure and non-contact central corneal 
pachymetry parameters measured with the CorVis ST. Data presented as Mean±SD. 
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Table 8-4 CorVis ST parameters of amplitude of deformation and applanation in each 
cohort. Data presented with correction of covariates age, IOP and central corneal 
pachymetry. Data presented as adjusted Mean;Standard Error. 

 DS-KC  
n=14 

DS-SK  
n=15 

DS-NK  
n=8 

C-NK  
n=37 

Amplitude of 
deformation 

(mm) 

1.198;0.022 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

1.225;0.020 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

1.183;0.028 
Vs C-NK p=0.003 1.061;0.014 

First 
applanation 

time (ms) 

7.462;0.083 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=0.016 

7.468;0.077 
Vs DS-NK p=1.000 
Vs C-NK p=0.008 

7.465;0.108 
Vs C-NK p=0.071 7.132;0.053 

Inward 
velocity (ms-1) 

0.165;0.003 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=0.534 

0.170;0.003 
Vs DS-NK p=1.000 
Vs C-NK p=0.032 

0.163;0.004 
Vs C-NK p=1.000 0.158;0.002 

First 
applanation 
length (mm) 

2.317;0.103 
Vs DS-SK p=0.230 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

2.023;0.095 
Vs DS-NK p=0.750 
Vs C-NK p=0.750 

2.261;0.133 
Vs C-NK p=1.000 2.215;0.066 

Second 
applanation 

time (ms) 

21.808;0.085 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

21.894;0.079 
Vs DS-NK p=1.000 
Vs C-NK p=0.007 

21.914;0.110 
Vs C-NK p=0.097 22.239;0.054 

Outward 
velocity (ms-1) 

-0.288;0.008 
Vs DS-SK p=0.765 
Vs DS-NK p=1.000 
Vs C-NK p=0.279 

-0.304;0.007 
Vs DS-NK p=1.000 
Vs C-NK p=0.001 

-0.290;0.010 
Vs C-NK p=0.425 -0.268;0.005 

Second 
applanation 
length (mm) 

1.994;0.106 
Vs DS-SK p=0.302 
Vs DS-NK p=0.471 
Vs C-NK p=1.000 

1.708;0.099 
Vs DS-NK p=1.000 
Vs C-NK p=0.207 

1.693;0.138 
Vs C-NK p=0.484 1.985;0.068 

Highest 
concavity 
time (ms) 

17.288;0.161 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

17.045;0.150 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

17.251;0.209 
Vs C-NK p=1.000 17.017;0.103 

Highest 
concavity 

radius (mm) 

7.013;0.210 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

6.742;0.195 
Vs DS-NK p=0.622 
Vs C-NK p=1.000 

7.258;0.272 
Vs C-NK p=1.000 7.013;0.134 
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 DS-KC  
n=14 

DS-SK  
n=15 

DS-NK  
n=8 

C-NK  
n=37 

Peak 
Distance 

(mm) 

4.834;0.049 
Vs DS-SK p=0.305 
Vs DS-NK p=0.436 
Vs C-NK p<0.001 

4.964;0.045 
Vs DS-NK p=1.000 
Vs C-NK p=0.277 

4.974;0.063 
Vs C-NK p=0.917 5.083;0.031 

∆ Arc length 
(mm) 

-0.152;0.007 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=0.038 

-0.148;0.007 
Vs DS-NK p=0.739 
Vs C-NK p=0.075 

-0.165;0.010 
Vs C-NK p=0.005 -0.125;0.005 

Deflection 
amplitude 

(mm) 

0.947;0.018 
Vs DS-SK p=0.299 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

0.996;0.017 
Vs DS-NK p=1.000 
Vs C-NK p=0.009 

0.966;0.023 
Vs C-NK p=0.843 0.924;0.012 

Deflection 
amplitude 

ratio at 2mm 

5.267;0.236 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

5.541;0.219 
Vs DS-NK p=0.373 
Vs C-NK p=1.000 

4.874;0.305 
Vs C-NK p=0.426 5.544;0.151 

Deflection 
area (mm2) 

3.314;0.098 
Vs DS-SK p=0.243 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

3.591;0.091 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

3.474;0.127 
Vs C-NK p=1.000 3.465;0.063 

Deformation 
amplitude 

ratio at 2mm 

4.890;0.128 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=0.241 

4.997;0.119 
Vs DS-NK p=0.630 
Vs C-NK p=0.030 

4.684;0.165 
Vs C-NK p=1.000 4.550;0.082 

Inverse 
concave 

radius (mm-1) 

0.160;0.005 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

0.160;0.004 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

0.156;0.006 
Vs C-NK p=1.000 0.153;0.003 

Whole eye 
movement 

(mm) 

0.393;0.023 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

0.357;0.021 
Vs DS-NK p=1.000 
Vs C-NK p=0.007 

0.388;0.030 
Vs C-NK p=0.005 0.264;0.015 

SP-A1 
(mmHg/mm) 

60.673;2.905 
Vs DS-SK p=1.000 
Vs DS-NK p=0.447 
Vs C-NK p<0.001 

65.864;2.694 
Vs DS-NK p=1.000 
Vs C-NK p<0.001 

69.026;3.757 
Vs C-NK p=0.006 84.611;1.858 

SSI 
1.128;0.053 

Vs DS-SK p=0.623 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

1.009;0.050 
Vs DS-NK p=1.000 
Vs C-NK p=1.000 

1.078;0.069 
Vs C-NK p=1.000 1.053;0.034 

Integrated 
Radius 
(mm-1) 

8.304;0.247 
Vs DS-SK p=1.000 
Vs DS-NK p=1.000 
Vs C-NK p=0.477 

8.736;0.229 
Vs DS-NK p=0.937 
Vs C-NK p=1.000 

8.208;0.320 
Vs C-NK p=0.547 8.863;0.158 

ARTh 
405.927;41.473 

Vs DS-SK p=0.039 
Vs DS-NK p=0.002 
Vs C-NK p=0.552 

563.350;38.466 
Vs DS-NK p=0.762 
Vs C-NK p=1.000 

658.719;53.639 
Vs C-NK p=0.081 496.011;26.529 

 

Table 8-5 shows the CBI and TBI parameters for all groups. For CBI, a significantly greater 

outcome was detected when DS-KC was compared to C-NK. There were no significant 

differences in CBI between the DS groups or when DS-SK and DS-NK were compared to 

Table 8-4 Continued. CorVis ST parameters of amplitude of deformation and applanation in 
each cohort. Data presented with correction of covariates age, IOP and central corneal 
pachymetry. Data presented as adjusted Mean;Standard Error. 
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C-NK. The TBI was significantly different when DS-KC and DS-SK were compared to the 

C-NK group. There were no significant differences when DS-KC and DS-SK were compared 

to DS-NK 

 DS-KC 
n=14 

DS-SK 
n=15 

DS-NK 
n=8 

C-NK 
n=37 

CBI 
0.766;0.057 

Vs DS-SK p=0.778 
Vs DS-NK p=0.248 
Vs C-NK p=0.006 

0.647;0.053 
Vs DS-NK p=1.000 
Vs C-NK p=0.340 

0.576;0.074 
Vs C-NK p=1.000 0.513;0.037 

TBI 
0.765;0.060 

Vs DS-SK p=1.000 
Vs DS-NK p=0.075 
Vs C-NK p<0.001 

0.761;0.056 
Vs DS-NK p=0.054 
Vs C-NK p<0.001 

0.520;0.078 
Vs C-NK p=0.312 0.335;0.039 

 

8.4 Discussion 

This pilot study showed that significant and expected differences were identified in amplitude 

of deformation, whole eye movement and SP-A1 when each of DS-NK, DS-SK and DS-KC 

groups were compared to the C-NK group. For CBI, only DS-KC was significantly different 

from C-NK while each of DS-SK and DS-NK and C-NK were statistically similar. For TBI, a 

significant difference was observed when the DS-KC and DS-SK groups were compared to 

C-NK. The characteristic steeper and thinner cornea in DS, regardless of keratoconus 

diagnosis, may be a reason why statistically significant differences between DS-NK, DS-SK 

and DS-KC groups were not identified where a difference would be expected. 

The maximum amplitude of deformation was significantly greater in the DS-KC, DS-SK and 

DS-NK groups compared to the C-NK group which is expected. This outcome may reflect the 

impact of a steeper and thinner cornea on biomechanical response, as a steeper and thinner 

cornea was identified in DS with and without keratoconus, compared to healthy controls.282 

This is consistent with the Pentacam AXL values such as Kmax and TCT identified in this 

pilot study. Other authors have reported that as high as 71% in DS had morphological 

characteristics similar to keratoconus.282 The predisposition to keratoconus in DS may be 

related to collagen abnormalities among people with DS. Furthermore, alteration to corneal 

stromal collagen in addition to degradation of extracellular matrix, abnormalities to stromal 

proteoglycan and reduced density of keratocytes occurs in keratoconus.516 Combined, these 

Table 8-5 Corneal biomechanical index and tomographic biomechanical index in all groups 
with correction of covariates IOP and central corneal pachymetry. Data presented as adjusted 
Mean;Standard Error. 
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factors may result in the greater amplitude of deformation observed in DS compared to 

controls regardless of a keratoconus diagnosis.  

Surprisingly, no significant difference in amplitude of deformation was identified by a 

previous study when central corneal thickness was controlled for among people with DS 

compared to controls.416 Unexpectedly, in the current study there were no significant 

differences when the DS groups were compared to each other even though posterior elevation 

at the thinnest point was significantly greater in DS-KC when compared to DS-NK and 

DS-SK. Notably, abnormal posterior elevation is a requirement in confirming the diagnosis of 

keratoconus.40 The lack of a statistical difference in amplitude of deformation was surprising 

since it has been shown that the amplitude of deformation is greater in keratoconic eyes 

compared to non-keratoconic eyes.153,517,518 However, it has also been noted that the amplitude 

of deformation cannot discriminate keratoconus alone and may be better suited as an adjunct 

parameter.153 Inconsistencies in the results identified may be due to a limitation of the ocular 

biomechanical test or the variability of the ocular biomechanical response. Significant 

differences may have been observed if the DS-KC group consisted of participants with more 

severe keratoconus.  

Whole eye movement was significantly greater in DS regardless of keratoconus diagnosis 

compared to C-NK. Potential abnormalities to collagen structure in DS may result in a greater 

movement of the globe as the scleral collagen comprises 50% of the weight of scleral tissue 

with type 1 collagen being the most common collagen type in the sclera.519 People with DS 

also are more likely to have strabismus, strabismus surgery and abnormalities to extraocular 

muscles may also play a role and greater whole eye movements. Additionally, a shorter axial 

length has been shown in DS compared to controls.280 The shorter axial length in DS may 

further contribute to the susceptibility to movement from the CorVis ST. The relationship 

between axial length and biomechanical response is unclear. Although, sub-analysis of axial 

length data was not undertaken and correlated with biomechanics, more whole eye movement 

due to transfer of energy in a smaller eye as in DS compared to a non-DS population is 

conceivable particularly in a group with collagen abnormalities. However, this needs to be 

investigated. The outcome of this study contrasts a previous study that identified no significant 

difference in globe displacement in DS compared to controls, this may be because the DS 

cohort did not include keratoconus.416 Additionally, Yang et al identified no significant 

difference in whole eye movement between healthy corneas and keratoconic corneas among 

individuals without DS.520 
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Corneal stiffness indicated by SP-A1 was significantly lower in the DS groups regardless of 

keratoconus diagnosis when compared to the C-NK group. Corneal SP-A1 has been shown to 

be reduced in keratoconus compared to healthy eyes in a non-DS population.521 This 

highlights that the stiffness in a DS-NK group is lower than a control group even when 

controlling for central corneal thickness,. This suggests that other factors such as collagen 

abnormalities may play a role in the biomechanics of the cornea among people with DS. The 

values for SP-A1 in each of the DS-NK, DS-SK and DS-KC were comparable to SP-A1 

outcomes for eyes with mild and moderate keratoconus in a non-DS population.522 Previous 

authors have suggested that this parameter might be utilised as a marker to track progression 

of keratoconus since significant differences were identified between healthy controls and 

different severities of keratoconus.522 Among the DS population in our study, no significant 

differences could be detected when each DS cohort was compared to each other. Overall, these 

data suggest that the corneas of individuals with DS are less stiff than controls even in the 

absence of keratoconus. However, the difference in stiffness that would be expected between 

those with DS-KC, DS-SK and DS-NK was not observed, suggesting that the inherently 

weaker corneas observed in DS do not always result in those with DS developing keratoconus. 

