Investigation of the Normal and Pathological
Development of the Macula of the Infant Human Eye
using High Resolution Optical Coherence Tomography
(0OCT)

Thesis submitted for the degree of
Doctor of Philosophy
at the University of Leicester
by
Helena Lee MB, BCH, MSc, FRCOphth
Department of Cardiovascular Sciences
Ophthalmology Group

University of Leicester

September 2014



Abstract
Investigation of the Normal and Pathological Development of the Macula of the
Infant Human Eye using High Resolution Optical Coherence Tomography (OCT)

Helena Lee

The fovea is a specialised retinal area responsible for high spatial vision.
Development of the fovea involves centrifugal migration of inner retinal layers (IRLs)
away from the fovea and centripetal displacement of the cone photoreceptors into the
fovea and is thought to be complete by 5 years of age. Current understanding of human
foveal development is limited to studies of few histological specimens. The recent
development of hand-held spectral domain optical coherence tomography (HH-
SDOCT), can overcome this limitation by facilitating large scale in vivo imaging of the
infant human retina, both in controls and in conditions such as achromatopsia and
albinism, where foveal development is disrupted.

In this thesis, we optimise image acquisition and analysis with HH-SDOCT in
young children with nystagmus. We show that HH-SDOCT is reliable in children with
and without nystagmus, with an intraclass correlation coefficient of 0.96 for central
macular thickness measurements. The non-linear developmental trajectories of each
retinal layer modelled in a large cohort of 256 controls suggest that development
continues until 12 years of age. A paradigm for the etiological diagnosis of nystagmus
using OCT is presented.

We describe multiple abnormalities of retinal development in young children
with achromatopsia and albinism, including delayed regression of the IRLs from the
fovea, diminished elongation of the photoreceptor layers with age and a reduction in
perifoveal retinal thickness. This results in significantly increased IRL and decreased
photoreceptor thicknesses at the fovea in both conditions (p < 0.05). In contrast, the IRL
thickness is significantly decreased at the perifovea in both achromatopsia and albinism
(p < 0.01). There is evidence of postnatal development in the achromat and albino
retina. In achromatopsia, disruption of photoreceptors is progressive with age. With
gene therapy imminent, potentially earlier treatment of these conditions may normalise

retinal development and optimise vision.
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1.1. What is Known about Foveal Development

The human fovea is an area of the central retina responsible for high spatial
resolution and and colour vision.! It plays an important role in human visual cortex
development, regulating calcarine fissure symmetry? and cortical maps.® It is
characterised by an absence of retinal vasculature, a pit without overlying ganglion cell
or inner retinal layers and a high density of elongated cone inner and outer segments.
The absence of the inner retinal layers facilitates light transmission to the
photoreceptors without interference.* In the centre of the fovea (the foveola) only the
photoreceptor layer remains and this consists of tightly packed, elongated cones and
Miiller cell processes.’

Rods are excluded from the foveola, forming a central rod-free zone where cone
density reaches more than 200 000/mm?, the highest in the retina.® The normal structure
of the human fovea on OCT imaging is shown in figure 1.1. A histological section from
an adult human fovea is shown for comparison in figure 1.2.

Several hypotheses have been proposed with regards to the mechanism of

development of the human fovea. These include:

1. The role of growth factors, guidance molecules and anti-angiogenic factors

2. The presence of the foveal avascular zone and its effect on altering the elasticity of
the foveal region

3. The role of intraocular pressure in initiating foveal indentation

4. The mechanical contribution of growth induced stretch of the retina
It is likely that it is not just one of these mechanisms, but in fact a complex interaction

between all of these mechanisms that establishes the development of the human fovea.

The exact nature of this interaction remains to be determined.
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Optic Nerve

Figure 1.1: Optical Coherence Tomography (OCT) image showing a cross section

of a normal human fovea at 35 months of age (modified from Lee et al 2013).”

The retina is composed of three layers of nerve cell bodies; the outer nuclear layer
contains cell bodies of the rods and cones, the inner nuclear layer contains cell bodies
of the bipolar, horizontal and amacrine cells and the ganglion cell layer contains cell
bodies of ganglion cells and displaced amacrine cells. Separating these nerve cell
layers are two layers of synapses, the outer plexiform layer where connections between
the rods, cones, bipolar cells and horizontal cells occur and the inner plexiform layer
where the bipolar cells connect to the ganglion cells. The inner retinal layers (NFL,
GCL, IPL, INL, OPL) are absent in the central foveal pit, which facilitates light

transmission to the photoreceptors.

NFL = nerve fibre layer;, GCL = ganglion cell layer, IPL = inner plexiform layer,; INL
= inner nuclear layer;, OPL = outer plexiform layer;, ONL = outer nuclear layer; ELM
= external limiting membrane; IS = inner segment of photoreceptors, OS = outer

segment of photoreceptors; RPE = retinal pigment epithelium
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Figure 1.2: Histological section through a normal adult human fovea (taken from

Provis et al. 1998).8

The nomenclature of the individual retinal layers on histology is comparable to that
visualised with optical coherence tomography (OCT) (Figure 1.1). One key difference is
that the Henle fibres that are visualised on histology between the OPL and ONL are
hypo-reflective on conventional OCT and cannot be distinguished from the ONL.
Therefore what is labelled as ONL on OCT also incorporates the Henle fibre layer.

NFL = nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform layer; INL
= inner nuclear layer; OPL = outer plexiform layer;, FH= Henle Fibres;, ONL = outer
nuclear layer; ELM = external limiting membrane; IS = inner segment of
photoreceptors; OS = outer segment of photoreceptors, RPE = retinal pigment

epithelium
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Macular development is a complex process, which requires the expression of
several anti-angiogenic factors,> %17 axon guidance genes and regulators of actin
cytoskeleton and cell adhesion molecules.'®?0 These facilitate the formation of the
foveal avascular zone and repels the ganglion cell axons away from the fovea into the
arcuate bundles (Table 1.1).>15-21.22 A ring of parafoveal vasculature defines the central
foveal avascular zone (FAZ) and the site of the future foveal pit.!> 23 Springer and
Hendrickson?* 24 have developed a model of primate foveal development in which they
suggest that the presence of a FAZ is a critical requirement for formation of the foveal

pit (Figure 1.3).
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Figure 1.3: Merged confocal image (left) from a Fd105 monkey fovea (taken from
Provis et al. 2000)!5 and a modified fundus camera image (right) from the fovea of

a human subject with albinism (taken from Dubis et al 2012).25

In the merged confocal image on the left (figure 1.3), each retina has been double
labeled to demonstrate blood vessels detected by CD31 (red) and GFAP staining in glia
(green). The astrocytes and blood vessels in the ganglion cell layer plexus are

surrounding the avascular developing foveal depression.

In the fundus image on the right (figure 1.3) a modified ophthalmoscope (the retinal
function imager (RFI)) which uses an 840 nm wavelength to image the FAZ in a human
subject with albinism known to have an absent foveal pit. There is an abnormal invasion

of blood vessels into the FAZ.

Fd = foetal day;, CD31 = cluster of differentiation-1; GFAP = glial fibrillary acidic

protein; FAZ = foveal avascular zone
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In humans, absence of an avascular area is associated with foveal hypoplasia
(defined as the presence of the normally absent inner retinal layers at the fovea) (Figure
1.3).26:27 Histological evidence from hypo-plastic human retinae highlights the negative
consequences of the absence of a normal FAZ on foveal development. The presence of
abnormal blood vessels in the future foveal pit region are associated with a shallow,
incomplete pit and decreased visual acuity.?® 283! Histological examination of two
neonatal human anencephalic retinae from one subject demonstrated the presence of
abnormal blood vessels in the foveal region in one retina associated with failure of pit
formation.?! In the second neonatal retina there was formation of a FAZ, which was
associated with the presence of a shallow foveal pit.?!

In the primate retina, it has been suggested that absence of blood vessels leads to
a different elasticity in the foveal region as compared to the surrounding retina., This is
thought to be sufficient to promote development of the foveal pit. The central retina
changes tri-phasically. It (i) increases in thickness prenatally, (ii) thins transiently after
birth and then (iii) resumes thickening.??> The onset of pit formation overlaps the late
foetal quiescent phase (when the growth of the retina has paused), which suggests that
intraocular pressure (IOP) is the major mechanical factor initiating pit formation. This is
based on the assumption that blood vessels impart rigidity (i.e. reduced elasticity) to
neural tissue.’? Initially, pit formation occurs passively by indentation of the avascular
fovea (which is more pliable as a result of the absence of blood vessels and hence
reduced elasticity than the surrounding vascularised retina) from intraocular pressure in
utero. This is followed by a second active phase of growth-induced stretch that
remodels the morphology of the fovea in the postpartum period.?* 33

Consistent with IOP acting as the principal factor causing pit formation, the GCL
is displaced first, followed in turn by the IPL, INL, and the OPL. Cone cell bodies
appear to be resistant to this force. It has been postulated that a greater cohesiveness of
the ONL could be caused by the tangential/lateral stiffness imparted by the zona
adherens junctions between photoreceptors and Miiller cells which form the outer
limiting membrane.?* In addition it has been shown that fibroblast growth factor
receptor 4 (FGFR4) is expressed throughout the axon, soma and inner segment of the

cone photoreceptor from very early development.’> The expression of FGFR4 within
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the outer limiting membrane neuronal cytoskeleton during pit formation and cone
packing may further increase the cohesiveness and rigidity of the cone cell bodies so
that they can resist the mechanical forces exerted by IOP pressure, but this needs to be
further explored.

During the development of the central retina, the fovea consists of a rod-free
zone that decreases in diameter as the cone inner segments become more slender, the
outer segments elongate and the cones pack tightly together.’% 37 Cone elongation and
packing are mainly postnatal events.33 There is a 20 fold increase in cone density at the
fovea. This occurs after all cones have been generated.’® The cones could be drawn in to
the foveal centre as a result of the forces generated by the interaction of pit formation
and stretch of the central fovea.’® A centrifugal displacement of inner retinal cells and a
centripetal displacement of photoreceptors is postulated.> # 36 It has been shown that
the development is not completed until about 3-4 years of life, and the fovea is the last

structure to become fully developed.3¢
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Table 1.1: Summary of the roles and mechanisms of action of the guidance

molecules expressed during foveal development!2-14, 17, 20, 40-42

Factor

Role

Mechanism of Action

Pigment epithelium

derived factor (PEDF)

Repels axons
Anti-

angiogenic

1. Inhibition of VEGF action via the
intracellular proteolysis of
VEGFR-1 or inhibition of its

phosphorylation

2. Stimulation of the Fas/Fas ligand-

mediated apoptotic pathway which
targets the endothelial cells of

immature vessels

3. Down regulates the caspase-8

inhibitor c-FLIP (promoting

apoptosis)

Natriuretic peptide
precursor B (NPPB)

Anti-

angiogenic

1. Affects VEGF-induced
angiogenesis by inhibiting certain
signaling molecules such as ERK,
JNK and p38 members of the MAP
kinase family through stimulation

of a cyclic GMP signaling cascade
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Ephrin A6 & Repels axons 1. Known to have a repellent effect

semaphorin axon Anti- during vascular morphogenesis via

guidance gene families angiogenic interactions with integrins

2. Graded expression of genes
involved in repellent signaling that
is centered on the fovea during
development retards the growth of
vessels into the central region of
the retina and contributes to
definition of the foveal avascular
area

3. Relative levels of ligand and

receptor guide outgrowing axons

VEGF = vascular endothelial growth factor;, VEGFR-1 = vascular endothelial
growth factor receptor-1; c-FLIP = cellular FLICE-inhibitory protein;, FLICE =
FADD-like interleukin-1beta-converting enzyme; FADD = Fas-associated death
domain protein;, ERK = extracellular receptor kinase; JNK = Jun amino terminal

kinase; MAP = microtubule associated protein; GMP = guanosine monophosphate
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Knowledge of development of the normal central retina and foveal structure
(particularly in the earliest stages of gestation) has depended heavily on anatomic
studies of the simian retina sacrificed at various stages of gestation 44445 with very
few histological studies of the infant human fovea (Figure 1.4).36-37

According to Hendrickson et al.3¢ there are five parameters which indicate that

the retina is reaching maturity:

1. Disappearance of the transient layer of Chievitz
Narrowing of the width of the rod-free zone in the central retina
Narrowing of the width of the individual foveal cones

Increasing length of the individual foveal cones

A

Increasing number and thickness of layers of nuclei within the fovea
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Figure 1.4: Histological sections of the central fovea illustrating the maturation of

the human fovea (taken from Hendrickson et al. 1992).45
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(a) At foetal week 24, (b) At 5 days of age; (c) At 15 months of age; (d) At 45 months of
age and (e) At 13 years of age. The images are orientated with the retinal pigment
epithelium superiorly and foveal pit (marked with F on each image) inferiorly. The
foveal pit is barely visible in the youngest specimen (a) and this becomes more
prominent with maturity. This maturation due to a combination of processes including:
migration of the inner retinal layers (nerve fibre layer, ganglion cell layer, inner
plexiform layer, inner nuclear layer and outer plexiform layer) away from the fovea,
migration of the photoreceptors into the fovea and elongation of the outer retinal layers
(outer nuclear layer, inner segment of the photoreceptors and outer segment of the

photoreceptors) over time.
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1.11. The First Trimester (Weeks 1 to 12)

The earliest marker of the future location of the human fovea is indicated by a
region which contains cones exclusively and is identifiable at 11 weeks gestational age
(GA).* Cone nuclei in the foveal region reach a packing density of 14200 per mm?2.#7
Molecular analysis has indicated the presence of guidance molecules: pigment
epithelium derived factor (PEDF); natriuretic peptide precursor B (NPPB), collagen
type IV alpha2 and ephrin A6.% 19 In monkeys an avascular area is defined by the

ganglion cell plexus.!>

1.12. The Second Trimester (Weeks 13 to 26)

At 14 weeks GA, the retinal vessels enter the developing human retina.’> The
molecular barrier that is present at the fovea delays the growth of vessels into the central
region of the retina.> !> 16 Pit development begins when the foveal avascular zone is
formed at 24 weeks GA.> 1321 Regulatory genes that are associated with axon guidance,
regulation of the actin cytoskeleton and cell adhesion molecules are expressed.!'® 19
These guidance factors repel ganglion cell axons away from the fovea into the arcuate
axon bundles and optic nerve head between 8 and 25 weeks GA.?° In addition it has
been hypothesised that the presence of encircling blood vessels may provide a source of
oxygen that acts as a trophic factor to induce inner retinal neurones to move
peripherally out of the avascular zone. However this mechanism would not account for
centripetal movements of the cones into the fovea.?>

The ganglion cell layer (GCL) and inner nuclear layer (INL) are differentiated at
15 weeks GA.*® The neuronal circuitry is also established, with amacrine and bipolar
cell synapses evident in the inner plexiform layer (IPL).*® At 22 weeks of gestation, the
fovea is comprised of a thin nerve fibre layer (NFL), five to seven layers of cells in the
ganglion cell layer, a well-defined inner plexiform, inner nuclear and outer plexiform
layers (OPL) and an outer nuclear layer (ONL) which contains exclusively cone nuclei.
36

The foveal cone mosaic is clearly differentiated with cone nuclei reaching a
packing density of 38000 per mm? at 24 weeks.*’ The rod free zone measures between

1500 to 1800 pm and the maximum rod density observed is 59200 per mm?. Outside the
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rod free zone the rods have become much more numerous so that at 2 mm from the
fovea, the outer retinal layers are formed by a single layer of large cones and 3 to 4
layers of rod cell bodies. The rod cell bodies are added between the cone nuclei and
pedicles, causing the cone axons to lengthen. The central cones are 6 to 8§ um wide with
a large prominent nucleus. Foveal cones have a short, thick inner segment (IS) and very
short outer segment (OS). At 1 to 2 mm from the fovea both rods and cone have a
longer IS and OS in comparison to the central cones.’% 43 4% 50 Foveal photoreceptors
form synapses before mid-gestation with INL neurones.’! Photoreceptor axons are
formed as a result of neuronal displacements in foveal development. 3% 32353 As the INL
neurones are displaced peripherally by pit formation, the photoreceptor axons elongate
to keep contact. The sharper angle of the Henle Fibres (HF) (which consists of

photoreceptor axons and Miiller cells) around the pit reflects this growth.**

1.13. The Third Trimester (Weeks 27 to 40)

The human retinal surface area increases rapidly from 3 months prenatal to birth.
>4 The foveal avascular zone measures 500 um in diameter at 35 weeks GA.> There is
some controversy with regards to the formation of the foveal avascular zone. One study
using fluorescence angiography in human retina has reported “that the FAZ in
developing humans is initially densely vascularised.”® (Figure 1.5) These authors
propose that the FAZ develops by “apoptotic remodelling” after 36 weeks’ gestation.>¢
In contrast to this Provis and colleagues® have reported that in the human macula the
vascular elements in temporal-superior and temporal-inferior retina are approaching, but
have not yet reached, the incipient fovea at 22 weeks’ gestation. The presence of a FAZ
at around 25 weeks’ gestation has been reported.’” Thus, there is no evidence for

vascularisation of the foveal region of human retina before 25 weeks’ gestation.
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965 g
28 wks