The CBI was significantly greater when DS-KC was compared to the C-NK but was 

statistically similar for all other comparisons. The CBI is a multi-variate parameter which 

includes the first applanation velocity, amplitude of deformation ratios at 1mm and 2mm, 

standard deviation of the amplitude of deformation at highest concavity, ARTh and SP-A1 

parameter. Vinciguerra et al showed that with a 0.5 cut off for CBI, accuracy was 98.8%, and 

sensitivity and specificity were 100% and 98.4% respectively at distinguishing healthy corneas 

from keratoconic corneas in a non-DS population.154 They also highlighted that utilising the 

multi-variate CBI parameter produced better receiver operating characteristic curves when the 

parameters were combined than each single parameter separately.154 It was surprising that the 

C-NK and DS-NK cohorts exceeded the proposed CBI cut off. This could be related to the 

involvement of a small population and the impact of statistical correction of covariates. The 

overall trend was that C-NK had the lowest CBI. These individuals did not have keratoconus 

as they were assessed with slit-lamp bio-microscopy and corneal tomography with specialist 

assessment. This outcome may also be related to the poorer ability of the CBI to detect 

subclinical keratoconus compared to other multi-variate parameters such as TBI.155,523  

Additionally, the CBI value for the DS-NK was similar to non-DS groups with suspect 

keratoconus in previous studies.523-525 Although the CBI has potential to play a role in 

detection of subclinical keratoconus, further studies are required to validate this in the DS 

population. This may be more challenging due to the impact of a thinner cornea on 
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biomechanical characteristics. This is a pertinent consideration in a group with significantly 

thinner corneas regardless of a keratoconus diagnosis, as identified by the thinnest corneal 

thickness using the Pentacam AXL. This potentially highlights the need for integrating 

tomographic parameters from the Pentacam AXL in addition to biomechanical parameters for 

better early detection in DS. 

The TBI, which combines both tomographic and biomechanical parameters, was statistically 

significantly greater when DS-KC and DS-SK were compared to C-NK, which are expected 

results.155 A cut off value of 0.79 for the TBI has been shown to have a sensitivity of 100% 

and specificity of 100% for detecting keratoconus and very asymmetric ectasia in the non-DS 

population.155 The TBI has also been previously shown to detect subclinical keratoconus or 

early ectatic disease from healthy eyes in a non-DS population.155,156,524 However, statistically 

significant differences between DS-KC, and each of DS-SK and DS-NK, could not be 

identified despite significantly different posterior elevations detected with the Pentacam AXL. 

There is considerable variation in measured biomechanical outcomes, therefore, further studies 

are required.  

Unexpected but statistically significant differences were identified between in DS-KC and 

DS-SK cases compared to C-NK for the time to first applanation and time to second 

applanation parameters.  The time to first applanation should occur earlier in the affected 

groups compared to the non-keratoconic control group. The original, non-adjusted Mean±SD 

for the DS-KC, DS-SK and C-NK respectively were 7.23ms ± 0.20 ms. 7.39ms ± 0.28ms and 

7.30ms ± 0.45ms, were more similar than the adjusted means. Significant but unexpected 

differences were also identified between the DS-KC and DS-SK cohorts and C-NK for time to 

second applanation. This should occur later in the DS cohorts compared to the 

non-keratoconic control group, however, this occurred significantly sooner. The original, 

non-adjusted Mean±SD for the DS-KC, DS-SK and C-NK respectively were 22.07ms ± 

0.29ms, 21.95ms ± 0.34ms and 22.07ms ± 0.45ms, were more similar than the adjusted means 

for each group.  These parameters need to be investigated further with a larger sample size and 

more severe cases of keratoconus in people with DS.  

Further investigations are also required also into measurements of inward velocity, outward 

velocity, deflection amplitude and deflection amplitude ratio which identified significant 

differences between C-NK compared to DS-SK and/or DS-NK but differences were not 

present when DS-KC was compared to C-NK. It was also unexpected that the peak distance in 

the DS-KC group was smaller than the C-NK group. Additionally, significant differences were 
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identified when DS-KC and DS-NK were compared to C-NK for arc length but significant 

differences were not present for DS-SK. The ARTh index was significantly lower in the 

DS-KC compared to the DS-SK, which was expected, however it was surprising that there was 

no significant difference when compared to the C-NK cohort. Rather than an isolated cause, it 

is likely that several factors have led to the presence of a number of unexpected results. 

The unexpected results highlighted may be due to the smaller proportion of scans with the 

highest possible quality score labelled ‘OK’ in the DS cohorts compared to C-NK.  The 

unexpected results may also be related to the sensitivity of the device. A limitation that has 

been previously highlighted was that the CorVis ST only obtains cross-section measurements 

across the central horizontal 8mm of the cornea, more subtle differences in characteristics may 

be detected if these measurements were provided in a 360 degree pattern at different points on 

the cornea.526  Furthermore, a larger sample size and the inclusion of more advanced 

keratoconus cases would aid in better understanding the biomechanical characteristics from 

the CorVis ST in DS.  

8.5 Conclusion 

The corneas of people with DS are weaker than healthy controls as shown by some 

biomechanical outputs. However, DS-KC, DS-SK and DS-NK were all similar which could 

indicate that in this group, having a weaker cornea per se does not always lead to the 

development of keratoconus traits or simply that is difficult to discriminate between these DS 

corneas with available devices. When each of DS-NK, DS-SK and DS-KC were compared to 

C-NK, significant and expected differences were identified in the amplitude of deformation, 

whole eye movement and SP-A1. CBI was significantly higher in the DS-KC group when 

compared to C-NK. There were no significant differences for CBI between DS groups or when 

DS-NK and DS-SK were compared to C-NK. Each of the DS-KC and DS-SK were 

significantly greater than the C-NK group for the TBI parameter. However, there were no 

significant differences between DS groups for TBI or when DS-NK was compared to C-NK.  

Further studies are required to verify unexpected outcomes identified in this study, further 

studies involving a larger sample size of participants with DS, with more severe keratoconus, 

are needed to better characterise the biomechanical outcomes in DS from the CorVis ST.  
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9 A retrospective review of patients with Down syndrome 

presenting to a tertiary public hospital, ophthalmology 

service 2010-2020 
9.1 Introduction 

Keratoconus is known to disproportionately affect people with DS. Recent international 

estimates involving review of clinical data from a large cohort of the DS population estimated 

that keratoconus affected 5.5% (238 of 4342 patients with DS) to 27.4% (331 of 1207 patients 

with DS) of people with DS.432,479 The estimate of 26.3% - 26.9% identified from the 

prospective study in Chapter 5 lies within this range and confirms the high prevalence of 

keratoconus in DS. The range of estimates between the studies may be attributed to the age of 

subjects, ethnicity distribution and method of diagnosing keratoconus. 

People with DS have several ophthalmic manifestations that need to be monitored early in life 

particularly refractive error, strabismus, lens opacities, and amblyopia. These are significantly 

more common in DS.263 These factors contribute to the reduced best corrected visual acuity 

observed in children with DS.263 Detection, management or monitoring of these are required to 

support their visual development early in life. Additionally, children with DS have 

significantly thinner corneas compared to children without DS.411 Therefore, screening with 

corneal tomography can enable early detection of keratoconus in this group to prevent visual 

impairment from keratoconus development. Among children and adults, up to 71.3% of people 

with DS have been reported to corneal features compatible with keratoconus.282 Studies 

involving children and adults, identified that keratoconus affects 12.4% - 32.3% of people 

with DS.342,343 Additionally, Chapter 5 highlighted that eye rubbing is significantly associated 

with keratoconus in DS and corneal hydrops is common in this population. It is known that 

eye rubbing is significantly associated with corneal hydrops development.442 Therefore, early 

detection of keratoconus is vital in this population to prevent the need for invasive treatment 

such as corneal transplantation in DS. 

In the context of these varied estimations of keratoconus or keratoconus-like corneal features 

in DS, it is useful to consider our understanding of the prevalence of keratoconus, its severity, 

the utilisation of corneal tomography and the interventions utilised for the management of 

keratoconus, in those with DS attending a public ophthalmology clinical service. This analysis 

may aid the formulation of clinical guidelines for an already burdened population who are 

disproportionately affected with keratoconus in New Zealand-Aotearoa (NZ). 
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Aims 

The aims of this study were to review the clinical records of individuals with DS who attended 

the Ophthalmology service, Auckland District Health Board records to: 

1. Investigate how common keratoconus was in patients with DS attending the service 

2. Investigate how frequently imaging with corneal tomography occurred in DS  

3. Determine proportion of patients with slit-lamp signs of keratoconus 

4. Determine how common patients with DS presented with acute corneal hydrops 

5. Determine how frequently corneal cross linking (CXL) or corneal transplantation was 

performed in patients with DS 

9.2 Methods 

9.2.1 Study design 

A list of patients attending the Ophthalmology, Auckland District Health Board (ADHB) 

service that had DS was generated. This list was an ophthalmology outpatient dataset with a 

diagnosis of DS coded in any inpatient event at ADHB from 1999 to 2020. Due to the impact 

of the COVID-19 pandemic on the doctoral studies reported, data collection began in 

December 2020 and ended in April 2021. This study was approved by the Auckland Health 

Research Ethics Committee (AH2851). 

This review aimed to include at least 200 patients with DS attending the Ophthalmology, 

ADHB clinical service. To complete the study within the COVID-19 pandemic restricted 

time-frame a ten-year sample, rather than the full data set as initially proposed, was reviewed.  

The first cohort of clinical records included patients who had their most recent ophthalmology 

appointment between the period of 2017-2020. There were no restrictions based on age in this 

group. Records from an additional group of patients were collected who had their most recent 

appointment from 2010-2016 who would have been 18 years old or above by the date of their 

clinic appointment. However, when files were reviewed it was discovered that some patients 

were discharged or lost to follow up before they turned 18 years old. Therefore, within this 

second sample, only patients ≥ 15 years old were included. This age limit was utilised as early 

signs of keratoconus are likely to be manifest, and it was an age that patients may be better 

able to undertake corneal tomography imaging. Corneal tomographers (Gallilei, Orbscan and 

Pentacam) were always available on site at the clinic during the period covered in this review. 
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Patient records identified by these two methods were pooled together to form a single, 

ten-year, sample population for this review. 

9.2.2 Outcome measures 

- Demographics (age, gender, ethnicity) 

- Duration of care in years at Ophthalmology, ADHB, measured by the number of years 

between the first and last visit. 

- ‘Best recorded’ habitual visual acuity the better eye was included in analysis.  

- n (%) undergoing corneal tomography imaging conducted at Ophthalmology, ADHB 

- n (%) patients affected with keratoconus 

- n (%) patients with keratoconus slit-lamp signs (corneal scarring, corneal thinning, 

Vogt’s striae and Fleischer’s ring) 

- n (%) patients with corneal hydrops 

- n (%) patients classified according to keratoconus severity. The eye with the more 

severe classification was included in analysis. These were classified as mild, mild to 

moderate, moderate, moderate to severe, severe groups. All patients with hydrops were 

included in the severe group. Data from patients that were not allocated a severity 

grade were not included in analysis 

- n eyes of n patients that underwent CXL were collected. Data on demographics, CXL 

technique and complications for patients undergoing CXL 

- n eyes of n patients that underwent corneal transplantation were collected. Data on 

demographics, technique, complications and period of follow up for patients 

undergoing corneal transplantation 

9.2.3 Statistical analysis 

The data recorded in this study was presented in a descriptive manner involving quantities (N) 

and proportions (%). Where qualitative data were involved, this was described. The 

Shapiro-Wilk test was used to assess normality. Statistical analysis was conducted with the 

IBM SPSS Statistics Version 27 for Windows (Chicago, IL, USA) software package. 

9.3 Results 

Records from a total of 202 patients with DS were included in this review. Table 9-1 outlines 

data on patient demographics including age, gender and ethnicity. The Median (IQR) for age 

of patients included was 12.5 (22.3) years. There was a male predisposition (60.9%) in the 
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sample. People of European ethnicity (45.5%) were most common in the sample studied. The 

Median (IQR) for duration of care was 5.5(10.0) years.  

 

  Patients in review 
n=202 

Age at final visit (years) 12.5 (22.3) 

Gender, n (%)  

Male 123 (60.9) 

Female 79 (39.1) 

Ethnicity, n (%)  

European 92 (45.5) 

Māori 27 (13.4) 

Pacific Peoples 39 (19.3) 

Asian 32 (15.8) 

Middle Eastern/ African/ Latino 12 (5.9) 

Duration of ophthalmology 
care  

Duration between first and final 
visit (years) 5.5 (10.0) 

 

Best recorded habitual visual acuity of patients with DS is outlined in Table 9-2. The median 

habitual visual acuity in the better eye was 0.28 LogMar (¬6/12). Moderate visual impairment 

or worse was measured in 22.3% of people with DS attending the public ophthalmology 

clinical service. 

 

Table 9-1 Demographics of patients whose records were included in this review, 
displayed as Median (Interquartile Range) or n (%). 
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 Number and proportion of patients 

Better than 6/18 inclusive n (%) 114 (56.4%) 

Poorer than 6/18 to 6/60 inclusive n (%) 37 (18.3%) 

Poorer than 6/60 n (%) 8 (4.0%) 

Unable to obtain a measurement n (%) 43 (21.3%) 

 
Table 9-3 displays the proportion of patients diagnosed with keratoconus, patients undergoing 

corneal tomography and patients with corneal hydrops. Keratoconus affected 18.8% of 

patients included in the study sample. Corneal tomography was performed at the ADHB 

clinical service for 14.9% of patients in the study sample. Almost half (47.4%) of patients with 

keratoconus had a corneal hydrops.  

 

Prevalence of keratoconus, proportion of 
patients undergoing corneal tomography 
and proportion corneal hydrops among 

patients with keratoconus 

Keratoconus n (%) 38/202 (18.8) 

Corneal tomography n (%) 30/202 (14.9) 

Corneal hydrops among patients 
with keratoconus n (%) 18/38 (47.4) 

 

Table 9-4 shows the proportion of patients with DS included in the study sample that 

presented with keratoconus signs based on slit lamp bio-microscopy examination. Corneal 

scarring (65.8%) and corneal thinning (65.8%) were the most common slit-lamp signs.  

 

 

Table 9-2 Best recorded habitual visual acuity in the better eye of patients. Displayed as n (%). 

Table 9-3 Keratoconus diagnosis, corneal tomography and corneal hydrops among 
patients included in the review. Displayed as n (%). 
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Patients with DS and keratoconus  

n=38 

Corneal scarring n (%) 25 (65.8) 

Corneal thinning n (%) 25 (65.8) 

Vogt’s striae n (%) 8 (21.1) 

Fleischer’s ring n (%) 2 (5.3) 

 

Table 9-5 outlines the classification of severity of keratoconus among patients with DS 

included in the study sample. 30 of 38 patients had a documented keratoconus severity 

grading. Among patients with keratoconus, severe keratoconus affected 80.0% of the patients 

studied in the sample. 

 

 

Proportion of patients with 
keratoconus and DS with 

various severity of 
keratoconus 

Mild n (%) 2/30 (6.7) 

Mild to Moderate n 
(%) 1/30 (3.3) 

Moderate n (%) 1/30 (3.3) 

Moderate to severe 
n (%) 2/30 (6.7) 

Severe n (%) 24/30 (80.0) 

 

Table 9-4 Proportion of patients diagnosed with keratoconus presenting with slit-lamp 
bio-microscopy signs. 

Table 9-5 Classification of severity among patients with keratoconus. 
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This review identified that CXL was performed on seven eyes of four patients with DS. 

Table 9-6 displays the demographic of patients undergoing the procedure, CXL technique and 

complications. All patients were children. Simultaneous CXL was performed in two patients. 

Three of seven eyes underwent epithelium-off CXL. All patients underwent the procedure 

with general anaesthetic. Microbial keratitis occurred in one of seven eyes. This occurred in 

the youngest patient. There were no patients in the review that underwent repeat CXL. 

Patients with DS in review undergoing CXL for keratoconus 

 
Age at 
CXL 

(years) 
Gender Simultaneous CXL 

technique 
Anaesthetic 

type Complications 

Patient 
1 RE 

13 Male Yes 

Epithelium-off General Nil 

Patient 
1 LE Epithelium-on General Nil 

Patient 
2 RE 7 

Male No 

Epithelium-on General Nil 

Patient 
2 LE 6 Epithelium-off General 

Microbial 
keratitis with 

hypopyon 
identified three 
days post-op. 

Staphylococcus 
aureus was 

identified. The 
patient was 
admitted. 

Patient 
3 LE 14 Male Not 

applicable Epithelium-off General Nil 

Patient 
4 RE 

14 Male Yes 

Epithelium-on General Nil 

Patient 
4 LE Epithelium-on General Nil 

 

 

Table 9-6 Demographics, technique and complications of CXL among patients in this 
review with DS. 
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Table 9-7 displays the demographics, graft technique, complication and follow up period of 

patients with DS that underwent corneal transplantation. This included seven eyes of five 

patients. A further patient had a penetrating keratoplasty prior to their first visit and prior data 

were limited. Six of the eight grafts remained clear at the final follow up. Three of the seven 

grafts that were performed at the centre had complications. Corneal hydrops prior to corneal 

transplantation was recorded and best habitual visual acuity (aided or unaided) achieved 

following corneal transplantation was also recorded. These are detailed in Table 9-8. Five of 

eight eyes that underwent corneal transplantation had a history of corneal hydrops. Five of the 

eight eyes achieved 6/18 visual acuity or better. 
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Patients with DS undergoing corneal transplantation for keratoconus included in this review 

 Age Gender 

Procedure 
(PK, DALK, 
simultaneous 

PK and 
cataract 
surgery) 

Donor 
corneal 
button 

size 
(mm) 

Corneal 
button 

disparity 
(mm) 

Suture type 
(Single 

running, 
interrupted 

or 
combined) 

Complications Graft clarity 
Follow 

up 
(years) 

Patient 
1 RE 29 M PK 7.75 0.25 Interrupted Nil. Clear 5 

Patient 
2 LE 28 F DALK 8.25 0.25 Interrupted 

Loose sutures, 
graft re-suturing 

performed. 
Microbial keratitis 
three years after 

transplant, 
Corynebacterium 
macginleyi and 
Staphylococcus 

capitis were 
identified. 

50% 
opacity 3 

Patient 
3 RE 26 

M 

PK 8.25 0.25 Interrupted 

Shallow anterior 
chamber, graft 

re-suturing 
performed. 

Clear 13 

Patient 
3 LE 28 PK 8.75 0.25 Combined 

Presumed 
rejection. 

Administered 
topical steroid, IV 
methylprednisolon

e and topical 
antibiotics. Clear 

graft. 

Clear 11 

Patient 
4 LE 

48-year-old female was referred to Ophthalmology, ADHB for reduced 
vision by general practitioner. Had PK done elsewhere, best recorded 
vision was counting fingers in the right eye and light perception in left 

eye 

Significant 
inferior scarring 

and 
neovascularisation 

Inferior 
opacity, 

clear 
superiorly 

Unknown 

Patient 
5 RE 38 

F 

 

PK + 
phacoemulsifi

cation with 
IOL insertion 

8.75 0.25 Combined Nil. Clear 6 

Patient 
5 LE 40 

PK + 
phacoemulsifi

cation with 
IOL insertion 

8.75 0.25 Combined Nil. Clear 4 

Patient 
6 LE 45 M PK 8.25 0.25 Interrupted Nil. Clear 7 

 

Table 9-7 Corneal transplantation for keratoconus in patients with DS involved in review. 
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Previous corneal hydrops and best habitual visual acuity in treated eye of patients 
with DS in this review that underwent corneal transplantation 

 Age Gender 
Corneal hydrops 
prior to corneal 
transplantation 

Best habitual visual acuity 
achieved in eye since corneal 

transplantation 

 

Patient 
1 RE 29 M Yes 6/18, unaided 

Patient 
2 LE 28 F No 

6/12, unaided, with 
phacoemulsification and intraocular 
lens insertion 2 years after corneal 

transplant 

Patient 
3 RE 26 

M 

Yes 6/48, spectacles 

Patient 
3 LE 28 No 6/48, spectacles 

Patient 
4 LE 48 F 

Unknown, graft 
done elsewhere 
limited data on 

history 

Counting fingers, unaided, with 
significant cataract. 

Patient 
5 RE 38 

F 

 

Yes 
6/15 unaided, had simultaneous 

phacoemulsification and intraocular 
lens insertion 

Patient 
5 LE 40 Yes 

6/15 unaided, had simultaneous 
phacoemulsification and intraocular 

lens insertion 

Patient 
6 LE 45 M Yes 

6/15 unaided, had 
phacoemulsification with 

intraocular lens insertion seven 
years after corneal transplantation 

 

Table 9-8 History of corneal hydrops and best habitual visual acuity achieved in the eye 
that underwent corneal transplantation. 
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9.4 Discussion 

People with DS have several systemic manifestations in addition to several ophthalmic 

manifestations.240,263 The burden experienced by this population is reflected in the reduced 

best recorded habitual visual acuity in the medical records. Among the 202 patients included 

in this review, 22.3% of patients had best recorded habitual visual acuity in the better eye of 

poorer than 6/18. According to the World Health Organisation for classification of visual 

impairment, people in this group would be classified as having moderate visual impairment or 

poorer. The burden experienced by this population is also reflected in the duration of they are 

dependent on a public ophthalmology service, with a Median (IQR) of 5.5 (10.0) years. The 

duration of visits could be due to the younger median age of 12.5 (22.3) years among patients 

and therefore the need to follow up the several ophthalmic abnormalities in children with DS 

for a longer period of time. Since keratoconus is known to disproportionately affect people 

with DS, as shown in Chapter 5, data on the prevalence of keratoconus among patients 

included in this review was required.  

Estimating the proportion of people with DS and keratoconus is challenging due to the young 

median age of study individuals and method of diagnosis. This review identified that 

keratoconus was diagnosed in 18.8% of patients with DS. This proportion is significantly 

greater than estimates for the non-DS population in NZ of 0.52% and 2.25% among individual 

of Māori ethnicity.7 The younger median age in the study cohort may underestimate the true 

estimate of people with DS and keratoconus attending the ophthalmology clinical service. The 

Younger age of patients in the study was expected since ophthalmological review at nine 

months even if a review is done at birth is part of the recommended clinical practice for the 

care of children with DS in NZ.441  

The lack of an age limit in the cohort studied may have increased the sample size but reduced 

the proportion of people affected with keratoconus as it typically manifests in early teenage 

years. Hashemi et al, identified that keratoconus was present in 12.4% participants with DS 

who were 10 years old to 30 years old and required slit-lamp signs for a diagnosis of 

keratoconus, therefore earlier stages of keratoconus may have been under-detected in this 

study.342 Imbornoni et al identified that keratoconus and suspect cases affected 32.3% of 

children and young adults with DS. They specifically reviewed corneal tomography scans of 

patients and were able to identify suspect keratoconus.343  The estimates identified in the 

current review was lower than a review of records based on a DS population in Brazil (27.4%, 

331/1207) but were significantly higher than a study of medical records of individuals based in 

Norway (5.5%, 238/4342).432,479 The proportion of keratoconus in DS is within the range 
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reported in recently published literature.  The estimate from this review is lower than the 

prevalence estimated in Chapter 5 (26.3% - 26.9%) of this thesis. This is likely due to the 

prospective nature of the study and the utilisation of corneal tomography in Chapter 5. 