Figure 1.5: Fluorescein angiogram of a 28 week old child illustrating the absence of

the foveal avascular zone (taken from Mintz-Hittner et al. 1999).%
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At 28 weeks a distinct foveal pit is formed with outward displacement of the
GCL, IPL and INL.#” This may be driven by relative hypoxia of the inner retinal layers
at the fovea.’® By the seventh month of gestation the inner nuclear layer becomes
markedly thinner and the foveal pit appears more obvious. The INL becomes divided by
a layer of pale fibres and/or cytoplasm which separates the innermost cell bodies from
the remainder of the INL (Transient layer of Chievitz).3® These consist mainly of Miiller
cell processes. The transient layer of Chievitz forms when pit formation reaches the
INL. This layer represents a gap between the amacrine and bipolar cells. By 8 months
two layers of cells remain in the GCL.3¢

The rod free zone is narrower measuring 600 pum. The space between the
external limiting membrane (ELM) and retinal pigment epithelium (RPE) is 12.5 um at

800 wm from the pit centre and 20 um at 2 mm.3’

1.14. Birth to 6 Weeks Postnatally

At birth the FAZ measures between 300 to 350 um.> The pit becomes deeper and
wider with the INL, IPL and GCL only 1 to 2 cells deep.*’ The transient layer of
Chievitz is still present in some retinae.3% 3% Between birth and 45 months of age the
diameter of the cones continues to decrease.>® The foveal cone diameter measures 7.5
um at 5 days. Foveolar cone density is 18 cones/100 um at 1 week postnatal. The space
between the ELM and RPE measures 14 um at the fovea, 20 pym at 1 mm and 30 pm at

2mm at 8 days of age.>®

1.15. 6 Weeks to 9 Months Postnatally

There is complete excavation of the inner retinal layers between 6 weeks and 9
months postnatally. In humans, the age at which this is complete is variable.36 37, 30, 60
The youngest individual in which full excavation has been demonstrated on OCT was
approximately 3 months of age.®® The foveal pit continues to widen and the GCL, IPL
and INL fuse into a single layer at the fovea.’’

In the monkey (Macaca nemestrina), there is initially a prenatal increase in pit
depth, followed by a rapid postnatal decline in pit depth which occurs during the first 4

to 5 months (the equivalent human developmental time period of 16 to 20 months).33. 61
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There is a significant relationship between pit depth and foveolar cone density. Foveolar
cone density approximately doubles when the pit depth changes from no depth to 88%,
then cone density almost triples when the pit depth declines rapidly by 50%.33 Studies
in monkeys have also shown that the largest amount of cone packing does not occur
until the pit reaches its maximum depth and retinal stretch starts to exert tensile forces.
In humans the foveal pit does not reach its maximum depth till late in the first
year.’”-45 At 9 months the foveal cones are packed 2 to 4 nuclei deep and have a thin and

long inner (IS) and outer segment (OS).37

1.16. 12 Months to 45 Months Postnatally

The fovea is thought to reach maturity between 11 to 15 months of age and five
years. 36 37.30,60 Provis et al.’ suggests that remodelling of the FAZ to adult dimensions
(500 to 700 um) is completed at about 15 months after birth.>> 62

At 45 months of age, the rod free zone reaches adult dimensions, measuring 650
to 700 um.3” Foveolar cone diameter changes markedly from 7.5 um at 5 days postnatal
to 2 um by 45 months.’” At 13 months the foveal IS/OS are 36 um long. Measures of
foveola width and cone diameter have been reported to reach the adult stage of
development at 45 months of age, but the two important visual factors of outer segment
length and cone packing density are still only half of the adult values at 45 months of
age.’” The cone cell bodies are 8 cells deep and the cone density is 108400/mm?2. Pit
remodelling may influence early phases of cone packing but the cause for doubling of
density between 15 months and 3.8 years is not clear.>3 There may be a correlation with

the expression of fibroblast growth factor.?* 3

1.17. 13 Years to Adulthood

At 13 years, the fovea appears mature.*” Cone cell bodies are up to 12 bodies
deep. Foveal cone IS are 168-189 um long and 3 pm wide throughout their length,
while OS are 139-155 pum long. At 2 mm from the centre, OS are 40 um long, almost 4
times shorter than foveal OS. In the adult a cone density of 208200/mm? has been

reported.’’

35



1.18. Limitations of Previous Studies

These studies were performed using sub-micron resolution imaging and
immunocytochemical labelling. However, serial sectioning is time-consuming,
specimens are obtained at a single time point, the same tissue cannot be processed for a
flat mount and serial sectioning, retinal detachment is a common fixation artefact, and
more severe deformation of structures occurs in fixed sections. Measurements are
affected by the rate of relative tissue shrinkage during processing and may not represent
in vivo morphology. A significant portion of our histological knowledge of macular
development is also heavily dependent on studies obtained from the simian retina, with
much fewer samples of human retina available. All of these factors have limited the
study of the 3-dimensional changes of the human macula, especially the photoreceptor
layer. In addition many of these studies were limited by small sample sizes. The advent
of high-speed, high-resolution retinal imaging allows investigation of the maturation of

the central retina over time in humans in vivo on a much larger scale.

In this thesis, we will use OCT to explore in vivo human macular

development on a much larger scale than was previously possible with histology.
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1.2.  Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is a diagnostic imaging technique that
provides cross-sectional images of human retinal morphology in vivo. Optical
coherence tomography (OCT) is the optical analogue to ultrasonography and measures
the echo time delay and magnitude of reflected or backscattered light using the principle
of Michelson low-coherence interferometry. Cross-sectional images are obtained by
measuring the backscattered light while scanning across multiple sites in a transverse
fashion. Echoes from a single point on the retina represent an axial scan (A-scan), and
optical cross-sections (B-scans) are obtained by directing the OCT beam in the
transverse direction. The data obtained are displayed as false-colour or grey-scale
images. The position of the reference mirror is altered in order to obtain reflected light
from the retina at several different depths. OCT systems that rely on movements of a
reference mirror in order to obtain direct measurements of the time delay and magnitude
of the reflected light are known as time-domain OCT (Figure 1.6).93

The use of a reference mirror imposes physical limitations on both the speed of
acquisition and the resolution of imaging that can be obtained. These limits have been
overcome by the incorporation of broadband light sources as part of modern OCT
acquisition.®* % The frequency information produced is recorded using a charge-
coupled device (CCD) camera, and a spectrometer. °-° This frequency information then
undergoes a mathematical transformation, known as Fourier transformation which
converts the information obtained from a function of frequency into a function of time,
in order to form the multiple intensity profiles (A-scans) that makes up an OCT scan.

Alternatively, in a technique known as swept-source OCT, frequency
information can be obtained by sweeping a narrow-bandwidth source through a broad
range of frequencies, and the frequency information obtained is recorded using a
photodetector.5> 70-72

Eye movements such as rapid micro-saccades, slow drift, and high-frequency,
low-amplitude tremor take place while subjects are fixating in order to keep a target
centred on the fovea.”37® It is well known that these movements can create artefacts
within OCT images by altering the intended location of a scan, and that such artefacts

can affect quantitative measurements.”-8!
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Figure 1.6: Schematic illustrating the principles of time domain OCT (taken from

http://archive.nrc-cnre.ge.ca/eng/projects/ibd/oct.html).3?

Light is transmitted via a splitter towards the sample and the reference arm. Light is
reflected at each interface within the sample and from a moving mirror in the reference
arm. The reflected light from the sample and reference arms generates interference

patterns that are recorded by the detector.

Although numerous publications show the advantage of OCT ocular imaging in
the adult,®*% the higher speed of scanning is even more important in young children
with limited attention spans and difficulty with sustained fixation. Until recently, infants
and young children were deprived of this technology. A search of Pubmed (available at:
http://www.ncbi.nlm.nih.gov/pubmed/) on September 7th, 2014 using the term:
“ophthalmic optical coherence tomography”, found 11975 references. A search of
Pubmed using the term: “ophthalmic optical coherence tomography in infants”, found
only 148 references. The most likely reason for this is that conventionally OCT imaging
is a chin rest system that requires good fixation and cooperation, thus limiting its use in

infants and young children. A hand-held spectral-domain OCT (HH-SDOCT) has been
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developed by Bioptigen™ and optimised with correction for lateral magnification in the
paediatric population allowing visualisation of retinal and foveal development in vivo.**:
8 The lateral scales for OCT data were adjusted based on age-specific axial length
estimates previously reported to facilitate comparisons at specific locations.

To use OCT quantitatively, a segmentation-based determination of the
thicknesses of the different intraretinal layers is required. Segmentation is an important
component of OCT data processing, in which different intraretinal layers are identified
and separated from each other.

Segmentation in eyes with retinal pathologies has traditionally been difficult
because these images often exhibit algorithm failure. Patel et al. found a high rate of
segmentation errors in time-domain OCT retinal thickness measurements from patients
with neovascular age-related macular degeneration.?” Sadda et al. found errors in eyes
with sub-retinal pathologies.®® These findings are likely due to the segmentation
algorithm’s dependence on finding the boundary between the photoreceptor inner and
outer segments, as this is often obscured by sub-retinal fluid or physically disrupted in
patients with retinal pathology. The manual placement of boundaries was successfully
used to obtain quantitative measurements,?*-°! but operator-dependence adds a layer of

subjectivity to quantitative measurements.
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1.21. Anatomical Correlation of OCT Findings with Histology

OCT images have been correlated with major histological findings at all several
different ages, validating it as a reliable quantitative tool in assessing foveal
morphology (Figure 1.7).2 It has been shown by both OCT imaging and histological
studies, that preterm infants have a shallow foveal pit containing inner retinal layers and
short, undeveloped foveal photoreceptors. At term there is movement of the inner retinal
layers (IRL) away from the central fovea. Simultaneously, there is lengthening of the
peripheral photoreceptors. The foveal IS and OS are initially shorter than the peripheral
IS and OS for several weeks after birth. This difference disappears by 13 months. The
Henle fibre layer (HFL) (which consists of photoreceptor axons and Miiller cells)
thickens on histology with maturity. However the HFL is normally not visible on OCT
and appears as part of the ONL (Figures 1.1 & 1.2). The ONL/HFL on OCT also
thickens by 13 months. At this stage, the cone cell bodies are greater than 6 cells deep.
By 13 to 16 years the fovea reaches full maturation and has a full complement of OCT
bands. The cone cell bodies are now greater than 10 cells deep and have now become
thin, elongated and tightly packed.

The bands identified in the outer retina with OCT have been correlated
anatomically with histology.”®> The OCT bands that have been attributed to the ELM (a
linear confluence of Miiller cell junctional complexes)®* and the RPE are correct. These
structures are represented by the first, innermost band and the fourth, outermost band
respectively in the outer retina on OCT. The thinness of the histologic ELM is
consistent with Miiller cell junctional complexes of the ELM being the origin of the
signal for Band 1, although it is possible that Miiller cell microvilli could contribute to
the width of the band.

The IS/OS aligns with the mitochondrial rich ellipsoid (ISE) region of the inner
segments. The third band corresponds to an ensheathment of the cone outer segments by
apical processes of the RPE in a structure known as the contact cylinder (CC). This was
previously called Verhoeff’s membrane and consists of junctional complexes between
RPE cells.?: %

Another difference that should be noted between the nomenclature with

histology and with OCT is that what is termed OPL. In classic histology the OPL
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includes both the photoreceptor synapses and axons as they extend out from the foveal
centre.”” With OCT the photoreceptor axons are hypo-reflective and are
indistinguishable from the photoreceptor nuclei and are therefore included with what is
normally labeled as ONL with OCT. In addition the GCL and IPL layers (which are
distinctly different on histology) have much less contrast with increasing age with OCT.
92 The transient layer of Chievitz which is prominent around birth in the INL with

histology, is hypo-reflective with OCT and cannot be distinguished from the INL.
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Figure 1.7: Comparison of an OCT image of a normal adult human fovea with a

histological section (Taken from Vajzovic et al. 2012).?

The SD-OCT bands are labelled 1-10 as follows: 1 = NFL; 2 = GCL; 3 = IPL; 4
INL; 5 = OPL; 6 = ONL; 7 = ELM; 8 = photoreceptor inner segment ellipsoid (ISE); 9

= OS; 10 = RPE (split into two hyper-reflective bands.

SD-OCT = spectral domain optical coherence tomography; NFL= nerve fibre layer,
GCL= ganglion cell layer; IPL= inner plexiform layer; INL= inner nuclear layer;
OPL= outer plexiform layer; ONL= outer nuclear layer; ELM= external limiting
membrane; IS= inner segment of the photoreceptors; ISE = photoreceptor inner
segment ellipsoid; OS = outer segment of the photoreceptors;, RPE= retinal pigment

epithelium.
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1.22. OCT in Infants and Young Children

Gerth et al.?® tested the feasibility of a hand-held probe for Fourier-domain
optical coherence tomography retinal imaging in infants and children. In that study, 30
children aged 7 months to 9.9 years were imaged; 10 with pathology and 20 without.
The pathologies included maculopathy, retinal dystrophy, post traumatic choroidal
neovascularization and Leber’s congenital amaurosis with horizontal pendular
nystagmus. All were successfully imaged. Dilating drops were used in 27 out of 30
patients. The remaining 3 were cooperative enough to obtain images without dilation.
Examination under chloral hydrate sedation was used for 10 children aged 7 months to
to 3.7 years as part of standard-of-care diagnostic procedures. Children who could sit
quietly were imaged with a chin rest with a mount for the scanner. The authors were
successful in imaging children as young as 2.9 years with this approach. The remainder
was asked to lie down on an examination stretcher.

In this study the authors report that the most challenging problem was the lack of
an internal fixation target and the moving scanning line, which usually distracted the
children from steady fixation. External fixation targets were successful in only a few
cases. The localisation of the macular area was easier in conscious rather than in sedated
children because of lack of simultaneous fundus viewing. It was also found that images
obtained using the hand-held mode contained movement artefacts caused by the
examiner and/or the child.

Scott et al.” successfully used the HH-SDOCT to evaluate 2 infants with shaken
baby syndrome and felt that it was comparable with conventional chin-rest OCT. Rapid
data acquisition limited motion artefact within the B-scan, although there was slight
motion between B scans. The OCT images provided previously unseen details with
regard to the morphologic features of retinal lesions in these infant eyes and influenced
management.

Chavala et al.!% examined 3 infants with ROP with the HH-SDOCT. Two were
performed under sedation. They described pre-retinal structures, schisis, and retinal
detachment found on OCT, but not on conventional clinical examination (portable slit

lamp and indirect ophthalmoscope) in infants with ROP. The authors conclude that the
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HH-SDOCT could affect future clinical decision-making if studies validate a
management strategy based on findings from this imaging technique.

Chong et al.!%! performed OCT on 3 groups of children; a control group of 4
children, 2 children with ocular albinism and 5 with suspected ocular albinism and 1
with oculocutaneous albinism. Two devices were used to carry out the imaging. This
included a stationary spectral-domain OCT that was developed by the authors and the
Bioptigen™ HH-SDOCT. In this study, a spectrum of foveal morphological
abnormalities associated with albinism. The authors report that there are difficulties in
using OCT technology to image children with known and suspected ocular albinism.
This is due to movements on the part of the child, whether due to the nystagmus or
shortened attention typical of young children.

In all these studies, limiting factors for imaging children were patient motion,
poor fixation, patient position, and different optics compared with the adult eye. In
paediatric patients, access to the eye may be limited by infant inattention and

movement. Thus, it is critical to optimise scan quality in a short capture time.