Although corneal tomography enables early detection of keratoconus it can be challenging to 

perform in DS. Corneal tomography was only performed on 14.9% of patients studied in this 

review. As a result, early stages of keratoconus may be under-detected. The lower proportions 

of corneal tomography performed in the public service may also be due to the presence of 

severe cases of keratoconus where the disease could be easily identified on slit lamp 

examination without need for tomography. It may also be due to the time it takes to obtain 

corneal tomography in a public setting within a time-limited consultation. Additionally, 

reduced awareness and lack of clinical guidelines about the need for routine corneal 

tomography screening in DS may contribute to the lower rate of corneal tomographic 

screening in this group. Additionally, the low rate of corneal tomography examinations may 

also be due to the very young age of patients included in the study who typically may be too 

young for keratoconus to manifest in and who may have difficulty cooperating with corneal 

tomographic imaging. A proportion of patients who had stable corneas may have also been 

followed up in a private ophthalmology clinic or in a community optometry practice. Taken 

together, this study certainly suggests that the use of corneal tomography imaging in the care 

of children with DS can be improved to better enable early detection of keratoconus.  

Several studies on keratoconus in DS involved corneal assessment with corneal 

tomography.282,339,342,411,432 Studies detected keratoconus by other methods including corneal 

topography and slit lamp bio-microscopy.266,296,298,352,402,409 Retinoscopy reflex screening for 

keratoconus in DS has also been described with good sensitivity and specificity.374 It is 

possible that keratoconus was screened for during retinoscopic refraction as refractive error is 

often monitored in children with DS. However, refractive error alone is not indicative of 

keratoconus as Chapter 5 revealed that a hyperopic mean spherical equivalent can be present 

in keratoconus in DS. Assessing the quality of the reflex and identifying signs such as reflex 

scissoring could guide a keratoconus diagnosis. Potentially, this could be a fast-screening 

method but larger studies on people with DS with and without keratoconus are required to 

assess the utility of keratoconus screening with the retinoscopic reflex. People with DS are 

known to have steeper and thinner corneas even without keratoconus.282 Therefore, these 

corneal characteristics may result in an altered retinoscopy reflex. 
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It is conceivable that more severe cases of keratoconus present to a public ophthalmology 

health service and that earlier disease states are under-detected because they are less likely to 

present. This study identified that 80% of patients with keratoconus studied in this review had 

severe manifestation of keratoconus. Corneal scarring affected 65.8% of patients with 

keratoconus and corneal thinning that was evident on slit lamp bio-microscopy also affected 

65.8% of patients studied in this review. Additionally, this study identified that corneal 

hydrops affected 47.4% of patients with DS and keratoconus, a significantly high proportion. 

This is significantly greater than corneal hydrops in the general population with keratoconus 

which is approximately 3%.129,413 Grewal et al identified that among 22 eyes with corneal 

hydrops, six (27%) included eyes of people with DS. A history of corneal hydrops can 

complicate outcomes of penetrating keratoplasty with corneal neovascularisation and a greater 

risk of endothelial rejection.527,528 

People with DS may be less likely to alert a support person to deteriorating vision such as 

from increasing irregular astigmatism and may therefore present with later stages of disease.416 

Therefore, screening for keratoconus may be required in this group as part of an eye 

examination at an appropriate age and appropriate intervention to prevent progression to 

moderate to advanced disease. 

CXL has been shown to be effective at stabilising the cornea over a ten year follow up period 

in a paediatric population.199 In our study, CXL was performed in seven eyes of four patients 

with DS. In this study, epithelium-off CXL was performed on three eyes and epithelium-on 

CXL was performed in four eyes. Epithelium-on CXL is preferred due to less pain and 

reduced risk of infection due to an intact corneal epithelium, however, its efficacy is limited 

compared to the epithelium-off technique.349,472,529 One eye in this review experienced 

microbial keratitis with hypopyon and underwent the epithelium-off procedure thus 1/3 eyes 

that underwent epithelium-off CXL experienced a severe adverse event. However, the sample 

size is very small and requires larger studies to understand adverse events in this population 

specifically. Among 2025 eyes of 1184 patients undergoing accelerated epithelium-off CXL, 

47 eyes (2.3%) involved patients with DS.202 The authors identified that haze and sterile 

infiltrates were significantly associated with DS.202  

All patients in this review underwent CXL with general anaesthetic. Epithelium-off CXL with 

local anaesthetic has previously been described.349 There are greater risks of general 

anaesthesia related complications in DS due to severe bradycardia, natural airway blockage, 

challenges with intubation, post-intubation croup and bronchospasm.530 Epithelium-off CXL 
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could be successfully performed in seven of nine eyes of participants with DS in a previous 

study.349 However, two eyes could not undergo treatment due to corneal thickness of <400µm. 

Soeters et al described a clinical decision-making tool relating to pre-op, peri-op and post-op 

aspects to assess suitability of a patient to undergo treatment with local anaesthetic. This 

included assessment of eye contact, verbal communication, adequate Pentacam scans, supine 

and fixation test, eye rubbing, adherence to instructions, diligent support person(s).349 

Furthermore, accelerated epithelium-off CXL in DS has been shown to be successfully 

performed with two year follow up results in young people with DS.348  

Appropriate keratoconus screening and monitoring should be performed in DS so that CXL 

may be implemented. Treatment of CXL in patients with keratoconus and DS can slow or halt 

disease and can be performed safely in this group.348 Timely treatment relies on early detection 

which requires corneal tomography. The decision on when to perform treatment is 

challenging. Uncertainty on when to intervene among clinicians can arise when determining if 

it is appropriate to wait for signs of progression in DS or be proactive about treatment. 

Proactive treatment may be opted for among children with DS and keratoconus as keratoconus 

in known to progress faster and more aggressively among children.134 Since people with DS 

have already have thin corneas and steep corneas at baseline uncertainties around decision can 

arise on whether the clinician waits for posterior elevation to develop to confirm keratoconus 

before administering treatment since posterior elevation is a key sign of keratoconus.40 

Proactive intervention may occur if a corneal hydrops has already occurred in the contralateral 

eye. Additionally, monitoring for progression can be challenging in DS. Chapter 6 highlights 

the poor repeatability of commonly used parameters of progression such as maximum 

keratometry and minimum corneal thickness. Furthermore, decisions on whether or not 

simultaneous treatment of both eyes to reduce the number of sessions under general 

anaesthesia should occur but can vary between clinicians. A case report has been published on 

corneal melt occurring following bilateral simultaneous CXL in a patient with DS, however, 

the authors reported that the corneal thickness was less than the recommended safety limit of 

400µm, and that may have been a contributing factor to the corneal melt.531 A DS specific 

keratopathy has been suggested.340 Therefore it is unknown if the condition is largely stable in 

DS or progressive in nature. Further, longer term studies are needed to determine the nature of 

progression of keratoconus in DS. Thus, although early treatment is preferred, deciding when 

to intervene can be a clinically challenging decision to make in DS.  

Corneal transplantation is performed for advanced cases of keratoconus. Seven eyes of five 

patients with DS underwent corneal transplantation in the ADHB Ophthalmology service. Six 
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of the seven eyes underwent corneal transplantation by penetrating keratoplasty. Severe 

complications occurred in three of seven eyes including loose sutures, microbial keratitis, 

development of a flat anterior chamber and presumed rejection.  Among the seven eyes that 

underwent transplantation at ADHB, penetrating keratoplasty for one eye remained 50% 

opacified at the final follow up. An additional eye that underwent penetrating keratoplasty at 

another service had significant inferior opacity.  A clear graft at the final review among 

individuals with intellectual disability ranges, with rates as low as 56.25% with a mean follow 

up of 86 ± 68 months (range 5 months – 204 months).532 Studies that reported 100% of cases 

with a clear, healthy transplant  at final review had relatively small sample sizes ranging from 

nine to 18 eyes.350,533 Additionally, these studies had a follow up period of < 10 years. 

Deciding to intervene with corneal transplantation can be challenging and several factors 

should be considered so that good outcomes may be achieved and maintained.533 Some 

practical considerations have been described in the literature. It was suggested that corneal 

transplantation should only be considered when the patient has difficulty to function in their 

environment.350 Close follow-up review should be maintained despite potential inconvenience 

to  the patient and, carer and clinician.350,533 A quality of life or vision questionnaire at follow 

up appointments, tailored to a DS population, could be useful to assess if subjective quality of 

life or vision has changed over time. Performing the examination itself may be challenging.534 

Some patients may require examination under anaesthesia (EUA) at a follow-up for a 

sufficiently detailed assessment or for suture removal.350  Chapter 5 identified that eye rubbing 

behaviour is significantly associated with keratoconus in DS specifically. García et al have 

shown that eye rubbing in people with intellectual disability, is associated with a greater 

frequency and severity of post-operative complications.534 Their study included 18 of 20 

patients with DS as a cause for intellectual disability. They also showed that. a poorer outcome 

may be related to more severe degrees of intellectual disability.534 Excellent outcomes could 

be obtained in patients with mild to moderate degrees of intellectual disability.534  Delays in 

management of complications were related to difficulty of patients to inform caregivers about 

their symptoms and difficulty of support person(s) to identify early signs of 

complications.350,534 It was highlighted that support person(s) should be aware of behavioural 

signs including, light sensitivity, an uncomfortable eye, aversion to opening the eye that may 

be the result of complications such as loose or broken sutures or allograft rejection.350 There is 

insufficient data to compare outcomes of deep anterior lamellar keratoplasty, a theoretically 

safer non-penetrating form of corneal transplant, to penetrating keratoplasty in DS, Ultimately, 

corneal transplantation is an invasive ocular procedure and carries significant risks particularly 
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in a population with DS, therefore, screening and earlier intervention by CXL may potentially 

reduce the need for corneal transplantation for keratoconus.208  

9.5 Conclusion 

This review shows that keratoconus disproportionately affects people with DS and that people 

with DS attending a public ophthalmology service have more severe stages of keratoconus. 

Children with DS have multiple ophthalmic abnormalities and therefore eye examinations and 

management are required support their visual development. Imaging with corneal tomography 

should be integrated into a standard eye examination for children with DS. This will enable 

early detection of keratoconus, appropriate monitoring, and treatment with CXL. This may 

prevent further visual deterioration, progression of disease to painful and blinding stages and 

need for corneal transplantation. 
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10 Clinical guideline for the care of keratoconus in people with 

Down syndrome 
10.1 Introduction 

People with Down syndrome (DS) require medical care for several concurrent and complex 

systemic conditions, with medical needs varying throughout life.240 Therefore, consensus 

based guidelines, are particularly important, to enable clinicians to deliver quality, 

evidence-based, clinical evaluation and management.243  

Although the association between keratoconus and DS has long been known, recent 

international scientific publications have highlighted that keratoconus disproportionately 

affects people with DS.244,342,343,410,432,479 The notable prevalence of keratoconus in DS is 

reflected in the outcomes from Chapter 4 (30.6% - 38.8%) with corneal topographic screening 

and Chapter 5 (26.3% - 26.9%) with detailed corneal examination using Scheimpflug corneal 

tomography. These estimates are significantly greater than estimates of keratoconus in the 

general population.7,41,535 Furthermore, the significant prevalence of acute corneal hydrops 

among people with keratoconus in our prospective prevalence study (Chapter 5, 14.0%) and in 

our review of public hospital based ophthalmology records (Chapter 9, 47.4%) show that 

corneal hydrops disproportionately affects this group compared to the general population.129 

The review of hospital based records in Chapter 9 also identified that more frequent corneal 

tomographic screening is needed for this population so that earlier stages of keratoconus can 

be detected and managed appropriately. Therefore, establishing clinical guidelines specifically 

in relation to screening and managing keratoconus, in order to avoid further disability in an 

already vulnerable population is highly pertinent. 