In this thesis, we will investigate if the HH-SDOCT developed by
Bioptigen™ can be used to produce reliable and repeatable retinal images in
infants and young children.

We will also explore its diagnostic utility in investigating infants and young

children with abnormalities of retinal development.
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1.23. Optimisation of the Bioptigen™ Hand-Held Spectral Domain OCT

In a study by Maldonado et al..® problems specific to imaging paediatric
patients with HH-SDOCT were identified and technical corrections to solve these
challenges were tested. In this paper four main issues with imaging the infant eye were

identified:

1. Axial Length
2. Refractive Error
3. Corneal Curvature

4. Astigmatism

1.24. Axial Length

The axial length increases rapidly in the neonatal period growing 0.16 mm per
week.!02 This growth slows with age from approximately 1 mm/year during the first 2
years to 0.4 mm/ year from 2 to 5 years, and to 0.1 mm/year from 5 to 15 years. After
age 15, no significant further growth occurs.!92 103

Normally an OCT scan of the retina is obtained by pivoting the OCT beam in the
plane of the patient’s iris. In the shorter infant eye the OCT scanning pivot location is
anterior to the iris plane. This results in clipping of the peripheral portion of the image
by the iris (Figure 1.8). The shorter axial length in paediatric patients may be corrected
for by shortening the OCT reference arm position such that the pivot point is positioned
in the iris plane. Commercial OCT systems have a reference arm position pre-
established by the manufacturer for a standard adult eye. This value needs to be adjusted
by an age dependent corrective factor in children. The reference arm position is

corrected in the HH-SDOCT system as follows:

A in Reference Arm Position in mm = A in Axial length of the Eye in mm x n

where n is the index of refraction of the vitreous (1.334)
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Figure 1.8: Schematic illustrating the problems of incorrect reference arm length

on OCT (taken from Maldonado et al. 2010).3¢

Examples of OCT images with vignetting from incorrect reference arm length (A & B).
Clipping of the peripheral aspects of the images has occurred (yellow arrows). When
the reference arm length is corrected for the shorter axial length of the infant eye, this

clipping does not occur (C & D).
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1.25. Refractive Error

Preterm infants are predominately myopic, with reported mean refractive error
(RE) of -2.00 D at 32 weeks; -1.00 D at 30 to 35 weeks postmenstrual age (PMA) and
-1.23 at 36 weeks.!9> 103 There is a shift to hyperopia (mean RE of +2.12 D) by 52
weeks.!92 From 36 weeks until the age of 6 years the mean refractive error reported is
+0.5.19 The focus of the hand-held probe has a range of -10 to +12 Diopters to allow

for correction for refractive errors.

1.26. Corneal Curvature

The newborn cornea is generally steeper than the adult cornea, with a mean
central corneal power of between 48 and 58.5 D, decreasing to mean adult values (43.5

D) by 3 months.103-108

1.27. Astigmatism

The newborn eye has greater astigmatism than the adult eye. The power and axis
of infant astigmatism varies in the literature, but the condition also decreases by 50% at

approximately 6 months of age.!%’

Maldonado et al.3¢ created a theoretical eye model for prematurely born neonates
using data available in biometric studies of the infant eye and the optical formulas of
Gullstrand and of Gross and West. In this model, the refractive indices of the media are
assumed to be equal to those of the adult eye. Based on that analysis, age-specific
considerations in the HH-SDOCT imaging protocol for young children were
established. This included changing the reference arm position, focus, and scan settings

based on age (Table 2).
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For a 10-mm (=35 degree) Adult Scan Setting*

Increase in Scan Scan Relative
Reference  Length Length Number of Increment Scan
Axial Armt on on A-scans A-scans per Length to
Refractive SD  Length SD (Readout Retina  Retina per Each 1 mm of  Adult Scan
Group Age Error D D) (mm) (mm) Units) (mm) (deg) B-scanst Scan Length Length (%)
30-35 wk -1 0.9 15.1 0.9 97 6.3 22 925 92 63
35-39 wk 0.3 1.6 16.1 0.6 86 6.7 23 986 929 67
39-41 wk 0.4 1.5 16.8 0.6 79 7.0 25 1029 103 70
0-1 mo 0.9 0.9 17.4 0.5 72 7.3 25 1066 107 73
1-2 mo 0.3 0.6 18.6 0.5 59 7.8 27 1139 114 78
2-6 mo 0.5 0.6 18.9 0.4 56 7.9 28 1158 116 79
6-12 mo 0.6 0.2 19.2 0.5 52 8.0 28 1176 118 80
12-18 mo 0.7 0.6 20.1 0.7 43 8.4 29 1231 123 84
18 mo-2y 0.9 1.5 213 0.3 30 8.9 31 1305 130 89
2-3y 1 1.1 21.8 0.1 24 9.1 32 1335 134 91
3-4y 0.6 1.8 22.2 0.4 20 9.3 32 1360 136 93
4-5y —-0.8 0.9 223 0.2 19 9.3 33 1366 137 93
5-9y —0.6 1 22.7 0.4 14 9.5 33 1390 139 95
10 y-adult —0.5 1.5 24 0.7 0 10.0 35 1470 147 100
Axial myopia 26 —22 10.8 38 1593

* Note that this would apply to an adult scan setting selected from any OCT system.

T A higher number equates with a shorter reference arm length on the system we used. To convert, we used manufacturer data (Bioptigen,
Inc., Research Triangle Park, NC) of —10.86 readout units/mm of change in reference arm length. (Note that on the Bioptigen unit used in this
study, the 10-mm adult scan appears as a 16-mm scan setting due to a manufacturer labeling error, as explained in Methods.)

# Presuming one wants 6.8 uwm of separation between A-scans. This would be varied for a different A-scan density.

Table 1.2. Standard reference table for axial length, refractive error, reference arm
position, and A-scans per B-scan by age, with an example of a 10-mm adult scan

(taken from Maldonado et al. 2010). 36

The scan density (A-scans/B-scan) will also be greater in the shorter infant eye.
If one wishes to perform paediatric imaging using the same scan density as in adults,
paediatric scan settings need to be adapted and can be preset (using the established

conversion table - Table 1.2) as follows:

A-scans/B-scan = (Paediatric Axial Length in mm/24 mm) x (Scan Length mm) x
Selected number of A-scans per mm
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1.28. OCT in Retinopathy of Prematurity (ROP)

Although not the main theme of this thesis, much of the previously published
HH-SDOCT work relates to infants and neonates with retinopathy of prematurity (ROP)
and it is worth reviewing what this work has established with regards to premature
foveal development. ROP is known to alter development of the central retina and, even
if mild, may be associated with deficits in acuity and visual sensitivity.!%5 109, 110
Studying the foveal architecture of ROP subjects using OCT may provide some helpful
clues on what occurs during the course of a normal human foveal development.

Macular alterations are present in advanced ROP, and usually consist of
temporal displacement or tractional retinal detachment.!% In ROP, the presence of a line
or a ridge in the peripheral retina may act as a barrier retarding peripheral migration of

cells even in the posterior pole and thus delay macular development.

1.28a OCT in Older Children with a History of ROP

Akerblom et al.!'! examined the eyes of 65 prematurely born children aged 5-16
years with Stratus™ optical coherence tomography, and the results were compared with
those of 55 children born at term.!'! Children with previous retinopathy of prematurity
(ROP) had significantly thicker central maculae than those without it. This did not
correlate with visual acuity or refraction. Gestational age at birth was the only risk
factor identified for a thick central macula.

Ecsedy et al.!'?> have described variations in the structure of the macula in
formerly preterm children aged 7-14 when compared to age matched controls. In this
prospective case control study using the Stratus™ time-domain OCT several groups
were examined. Group 1 included 26 eyes of 13 patients who had ROP which was
treated with laser. Group 2 included 17 eyes of 10 patients and had stage 1 or 2 ROP.
Group 3 included 20 eyes of 10 patients without ROP. Group 4 consisted of age
matched controls.

They found a significant increase in the mean central retinal thickness measured
in all preterm children in comparison to their full term counterparts. In addition there
was a significant increase in mean foveal thickness in children in whom ROP was

treated with laser. In preterm children, the foveal area was larger. The depth of the fovea

49



was reduced as a result the presence of the normally absent inner retinal layers at the
central foveal pit. In order to explain these differences, it is postulated that during the
development of the fovea in preterm children, there is impairment of the normal
migration of the inner retinal layers from the fovea and the centripetal migration of the
cone photoreceptors in to the fovea. This hypothesis would be confirmed by a thicker
measurement of the inner retinal layers and a thinner measurement of the outer retinal
layers at the fovea. However, separate measurements of the inner and outer retinal
layers were not carried out in this study.

Hammer at al.'!3 also reported similar findings using high-speed, high-resolution
adaptive optics fourier-domain OCT videos in 5 subjects with a history of ROP (age 14—
26 years). This was compared this to 5 age-matched control subjects. Foveal pit depth
and volume form was calculated from three-dimensional (3-D) retinal maps and found
to be wider and shallower in ROP than in control subjects. In this study, mean pit depth
was defined from the base to the level at which the pit reaches a lateral radius of 728
um. This was 121 um in the control subjects compared to 53 um in ROP. The thickness
of retinal layers was measured manually. Intact, contiguous inner retinal layers overlay
the fovea in 7 of 8§ eyes measured in ROP subjects but were absent in the control
subjects. Mean full retinal thickness at the fovea was greater in the subjects with ROP
(279.0 um vs. 190.2 um). An avascular zone was not identified in 7 of the 8 subjects

with ROP but was present all the control subjects.!!?

1.28b  OCT in Infants with ROP

Lago et al.''* describe their findings in 13 eyes of 12 premature babies with
retinopathy of prematurity using a Stratus™ time-domain OCT.'# Optical coherence
tomography revealed a condensed retinal pigmented epithelial layer in the macular-
foveal area shown by increased reflectivity. In these eyes the retinal layers were not well
differentiated. A foveal depression was clearly evident in 23%.

Maldonado et al.** examined 31 prematurely born neonates aged between 31 and
41 weeks postmenstrual age and 9 full term control children and adults. In this study,

central foveal thickness, foveal to parafoveal (FP) ratio (central foveal thickness divided

50



by thickness 1000 um from the foveal centre), and 3-dimensional thickness maps were
analysed.

They describe several signs of immaturity are in the neonates:

1. a shallow foveal pit
2. persistence of inner retinal layers (IRLs)

3. athin photoreceptor layer (PRL)

Three-dimensional mapping showed displacement of retinal layers out of the
foveal centre as the fovea matured and the progressive formation of the inner/outer
segment band in the opposite direction (Figure 1.9). The FP-IRL ratios decreased from
0.46 in premature neonates to 0.05 in adults, as the IRL migrated before term and
minimally after that. The FP-PRL ratios increased from 0.75 in premature neonates to
1.44 in adults, as the components of the PRL mature closer to term and into childhood
(Figure 1.8). They also report the presence of cystoid macular oedema in 58% of
premature neonates that appeared to affect inner foveal maturation (Figure 1.9).

Longitudinal imaging of 4 neonates without macular oedema demonstrated an
age-dependent increase in PRL thickness at the fovea. This increase was most rapid
after 38 weeks. Oedema was associated with a possible delay in maturation of IRLs, but
no definite delay in photoreceptor development was identified.

Another feature of the immature retina in this study was the absence of a visible
IS/OS and OS/RPE band on OCT examination. The IS/OS became visible in the
perifovea with HH-SDOCT from 33 weeks PMA and was visible later in the central
fovea at 43-48 weeks PMA. The OS/RPE band appeared to differentiate at the apical
side of the RPE layer late in childhood, consistent with growth of apical microvilli of

the RPE (Figure 1.10). It was not visible in any infants less than 10 years.
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Figure 1.9: Three-dimensional retinal thickness maps demonstrating the regional
changes in premature human foveal development from 31 weeks to 43 weeks PMA

(Taken from Maldonado et al. 2011).%°

The total retinal thickness (TRL) increases in all areas, particularly in the parafoveal
area. The inner retinal layers (IRL) undergo centrifugal displacement from a
combination of pit size expansion and parafoveal ring thickening. The photoreceptor
layer (PRL) undergoes centripetal migration, increasing in thickness at the foveal
centre from a thin layer at 31 weeks to a focal point of thickness at the foveal centre at
43 weeks. The ring of photoreceptor outer segments (OS) surrounding the fovea

increases in thickness over time.

TRL = total retinal layer; IRL = inner retinal layer; PRL = photoreceptor layer;, OS =

outer segment
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PMA: 40/ zone: lll / stage:0 PMA: 36 / zone: Il / stage: 1

Figure 1.10: Examples of oedema affecting the inner nuclear layer in 2 premature

infants (Taken from Maldonado et al. 2011).%°
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Figure 1.11: Comparison of SD-OCT scans taken of the fovea in a 31 weeks PMA
premature infant (left) and a 23 year old adult who was born at term (right).

(Taken from Maldonado et al. 2011).%°

The OS/RPE band is not visible in the infant. This band is clearly demarcated in the
adult.
SD-OCT = spectral domain optical coherence tomography, PMA = post menstrual age;

OS = outer segment of photoreceptors;, RPE = retinal pigment epithelium

Vinekar et al.!'> characterised the abnormal foveal changes that occur in ROP
using a table-top Spectralis™ spectral-domain OCT which was modified to a hand-held
model. They found that 23 of 79 eyes (29.1%) with stage 2 ROP showed abnormal
foveal changes (macular oedema) with OCT examination, despite clinically normal
foveae (Figure 1.12). Infants with stage 2 ROP had a significantly thicker central foveal
thickness in comparison to normal controls (»p < 0.001). The central foveal thickness
206.5 +/- 98.7 um in stage 2 ROP eyes and 135.9 +/- 17.6 um in control eyes. Nineteen
of the 23 eyes had follow up imaging at 52 weeks’ PMA, and all of them revealed

normalisation of foveal contours.
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Figure 1.12: Examples of “pattern A” macular oedema (left) and “pattern B”

macular oedema (right) (Taken from Vinekar et al. 2011).115

Two distinct patterns of macular oedema were observed in infants with retinopathy of
prematurity: “pattern A,” which was characterised by dome-shaped foveal elevation
and cystoid spaces with highly reflective intervening vertical septae, and “pattern B,”
which was characterised by preservation of the foveal depression with fewer
intraretinal cystoid spaces. These patterns were seen in 12 (52.2%) and 11 (47.8%)

eyes, respectively.

In the absence of any obvious causes for the macular oedema, it is hypothesised

that this “macular oedema” seen in eyes (29.1%) with more severe ROP could either be:

(1) a response to biochemical modulators, including higher concentrations of vascular
endothelial growth factors (VEGFs), which could play a role in increased vascular
permeability leading to retinal oedema; or

(2) could be caused by mechanical traction exerted on the macula.
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1.29. OCT of Normal Foveal Morphology in Older Children

Analysis of tomograms obtained from older children that could cooperate with
conventional OCT systems have established the possible effects of age, race, gender and
axial length on OCT measurements obtained from children. El Dairi et al.''¢ described
the optical coherence tomography findings in the eyes of 286 normal children aged 3 to
17 years, using the Status™ time-domain OCT. This study defined the normative
paediatric values for OCT measurement and characterised the effect of age, race, axial
length and spherical equivalent on macular thickness and volume, peripapillary RNFL
thickness and optic nerve head morphology.

Results of this study showed that black children had smaller macular volume and
foveal thickness, larger RNFL thickness and larger cup disc ratios compared with white
children. Macular volume and average outer macular thickness correlated negatively
with axial length in white children. Foveal thickness correlated positively with age in
black children only.

Gupta et al.!'7 evaluated 32 eyes for macular thickness and 25 eyes for RNFL
thickness in the paediatric population and compared the results to adult findings. The
average foveal thickness for children was 221 um vs 182 pum in adults. Children had
slightly thicker maculae than adults; the RNFL thickness was comparable to adults.

The Sydney Childhood Eye Study examined 1765 6-year-old children from 34
randomly selected Sydney schools during 2003 and 2004 (78.9% response).''® Fast
macular thickness scans were performed over a 6-mm diameter central retinal region
with optical coherence tomography (Status™ time-domain OCT). The mean (SD)
minimum foveal thickness was 161.1 (19.4) um. The thickness of the central, inner, and
outer macula was normally distributed, with means (SD) of 193.6 (17.9), 264.3 (15.2),
and 236.9 (13.6) um, respectively. Total macular volume was also normally distributed,
with a mean (SD) of 6.9 (0.4) mm. The foveal minimum, central, and inner macula was
generally significantly thicker in boys than in girls, and in white children than in East

Asian children.

There is a shortfall in our existing knowledge of in vivo retinal development

with regards to the age group in between the two age groups outlined above;
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premature infants and older children. In this thesis, we will aim to bridge this gap
by investigating retinal development in full term infants and young children aged
between birth and 6 years of age.

We will also use the HH-SDOCT to explore retinal development in several
conditions associated with infantile nystagmus (some of which are thought to affect
retinal development) to provide further insights into retinal development in infants

and young children.
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1.3. Infantile Nystagmus

The key to understanding normal foveal development may lie in studying
conditions in which there is abnormal foveal development. Infantile nystagmus
syndrome (INS) encompasses several such conditions. INS is a rhythmic to and fro
involuntary oscillation of the eyes with onset in early childhood. The prevalence of INS
has been reported as 14.0 per 10000 population of which 17.9% are attributed to
albinism, 13.6% to idiopathic (IIN) and 4.3% to latent nystagmus.!'” INS can be

subdivided based on aetiology into the following groups:'2°

1. Albinism.

2. Idiopathic infantile nystagmus (IIN). This is also known as unassociated INS.

3. Latent or manifest latent nystagmus. This is also known as fusion maldevelopment
nystagmus syndrome (FMNS).

4. Nystagmus associated with ocular disease. This includes retinal dystrophies such as
achromatopsia and congenital stationary night blindness (CSNB) as well as other
ocular conditions such as aniridia, congenital cataracts and optic nerve hypoplasia.

5. Spasmus nutans syndrome. This is a condition that involves rapid, uncontrolled eye

movements associated with head bobbing.

The normal assessment of a patient with nystagmus involves recording a
detailed history regarding onset, symptoms such as blurred or reduced vision,
oscillopsia (the sensation that objects are moving around) and family history. Their
vision is recorded monocularly and binocularly, both for distance and near.'?! A full
orthoptic assessment is performed detailing the presence of any squints, nystagmus
form (amplitude, frequency, direction and conjugacy) and any associated head postures.
A slit lamp examination is performed to check for the presence of iris transillumination
defects (TID), which can suggest a diagnosis of albinism, iris abnormalities such as
aniridia and cataract. A dilated retinal examination is normally performed to document
if there are any optic nerve or retinal abnormalities such as optic nerve and foveal

hypoplasia or abnormalities of pigmentation such as hypo-pigmentation in albinism.
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Following this initial assessment a number of additional tests are performed in
order to diagnose the aetiology. Eye movement recordings (EMR) are carried out in
order to document the waveform. Electrodiagnostic tests (EDT) such as visual evoked
potentials (VEP) and electroretinograms (ERG) are carried out. The VEP can diagnose
albinism based on the presence of crossed asymmetry (Figure 1.12). The ERG can
detect retinal abnormalities associated with conditions such as achromatopsia and

congenital stationary night blindness (Figure 1.13).

59



A Monocular Stimulation C

PIGMENTED ALBINO

/sy

T
iasm

Nasal

Temporal emporal 1

Chiasm Chi

Right

Lo [N

Left

Figure 1.13: Example of crossed asymmetry in albinism on a VEP examination

(Modified from http://webvision.med.utah.edu/book/electrophysiology/visual-and-

auditory-anomalies-associated-with-albinism/).
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http://webvision.med.utah.edu/book/electrophysiology/visual-and-auditory-anomalies-associated-with-albinism/

Normally the right and left eyes have similar negative and positive deflections at the
same time point on VEP recorded across the occipital scalp in response to monocular
stimulation (i.e. they are symmetrical). In albinism, there is misrouting of the optic
nerves (i.e. part of the temporal retina projects abnormally to the contralateral
hemisphere) (A) and the deflections may occur in opposite directions in each eye at the
same time point (i.e. they are asymmetrical) (B). This is most clearly seen when the inter
hemisphere difference is calculated i.e. when the VEPs recorded from the left
hemisphere are subtracted from those recorded from the right (Channel OI-O2 or
Channel H3-H4) (C).

VEP = visual evoked potential
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Figure 1.14: Examples of retinal abnormalities detected on an ERG examination

(Taken from Kumar et al 2010).122

Normally on ERG the eye has a positive response on scotopic (dark conditions) and
photopic (light conditions) testing. In CSNB, the rod function is abnormal and this
results in a negative deflection on scotopic testing. In achromatopsia, the cone function

is abnormal and this results in a reduced or flat response on photopic testing.

ERG = electroretinogram; CSNB = congenital stationary night blindness
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In older patients it has been shown that OCT is very helpful in determining
foveal morphology in infantile nystagmus and hence differentiating the aetiology.!?3-12?
Typical foveal hypoplasia is associated with albinism,!?”> 18 P4X6 mutations'?® or
isolated foveal hypoplasia;!3? atypical foveal hypoplasia with achromatopsia;'? other
foveal changes with retinal dystrophies!3'"137 and normal foveal structure with
idiopathic or manifest latent nystagmus.'?*# It is thought that, in general, normal foveal
development is arrested in individuals with albinism.!3® Examining foveal morphology
in albinism and in other conditions associated with nystagmus may offer valuable

insight into the process of normal and abnormal foveal development.

1.31. Typical Foveal Hypoplasia

Albinism is a group of congenital disorders in melanin biosynthesis that affects
approximately 1 in 4000 people in the United Kingdom.'"® Albinism is a disorder
characterised by ocular and cutaneous hypo-pigmentation, reduced or absent foveal pit,
nystagmus, iris transillumination, macular transparency, strabismus, refractive errors,
and optic nerve misrouting.'’* Albinism can be divided broadly into 2 categories,
oculocutaneous albinism (OCA) where there is a reduction or absence of melanin in the
hair, skin, and eyes and ocular albinism (OA) where the melanin deficiency is limited
mainly to the eyes.'¥’ Causative mutations in at least six genes including TYR, OCA2,
TYRPI, MATP (SLC45A42), SLC24A45 and C10orf1l have been reported in OCA.!40. 141
In addition a genetic locus for OCAS5 has been mapped to the 4q24 chromosome.!4!
Several mutations in the OA41 (GPRI143) gene are associated with ocular albinism.!4?
There also a number of genes associated with syndromic forms of albinism such as
Hermansky-Pudlak syndrome: HPSI, AP3BI1 (HPS2), HPS3, HPS4, HPS5, HPS6,
DTNBPI (HPS7), BLOCI1S3 (HPSS), and BLOCI1S6 (HPS9) and Chediak-Higashi
syndrome: LYST.!143, 144

OCT has been established in detecting the typical morphological pattern of
foveal hypoplasia (typical foveal hypoplasia) associated with albinism in older children
and adults.!01> 123, 125,127, 145-149 Vohammad et al.'?’ performed high-resolution spectral-
domain OCT imaging of the fovea in albinism. The thickness of each retinal layer at the

fovea and foveal pit depth were quantified and compared with best-corrected visual
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acuity (BCVA). Total photoreceptor layer thickness at the fovea was correlated highly to
BCVA. Of all the layers at the fovea, the outer segment length was correlated most
strongly to BCVA. There was no correlation between visual acuity and overall retinal
thickness. The poor correlation between visual acuity and retinal thickness was due to
increased thickness of the photoreceptor layers (for patients with better vision) being
associated with a decreased thickness of the processing layers at the fovea (the nerve
fibre, ganglion cell, inner plexiform, inner nuclear, and outer plexiform layers). This
means that the overall retinal thickness and pit depth can mislead with regard to the
degree of deficit in albinism. All processing layers are dramatically reduced in the
normal fovea.

The PAX6 gene is located on chromosome 11. Mutations in this gene may lead to
a shortage of P4X6 protein, which disrupts the formation of the eyes during embryonic
development. Clinical features of PAX6 mutations include iris hypoplasia, nystagmus,
foveal hypoplasia, cataract, corneal anomalies and high refractive errors with
morphological changes of the macula have been successfully identified on OCT.!50. 151
The typical foveal hypoplasia is similar but usually less severe than that seen in
albinism.!28

Patients with isolated foveal hypoplasia have typical foveal hypoplasia on OCT
but no clinical or genetic signs of albinism or PAX6 mutations.!3® Querques et al.!>?
describe the OCT findings in a single case of isolated foveal hypoplasia. Instead of
excavation their patients showed a thickening of the fovea and absence of the regular
foveal avascular zone similar to the macular anatomy in a 6-month human foetus. This
suggests that there is an arrest in macular development with abnormal persistence of the
early retinal structural

An OCT-based structural grading system for foveal hypoplasia has been

developed. In this system, the stage of arrested foveal development provides a
prognostic indicator for VA in a range of disorders associated with foveal hypoplasia.!?®

In albinism the length of the photoreceptor outer segment is a strong predictor of VA.!?7
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Figure 1.15: Scatterplot of OS length against BCVA (taken from Mohammad et al.

2011).127

There is a linear relationship between the photoreceptor outer segment length and
logMAR visual acuity. As the length of the OS increases, there is a corresponding

increase in the best corrected logMAR visual acuity recorded.

OS = photoreceptor outer segment; BCVA = best corrected visual acuity
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1.32. Atypical Foveal Hypoplasia

Achromatopsia (ACHM) is an autosomal recessive disorder which has a number
of features including: infantile nystagmus, loss of colour discrimination, photophobia,
and reduced visual acuity. It is a rare disorder with an estimated prevalence of 1 in
30000.153 Mutations in CNGA3,15% CNGB3,'55 GNAT2'5¢ and PDE6H'S’ have been
found. Their protein products are important for visual transduction and show expression
restricted to cone inner and outer segments!33. Mutations in the CNGA3'>* linked to
ACHM2 on chromosome 2q11 and CNGB3'>5 linked to ACHM3 on chromosome 8q21
have been found found to be responsible by disrupting the function of the cGMP-gated
channel in cone photoreceptors. The third mutation involving Cone Photoreceptor G-
Protein o-Subunit Gene (GNAT2) which encodes the cone-specific o-subunit of
transducin has been found to be involved in <2% of cases of achromatopsia. !5

With optical coherence tomography (OCT) in achromatopsia, there is atypical
foveal hypoplasia consisting of continuous inner retinal layers in the macula region,
evidence of inner segment/outer segment (IS/OS) junction disruption and the
appearance of an evolving bubble (hypo-reflective zone (HRZ)) with cell loss in the
cone photoreceptor layer!?® 138160 which has been noted to be present as early as 0.8
years of age.'%0: 161 This disorder was previously thought to be a static condition.
However, more recent data suggests that it may be a progressive condition as
longitudinal OCT examinations have demonstrated increasing changes with age,
commencing with disruption of the IS/OS which eventually develops into the HRZ of
progressively increasing size.!?6: 129162 The underlying pathology is uncertain, but may
represent autolysis of the cone photoreceptor outer segments or impaired phagocytosis
of the degenerating photoreceptor debris. This cascade of events is reported to have its
onset predominantly in the second decade and showed a strong association with age
thereafter. The end stage of this condition is characterised by atrophy of the retinal
pigment epithelium (RPE).'®® With the imminent possibility of gene therapy for this
condition, this work suggests that therapy would be most effective at an early age. Other
findings on OCT include thinning of the outer nuclear layer (ONL), disruption of the
cone outer segment tip (COST) reflectivity and a reduction in the intensity of the

ellipsoid (ISE) band.!26- 133, 162
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Abnormal development of the fovea in patients with known mutation in the
PAX6 gene has been related to a decrease in grey matter volume at the occipital
cortex !9 and might be related to disruptions in visual pathways at the level of the optic

chiasm (Figure 1.15).164
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Figure 1.16: Sagittal, coronal and parasagittal MRI slices from a normalised
control subject overlaid by an statistical parametric mapping (SPM) region from a
voxel-based morphometry (VBM) analysis of 24 aniridia subjects against 72

controls (taken from Free et al. 2003).163

The SPM data from the aniridia subjects have been overlaid on a normalised control
subject. There is a reduction in grey matter concentration in the occipital lobes of

aniridia subjects in comparison to controls.

MRI = magnetic resonance imaging, SPM = statistical parametric mapping;, VBM =

voxel-based morphometry
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1.33.  Retinal Dystrophies

OCT has also been used to characterise morphological features of retinal
dystrophies. Lim et al.!3? performed a pilot study with fourier-domain OCT of retinal
dystrophy patients. Conditions included retinitis pigmentosa (RP), Stargardt disease and
cone-rod dystrophy. They found that the macular and foveal outer retinal layers (ORL)
was significantly different between the dystrophy and the controls. In patients with RP,
ORL thickness profiles showed greatest thinning of the macular ORL versus foveal
ORL. This is consistent with the peripheral pattern of field loss in the beginning which
then progresses centrally in RP. The opposite occurs in Stargardt disease and cone rod
dystrophy with greater thinning of the foveal ORL versus the macular ORL. This is also
consistent with the early visual loss that occurs with these conditions. Similar findings
in Stargardt disease was reported by Srinivasan et al 2006.!3! The authors also note that
the IS/OS is often obliterated in advanced case of retinal dystrophy.

Hood et al.!3? examined the extent of the cone contribution to the signal arising
from the IS ellipsoid band (ISE band), previously known as the IS/OS border. Both rods
and cones have been found to contribute to this band. This band is disrupted or missing
in diseases that affect the outer retina and the cone contribution to this band can be
extrapolated by examining patients with conditions that affect cone function. These
include achromatopsia and cone dystrophy. There is a reduction in the intensity of the
band in patients affected by these conditions when compared to healthy controls.

The prevalence of non-syndromic retinitis pigmentosa (RP) which is typically
described as a rod-cone dystrophy (RCD) and cone-rod dystrophies (CRDs) are
approximately 1/4,000'% and 1/40,000'%, respectively. Both rod-cone dystrophies,
including autosomal dominant retinitis pigmentosa (ADRP),!3!: 135 X-linked retinitis
pigmentosa, RP-Recessive PDE 6B null mutation, Usher’s syndrome,!3® Leber’s
congenital amaurosis'3” and cone or cone-rod dystrophies, including Stargardt disease,
131,132 progressive cone dystrophy,!33 13* cone dystrophy with supernormal rod

electroretinogram have a number of features in common on OCT. These include:
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1. Abnormal inner and outer retinal lamination
2. ONL thinning, disruption
3. Loss of the IS/OS junction

4. RPE complex abnormalities.

The presence of additional inner retinal layers corresponding to foveal hypoplasia has

not been described in the retinal dystrophies.

1.34. Idiopathic Infantile Nystagmus

Clinical characteristics of idiopathic infantile nystagmus (IIN) include onset
before 3 months of age, reduction in amplitude with age, increase in intensity with
fixation, decrease in intensity on convergence and reduction of intensity in a certain
direction of gaze (null zone). It is usually horizontal and conjugate.!” Familial IIN is
most commonly inherited in an X-linked mode caused by mutations on the FRMD7
gene.!%® This gene plays a role in normal neuronal development. In addition it can be
inherited in an autosomal dominant fashion with causative mutations found on
chromosome 6p12 (NYS2), 7p11 (NYS3) and 13q (NYS4).16%-171

In comparison to this manifest latent nystagmus is typically associated with an
infantile squint syndrome. It is horizontal and increases on monocular occlusion. The
fast phase beats towards the fixing eye.!”” Normal foveal morphology has been
described in 1IN and in manifest latent nystagmus (fusion maldevelopment syndrome).
124 Recently, preliminary reports have also described some individuals with FRMD7

mutation that have foveal hypoplasia.!”3

Measurements of the OS have been correlated with visual acuity in
albinism. It is possible that measurements of the OS or other retinal layers may
predict visual acuity in children. In this thesis, we will aim to correlate retinal layer

thickness measurements with visual acuity in infants and young children.
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1.4. Development of Visual Acuity in Infants

To date, there has been a paucity of work correlating the structural changes that
occur during the course of normal foveal development with the increase in visual acuity
that occurs as part of normal visual maturation in children. There are 3 main changes

that are associated with improvement in visual acuity:!74

1. Development of the fovea
2. Myelination of the optic tract

3. Changes in the dorsal lateral geniculate nucleus and striate cortex

The histological development of the fovea has been described in detail (see
section 1.1: What is known about foveal development).