Aims 

This study aims to: 

1. Formulate a proposed clinical guideline to address practical aspects of screening, 

monitoring, and managing keratoconus in DS. 

2. Perform a two-tiered peer-review process of the proposed guidelines, initially in 

discussions between the doctoral candidate and representatives of the PhD supervisory 

team, with subsequent review by fellowship trained ophthalmologists in the areas of 

anterior segment and/or paediatrics who are external to the doctoral studies. 
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10.2 Methods 

10.2.1 Study design 

After completing the six interrelated studies reported in Chapters 4 to 9, a guideline was 

developed to address the following: 

- Purpose and scope of a guideline for keratoconus in DS 

- Referral recommendations for the child, teenager and adult with DS 

- Clinical assessment considerations for refraction, follow-up and corneal imaging in DS 

- Management considerations for corneal cross linking (CXL) and corneal 

transplantation in DS 

Once formulated in an advanced draft form, the guideline was discussed in face-to-face 

meetings which included the doctoral candidate of this thesis, one experienced 

fellowship-trained anterior segment ophthalmologist (Prof. Charles McGhee) and a 

post-doctoral research fellow and therapeutically qualified, optometrist (Dr Akilesh Gokul) 

with a long-term interest in keratoconus and CXL. Both clinicians had significant expertise in 

the topic areas and were part of the supervisory team for this doctoral thesis. Consensus was 

achieved at this level in terms of the draft guidelines content.  

The guideline was then submitted via email to six consultant ophthalmologists with 

appropriate interests and experience in this field. Responses in terms of comments or 

suggested changes were received from four of the six Ophthalmologists (67%). Among the 

ophthalmologists who responded, all were fellowship-trained: one specialist was a cornea and 

paediatric sub-specialist ophthalmologist, two were cornea and anterior segment 

sub-specialists, and a fourth was a paediatrics and genetics sub-specialist.  

The responses were considered and integrated into the proposed guideline by the doctoral 

candidate and the guideline was finalised by the doctoral candidate and the two representatives 

from the supervisory team that were involved in the initial review. Thus, the following 

guideline for keratoconus in DS was ultimately developed for further review and testing by the 

candidate and a panel of six experts including: three corneal and anterior segment 

subspecialists, one cornea and paediatrics subspecialist, one paediatric and ocular genetics 

subspecialist, and one post-doctoral therapeutic optometrist with nearly a decade’s experience 

in providing care, including CXL, for those with keratoconus. 
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10.3 Results 

Consensus Guideline 

Purpose and scope 

People with Down syndrome (DS) have several systemic manifestations including cardiac, 

respiratory, hearing, growth, haematologic, autoimmune, musculoskeletal and 

neuro-developmental disorders.240 Several ophthalmic manifestations such as hyperopia, 

astigmatism, strabismus, cataract, amblyopia are also prevalent in DS. These ophthalmic 

manifestations require management to support visual development early in life.263,292  

Recent international studies indicate that keratoconus affects 5.5% - 32.3% of people with 

DS.342,343,432,479 The prospective aspect of this thesis identified a prevalence of 26.9% of 

keratoconus in DS based on corneal tomography imaging. This is greater than estimates for the 

general population.7,41,535,536 This thesis also identified that eye rubbing disproportionately 

affected participants with keratoconus and DS. Additionally, corneal hydrops affected 14.0% 

of participants with keratoconus and DS. This is significantly higher than estimates of hydrops 

in the general population with keratoconus.129 Therefore, routine screening for keratoconus in 

children with DS will enable early detection, treatment and prevention of keratoconus related 

visual impairment later in life.   

People with DS have greater anterior corneal curvature, thinner corneal pachymetry, and 

greater posterior corneal curvature compared to healthy controls.282,339 Estimates as high as 

71% of people with DS have signs compatible with a keratoconic cornea.282 Due to the 

anatomical characteristics of the cornea in DS, it can be challenging to determine what are 

normal features of the cornea in this population and features indicative of early keratoconus. 

Therefore, obtaining baseline tomographic data with monitoring can enable early detection 

and timely treatment.  

Referral recommendations 

Child:  

A child with DS should have baseline corneal tomographic imaging at ten years old. It is 

possible that the cornea appears abnormal but non-keratoconic and remains stable. Baseline 

tomography should be undertaken at a younger age if there is significant astigmatism or if 

there are risk factors for keratoconus development. Baseline tomographic screening at this age 
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should be performed in this group as keratoconus has been shown to be more progressive in 

children.134 Where able, the same imaging device should be utilised in order to appropriately 

compare serial measurements.40  

Teenager:  

Teenagers with DS and keratoconus should be referred for corneal tomographic imaging to 

determine if progression is present or if a lower threshold for CXL should be implemented 

particularly if eye rubbing is present. If hydrops occurred in one eye, referral for CXL is 

required for the other eye. If a patient with DS presents with steep, asymmetric, and thin 

corneas using corneal topography and pachymetry, referral for corneal tomographic imaging is 

needed to rule out keratoconus. Figure 10-1 shows tomographic images of a young patient 

with steep and thin corneas suspicious for keratoconus. Monitoring the cornea in teenagers 

with DS is needed as it has been shown that patients in the general population ≤17 years old 

with maximum keratometry >55D, are at risk of progression of  ≥1.5D in maximum 

keratometry in one year.173  Chapter 5 displayed that minimum pachymetry <450µm was 

significantly more common in the DS-KC group compared to the suspect and non-keratoconic 

groups. Therefore, if minimum pachymetry is less than 450µm, a referral for CXL assessment 

should be considered. 

Adult:  

Adults with DS and keratoconus may benefit from keratoconus monitoring as progression can 

occur in adulthood.537 Since people with DS have thin corneas at baseline, continued thinning 

from keratoconus may result in thinning beyond the safety limit for CXL which is 

approximately 400µm.  

Clinical assessment considerations 

Refraction:  

- Hyperopia and astigmatism disproportionately affect people with DS.263 

- A hyperopic mean spherical equivalent can occur in people with DS and keratoconus 

due to lower axial length. 
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Follow up: 

- Closer follow up intervals should be determined by suspicion of keratoconus 

development or the presence of abnormal posterior corneal elevation and abnormal 

corneal thickness distribution as these are mandatory signs of keratoconus.40  

 

- A three to four month follow up interval may be appropriate where keratoconus is 

suspected.  

 

- More frequent follow up may be required to re-attempt imaging so that reliable scans 

can be obtained. As highlighted by the Global Consensus, the noise of a system is 

device specific. While further studies with larger sample sizes are required, Chapter 6 

highlighted that the coefficient of repeatability was poor for key parameters using the 

Pentacam AXL including: Kmax (DS-KC 2.95D; DS-SK 1.61D) and TCT (DS-KC 

40.93µm; DS-SK 31.36µm). Notably, there were some Pentacam AXL parameters in 

the DS-KC group with a coefficient of repeatability that was in the range previously 

reported in the general population (Table 6-7). These parameters also had high 

intraclass correlation coefficients in DS-KC. These parameters included anterior flat 

keratometry, anterior steep keratometry, posterior flat keratometry and posterior steep 

keratometry.  

Corneal imaging:  

- Chapter 5 identified the following data for corneal tomographic parameters in a 

DS-KC, DS-SK and DS-NK cohort: 

 Kmax: DS-KC 50.20 (10.30D); DS-SK 47.60 (1.95D); DS-NK 46.50 (2.40D) 

 TCT: DS-KC 453.66±72.69µm, DS-SK 489.98±34.25µm, DS-NK 

503.88±25.92µm 

 Posterior elevation at thinnest point: DS-KC 24.00 (38.00µm); DS-SK 10.00 

(13.75µm); DS-NK 8.00 (6.00µm) 

 

- When undertaking imaging, it is important to explain to the patient the steps involved 

such as opening their eyes wide, keeping them open and looking at the fixation target. 

It is important to inform the patient about the steps involved, in a way they can 

understand, rather than directing the explanation to their support person. 
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- The quality of scans may be variable due to reduced visual acuity, strabismus, 

nystagmus and intellectual disability. These factors may affect the ability of patients in 

this group to maintain stable fixation during the image acquisition process. 

 

- Variability in scan quality can make it challenging to confirm progression. Therefore, 

in determining progression, assessing evidence of misalignment in the maps as well as 

coherence between the anterior axial map, thickness distribution map and posterior 

elevation map should be considered. Figure 10-2 shows corneal tomography of a 

patient at baseline and at a follow up, image artifact at the follow up raised suspicion of 

progression. Figure 10-3 shows parameters at a third follow up visit for the same 

patient, the scan was free from artefact and was similar to baseline.  

Management considerations 

CXL:  

- Progression indicators include ≥1.00D increase in Kmax, ≥1.00D increase in manifest 

cylinder, or increase of ≥0.50D in manifest spherical equivalent over 12 months.  

 

- If keratoconus is present in a child with DS, a decision on when to intervene with CXL 

needs to be carefully discussed with parents. This will involve deciding whether it is 

appropriate to wait for signs of progression or not as keratoconus has been shown to 

progress in 88% of eyes of children with keratoconus.134 Waiting for signs of 

progression to intervene with treatment is not compulsory in children.134,538  

 

- The Global Consensus on Keratoconus and Ectatic diseases highlights that CXL is 

extremely important in progressive keratoconus and is important in cases with a 

“perceived risk of progression.”40 The decision on when to intervene with CXL in DS,  

requires a case by case approach and careful discussion is needed if treatment will be 

done under general anaesthetic in context of concurrent medical conditions.  

 

- People with DS will likely require CXL under general anaesthetic rather than local 

anaesthetic. The need for treatment needs to be managed with the risk of general 

anaesthetic in DS.530,539 This may be guided by careful anaesthetic and cardiology 

review. If the patient is a child, a paediatric anaesthetist may be required. 
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- If local anaesthetic is being considered in a patient with DS, a domain based decision 

making guide has been developed to determine suitability for epithelium-off CXL 

under local anaesthetic.349 This guide includes aspects such as spectacle tolerance, eye 

contact, adequate corneal imaging, ability to remain supine and fixate, tolerance of 

topical anaesthetic, tolerance of eye lid touch, ability to follow instructions sufficiently 

and involvement of a cooperative support person.349  

 

- People with DS more commonly present with blepharitis than people without DS.263 If 

significant blepharitis is present, topical or systemic treatment should be considered 

before treatment by CXL. If severe developmental delay is present, instilling drops 

overnight in hospital may be useful to ensure drops are instilled appropriately. 

 

- Review of records of accelerated epithelium-off CXL in 2025 eyes identified that 47 

eyes of people with DS were reviewed.202 This study identified that corneal haze and 

sterile infiltrate development were statistically significantly associated with DS.202 The 

authors highlighted that altered immune characteristics and staphylococcal exotoxin 

from blepharitis in DS were contributing factors to sterile infiltrate formation.202  

 

- Epithelium-on CXL may be preferred to reduce the risk of an infective keratitis. It may 

also be utilised to reduce pain and stimulus to eye rubbing post-operatively. However, 

epithelium-off CXL has been shown to be more effective than epithelium-on. 

Additionally, among recent studies involving standard and accelerated epithelium-off 

CXL in DS, infective keratitis was reported in one eye between the three studies 

(N=108 eyes among people with DS).202,348,349 

 

- If CXL treatment for both eyes are required, simultaneous treatment in one general 

anaesthetic event should be considered. However, one case report of bilateral corneal 

melt has been reported in a patient with DS undergoing bilateral simultaneous CXL. 

The authors of the case report proposed that corneal thickness less than 400µm may 

have contributed to the melt.531 They advised that the safety limit of 400µm should be 

adhered to. 