Simultaneously with foveal development, myelination of the optic tract proceeds
centrifugally towards the optic nerve.!”> Myelin is found in the optic tract at 32 weeks
gestation and reaches the orbital section of the optic nerve at term. Myelination
continues rapidly for the first two years of life and then more gradually afterwards.

In the dorsal lateral geniculate nucleus adult appearances of the parvocellular
layers are reached by 12 months. The magnocellular layers reach adult appearances by 2
years.!’® The striate cortex has an initial increase in the population of spines and
synaptic density for the first 8 months. Subsequently both the population of spines and
synaptic density decrease, reaching adult levels by age eleven.!”’

Grating acuity measured using preferential looking (PL) increases rapidly in the
first 36 months of life. Mean monocular acuity has been consistently shown to increase
from 0.5-1 cycles/degree to 25 cycles/degree from 4 weeks to 36 weeks of age. After
this rapid increase there is a slower increase until 3 years of age. 7% 17 In several
studies, adult acuity levels (32 cycles/degree) are not reached until the age of five years.
179-181

In grating acuities an octave represents a doubling or halving of spatial
frequency. There are discrepancies in the mean acuity values for different age groups
ranging from 2.1 octaves to 3.3 octaves in the first year of life and from 1.1 octaves to

2.0 octaves in the older age groups. '74 179 182 A 2 octave spread limits the clinical
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application of this method. Testing interocular acuity differences (IAD) is a more
specific indicator of a monocular acuity deficit. 95% of subjects have an IAD of less
than or equal to one octave. An IAD of more than 0.5 octaves is abnormal.!83

Adult acuities are reached by 7 months if measured by pattern reversal visual
evoked potentials (VEP) and by 8 months if measured by a sweep VEP technique.!84
VEP estimates are higher than PL acuity and appear to differ by as much as two to three

octaves. This may be due to a number of factors:

1. Preferential looking (PL) vision is measured by looking at eye movements of the
child and therefore demands active reaction of the child, requiring 70% correct
responses in ensure that any positive responses that are obtained have not occurred
by chance (See section 2.12: Assessment of Visual Acuity).

2. VEP stimuli measures foveal function, (which is normally responsible for fine
detailed vision), while PL stimuli may stimulate extra-foveal regions (which are
responsible for more gross navigational peripheral vision).

3. Both methods may provide information regarding different aspects of visual function,
with the VEP indicating the level of foveal function and the PL vision indicating the

level of extra foveal function.

There has been no previous work relating the normal age-related increase
in visual acuity in infants and young children with retinal maturation. In this
thesis, we will explore if there are any correlations between retinal development

and visual maturation.
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1.5. Research Aims

1.51. General Context of Research Aims

We have established that foveal development is a dynamic and complex process
in which several hypothesis exist with regards to the mechanism underlying normal
foveal development. This may be due to biochemical factors such as targeted expression
of growth factors and guidance molecules, or mechanical factors such as the interaction
of intraocular pressure and growth induced retinal stretch on the more elastic foveal
avascular zone, or a combination of all of these. The exact role of each of these
mechanisms remain to be clarified.

The time course of foveal development is also controversial, with the age at
which this is thought to be completed varying from as young as 11 months to as old as
five years. The development of visual acuity has yet to be correlated with the structural
changes that occur as the fovea matures. This is due to several limiting factors such as
the limits of histological examination, the relative paucity of human retinal specimens
and generally small study numbers.

The advent of high speed HH-SDOCT now allows us to perform non-invasive
detailed examination of the developing human fovea in vivo. Previous OCT studies in
infants with ROP have established the value of examining pathological conditions for
clues as to the mechanisms behind normal foveal development. Infantile nystagmus is
an ideal condition in which abnormal foveal development can be studied, as it has
several aetiologies in which foveal hypoplasia may occur, possibly via different
mechanisms. In fact, it was in adults with a diagnosis of infantile nystagmus from
albinism and P4X6 mutation with typical foveal hypoplasia in whom the first structural
visual prognostic indicators were found.'?’” However, although OCT has established its
role in the diagnosis of the aetiology of infantile nystagmus in adults, the reliability and
the role of the HH-SDOCT in diagnosing infants and young children with nystagmus

has yet to be established.
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1.52. Research Aims

The aims of this work are:

1. To determine if the Bioptigen™ HH-SDOCT can obtain repeatable and reliable
quantitative data in infants and young children both with and without nystagmus.

2. To define the normal pattern and time course of foveal development in infants and
young children as measured using the Bioptigen™ HH-SDOCT, quantify the
structural changes that are occurring and correlate these with the development of
visual acuity.

3. To determine if OCT is a sensitive and specific method in determining the cause of
infantile nystagmus in children.

4. To investigate the pattern and time course of foveal development in infants and
young children with infantile nystagmus due to:

a. Achromatopsia
b. Albinism
5. To develop OCT based objective visual prognostic indicators in infants and young

children both with and without nystagmus.
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1.53. Outline of Chapters

A general overview of the methodology that was used to explore the research
aims outlined above is provided in Chapter 2: “General Methods”. A more detailed
description with regards to the specific methodology applied to each research aim are
provided in the relevant chapter. Each chapter will commence with a brief overview of

the research question, followed by methods, results and discussion/conclusion.

« Aim 1 will be addressed in Chapter 3: “Is Hand-Held Optical Coherence Tomography
Reliable in Infants and Young Children with and Without Nystagmus?”

+ Aims 2 & 5 will be addressed in Chapter 4: “Normal Foveal Development: An In
Vivo Study using Optical Coherence Tomography”

« Aim 3 will be addressed in Chapter 5: “Potential of Hand-Held Optical Coherence
Tomography to Determine Aetiology of Infantile Nystagmus in Children based on
Foveal Morphology”

« Aim 4a will be addressed in Chapter 6: “Retinal Development and Morphology in
Achromatopsia”

« Aims 4b & 5 will be addressed in Chapter 7: Retinal Development and Morphology

in Albinism”

Chapter 8 will summarise the results of this thesis and discuss their overall

implications.
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Chapter 2

General Methods

2.1. Subjects and Clinical Examination

2.2. Optimisation of the Examination Environment
2.3. OCT Acquisition

2.4. OCT Segmentation and Analysis
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2.1.  Subjects and Clinical Examination

Foveal structures in healthy children and children with nystagmus were
investigated over a period of 3 years using a mixed cross-sectional and longitudinal
study design. We aimed to perform 3 repeated OCT measurements at different time
points in 40 to 60 control subjects and 80 to 100 patients with infantile nystagmus of
various aetiologies.

We aimed to obtain a minimum of 10 examinations from control participants and
participants with nystagmus for each of the following age bands: 0-2 months; 3-5
months; 6-8 months; 9-11 months; 12-17 months; 18-23 months; 24-29 months; 30-35
months; 3rd year of life; 4th year of life; Sth year of life and 6th year of life. This would
give a total of 120 examinations in each group. In addition, we planned to perform OCT
examinations in a control group of 15 young adults (aged 18-27 years) as a comparison.

Healthy control participants and participants with nystagmus were recruited
from outpatient clinics, wards and GP practices within the University Hospitals of
Leicester NHS Trust and databases using a similar study design as in control subjects.
We anticipated from preliminary work and our databases that half of the children with
nystagmus would have albinism. At the time of submission of this thesis the following

OCT examinations had been obtained:

534 mixed cross sectional and longitudinal OCT scans from 261 control participants
« 414 mixed cross sectional and longitudinal OCT scans from 101 patients with
nystagmus including:
i. 219 OCT scans from 44 children with a diagnosis of albinism
ii. 41 OCT scans from 8 children with a diagnosis of achromatopsia
iii. 113 OCT scans from 37 children with a diagnosis of idiopathic infantile
nystagmus

iv. 41 scans from 12 children with a diagnosis of retinal dystrophy
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2.11. Power Calculation

As the cone outer segment length is the strongest predictor of VA in albinism,!?8
the power calculation was based on identifying changes in OS length. In a previous
study we have observed mean (£SD) OS lengths of 47.4 um (+ 4.8 um) in controls and
33.4 um (£ 6.6 um) in albinos. Based on these measurements, we calculated that a
sample size of n=10 in each of the age bands outlined above will be sufficient to
identify a difference in OS length of approximately 13% in healthy controls and 25% in
albinos in comparison to older children and young adults (where a=0.05 and power =
90%). Data from histological studies’® 37 indicate that this is sufficiently powerful to
demonstrate a significant difference in OS length in healthy controls between 15 months

and 45 months of age and also between 45 months of age and adulthood.

All patients underwent ophthalmologic examination, which included slit-lamp
examination where possible, determination of presence or absence of iris
transillumination (TID) defects (also in parents if possible, as carriers of albinism
frequently have iris transillumination!8> 136) presence and type of nystagmus, fundus
examination and measurement of visual acuity. Visual acuity (VA) was assessed in
younger infants and children by preferential looking using Teller acuity cards and/or
crowded logMAR Kay Picture Tests if possible. In cooperative children, logMAR
crowded optotypes (Glasgow Acuity Cards) were used to obtain VA. Electroretinograms
(ERGs) and 5-channel VEPs (to detect increased optic nerve crossing in albinism)
according to International Society for Clinical Electrophysiology of Vision (ISCEV)
standards were obtained if possible.!87
. Albinism was diagnosed by the presence of crossed asymmetry on VEPs and

clinical signs such as iris transillumination, fundus appearance, hair and skin
pigmentation and/or genetic testing.

. Suspicion of PAX6 associated disease was derived from iris abnormalities,
atypical nystagmus with vertical component, dominant inheritance pattern in the
family, normal VEP examination and/or genetic testing.

. Achromatopsia was diagnosed by extinguished or severely reduced photopic

electroretinograms, photophobia, and typical small fast nystagmus Genetic testing for
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all known achromatopsia gene mutations was also carried out in collaboration with Dr
Susanne Kohl at the University of Tiibingen.

. Rod-cone and cone-rod dystrophy were diagnosed based on clinical history,
fundus examination and ERG findings.

. Idiopathic nystagmus was diagnosed with typical horizontal conjugate
nystagmus which did not change upon covering one eye, if no abnormality other than
nystagmus and squint was found and/or electrophysiology was within normal limits.
Genetic testing for mutations in FRMD?7 was offered in all suspected cases of IIN.

. Manifest latent nystagmus was diagnosed if children had congenital squint
syndrome, typical nystagmus which increased upon covering one eye and beating in

the direction of the open or fixing eye and normal slit lamp and fundus examination.

The study adhered to the tenets of the Declaration of Helsinki and was approved
by the Leicestershire, Northamptonshire & Rutland Research ethics committee.
Informed consent was obtained from all parents/guardians of patients and control
subjects participating in this study. Assent was obtained from all children that were
capable of understanding this study. This applies to all subsequent work /studies

described in this thesis.
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2.12.  Assessment of Teller Visual Acuity

Monocular occlusion was achieved with an adhesive eye patch. Older subjects
who objected to the patch used a trial lens frame with an occlusive lens placed in front
of one eye. Monocular acuity estimates were obtained with a two up and one down
short staircase procedure.'®3 Briefly in this procedure, the examiner who is initially
masked to the grating position presents the card to the infant and judges the position of
the gratings based on the response of the infant. If it is correct, the examiner rotates the
card 180 degrees and represents it. If a second correct response was obtained, then the
examiner proceeded to the next octave (i.e. a two card ascension), until an error occurs
on either presentation. when an error occurred the examiner descended half an octave
(i.e. a single card) and further trials are carried out in half octave steps until a positive
score is obtained that is well above chance. Previously presented cards could be shown
again as necessary in any order, at the discretion of the examiner. In terms of false
positives, an acuity value lower than 95% prediction limit would be expected to occur in
only 2.5% of children with normal eyes.'®® The cards were held vertically for children

who had horizontal nystagmus.
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2.2.  Optimisation of the Examination Environment

The importance of a child friendly environment in maximising cooperation from
infants and young children was highlighted. Lambert et al. 2013'%° performed an
exploratory analysis of young children’s (aged five to eight years) perspectives of what
constitutes an ideal design for hospital built environments using an arts based

participatory technique and semi-structured interviews. Three themes emerged from this

work:

1. Personal space: Children valued having room space, privacy, noise control and
control over lighting

2. Physical environment: The creative use of space, imaginative decoration and
the use of naturalistic images to decorate their rooms was emphasised.

3. Access: It is important the environment is child and family friendly, with a

sense of space that is smooth-flowing and is easy to navigate. The use of

information and communications technology was also suggested.

Therefore the OCT was placed in a spacious room that would allow
examinations in private, and allowed for the adjustment of lighting levels for the child’s
comfort. The room was decorated with images from familiar children's entertainment
and television programs (Figure 2.1). Toys and children’s reading materials were also
readily available in the room. When possible, the children were familiarised with the
OCT scanner and the room environment in advance.

In order to keep the children calm and cooperative for the OCT examination, a
variety of techniques were employed. OCT scanning of young infants were most often
successful when acquired while bottle or breast feeding. Older children responded well
to age appropriate animated fixation targets that were employed using a portable laptop

computer.
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Figure 2.1: Example of the environment used for optical coherence tomography

(OCT) acquisition and the acquisition of an OCT scan in a child with nystagmus.
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(A) The scan environment has been altered to make it more comfortable and less
intimidating for children. Images from familiar children's entertainment programs
have been placed on the surrounding walls, together with colourful fixation targets
and toys.

(B) The optics of the scanner is contained within the hand piece, which is held in front
of the eye being scanned. The information acquired is displayed and stored on the
connected computer. The surrounding walls have being decorated with images from

familiar children's entertainment media.
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2.3. OCT Acquisition

All OCTs were acquired using the Bioptigen™ hand held OCT which uses a
wavelength of 840 nm and has a digital axial resolution of 2.4 pum per pixel. The
position of the reference arm (Figure 2.2) was adjusted as previously described by
Maldonado et al.¢ based on the age of the child prior to performing the OCT scan. At
the start of imaging we checked for any OCT clipping (Figure 1.6).

Normally an OCT scan is obtained by pivoting the OCT beam in the plane of the
iris. Clipping of the OCT scans occurs when the peripheral aspects of the tomogram are
obstructed by the edge of the iris. This occurs in infants and young children because the
axial length of the infant eye is smaller than in adults, resulting in anterior displacement
of the pivoting position of the OCT beam. Therefore, the reference arm position of the
HH-SDOCT needs to be altered in infants and young children to prevent clipping of the
images.

If clipping was still observed after the reference arm position was adjusted for
the age of the child, the scan response to a slight manual lateral movement of the hand-
held probe was observed. If the reference arm position was too short, the clipping
shadow moved in the same direction as the lateral probe movement and the reference
arm position was increased. If it was too long, the shadow moved in the opposite

direction to the probe movement and the reference arm position was shortened.
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Figure 2.2: The reference arm (black circle) on the hand-held OCT is adjusted to

be shorter or longer depending on the amount of clipping observed on the imaging.
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2.31. OCT Scan Protocol

A 3-dimensional volumetric scan protocol to image both the fovea and optic
nerve in one scan was selected. We found that the scan length should be ideally 10 mm
to encompass the optic nerve and fovea in a single scan. This lengthens the time of
acquisition so the vertical diameter was reduced to 5 mm to compensate. A scan
protocol using a 6 mm x 6 mm framework makes the acquisition speed faster but
sacrifices optic nerve detail. The angles, horizontal and vertical offsets were not altered.
The A-scan/B-scan ratio should ideally be 1000, but by reducing this ratio, an increased
speed of acquisition can be attained. The number of B-scans, frames/B-scan and
inactive A-scans/B scans were not altered as it was anticipated that averaging would be
very difficult as repeatedly scanning the same area may not be possible in patients with
nystagmus. Five scan settings were set up in this protocol to balance speed in

uncooperative patients with more detail in cooperative patients.

Table 2.1: Summary of Tested OCT scan protocols.

1. Fast Macula (1s)

Parameter Typical Setting Test Settings
(Azimuth) Length 0.5-12 mm 6 mm
Width 0.5-12 mm 6 mm
Angle 0°-360° 0°
Horizontal Offset 0 mm 0 mm
Vertical Offset 0 mm 0 mm
Number of A-scans 200-5000 A-scans 600 A-scans
Number of B-scans 2-400 B-scans 60 B-scans
Frames/B-scan 1-10 1

Volumes 1-4 1

Inactive A-scans/B-scan 100-1024 N/A
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2. Standard OCT with Optic Nerve

Parameter Typical Setting Test Settings
(Azimuth) Length 0.5-12 mm 10 mm
Width 0.5-12 mm 5 mm

Angle 0°-360° 0°
Horizontal Offset 0 mm 0 mm
Vertical Offset 0 mm 0 mm

Number of A-scans

200-5000 A-scans

1000 A-scans

Number of B-scans 2-400 B-scans 100 B-scans
Frames/B-scan 1-10 1

Volumes 1-4 1

Inactive A-scans/B-scan 100-1024 N/A

3. Standard OCT

Parameter Typical Setting Test Settings
(Azimuth) Length 0.5-12 mm 6 mm
Width 0.5-12 mm 6 mm
Angle 0°-360° 0°
Horizontal Offset 0 mm 0 mm
Vertical Offset 0 mm 0 mm

Number of A-scans

200-5000 A-scans

1000 A-scans

Number of B-scans 2-400 B-scans 100 B-scans
Frames/B-scan 1-10 1

Volumes 1-4 1

Inactive A-scans/B-scan 100-1024 N/A
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4. Three-Dimensional (3-D) OCT

Parameter Typical Setting Test Settings
(Azimuth) Length 0.5-12 mm 6 mm
Width 0.5-12 mm 6 mm
Angle 0°-360° 0°
Horizontal Offset 0 mm 0 mm
Vertical Offset 0 mm 0 mm
Number of A-scans 200-5000 A-scans 350 A-scans
Number of B-scans 2-400 B-scans 350 B-scans
Frames/B-scan 1-10 1

Volumes 1-4 1

Inactive A-scans/B-scan 100-1024 N/A

5. Fast Macula & Optic Nerve

Parameter Typical Setting Test Settings
(Azimuth) Length 0.5-12 mm 10 mm
Width 0.5-12 mm 5 mm
Angle 0°-360° 0°
Horizontal Offset 0 mm 0 mm
Vertical Offset 0 mm 0 mm
Number of A-scans 200-5000 A-scans 500 A-scans
Number of B-scans 2-400 B-scans 100 B-scans
Frames/B-scan 1-10 1

Volumes 1-4 1

Inactive A-scans/B-scan 100-1024 N/A
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After initial testing with the above protocols, it was clear that the most
successful scan in terms of obtaining satisfactory image quality as well as speed was the
fast macula and optic nerve scan protocol. Only this scan setting was used in the final
imaging protocols for this study, with the aim of obtaining 3 repeatable scans on both
eyes of each participant. With the limited cooperation and attention span of the
paediatric patient, often only one good quality scan from each eye was possible to

obtain.
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2.4. OCT Segmentation and Analysis

The image files were exported as OCT files which could be opened by Imagel
software and subsequently converted to tiffs. There are extensive movement artefacts
associated with the volumetric scans obtained with the OCT which makes reliable
volumetric analysis extremely difficult. Therefore the individual B-scans that captured
the central fovea were used when segmenting the individual retinal layers. Figure 5.3 (p
153) illustrates the type of movement artefacts that occur when imaging infants and
young children with nystagmus.

A correction was applied to convert the Image)J output from pixels to
micrometers, based on the digital resolution of the system. Information obtained from
Bioptigen™ indicated this correction is 2.4 um per pixel. This correction is determined
by the imaging depth of the system (3.4 mm), the number of pixels per line (1024
pixels) and the refractive index of the eye (n = 1.38).

In addition, we have to correct for the phenomenon of lateral magnification
when analysing the OCT images. Variations in the optical system of the eye affect the
magnification of retinal images. An inversely proportional relationship between the
axial length of the eye and retinal image size has been described in time-domain OCT
images.!”0 As infants have a much shorter eye length in comparison to adults, this
relationship is even more exaggerated. In order to calculate the correct scan length on

the retina (SLOR), we used the following formula:

SLOR = (Infant Eye Axial Length/Standard Adult Axial Length) x System Scan Length

This is best illustrated using an example showing how we analysed a point set at
1.0 mm from the fovea in a neonate and follow the changes at this point over time till
adulthood (using a scan length of 10.0 mm throughout all examinations). When
analysing the neonatal scan we would first need to calculate SLOR as above (assuming

an axial length of 16.8 mm in the neonate and an axial length of 24.0 mm in the adult):

(16.8 mm/24.0 mm) x 10.0 mm = 7.0 mm
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A 7.0 mm scan in this neonate is equivalent to a 10.0 mm scan in an adult due to

lateral magnification.

Two customised ImageJ macros were used to segment the individual retinal
layers. The first macro segmented the 10 retinal layers by placing a series of points at
the fovea and at Imm and 2mm nasal and temporal to the fovea (Figure 3.1). The X and
Y coordinates of these points were subsequently exported as a text file and imported
into Microsoft™ Excel where the measurements for each of the retinal layers at each of
these locations were calculated. A second macro developed later on into the study,
flattens the foveal B-scan, and segments each retinal layer in its entirety, by selecting
multiple points on each retinal layer border, which are subsequently connected, and a

curved line fitted using the ABSnake plugin (Figure 2.3) (available at: http:/

imagejdocu.tudor.lu/doku.php?id=plugin:segmentation:active_contour:start). The
position of this line was then manually refined through adjustments of the position of
selected points on this line where necessary. The X and Y coordinates of each pixel of
the final segmented borders of each layer were exported as a text file (Figure 2.4), and
imported into excel where the measurements of each layer were calculated. Statistical
analysis was performed with SPSS™ software version 16.0 (SPSS™, Inc., Chicago, IL)
and STATA™ software (Copyright 1996-2014, StataCorp). All analyses were

considered significant at a probability value of p < 0.05.
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Figure 2.3: Example of the flattening and segmentation process for a single central

foveal B-scan using the Bioptigen Manual Layers Program Fovea beta v2.
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A series of points is placed along the bottom of the retinal pigment epithelium in the
unprocessed B scan (A), which are subsequently joined and fitted with a spline using the
ABSnake plug in. The entire scan is flattened relative to the RPE (B). This process is
repeated for each border between each retinal layer. In this example the segmented ILM

(C) and the segmented border between the IPL and INL (D) are shown.

RPE = retinal pigment epithelium;, ILM = inner limiting membrane; IPL = inner

plexiform layer; INL = inner nuclear layer
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PATIENT PARAMETERS

Patient X 0S2_L

gestational age (weeks) 226.11

axial length (mm) 19.27 ESTIMATED

correction factor 0.80

SCAN PARAMETERS

no Ascans 500

image width 10.0000

analysed image width 300

pixel height 2.4000

pixel width 16.0739

CUP PARAMETERS

foveal thickness (mm) 203

LAYERS

x_pixel foveal centre ILM RNFL GCL IPL INL OPL ELM 1S0S CoST ROST upper RPE RPE/Bruch's CHOROID upper EDEMA lower EDE
-146.19 1 118.27 94.86 85.12 71.85 58.75 47.26 24.64 14.25 -7777.00 -7777.00 6.46 0.00 -7777.00 -7777.00 -7777.00
-145.19 1 118.63 95.06  85.31 71.87 58.74  47.29 24.64 14.31 -7777.00 -7777.00 6.51 0.00 —-7777.00 -7777.00 -7777.00
-144.19 1 118.92 95.28  85.50 71.90 58.74 47.31 24.64 14.37 -7777.00 -7777.00 6.57 0.00 -7777.00 -7777.00 -7777.00
-143.19 1 119.19 95.50  85.68 71.92 58.74 47.34 24.65 14.43 -7777.00 -7777.00 6.62 0.00 -7777.00 -7777.00 -7777.00
-142.19 1 119.41 95.73 85.86 71.95 58.73 47.37 24.65 14.49 -7777.00 -7777.00 6.67 0.00 -7777.00 -7777.00 -7777.00
-141.19 1 119.61 95.97 86.05 71.98 58.72 47.39 24.65 14.55 -7777.00 -7777.00 6.71 0.00 -7777.00 -7777.00 -7777.00
-140.19 1 119.78 96.22 86.23 72.01 58.72 47.42 24.65 14.61 -7777.00 -7777.00 6.76 0.00 -7777.00 -7777.00 -7777.00
-139.19 1 119.93 96.48 86.41 72.05 58.71 47.44 24.65 14.66 -7777.00 -7777.00 6.81 0.00 -7777.00 -7777.00 -7777.00
-138.19 1 120.06 96.75 86.59 72.08 58.70 47.46 24.65 14.72 -7777.00 -7777.00 6.86 0.00 -7777.00 -7777.00 -7777.00
-137.19 1 120.17 97.03 86.76 72.12 58.69 47.49 24.65 14.77 -7777.00 -7777.00 6.90 0.00 -7777.00 -7777.00 -7777.00
-136.19 1 120.27 97.32 86.94 72.16 58.68 47.51 24.65 14.82 -7777.00 -7777.00 6.94 0.00 -7777.00 -7777.00 -7777.00
-135.19 1 120.36 97.63 87.11 72.20 58.67 47.53 24.65 14.87 -7777.00 -7777.00 6.99 0.00 -7777.00 -7777.00 -7777.00
-134.19 1 120.45 97.94 87.29 72.24 58.66 47.55 24.66 14.92 -7777.00 -7777.00 7.03 0.00 -7777.00 -7777.00 -7777.00
-133.19 1 120.54 98.27 87.46 72.29 58.65 47.57 24.66 14.97 -7777.00 -7777.00 7.07 0.00 -7777.00 -7777.00 -7777.00
-132.19 1 120.62 98.61 87.63 72.34 58.63 47.58 24.66 15.02 -7777.00 -7777.00 7.11 0.00 -7777.00 -7777.00 -7777.00
-131.19 1 120.72 98.96 87.80 72.39 58.62 47.60 24.66 15.07 -7777.00 -7777.00 7.15 0.00 —-7777.00 -7777.00 -7777.00
-130.19 1 120.81 99.31 87.97 72.45 58.61 47.62 24.66 15.11 -7777.00 -7777.00 7.18 0.00 —-7777.00 -7777.00 -7777.00
-129.19 1 120.92 99.68 88.13 72.50 58.60 47.63 24.66 15.16 -7777.00 -7777.00 7.22 0.00 —-7777.00 -7777.00 -7777.00
-128.19 1 121.03 100.05 88.30 72.57 58.58 47.64  24.66 15.20 -7777.00 -7777.00 7.25 0.00 -7777.00 -7777.00 -7777.00
-127.19 1 121.15 100.44 88.46 72.63 58.57 47.65 24.66 15.24 -7777.00 -7777.00 7.28 0.00 -7777.00 -7777.00 -7777.00
-126.19 1 121.27 100.83 88.62 72.70 58.55 47.66 24.66 15.28 -7777.00 -7777.00 7.32 0.00 -7777.00 -7777.00 -7777.00
-125.19 1 121.39 101.23 88.78 72.77 58.54 47.67 24.66 15.31 -7777.00 -7777.00 7.35 0.00 -7777.00 -7777.00 -7777.00
-124.19 1 121.52 101.63 88.94 72.85 58.53 47.68 24.66 15.35 -7777.00 -7777.00 7.37 0.00 ~7777.00 -7777.00 -7777.00
-123.19 1 121.66 102.04 89.10 72.93 58.51 47.68 24.66 15.38 -7777.00 -7777.00 7.40 0.00 -7777.00 -7777.00 -7777.00
-122.19 1 121.79 102.45 89.25 73.01 58.50 47.69 24.67 15.41 -7777.00 -7777.00 7.43 0.00 ~7777.00 -7777.00 -7777.00
-121.19 1 121.93 102.87 89.41 73.10 58.48 47.69 24.67 15.44 -7777.00 -7777.00 7.45 0.00 ~7777.00 -7777.00 -7777.00
-120.19 1 122.07 103.29 89.56 73.20 58.47 47.69 24.67 15.47 -7777.00 -7777.00 7.48 0.00 -7777.00 -7777.00 -7777.00
-119.19 1 122.21 103.72 89.70 73.30 58.45 47.69 24.67 15.49 -7777.00 -7777.00 7.50 0.00 -7777.00 -7777.00 -7777.00
-118.19 1 122.35 104.15 89.85 73.40 58.43 47.69 24.67 15.52 -7777.00 -7777.00 7.52 0.00 -7777.00 -7777.00 -7777.00
-117.19 1 122.49 104.58 89.99 73.51 58.42 47.68 24.67 15.54 -7777.00 -7777.00 7.53 0.00 —-7777.00 -7777.00 -7777.00
-116.19 1 122.62 105.01 90.13 73.63 58.40 47.67 24.67 15.56 -7777.00 -7777.00 7.55 0.00 -7777.00 -7777.00 -7777.00
-115.19 1 122.75 105.44 90.27 73.74 58.39 47.67 24.67 15.57 -7777.00 -7777.00 7.57 0.00 -7777.00 -7777.00 -7777.00
-114.19 1 122.88 105.88 90.41 73.87 58.37 47.65 24.67 15.59 -7777.00 -7777.00 7.58 0.00 -7777.00 -7777.00 -7777.00
-113.19 1 123.01 106.32 90.54 74.00 58.36 47.64  24.67 15.60 -7777.00 -7777.00 7.59 0.00 -7777.00 -7777.00 -7777.00
-112.19 1 123.14 106.75 90.67 74.14 58.34 47.62 24.67 15.61 -7777.00 -7777.00 7.60 0.00 ~7777.00 -7777.00 -7777.00
-111.19 1 123.26 107.19 90.79 74.28 58.32 47.60 24.67 15.62 -7777.00 -7777.00 7.61 0.00 -7777.00 -7777.00 -7777.00
-110.19 1 123.38 107.62 90.92 74.43 58.31 47.58 24.67 15.62 -7777.00 -7777.00 7.62 0.00 ~7777.00 -7777.00 -7777.00
-109.19 1 123.50 108.05 91.03 74.58 58.29 47.55 24.67 15.62 -7777.00 -7777.00 7.63 0.00 -7777.00 -7777.00 -7777.00
-108.19 1 123.63 108.49 91.15 74.73 58.27 47.53 24.66 15.62 -7777.00 -7777.00 7.63 0.00 -7777.00 -7777.00 -7777.00
-107.19 1 123.75 108.92 91.26 74.89 58.26 47.50 24.66 15.62 -7777.00 -7777.00 7.64 0.00 ~7777.00 -7777.00 -7777.00
-106.19 1 123.87 109.34 91.37 75.05 58.24 47.46 24.66 15.62 -7777.00 -7777.00 7.64 0.00 -7777.00 -7777.00 -7777.00
-105.19 1 123.99 109.77 91.47 75.21 58.23 47.43 24.66 15.61 -7777.00 -7777.00 7.64 0.00 -7777.00 -7777.00 -7777.00
-104.19 1 124.11 110.19 91.57 75.37 58.21 47.39 24.66 15.60 -7777.00 -7777.00 7.64 0.00 -7777.00 -7777.00 -7777.00
-103.19 1 124.24 110.62 91.67 75.53 58.19 47.35 24.66 15.59 -7777.00 -7777.00 7.64 0.00 -7777.00 -7777.00 -7777.00
-102.19 1 124.37 111.04 91.76 75.70 58.18 47.31 24.66 15.58 -7777.00 -7777.00 7.63 0.00 —-7777.00 -7777.00 -7777.00
-101.19 1 124.49 111.46 91.85 75.86 58.16 47.26 24.66 15.56 -7777.00 -7777.00 7.63 0.00 —-7777.00 -7777.00 -7777.00
-100.19 1 124.62 111.87 91.93 76.02 58.14 47.21 24.66 15.55 -7777.00 -7777.00 7.62 0.00 -7777.00 -7777.00 -7777.00
-99.19 1 124.76 112.29 92.02 76.18 58.13 47.16 24.65 15.53 -7777.00 -7777.00 7.62 0.00 —-7777.00 -7777.00 -7777.00
-98.19 1 124.89 112.70 92.09 76.34 58.11 47,11 24.65 15.51 -7777.00 -7777.00 7.61 0.00 -7777.00 -7777.00 -7777.00
-97.19 1 125.03 113.11 92.16 76.50 58.09 47.06 24.65 15.49 -7777.00 -7777.00 7.60 0.00 -7777.00 -7777.00 -7777.00
-96.19 1 125.16 113.51 92.23 76.66 58.08 47.00 24.65 15.47 -7777.00 -7777.00 7.59 0.00 -7777.00 -7777.00 -7777.00
-95.19 1 125.30 113.92 92.28 76.81 58.06 46.95 24.65 15.45 -7777.00 -7777.00 7.58 0.00 -7777.00 -7777.00 -7777.00
-94.19 1 125.44 114.32 92.34 76.96 58.05 46.89 24.64 15.42 -7777.00 -7777.00 7.57 0.00 -7777.00 -7777.00 -7777.00
O R L T A Ve A (- M e B Y- N .90 7 W0 S - WU M= b o o DU il T . RS & b 1) izl izl

Figure 2.4: Example of a portion of a text file obtained after segmentation of each
retinal layer has been completed using the Bioptigen Manual Layers Program

Fovea Beta v2.