Corneal transplantation: 

- Rehabilitation of vision in an eye with scarring from keratoconus or from corneal 

hydrops should first be attempted with spectacles or contact lenses.  
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- If intolerance occurs or functional vision cannot be achieved, intervention with deep 

anterior lamellar keratoplasty or penetrating keratoplasty may be required, particularly 

if the individual has difficulty functioning in their environment.350  

 

- Deep anterior lamellar keratoplasty may be preferred compared to penetrating 

keratoplasty due to a lower risk of allograft rejection.540 Notably, endothelial rejection 

has been shown to be more common among eyes with resolved corneal hydrops.541  
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Figure 10-1 Corneal tomography of the right eye (top) and left eye (bottom) in a 17-year-old 
individual with DS showing steep and thin corneas and suspicious for keratoconus. 
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Figure 10-2 Corneal tomography from the first visit (top) and three-month follow up visit 
(bottom) of the left eye of a 13-year-old with DS. Signficant artefact was present at the 

second visit. Additionally, reduction of minimum corneal thickness with significant posterior 
elevation appears in the follow up image. 
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10.4 Discussion 

The current Global Consensus on Keratoconus and Ectatic Disease revealed the importance of 

a guideline to aid clinicians in navigating clinical controversies as well as highlighting to 

researchers areas where further investigations are needed to address gaps in current 

knowledge.40  A guideline for the diagnosis and management of keratoconus in a DS specific 

population is required as this population often presents with complex systemic and ophthalmic 

manifestations which can entirely miss, or significantly delay, the diagnosis and subsequent 

management of keratoconus.  

The diagnosis of keratoconus in DS is challenging due to the overlapping signs of keratoconus 

compared to the corneal phenotype in people with DS who do not have keratoconus. 

Specifically these characteristics include significantly steeper anterior cornea, steeper posterior 

cornea, thinner cornea, greater anterior and posterior coma-like aberration, reduced corneal 

volume and increased corneal density even without keratoconus.282,339,341,436,542 Knowledge of 

the anatomical corneal characteristics in DS is important to guide clinical decision making. 

Figure 10-3 Corneal tomography at a third follow up for the same patient highlighted in 
Figure 10-2. The corneal tomographic scan quality was good, and tomographic outcomes 

were similar to the first visit. 
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These anatomical corneal characteristics have led to a proposed DS specific keratopathy.340 

Additionally, ‘normal’ thresholds for corneal parameters applied for the general population 

need to be altered for a DS specific population.  

The Global Consensus on Keratoconus and Ectatic disease clarifies what constitutes 

keratoconus. It highlighted that posterior elevation abnormality is mandatory to confirm a 

diagnosis of keratoconus or subclinical keratoconus.40 It also stated that abnormal corneal 

thickness distribution was also mandatory to confirm a diagnosis of keratoconus.40 The 

importance of corneal thickness distribution abnormalities in determining keratoconus from 

non-keratoconus in a DS specific population has also been reported as a more homogenous 

distribution has been observed in a non-keratoconic DS population.542 Therefore, in addition to 

considering the abnormal corneal characteristics that appear in DS, posterior corneal elevation 

and corneal thickness distributions are key indicators that clinicians should consider in early 

detection of keratoconus and distinguishing it from the possible DS-specific keratopathy. To 

evaluate these key diagnostic parameters, corneal tomography by Scheimpflug or optical 

coherence tomography is required.40  Corneal topography is a useful screening device, 

however, it only provides data on the anterior corneal surface. Therefore, it is vital for people 

with DS, particularly children and teenagers, to undergo evaluation with corneal tomography. 

Confirming progression can be challenging in DS due to the variability of markers for 

progression as discussed in Chapter 6. It has been stated that a change above the noise of the 

testing system is required.40 Additionally, progression can be defined when there is change in 

two of the three parameters: increased anterior corneal steepening, increased posterior corneal 

steeping and progressive thinning or progressive corneal thickness distribution abnormality.40 

In some contexts, it may be appropriate to wait for signs of progression before implementing 

treatment. In paediatric populations, however, documented progression may not always be 

needed and the concept of a ‘perceived risk for progression’ should be considered.40 These 

would include age, presence of eye rubbing, which was identified to significantly be 

associated with keratoconus in DS in Chapter 5 and previous acute corneal hydrops in a 

contralateral eye. To initiate treatment in DS, documented progression or risk for progression 

should guide the decision.  

Chapter 5 also displayed that a hyperopic refraction due to lower axial length, and astigmatism 

was statistically similar between DS-KC, DS-SK and DS-NK. Therefore, although 

assessments for these form part of a standard eye examination for this population, utilising 

these as markers of progression may not be sensitive guides to early progression. 
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Early detection and intervention with CXL will enable prevention to advanced stages where 

corneal transplantation is required. General anaesthesia may likely be required for CXL. 

Therefore, consultation with anaesthetists and cardiologists is required as well as careful 

discussion with the patient and their support person(s). Prior to undertaking CXL, rigorous lid 

hygiene and treatment of blepharitis is pertinent in DS to prevent the development of sterile 

infiltrates.202 Additionally, early detection and monitoring is needed in DS who 

characteristically already have thin corneas, so that the generally accepted corneal thickness 

limit for CXL of 400µm can be adhered to.531 Additionally, considerations into treatment of 

one eye at a time or simultaneous bilateral treatment need to be weighed with the suitability of 

multiple general anaesthetic events.  

Overall, a guideline for a DS specific population is needed due to the ophthalmic and systemic 

complexity that occur in this population. This chapter forms a platform for developing a 

national and possibly international guideline. Further refinements are required with a larger 

panel of peer-reviewers, involvement of inter-disciplinary specialist reviewers, as well 

integration of this guideline with the care of other ophthalmic conditions that require screening 

and management in DS.  

10.5 Conclusion 

This draft guideline forms a starting point, based on established and new data generated from 

the six key studies that constitute this thesis with input from an expert panel, to inform practice 

patterns of health care providers in NZ and internationally involved in referring, providing 

keratoconus screening, or managing keratoconus in people with DS.   

Ultimately, I believe with further refinements to this protocol, the best possible care can be 

delivered to a disadvantaged population, with many systemic challenges, who are at risk of 

visual deterioration from keratoconus.   
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Chapter 11 
Discussion and Conclusions 
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11 Discussion and Conclusions 
11.1 Introduction 

The seven interrelated studies in the KIND 21 project comprehensively investigated the 

prevalence of keratoconus and corneal features in people with DS using several techniques. It 

involved a pilot keratoconus screening study among athletes with DS, prospectively 

investigated the prevalence of keratoconus in DS with corneal tomography as well as impact 

on quality of life. Additionally, longitudinal assessment was undertaken and practical 

considerations in performing keratoconus imaging in this population were highlighted. A 

further investigation into corneal thickness and corneal epithelial thickness characteristics in 

this group was undertaken with anterior segment OCT imaging. Corneal biomechanics 

assessment utilising non-contact tonometry combined with a Scheimpflug-based system was 

also completed. A review of clinical records at a public tertiary ophthalmology service was 

conducted to better understand the current care for this population as well as identify areas for 

improvement. Finally, a structured draft clinical guideline was formulated to aid clinicians in 

the detection, monitoring and management of keratoconus in DS in New Zealand-Aotearoa 

(NZ). These intertwined projects have provided comprehensive information on keratoconus in 

DS. By integrating keratoconus screening with management of other ophthalmic 

manifestations, vision-related quality of life can be better supported (Figure 11-1).  

 

  

Figure 11-1 Individuals with DS with refractive error and strabismus, each attending their own 

celebration occasions. Images supplied (with permission). 
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Study Aims  

The work highlighted in this thesis, in relation to the seven-interrelated research projects, was 

structured around several aims within each project. For ease of consideration, the key aims 

reported in each research chapter are listed below prior to a discussion of the implications, 

relevance, and importance of the results of these studies completed between 2018 and 2021.  

Chapter 4: Topographic screening reveals keratoconus to be extremely common in Down 

syndrome 

1.  To investigate the prevalence of keratoconus in athletes with DS who attended the 2017 NZ 

Special Olympics National Summer Games Special Olympics Lions Clubs International 

Opening Eyes screening. 

Chapter 5: Keratoconus in Down syndrome: prospective evaluation of risk factors, 

detection, vision, quality of life 

1. Determine the prevalence and severity of keratoconus in a population with DS in NZ 

2. Determine the keratoconus risk factors, vision, refraction, tomographic and slit-lamp 

bio-microscopy signs in a population with DS in NZ  

3. Determine impact of keratoconus on quality of life by utilising the National Eye Institute 

Quality of Life Vision Function Questionnaire in a population with DS in NZ  

4. Investigate longitudinal corneal tomographic change in DS in NZ 

Chapter 6: Repeatability and reliability of corneal tomographic and topometric indices 

in Down syndrome 

1. To evaluate the repeatability and reliability of corneal tomographic and corneal topometric 

indices obtained by the Pentacam AXL (Oculus Optikgeräte GmbH, Wetzlar, Germany) 

2. To evaluate the repeatability and reliability of corneal topometric indices obtained by the 

Tomey Topographic Modelling System TMS-4N (Topographic Modelling System, Tomey 

Corp, Nagoya, Japan) 
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Chapter 7: Assessing corneal thickness and corneal epithelial thickness distribution 

using AS-OCT in Down syndrome  

1. To characterise the overall corneal thickness and corneal epithelial thickness distribution 

using Fourier-domain AS-OCT REVO nx (Optopol, Zawiercie, Poland) in individuals with 

DS who have keratoconus (DS-KC), DS with suspect keratoconus (DS-SK), DS without 

keratoconus (DS-NK), individuals without DS with keratoconus (C-KC) and individuals 

without DS and without keratoconus (C-NK). 

Chapter 8: Assessing biomechanical parameters of eyes of individuals with Down 

syndrome using CorVis ST 

1. To determine if biomechanical outputs of the CorVis ST differ between the DS-KC, 

DS-SK, DS-NK and C-NK cohorts. 

Chapter 9: A retrospective review of patients with Down Syndrome presenting to a 

tertiary, public hospital, ophthalmology service 2010-2020 

1. To investigate how common keratoconus was among patients with DS attending the 

tertiary health service 

2. To investigate how frequently imaging with corneal tomography occurred in patients with 

DS attending the tertiary health service 

3. To determine proportion of patients with slit-lamp microscopy signs of keratoconus 

4. To determine how commonly patients with DS presented with acute corneal hydrops 

5. To determine how frequently corneal cross linking (CXL) or corneal transplantation was 

performed in patients with DS 

Chapter 10: Clinical guideline for the care of keratoconus in people with Down 

syndrome 

1. To formulate a proposed guideline to address practical aspects of screening, monitoring, 

and managing keratoconus in DS. 

2. To perform a two-tiered peer-review process of the proposed guidelines, initially in 

discussions between the doctoral candidate and representatives of the PhD supervisory 

team, with subsequent review by fellowship trained ophthalmologists in the areas of 

anterior segment and/or paediatrics who are external to the doctoral studies. 
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Key Conclusions drawn from this work  

1. Keratoconus is extremely common in Down syndrome. It affected 30.6% to 38.8% of 

athletes by corneal topography screening with consensus diagnosis.  

2. Keratoconus affected 26.9% of participants by prospective corneal tomography evaluation 

with consensus diagnosis. 

3. Keratoconus was detected in 18.8% of patients with DS presenting to a busy public 

hospital ophthalmology service.  

4. Advanced stages of keratoconus affected 80.0% of patients with DS and keratoconus 

presenting to a public hospital ophthalmology service. Corneal hydrops affected 47.4% of 

patients with DS presenting to this service.  

5. Acute corneal hydrops was extremely common in DS, affecting 14.0% of participants with 

keratoconus in the prospective study.  

6. Together the prospective study and hospital-based studies revealed few with DS and 

keratoconus received CXL - possibly due to under-detection or more advanced 

keratoconus. 

7. Eye rubbing is significantly associated with keratoconus in DS. 

8. Hyperopic refraction, due to reduced axial length, can be present in keratoconus in DS. 

9. Corneal topography is useful to screen for keratoconus and can be integrated into 

community events to improve access to care. 

10. Corneal tomography is key to confirming keratoconus, particularly in DS. 

11. Error-free, corneal imaging can be challenging to obtain in DS, taking several 

measurements, and considering mean or median scores may be required. 

12. Reduced repeatability of corneal tomographic and topographic parameters in DS can make 

it challenging to confirm progression in longitudinal corneal assessments. 

13. Based on AS-OCT imaging people with DS have thinner corneas, whether or not 

keratoconus is present, than a non-DS population without keratoconus. 

14. Further investigations into the role of corneal epithelial thickness distribution are needed to 

understand its role in early detection of keratoconus in DS. 

15. People with DS, regardless of a diagnosis of keratoconus, have weaker ocular 

bio-mechanical response in some CorVis ST parameters.  Further studies are required into 

ocular biomechanics-based keratoconus detection in DS.  

16. Diagnosis of keratoconus based on corneal tomography can vary, even among specialists.  

17. Habitual binocular visual acuity poorer than 6/18 significantly affected people with 

keratoconus and DS. 
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18. Keratoconus negatively impacts quality of life in the areas of general vision, near 

activities, mental health, and dependency in people DS. 

19. A peer-reviewed, consensus-based draft guideline was developed which highlighted the 

need for corneal tomography assessment in children at ten years old.  

20. The guideline highlighted the need to monitor for progression but in some circumstances 

documented progression may not be required to undertake CXL. 

21. The guideline also outlined that team consultation with cardiology and anaesthesiology is 

required as treatment by CXL under general anaesthetic may be needed in DS.  

11.2 Discussion 

Keratoconus is known to disproportionately affect people with DS. International estimates of 

the prevalence of keratoconus in DS exist, however, a large NZ based study was lacking. This 

was particularly important since NZ is known to have among the highest proportions of 

corneal transplants for keratoconus globally.91 Furthermore, in the general NZ population, 

Māori and Pacific ethnicities are disproportionately affected with keratoconus.7,440 To reduce 

inequities in health outcomes, particularly among people with disability, comprehensive data 

on people with DS and keratoconus in NZ, is required to best address keratoconus-related 

visual impairment in this already burdened population.  

People with DS have several general health challenges including cardiac defects, respiratory, 

thyroid, musculoskeletal, early onset dementia as well as sensory disorders such as impairment 

to hearing and vision. There are several ophthalmic manifestations that occur early in life in 

DS which require management to optimise vision in this group such as hyperopia, 

astigmatism, strabismus, cataract and amblyopia. International estimates of keratoconus in DS 

ranges from 5.5% - 32.3% with as high as 71.3% of people with DS having signs compatible 

with a diagnosis of keratoconus.282,343,432 Given the range of estimates in the literature, a NZ 

based prevalence estimate was further required. This is of particular importance since the 

current guideline in the care of children with DS indicates that keratoconus affects 6% of those 

with DS.441  Therefore, a pilot study was undertaken in a fast-paced screening setting to 

determine how common keratoconus is in DS in NZ using a keratoconus screening device, the 

corneal topographer. 

The pilot study in Chapter 4 retrospectively reviewed data accumulated by the author and 

colleagues from keratoconus screening that was integrated into the Special Olympics National 

Summer Games Healthy Athletes Programme. This programme provides health screening for 

attending athletes in the areas of podiatry, optometry, dental, auditory and health promotion. 
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Corneal topographic evaluation for keratoconus in athletes with DS identified that keratoconus 

affects 30.6% - 38.8% of people with DS. This is significantly greater than estimates of 

keratoconus in the non-DS population. The Placido-based corneal topographer was a suitable 

device for a fast-paced screening setting due to its fast acquisition time. From this study, the 

importance and feasibility of integrating keratoconus screening in community-based settings is 

highlighted, particularly for a population with a greater risk of developing keratoconus.  

In NZ, optometrists are primary eye care providers, there are approximately 627 optometrists 

and 120 ophthalmologists.543 The Placido-based corneal topographer is more widely available 

among optometrists than corneal tomographers.543 This study cogently revealed the need to 

integrate corneal topographic imaging into optometric eye examinations for people with DS so 

that referral for detailed corneal imaging and refined diagnosis, if required, can be arranged.  

The Global Consensus on Keratoconus and Ectatic Diseases highlighted that corneal 

tomographic imaging for keratoconus can occur by Scheimpflug or optical coherence 

tomography methods.40 Increasingly, optical coherence tomography (OCT) is utilised in 

primary eye care among optometrists for age-related macular degeneration, glaucoma and 

axial length measurements in myopia management. OCT based software is also available for 

anterior and posterior corneal curvature, elevation and corneal thickness mapping.544 It is 

conceivable that detailed three-dimensional corneal evaluation may become more widely 

available in primary eye care.  

The prospective corneal tomographic assessment reported in Chapter 5 identified that among 

175 participants with DS, 26.9% had keratoconus, a further 36.6% of participants were 

considered suspect for keratoconus and the remaining 36.6% participants had corneas that 

were considered non-keratoconic. Taken together it highlights that 63.4% of participants had 

definite or suspect keratoconus. This is similar to the 71.3% estimate by Alio et al on the 

proportion of people with DS who have corneal signs compatible with keratoconus.282 Since 

there are overlapping corneal anatomical features in DS compared to signs present in 

keratoconus, confirming early signs of keratoconus in DS can be challenging. To guide 

clinical practice, this study provided outcomes for a diverse range of corneal tomographic 

parameters for DS-KC, DS-SK and DS-NK cohorts using the Pentacam AXL. There were 

statistically significant differences in DS-KC compared to each of DS-SK and DS-NK for 

most anterior corneal characteristics except for corneal astigmatism. Additionally, significant 

differences were present for all posterior corneal parameters, corneal thickness, all 

multivariate indices, and corneal aberration parameters. Statistically significant differences 

between the DS-SK and DS-NK were present for a minority of parameters. These included 
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Kmax, posterior elevation at the thinnest point, anterior radius of curvature at a 3.0 mm zone 

at the thinnest point, posterior radius of curvature at a 3.0 mm zone at the thinnest point, 

BAD-D myopic database, BAD-D hyperopic database, ART Max and posterior RMS high 

order aberration. However, differences between DS-SK and DS-NK could not be identified for 

all anterior corneal curvature parameters analysed other than Kmax, for topometric 

multivariate indices and for other measures of aberration analysed other than posterior RMS 

higher order aberration. Clinically, this highlights specific parameters that should be evaluated 

when a clinician is reviewing corneal tomography maps from the Pentacam system to detect 

early keratoconus particularly in a group within which early detection can be challenging. It 

also highlights the importance of considering parameters involving the posterior corneal and 

thinnest corneal point data. This information may also inform future development of 

algorithms for early keratoconus detection in a DS specific population with a corneal 

phenotype that differs significantly from the general population.  

Chapter 5 highlighted that eye rubbing was a significant risk factor for keratoconus and that 

corneal hydrops was also relatively common in DS. Educating the patient to reduce eye 

rubbing as well as informing the support persons/whanau to remind the patient not to rub their 

eyes is needed to prevent more severe forms of disease, including acute corneal hydrops. It has 

been shown that eye rubbing was significantly associated with acute corneal hydrops 

development in the general population.442 In this study, acute corneal hydrops affected 14% of 

individuals with DS. This is significantly greater than estimates of hydrops for the general 

population with keratoconus which is approximately 3%.129 Therefore, detailed education 

about eye rubbing and closer follow up for keratoconus development in people with DS 

presenting with history of eye rubbing is required. The use of topical anti-allergy medication 

may also be useful to minimise allergies and itch that may provoke eye-rubbing. Additionally, 

a lower threshold for CXL in a patient with a history of eye rubbing in DS may be appropriate 

due to the potential risk for progression to more severe stages of keratoconus.  

Chapter 5 also investigated quality of vision and impact of keratoconus on quality of life. 

Visual acuity was lower in keratoconus compared to those with DS without keratoconus. 

Approximately 26% of people with DS and keratoconus had habitual binocular vision of 

poorer than 6/18, which highlights the presence of moderate visual impairment. This is notably 

greater than those with DS with suspect keratoconus (6.3%) and without keratoconus (9.2%). 

Visual quality is further deteriorated by coma aberrations as these were significantly greater in 

the keratoconus group. However, further studies are required to investigate aberration in DS. If 

more severe cases of keratoconus were included in this study, clearly a greater degree of coma 
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aberration would be detected. Interestingly, this study identified that a hyperopic mean 

spherical equivalent could exist with keratoconus in DS which is likely due to the shorter axial 

length in this population. The presentation of a hyperopic mean spherical equivalent is 

different from members of the general population with keratoconus that typically present with 

myopia. Hyperopia and astigmatism are known to be more common in DS. 263 Interestingly, 

this was present whether keratoconus was present or not among the participants in this study. 

This also highlights that addressing both of these refractive elements is important when 

correcting spectacle refraction. People affected with keratoconus had significantly poorer 

quality of life scores compared to those with DS without keratoconus. Significantly lower 

scores were identified in the domains of general vision, near vision, mental health, and 

dependency. Utilising questionnaires to obtain further subjective feedback from people with 

DS (and their support persons), to improve imaging outcomes, could be useful in improving 

the care delivered to this population. Taken together, these results highlight that keratoconus in 

DS is associated with compromised visual quality, hyperopic mean spherical equivalent and 

greater burden on quality of life. Herein lies the challenge of defining what is the best method 

for keratoconus disease detection in a practical setting, since visual acuity and refractive error 

are not always indicative of the presence of keratoconus particularly in DS. Therefore, 

integrating baseline corneal tomography into these examinations and corneal tomographic 

monitoring for those that require it, is essential to detect and monitor keratoconus.  

Chapter 5 also uncovered that confirming early signs of keratoconus in DS is challenging due 

to the physiological characteristics of the cornea in DS. This study also identified the 

difficulties in acquiring the best quality images indicated by a Pentacam Quality Score labelled 

OK (colour coded white). This challenge is increased due to the significant variability of the 

scans. With these combined, differences in a diagnosis between expert anterior segment 

ophthalmologists can occur. Monitoring progression can also be challenging due to the 

variability of serial imaging. Being aware that the quality of images may not always be 

perfect, yet avoiding data compromise when imaging the cornea, may reduce frustration for 

the patient, the support person and clinician. Therefore, patience and repeat consultations may 

be required to re-attempt imaging to obtain better quality scans. Also being aware that a 

diagnosis can differ between clinicians in confirming a diagnosis of keratoconus in this group 

is important, since there are currently no standard definitions for suspect keratoconus in a DS 

population. What may be considered an anatomical characteristic of the corneal phenotype in 

DS may be considered early keratoconus by another clinician. Utilising clinical judgement 

when analysing scans such as determining artefacts due to misalignment and looking for 

coherence between the anterior axial map, thickness distribution and posterior elevation map is 
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needed when interpreting corneal tomographic displays. The variability of imaging can mask 

progression or stability in this group. 

Chapter 6 reported the challenges of variability in corneal imaging in DS by a repeatability 

study utilising a corneal tomographer and computerised Placido corneal topographer. It is 

known that the repeatability of parameters is poorer with increasing severity of keratoconus. 

The coefficient of repeatability was poorer in six of seven anterior surface parameters in 

DS-KC compared to DS-SK. For maximum keratometry, the repeatability coefficient in 

DS-KC (2.95D) as well as DS-SK(1.61D) was poorer than the repeatability score obtained in a 

non-DS group with moderate keratoconus.169 The repeatability coefficient in DS-KC and 

DS-SK in five of six posterior corneal parameters were similar to moderate keratoconus when 

compared to a previously published non-DS population.169 The repeatability coefficient of 

minimum corneal thickness was high in the DS-KC (40.93µm) and DS-SK (31.36µm) groups. 

When compared to previously published data, the repeatability coefficients from each of these 

groups were poorer than a non-DS population with moderate keratoconus.169 These are key 

parameters used for monitoring progression clinically and in research. Taking several scans 

and selecting a mean or median quantity value in evaluating progression can aid the 

management of variability of the scans in a clinical setting.  