The X and Y coordinates of each pixel of the segmented borders of each retinal layer
has been recorded together with a number of patient parameters including: name, eye
scanned, gestational age, estimated axial length, correction factor for lateral
magnification and scan parameters. If a border could not be segmented a value of
-7777.00 was inputed so that the affected layer(s) could be identified and removed from

the final analysis.
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2.5.

1.

Difficulties Encountered

The acquisition of repeated OCT examinations on infants and young children was
often very difficult, due to short attention span and fatigue. This necessitated the
incorporation of rest breaks, play time and feeding time into the examination visits.
As it was apparent that in some cases it may only be possible to obtain a single OCT
scan, we aimed to always san the right eye first, followed by the left eye in order to
maximise longitudinal data collection.

A large volume of OCT data was collected (approximately 1 terabyte every 6
months) during the course of this PhD. The management of the secure storage and
back up of this data was particular issue and necessitated documentation of all the
OCT examinations obtained in an encrypted Microsoft™ Excel summary document
as well as the backing up of the data to the University of Leicester’s Research R:
drive, which is a restricted access drive with automated backups.

The identification of the central foveal B-scan from the volumetric scans that were
obtained (Figure 5.3) and subsequent manual segmentation of the 10 individual
layers that make up the retina in the large dataset that was obtained in the control
participants (total 534 examinations) was extremely time consuming and generated
a large number of variables in the final analysis (Figures 2.3 & 3.1). For example,
the analysis of the 534 mixed cross sectional and longitudinal examinations that
were obtained in the control participants generated 1734 variables in the final
analysis, which necessitated the maintenance of several Microsoft™ Excel
documents and repeated checks of the data to ensure no errors had occurred during
the transfer of the original segmentation results to the final templates for statistical
analysis and modelling.

Finally modelling this data was complex as it consisted of non-linear growth curves
that was unique for each retinal layer which varied depending on the retinal
location. In order to describe these complex developmental trajectories, we needed
to use a relatively new modelling technique known as fractional polynomial

modelling (see section 4.23). In order to compare the developing retinae of controls
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and participants with nystagmus, liner mixed models and generalised linear mixed

models were used.

96



Chapter 3

Is Hand-Held Optical Coherence Tomography Reliable
in Infants and Young Children with and without

Nystagmus?

3.1. Introduction
3.2. Methods
3.3. Results

3.4. Conclusion
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3.1. Introduction

In older patients with nystagmus, it has been shown that optical coherence
tomography produces reliable retinal measurements and can differentiate albinism,
changes in PAX6 mutation and achromatopsia from idiopathic nystagmus by identifying
typical or atypical foveal hypoplasia.!26. 127,191

It has been reported that the images obtained using HH-SDOCT contain
movement artefacts caused by the examiner and/or the child.”® Also it is unclear if
reliable measurements of the retinal layers from the central foveal B-scan can be
obtained using the HH-SDOCT in infants and young children with and without
nystagmus.

In this study we evaluated the reliability of the HH-SDOCT in assessing foveal
morphology, in healthy children and in children with nystagmus (likely to be one of the

most difficult pathologies to image), aged between birth and 6 years of age.
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3.2. Patients and Methods

The cohort for this study included 49 children with nystagmus (mean age 43.83
months; standard deviation 24.1 months; range 1-82 months) and 48 control participants
(mean age 43.02 months; standard deviation 24.7 months; range 0 to 83 months) in
which a minimum of two separate successful OCT scans on at least one eye were
obtained on the same day. The demographic data and diagnostic breakdown are

summarised in Table 3.1.

Table 3.1: Summary of demographic data and diagnostic category of participants.

Eye
(SD) Male |Female| Right| Left
Cn":t:;" 0 to 83 (‘2‘2:23) n=25|n=23|n=33|n=15
Alllbin;im 1 to 82 (3;3;) n=17 | n=10 [n=20|{ n=7
nlf\il 7 to 81 (3;32) n=10 n=1 [n=6|n=5
Achr(l)llr;aiopsia 2 t0 70 égé;) n=2ln=2ln=1ln=3
PAX6I:n=u;ati0ns 48 10 76 (?Zg;) n=2 |l n=1ln=2ln=1
Re‘i“aill)zygt“’phy 451077 (? ;:g) n=2|n=1|n=3|-—
Latenti\lifsltagmus __________ 36 n=1 |ecomeeee n=1 |-

n = sample size; IIN = idiopathic infantile nystagmus, SD = standard deviation
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HH-SDOCT (Bioptigen™ Envisu system, Durham, NC, USA) was used to
obtain a minimum of two separate volumetric scans (consisting of 100 B-scans and 500
A-scans per B-scan) on the same examination day of the foveal region. The acquisition
speed for each B-scan was 5.8 milliseconds with an overall scan time of 2.9 seconds.
This ensured that any motion artefact caused by nystagmus was minimal. All children
were scanned in the outpatient clinic setting without sedation. A total of 166 scans in the
nystagmus participants and 164 scans in the healthy controls were obtained. Repeat
scans were obtained in at least one eye in all nystagmus subjects (n = 49) and all healthy
controls (n = 48). Acquisition of an OCT scan was considered successful if the B-scan
containing the foveal centre was captured together with a minimum of 5 uninterrupted
B-scans (i.e. without refixations or blinks on either side of the central foveal B-scan).
The retinal vasculature and optic nerve head were used to determine if refixations had
taken place during the scan.

The acquired images were exported from the Bioptigen OCT software and
imported into ImageJ software (available at: http:// rsbweb.nih.gov/ij/ Date accessed:
May 11, 2012) where retinal layer segmentation was performed by manually identifying
each layer at the fovea (Figure 3.1A and 3.1B). The fovea was identified by visual
inspection of the B-scan images for the presence of a foveal depression, thinning of the
inner retinal layers, doming of the outer nuclear layer and lengthening of the
photoreceptor outer segments as described by Mohammad et al’. Measurements of each
retinal layer were only performed if the borders between each adjacent retinal layers
were visible. In cases where the border between adjacent retinal layers was not clear a

combined measurement of the affected layers was taken (see first section of results).
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Figure 3.1: Optical coherence tomograms of 1 control subject (3.1A) and 1
nystagmus subject (3.1B) showing how segmentation of the borders of each of the

retinal layers was achieved.

Figures 3.1C & 3.1D are magnified sections of the rectangular box areas that are
outlined in figures 3.14 and 3.1B respectively. Segmentation of the foveal B scans was
performed using ImageJ software which identifies ten points corresponding to the
borders delineating each retinal layer (3.1C and 3.1D). These points represented: 1 to
2= RPE; 2 to 3= OS; 3= IS/OS junction; 3 to 4= 1S; 4 ELM; 4 to 5= ONL, 5 to 6=
OPL; 6 to 7= INL; 7 to 8= IPL; 8 to 9=GCL; 9 to 10= NFL.

NFL= nerve fiber layer; GCL= ganglion cell layer; IPL= inner plexiform layer; INL=
inner nuclear layer;, OPL= outer plexiform layer; ONL= outer nuclear layer;, ELM=
external limiting membrane; 1S/OS= inner segment/outer segment junction (ellipsoid),

RPE= retinal pigment epithelium.
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We analysed: (1) the reproducibility of retinal layer measurements between separate
scans of each participant; (2) the difference in reliability between scans obtained in
children with nystagmus as compared to age-matched controls, and (3) the inter-eye
agreement on scans obtained from the same subject. Reproducibility between scans was
assessed by determining the intraclass correlation coefficient (ICC) and by Bland—
Altman assessment. For the test-retest analysis, if repeat scans were present for both
eyes only a single eye (the right eye) was analysed. If two repeated scans were available
for only one eye this eye was chosen. A summary of the total number of right and left
eyes analysed is provided in Table 3.1. If more than two scans were obtained the two
highest quality scans were selected for analysis, with the highest quality scan analysed
first so that any bias due to quality of the scan is shown by the test-retest analysis. As
there is no automated quality index available for the HH-SDOCT we determined the
quality of each scan based on the clarity of the borders of each retinal layer (Tables 3.2
and 3.3). In order to determine if there was a proportional bias present in interpreting
higher quality scans as compared to lower quality scans, a linear regression procedure
was performed, where we determined if the difference between measures is a function
of the average of the measures. An independent-samples t-test was conducted to
determine the effects of age on the reliability of the retinal measurements. All analyses
were considered significant at a probability value of p < 0.05. Statistical analysis was

performed with SPSS™ software version 16.0 (SPSS™, Inc., Chicago, IL).
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Table 3.2: Reproducibility of first to second scan measurements taken from the

same eye of each outer retinal layer in both control and nystagmus groups.

Control Nystagmus
(n=48 for ICC of repeated measures (n=49 for ICC of repeated measures
from one eye) from one eye)
(n=45 for ICC of inter-eye comparison) [ (n=47 for ICC of inter-eye comparison)
Clear Not Not Not Clear Not Not Not
. Clear | Visible | Present Clear | Visible | Present
Retinal
layer ICC | Inter | ICC | Inter | ICC | Inter | ICC | Inter | ICC | Inter | ICC | Inter | ICC | Inter | ICC | Inter
-Eye -Eye -Eye -Eye -Eye -Eye -Eye -Eye
@@ [@O]@[@O@W]@0O|@[@O]@]@0@]@® |0
cmr  |0960(0947) — | — f — | — | — [ — ]0966]0987(0.982|0341 — | — | — f —
@n1E@H | O | O O | O[O | O [@#2)][@E0) | © [ @D d@ [ O [ O O
onL |0-887]0820 (0928 0.808| —  — | — | — [0.932)0.877]0858f 873 | — [ — | — | —
GH 1A Ao | EH | ) | D [ O | D) @)UY [ 2 [(GC) | @ | G [ O [ O
Is 0.557]10.517]0.367|0.704 — | — |0.626]0.583]0.2890.699| —

GB)H|EHA) (AN G [ GO | O | O @O [A2) A (22| © | & | O | O

ONLand |0931 (0897 — | — | — | — | — | — [0.931]0.878f0.633]0911| — [ — | — [ —
IS @) 1EH |1 @O [ M O[O | O[O |CH[ECH] O [UH[ @] O[O ] O

0.87210.695(0.34310.426 | — — — 0.82810.74210.588 | 0.816

08 GIBO @ [ @ O[O |Q[dO]|CH[C)] O [UAD[ @) C) [ ©®) | ©)

rpE  |0-305]0501 (08221 07 | — f — | — [ — |0.67110.62410.687(0.560| — f — | — | —
G (GO | O |n=9] O | O | O | (0) | 3B6)] (29|13 | A8 [ ©O) | ©O) [ O [ (O

OSand |0870f0914 — | — [ — | — [ — | — [o933]0943| — | — | — | — | — | —

RPE (@48 [@45) | O [ O [ @ | O [ O | O |@)|@GD]| O | O] © | © ] © ] O

Clear = Borders of the retinal layer can be delineated accurately

Not Clear = Borders of the retinal layer are visible but indistinct making delineation
inaccurate

Not Visible = Retinal layer is visible but the delineating borders are not visible

Not Present = Retinal layer is not present
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The analysis was subdivided into groups based on the clarity of each retinal layer’s
borders on both scans. The measurements from both scans were then compared using
intraclass correlation coefficients (ICC). The ICCs were only calculated where the
number of eyes included in the group was greater than five. A similar comparison
between the right and left eye measurements obtained from each participant was also
performed (inter-eye correlation) and this is also shown for each retinal layer for both

groups.

ICC = intraclass correlation coefficient; n = sample size; CMT = central macular
thickness;, ONL= outer nuclear layer; ELM= external limiting membrane,; IS = inner
segment segment of photoreceptor; OS = outer segment of photoreceptor;, RPE =

retinal pigment epithelium
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Table 3.3: Reproducibility of first to second scan measurements taken from the

same eye of each inner retinal layer in the nystagmus groups.

(n=47 for ICC of inter-eye comparison)

Nystagmus
(n=49 for ICC of repeated measures from one eye)

Clear Not Clear Not Visible Not Present
Retinal

layer | ICC | Inter- | ICC | Inter- | ICC | Inter- | ICC | Inter-
(m) [Eye(m)| (m) (Eye(m)| (m) |Eye(m)| (n) |Eye()

0.481 0.721 — 0.369 — — — —

NFL | 24y (20) ®) 5) (1) (1) (22) @1

0.623 0.750 -0.313 0.581 — — — —

GCL | (4 ) (12) (14) @) (3) @) @1

IPL 0.741 0.781 0.425 0.218 — — — —

(16) (10) (13) (15) @) ©6) (16) (16)

GCL 0.870 0.819 — 0.833 — — — —

and IPL| @9 (19) ) 6) 3) 4) (18) (18)

0.778 0.760 0.602 0.684 — — — —

INL (23) (18) ) 6) (5) (7 (16) (16)

0.401 0.536 0.845 0.597 — — — —

OPL | () (13) () (10) 5) ) (16) (16)

Clear = Borders of the retinal layer can be delineated accurately

Not Clear = Borders of the retinal layer are visible but indistinct making delineation

inaccurate

Not Visible = Retinal layer is visible but the delineating borders are not visible

Not Present = Retinal layer is not present
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The analysis was subdivided into groups based on the clarity of each retinal layer's
borders on both scans. The measurements from both scans were then compared using
intraclass correlation coefficients (ICC). The ICCs were only calculated where the
number of eyes included in the group was greater than five. A similar comparison
between the right and left eye measurements obtained from each participant was also

performed (inter-eye correlation) and this is also shown for each retinal layer.
ICC = intraclass correlation coefficient; n = sample size; CMT = central macular

thickness; NFL= nerve fiber layer; GCL= ganglion cell layer, IPL= inner plexiform

layer,; INL= inner nuclear layer; OPL= outer plexiform layer
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3.3. Results

3.31. Segmentation Difficulties

There were several borders between retinal layers that were not easy to identify in a

subset of participants. These were:

(1) The external limiting membrane (ELM), i.e. the border between the outer nuclear
layer (ONL) and inner segment of the photoreceptors (IS), was difficult to identify
clearly in 15 of 48 analysed eyes in control participants (31.2%). In 24 of 49 analysed
eyes in participants with nystagmus (49%), the ELM was difficult to identify in the
foveal area (Table 3.2 and figures 3.2C and 3.2D). Five of the 49 participants with
nystagmus were achromats in whom the IS was disrupted by a hypo-reflective zone and
therefore could not be analysed. The ELM appeared more difficult to identify in the
younger participants in both groups. The mean age at which the ELM was clearly
identified was 53.25 months and 45.61 months in the nystagmus and control groups
respectively. In comparison to this, the mean age of the participants where the ELM was
not visible was 23.17 months and 18.67 months in the nystagmus and control groups
respectively. However the effect of age (calculated using an independent-samples t-test)

was not significant in either the control participants or the nystagmus participants.

(i1) The border between the outer segment of the photoreceptors (OS) and the retinal
pigment epithelium (RPE) although present on all scans was often indistinct preventing
accurate demarcation (for example see magnified region of figure 3.2D). Consequently
it was difficult to identify the border in 9 of 48 analysed eyes in control participants
(18.8%) and in 13 of 49 analysed eyes in participants with nystagmus (26.5%) (Table
3.3). The mean age at which this border was clearly identified was 44.75 months and
49.26 months in the nystagmus and control groups, respectively. In comparison to this,
the mean age of the participants where this border was not clear was 38.23 months and
20.33 months in the nystagmus and control groups, respectively. This border was
significantly more difficult to delineate in the younger participants of the control group

(» <0.05). The effect of age did not reach significance in the nystagmus group.

(ii1) In the case of foveal hypoplasia, in the nystagmus group, the border between the

ganglion cell layer (GCL) and inner plexiform layer (IPL) could be difficult to identify.
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The border was not clearly visible in 14 of the 28 participants (50%) with foveal
hypoplasia, where these layers were present (Table 3.3) (Fig 3.2C and 3.2D). There was
no significant age difference between any of the segmentation categories of this group.
This border could be visualised clearly in 43.2% and 50% of the albinism and PAX6
participants respectively. This was most difficult to identify in achromatopsia, with the

border being clearly identified in only 25% of the achromatopsia participants.