When examining corneal tomography, Chapter 6 detailed the need for clinical judgement in 

interpreting the scans as well as practical steps that can be undertaken during the imaging 

process. Determining consistency between maps such as anterior axial curvature, pachymetry 

distribution and posterior elevation and identifying artefact in corneal tomography images is 

needed. Prior to obtaining a measurement the patient needs to be informed on what will occur 

in the testing process and how the test will be performed. The information needs to be 

delivered to the patient in a way that they can understand. It is important that the clinician 

speaks to the patient and includes the support person rather than direct the explanation to the 

support person and not primarily to the patient. During the acquisition itself, reminding the 

patient to open their eyes wide is needed. Reminding the patient to look at the fixation target is 

also required. Having a support person to stabilise the patient’s head at the chin rest and 

forehead rest can also be very helpful. In the author’s experience, holding the eyelid open may 

work for some people with DS. Others however, responded to holding the eyelid open by 

further squeezing their eye lids closed. It was also observed, that when participants were asked 

to open their eyes wide often the response was to squeeze the eyes tightly closed and open the 

mouth wide instead. Taking care to explain to the individual the steps involved and if needed 

demonstrating the steps, can aid this process. 
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Chapter 7 consisted of studies of corneal imaging with Fourier domain AS-OCT. The 

AS-OCT is an adjunct instrument in keratoconus detection. The corneal full thickness and 

epithelial thickness distributions were investigated in this study. From this study the DS-KC 

and C-KC groups were matched for keratoconus severity by posterior elevation at the thinnest 

point rather than corneal thickness since a thin cornea in DS may not necessarily be due to 

definite keratoconus but may be a physiological feature of the DS cornea phenotype.  As 

expected, the group with DS had a lower minimum corneal pachymetry regardless of a 

keratoconus diagnosis compared to C-NK group, this characteristic was maintained in all 

inferior segments and all temporal segments analysed which are areas commonly affected in 

keratoconus. Unsurprisingly, the minimum corneal thickness was statistically similar between 

all DS groups regardless of keratoconus diagnosis compared to the C-KC group. Interestingly, 

when all DS groups, regardless of keratoconus diagnosis, were compared to the C-KC group, 

statistically similar corneal thickness was observed in all inferior segments and all temporal 

segments analysed.  

Epithelial thickness mapping has been investigated as a method for early detection of 

keratoconus in the general population with studies showing that corneal changes can be 

masked by epithelial remodelling and be undetected by Scheimpflug imaging.157,484 The 

epithelial thickness distribution changes that occur in the general population with keratoconus 

are expected to occur in a population with DS. However, the results of epithelial thickness 

patterns from Chapter 7 were inconclusive.  Surprisingly, the epithelial thickness of the central 

region in DS, regardless of a keratoconus diagnosis, was statistically similar to the C-NK 

group. When compared to the C-KC group, central epithelial thickness was significantly 

greater in the DS-SK and DS-NK. Remarkably, although the DS-KC and C-KC groups were 

matched for keratoconus severity, the degree of central epithelium thickness was notably 

thinner in C-KC group compared to the DS-KC group although this difference didn’t reach 

statistical significance. Further studies are needed to investigate this with larger sample sizes 

and greater degrees of keratoconus severity to investigate and better understand epithelium 

thinning characteristics in keratoconus in DS and the utility of these parameters in early 

detection of keratoconus in this population. Currently, epithelial thickness distribution 

determined by this study did not demonstrate significant and clinically valuable epithelial 

thickness trends.  

The study in Chapter 7 could be improved by including participants with DS with more severe 

cases of keratoconus as median posterior elevation was approximately 26.0µm in DS-KC and 

28.0µm in C-KC. It could also be improved if the C-NK was age-matched to the DS-NK 
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group. The surprising outcomes obtained in corneal epithelial thickness may be due to intrinsic 

factors related to the device for epithelial thickness measurements such as including the 

pre-corneal tear film in epithelial thickness measurements.498 Additionally, fragmentation that 

occurs in Bowman’s layer in keratoconus can cause errors in detection of the boundary of the 

epithelium layer.498 Variability in measurements of the device may be greater when measuring 

a structure that is typically less than 60µm compared to measurements in the range of 500µm 

such as when assessing the full corneal thickness. The use of a 5mm diameter epithelial 

thickness map in this study could be improved by using a larger diameter map. However, for 

this device it required an attachment which meant a closer distance of the instrument to the 

eye. This may affect DS subjects’ compliance but could be attempted in future studies. Further 

investigations into the corneal epithelial characteristics in DS with keratoconus and without 

keratoconus involving larger sample sizes is clearly required. This may potentially be a useful 

method for early detection of keratoconus in a population in which early detection might be 

challenging.  

To further characterise the cornea in people with DS, non-contact tonometry combined with a 

Scheimpflug based system was used to determine the biomechanical response. Chapter 8 

involved biomechanical assessment in keratoconus using the CorVis ST which is also an 

adjunct instrument in the detecting keratoconus in the general population. This study showed 

significantly greater values in DS groups, regardless of keratoconus diagnosis, in amplitude of 

deformation, whole eye movement and significantly lower SP-A1 when compared to a control 

non-keratoconic group. The TBI parameter was significantly greater in the DS-KC group 

compared to the C-NK group as well as when the DS-SK group was compared to the C-NK 

group. The ability of the TBI parameter to detect differences between the DS-SK and C-NK 

may reflect the importance of posterior corneal tomographic parameters and thinnest point 

tomographic parameters which is integrated into the TBI. This is consistent with the results 

from Chapter 5. Further investigations into the role of the TBI parameter in differentiating 

keratoconus in DS, a population with altered anatomical corneal characteristics compared to 

the general population may aid early detection of keratoconus.  

The outcomes of Chapter 8 may be affected by the collagen structure in the cornea and sclera 

in DS. It is possible that corneal collagen structure and collagen in the sclera may be different 

in DS, thus potentially affecting ocular biomechanical response in DS. This is conceivable 

since collagen abnormalities may be contributing factor to the predisposition of congenital 

heart disease in the DS population compared to those without DS. This predisposition may be 

related to alterations in genes encoding α- and β- chains of collagen VI located on 
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chromosome 21.345,346  Collagen VI is also present in the cornea, and alterations in the gene 

encoding collagen VI may play a role in the susceptibility to keratoconus in DS. However, 

Rabinowitz et al could not identify a linkage between keratoconus and COL6A1 on 

chromosome 21.60 A previous study investigated the corneal ultrastructure in the Tc1 mouse 

model and identified no significant difference compared to the wild type control cohort.374 The 

authors attributed the lack of difference in their study to the presence of mosaicism 

manifesting in the eye of these mouse models and also due to the sample size. Overall, the 

research reported in Chapter 8 could be extended with inclusion of more severe cases of 

keratoconus and a larger sample size for each sub-group. 

Chapter 9 included a major retrospective review of clinical records at a tertiary ophthalmology 

clinical service. This study identified that keratoconus was diagnosed in 18.8% of patients. 

Among those patients with keratoconus, 47.4% had acute corneal hydrops and 80.0% of 

patients that had keratoconus had severe stages of disease. Among all patients included in this 

review, corneal tomography at the clinical service was only performed in 14.9%.  This may be 

due to a variety of reasons including severe cases presenting with keratoconus which was 

easily detectable on slit-lamp bio-microscopy; the very young age of patients included in this 

review - potentially too young for keratoconus to manifest or difficulty with imaging. Overall, 

this chapter highlighted the need for earlier and improved corneal tomography screening in 

young children with DS under the care of tertiary level ophthalmology early in life. This is 

clearly required such that undetected progression does not occur to a stage where they become 

ineligible for CXL. It also highlights the need for formulating a clinical guideline to aid 

clinicians treating those with DS in a busy hospital service.  

Regular screening for keratoconus is required particularly in young people with DS, however, 

the decision on when to conduct CXL can be challenging. Undergoing CXL may slow or halt 

disease progression and can prevent the need for intervention with corneal transplantation. All 

but one patient that underwent corneal transplantation in the retrospective review presented in 

Chapter 9 underwent penetrating keratoplasty. There are several considerations in delivering 

CXL in DS. These include the key questions: (A) whether signs of KC progression are 

required before implementation of treatment and (B) if treatment for both eyes is needed, 

should this be done simultaneously. This is a significant consideration since general 

anaesthetic may likely be required in CXL treatment for this population. In Chapter 9, all 

patients with DS that underwent CXL required general anaesthetic. Uncertainty can also 

occur, due to the variable DS corneal phenotype discussed in earlier chapters, when minimum 

corneal thickness in a child with DS approaches the 450µm range with perceived risk of 
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progression, and CXL could be considered proactively. There are still many questions to be 

answered, there are currently no published guidelines for the care of keratoconus in a 

population with DS in NZ. The availability of a protocol can help clinicians navigate the 

challenges associated with managing keratoconus in this population. 

Chapter 10 included the drafting of a consensus guideline with review by a panel of six 

experts to specifically address the detection and management of keratoconus for people with 

DS. The guideline highlighted that baseline corneal tomographic imaging should be 

undertaken at ten years old so that any future change can be detected, and early intervention 

can be implemented. Baseline tomography may occur at a younger age if significant 

astigmatism or keratoconus risk factors are present.  Additionally, the consensus emphasised 

the need of corneal tomographic imaging so that posterior elevation as well as corneal 

thickness distribution can be evaluated which cannot be acquired with corneal topography.40 

When deciding on when to undertake CXL, weighing the perceived risk of progression is 

needed if documented progression cannot be achieved.40 Furthermore, prior to undertaking 

CXL, blepharitis should be treated to reduce the risk for developing sterile infiltrate after 

treatment.202 Overall, a DS specific guideline regarding keratoconus is needed due to the high 

prevalence of keratoconus which presents concurrently with several other ophthalmic and 

systemic conditions. Therefore, with a consensus-based protocol, clinicians are better enabled 

to deliver high-quality care for a complex-needs population. 

11.3 Conclusions 

This thesis identified that keratoconus is common among people with DS and that advanced 

stages of disease tend to disproportionately affect this group. The impact that keratoconus has 

on quality of life in this population is significant. Therefore, screening for keratoconus to 

enable appropriate monitoring and management is needed. This thesis displayed how 

keratoconus screening can be taken to the people that need it by integrating it with 

community-based events. In engaging health screenings with the community in this way, 

people with DS and their networks are empowered with knowledge and access to care. This is 

particularly important in a population that experience burden and barriers in everyday life.  

The investigations in this thesis have also equipped clinicians with information on the need for 

corneal tomographic screening in this group and that refraction may not be an indicator of 

keratoconus in DS. This study also highlighted the realities of undertaking corneal imaging, 

confirming keratoconus, and detecting progression in this group. These investigations enabled 

the development of a guideline. The benefit of the guideline is that it provides clarity in a little 
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investigated area. The draft guideline provides considerations for clinicians so that these can 

be anticipated prior to delivering care to their patients with DS. This will enable clinicians to 

better prepare and better navigate the complexities that occur in managing keratoconus in DS.  

Additionally, this thesis informed researchers in areas for future investigations. Particularly, 

studies into corneal epithelial thickness distributions and ocular biomechanics in DS are 

needed to better understand these characteristics of keratoconus in this specific group. With 

this knowledge, formulation of multi-variate detection indices from several devices may be 

developed to potentially aid early and accurate detection of keratoconus in the future. This 

would be useful, particularly in a group where detecting early keratoconus can be challenging.  

The outcomes of this thesis have a very real prospect of improving the care of keratoconus in 

people with DS in NZ so that the highest possible quality of care can be provided to a group 

that needs it. The subsequent improvement to practice patterns may ultimately improve patient 

outcomes. As the author of this work, I believe that a change to practice patterns is certainly 

achievable and can already begin on an individual level among clinicians as well as at an 

organisational level in NZ-Aotearoa and potentially globally.  
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