We have provided measurements of the combined layers: IS-ONL; OS-RPE and GCL-
IPL in tables 3.2 and 3.3 in order to take the difficulties with accurate segmentation of

these borders into account.
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Figure 3.2: Optical coherence tomograms of 2 nystagmus subjects (3.2A and 3.2C)
and 2 control subjects (3.2B and 3.2D).
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Examples of the difficulties encountered in the segmentation of the retinal layers are
shown. The border between the GCL and IPL (indicated by the arrows in Fig 3.24) is
often difficult to identify. If the border between these layers could not be delineated,
then a combined measurement was taken from the GCL and IPL. A magnified section of
the GCL and IPL in Fig 3.2B and 3.2D which is indicated by the yellow box is shown in
Figs 3.24 and 3.2C. The ELM (indicated by the arrows in Fig 3.2B) is often difficult to
delineate (Fig 3.2D). If the ELM could not be identified then a combined measurement
was taken from the ONL and IS. The upper border of the RPE can be non-distinct
(indicated by the open arrows in Fig 3.2D). If this occurred then a combined
measurement was taken from the OS and RPE. A magnified section of the border
between the OS and RPE as indicated by the yellow box in Fig 3.2B and 3.2D is shown
in Fig 3.2F and 3.2H respectively.

NFL= nerve fiber layer; GCL= ganglion cell layer, IPL= inner plexiform layer, INL=
inner nuclear layer;, OPL= outer plexiform layer; ONL= outer nuclear layer; ELM=
external limiting membrane; 1S/OS= inner segment/outer segment junction;, RPE=

retinal pigment epithelium; ICC=intraclass correlation coefficient.
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3.32. Reproducibility of Retinal Measurements Between Scans

Both the nystagmus and controls groups demonstrated excellent reproducibility
between two examinations for central macular thickness (CMT) with ICCs greater than
0.96.

In general the outer retinal layers showed a good degree of reproducibility with
ICCs of between 0.8 and 0.95 for the ONL, OS, combined ONL-IS and combined OS-
RPE measurements in both the nystagmus group, and control group. The test-retest
reliability of the other outer retinal layers: the IS and RPE when measured individually
were not as consistent with ICCs of 0.626 and 0.671 respectively in the nystagmus
group and 0.557 and 0.305 in the control group.

For the inner retinal layers which were present in the fovea in patients with
foveal hypoplasia in the nystagmus group there was a good degree of reproducibility for
the IPL, INL and combined GCL-IPL measurements with ICCs of 0.741, 0.778 and
0.870, respectively. The test-retest reliability of the other inner retinal layers; the nerve
fibre layer (NFL); GCL and outer plexiform layer (OPL) was not as consistent with
ICCs of 0.481, 0.623 and 0.401, respectively. The ICCs were comparable between both
groups showing that there is no difference in the reliability of scans obtained in children

with nystagmus as compared to age-matched healthy controls (Tables 3.2 and 3.3).

3.33. Inter-Eye Comparison of Nystagmus and Control Subjects

Scans of both eyes were compared in 47 of the nystagmus subjects and 45 of the
control subjects. Both the nystagmus and controls groups showed a good degree of
inter-eye agreement with ICCs greater than 0.94 for CMT (Tables 3.2 and 3.3 and
Figure 3.1C).

3.34. Bland-Altman Assessment

A Bland-Altman assessment for agreement was used to compare the two
separate measurements (Table 3.4). With the exception of the CMT and combined OS-
RPE measurements in the control group and the INL, OPL and combined OS-RPE
measurements in the nystagmus group, bias was not significantly different from zero in

both groups for all retinal layer measurements.
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There was a significant positive bias in the CMT and combined OS-RPE
measurements in the control group with a biases of 0.291 (p < 0.05 and 0.484 (p <
0.0001) respectively, indicating a trend towards larger thickness measurements for these
layers with better quality scans. There was also a significant positive bias in the OS and
combined OS-RPE measurement in the nystagmus group with a bias of 0.402 (p < 0.01)
and 0.647 (p < 0.0001) respectively, indicating a trend towards a larger thickness
measurement for this layer with higher quality scans.

There was a significant negative bias in the measurements if the INL and OPL in
the nystagmus group with biases of -0.615 (p < 0.001) and -0.609 (p < 0.001)
respectively, indicating a trend towards smaller thickness measurements for these layers
with higher quality scans.

The 95% limits of agreement that were established ranged from a minimum
interval of -1.0 to 2.8 for the OS; a maximum interval of -3.2 to 3.4 for the ONL in the
control group; a minimum interval of -1.7 to 2.2 for the RPE and a maximum interval of
-6.7 to 5.4 for the combined ONL and IS measurement in the nystagmus group. The
limits of agreement were narrower in control as compared to the patient group. The
limits of agreement between patients and controls are of similar ranges and small

enough for clinical tests.
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Table 3.4: Summary of Bland-Altman plot for measurements of each retinal layer.

Control n = 48

Nystagmus n = 49

95%

95%

Retinal |Mean (pum) .. Bias Retinal |Mean (pm) .. Bias
Limits of Limits of
Layer (SD) Areement (p value) Layer (SD) AEreoment (p value)
CMT 192.100 0.291% CMT | 240.908 -0.066
n=48 | 24957 | 3823 005y | n=48 | (61075 | 7P| (N
NFL NFL 9.479 0.058
n=1 n=26 3962y | 40021 N
GCL GCL 25.864 0.092
n=1 n=2 | (8288 | 43 (Ng
IPL IPL 30.552 0.139
n=4 n=2 | (9435 | 00421 )
GCIIl;fnd Gclll;fnd 33959 | 641044 029
it Looe | @o3ss) | O (v
INL INL 53.959 20.615%%*
n=4 n=28 | (20355) | ®2©*4 <0001
OPL OPL 18.893 20.609%%*
n=4 n=28 | 8069 | P4 <0001
ONL 96.049 0.139 ONL 90.332 0.080
n=47 | @aso004) | 2234 (N n=47 | @2557) | 2238 (N
IS 29.340 20700 IS 26.871 20.830
n=45 (5.234) | 2208 LN n=38 4503) | 02401
ONILSa“d 125811 | 3o 0| 019 ONILSa“d 18081 | oy syl 0.060
s | @ozen | % (Ns) | @240y | OO (v
0Ss 37.409 0.089 0Ss 32.607 0.402%*
n=46 | @031 | 10281 N n=42 7664y | 133 oo
RPE 27.325 0.210 RPE 25.753 20117
n=48 G.001) | 00201 N n=49 | (5807 | 1722 (N
OS and OS and
62.575 0.484 %% 53.898 0.647%%*
nR:P fg 3377 | 223 (Zo0.00m) nR:Pi 16027 | 220211 o001

The higher quality scan was always analysed first so that any bias due to image quality

could be detected.

113




n = sample size; CI = confidence interval; CMT = central macular thickness;, NFL=
nerve fibre layer; GCL= ganglion cell layer; IPL= inner plexiform layer; INL= inner
nuclear layer;, OPL= outer plexiform layer; ONL= outer nuclear layer, ELM=
external limiting membrane; IS = inner segment of photoreceptors;, OS = outer
segment of photoreceptors;, RPE= retinal pigment epithelium; SD = standard
deviation; Ns = not significant (p > .05), *p < .05, **p < .01, ***p < .001, ****p <.
0001
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3.4. Discussion

We have demonstrated for the first time that the HH-SDOCT produces reliable
assessments of foveal morphology in young children with and without nystagmus. The
ICCs for CMT were excellent with an ICC of 0.966 in the nystagmus group and 0.960
in the control group. These are only marginally lower those obtained in adult patients
with nystagmus (0.97) and adult controls (0.98).1°! This should be expected as the inner
limiting membrane (ILM) and Bruch’s membrane exhibit the strongest signals on OCT.
The ICCs for ONL and OS were also high with ICCs >0.8 in the nystagmus and in the
control group, respectively. Reliable quantification of the OS is important clinically as
this can potentially be used as an objective predictor of visual acuity.!?” Bland-Altman
plots showed good agreement for both groups for intraretinal thickness measurements
and the 95% limits of agreement were comparable to those reported in adults with and
without nystagmus.!°!

We have also identified which retinal layers may be less reliable when
quantified. This includes the GCL and OPL layers in the nystagmus group and the IS
and RPE layers in both the nystagmus and control groups. The GCL and OPL layers
have very similar reflectance profiles making their borders more difficult to delineate
accurately. This leads to a poor signal-to-noise ratio when image quality is not be of
sufficient standard to allow accurate quantification of these layers.

Comparing the consistency of measurements based on whether the borders
between individual layers are clear or not clear did improve the ICCs for the IS from
0.289 to 0.626 in the nystagmus group and from 0.367 to 0.557 in the control group.
However the ICCs did not reach the same level of reliability as the other retinal layers
such as ONL. Also comparing the consistency of measurements based on border clarity
did not improve the ICCs for the OPL in the nystagmus group and the RPE in both the
nystagmus and control groups. As these layers are much thinner than the other layers of
the fovea their measurements are likely to be more sensitive to errors such as
measurement error and quantisation effects. The ICCs obtained in this study were
higher with the thicker retinal layers making this a plausible explanation.

One other explanation that would need to be considered is that in infants and

young children the retinal layers are developing. It is possible that in the immature

115



retina, structures such as the ELM may not be visible until they have matured
sufficiently. We observed a tendency towards more difficulties with segmentation of the
ELM and the junction between the OS and RPE in the younger participants of both
groups. This did not reach statistical significance for the ELM in both groups and for
the junction between the OS and RPE in the nystagmus group. The effect of age
(examined using an independent-samples t-test) did reach significance however, for the
junction between the OS and RPE in the control group (p < 0.05).

We attempted to improve the reliability of measurements of these retinal layers,
by performing combined measurements of the retinal layers where it was apparent that
there were difficulties with delineating their borders. This affected the GCL-IPL layers;
the ONL-IS layers and the OS-RPE layers. Assessment of these combined layers was
consistent on test-retest analysis with ICCs of 0.870, 0.931 and 0.933, respectively, for
the nystagmus group. The ICCs were 0.931 and 0.870 for the combined ONL-IS layer
and combined OS-RPE layers, respectively, in the control group. This is a strategy that
potentially could be used to improve reliability when using HH-SDOCT to quantify
normal retinal development, identify retinal pathology and in developing objective OCT
based predictors of visual acuity.

There was a trend towards a larger estimate of CMT measurements in the control
group; OS measurement in the nystagmus group and combined OS and RPE
measurements in both the nystagmus and control groups with higher quality images.
This may be accounted for by the increased reflectance of the RPE border and IS/OS
junction in the higher quality images, which make the RPE and OS appear thicker. The
trend towards a larger estimate of measurement of the INL and OPL on lesser quality
images may be explained by low reflectivity of the borders of these layers leading to an
overestimation of thickness of these layers as their borders are not clearly delineated.
The effects of image quality on the reliability of these measurements need to be taken
into account if the HH-SDOCT is potentially going to be used in a clinically diagnostic
and monitoring role in children with retinal conditions.

It has been previously shown that human foveal development as visualised by
spectral-domain OCT correlates anatomically with histologic specimens.> °2 Accurate

assessment of foveal morphology is important as the HH-SDOCT will likely play an
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increasingly important diagnostic and prognostic role in infants and young children with
nystagmus and other eye diseases such as ROP and glaucoma. Reliability between
measurements will allow accurate monitoring of both normal and abnormal foveal
development.

In this study we have shown that the reliability of quantitative central macular
thickness and photoreceptor outer segment length measurements using the HH-SDOCT
in children are excellent and is comparable to adult OCT."”! An OCT-based structural
grading system for foveal hypoplasia has been developed previously showing that the
grade of arrested foveal development is correlated to VA in a range of disorders
associated with foveal hypoplasia.!?® The reliability of the measurement of the length of
the photoreceptor outer segment is important as this is a strong predictor of visual acuity
in albinism'?7 and potentially could help predict visual acuity in various other diseases.
Our results provide an important basis for future use of OCT in infants and young
children for research and clinical application. In future studies it would be important, for
example, to analyse whether foveal morphology on OCT scans could be used to
possibly predict visual acuity in preverbal children, especially as OS have been shown
very reliable. Our results support that OCT can be used reliably clinically in young
children, in diseases including foveal hypoplasia or can be used to monitor retinal

dystrophies especially in view of imminent genetic therapy.
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Chapter 4

Normal Foveal Development: An In Vivo study using

Optical Coherence Tomography

4.1. Introduction
4.2. Methods
4.3. Results

4.4. Conclusion
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4.1. Introduction

It was previously highlighted in section 1.1, that foveal development is a
complex process, involving centrifugal displacement of the inner retinal layers away
from the foveal centre and centripetal displacement of the cone photoreceptors into the
foveal centre.> 3 3% The exact time course of foveal development is unclear with
maturation reported to be completed between eleven months and five years of age3® 37
30,60 with current understanding limited to studies of few histological specimens. 434346,
59

Hand-held spectral domain optical coherence tomography has the potential to
overcome this limitation by allowing large scale, reliable and non-invasive in vivo
imaging of the infant human retina at near microscopical (2.4 um) level 4% 36, 192

The aim of this study was to use the HH-SDOCT to systematically describe and

quantify normal foveal development in full term infants and young children.
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4.2. Methods

4.21. Participants

The cohort for this study included term 223 children with a mean age of 2.2
years (range 0-6.9 years) and 38 older children and adults with a mean age of 15 years
(range 7.1-27 years). Term was defined as a gestational age between 37 and 42 weeks
193 Participants were excluded if they had any pre-existing ocular, neurological or
metabolic abnormalities that may affect eye development, a refractive error of +4.00
diopters or greater in any axis, myopia of -3.00 diopters or greater in axis or
anisometropia of 1.5 diopters or more. In addition there were 4 further participants
recruited in whom cystoid macular oedema was identified on their initial scans. These
scans were excluded from subsequent analysis. If tomograms were obtained of both the
right and left eyes of a participant during a single visit, both eyes were included in the
final models.

All participants underwent a full orthoptic and ophthalmologic examination,
which included slit-lamp examination where possible, fundus examination and
measurement of visual acuity. Visual acuity (VA) was assessed in younger infants and
children by preferential looking using Teller acuity cards and/or crowded logMAR Kay
Picture Tests if possible. In cooperative children, Teller acuity cards and/or logMAR
crowded optotypes (Glasgow Acuity Cards) were used to obtain VA.

534 mixed cross sectional and longitudinal examinations were obtained.

Participants were divided into sixteen age groups as follows:

<40 weeks GA
n=19

41-46 weeks GA
n=18

47-52 weeks GA
n="7

12-14 months GA
n=23

15-17 months GA
n=24

18-20 months GA
n=19

21-26 months GA
n=15

27-32 months GA
n=18

33-38 months GA
n=14

39-44 months GA
n=14

45-56 months GA
n=24

57-68 months GA
n=27

69-80 months GA
n=17

&1-92 months GA
n=23

93-213 months GA
n=22

214-309 months
GA (n=16)

The demographic characteristics the participants in this study are provided in Tables 1

& 2 in Appendix 1.
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4.22. Optical Coherence Tomography

HH-SDOCT (Bioptigen Envisu™ system, Durham, NC, USA) was used to
obtain a volumetric scan (consisting of 100 B-scans and 500 A-scans per B-scan) of the
foveal region as previously described.!”?> The acquired images were exported from the
Bioptigen OCT software and imported into Image] software (available at: http://
rsbweb.nih.gov/ij/ Date accessed: May 11, 2012) where retinal layer segmentation was
performed. The nomenclature used to label the segmented layers are based on
previously established anatomical correlates with histology (Figure 1).93 %4 If a border
between two retinal layers could not be segmented reliably, then a combined
measurement of the two layers was taken in order to optimise the reliability of the
results obtained.!®?> This included the GCL and IPL which together make the ganglion
cell complex (GCC); the ONL and inner segment of the photoreceptors (IS) which
together make the ONL-IS complex and the outer segment of the photoreceptors (OS)
and RPE which make the (OS-RPE complex). For the purposes of this study, the
parafovea and perifovea were defined as the regions measured at 1000 um and 2000 pm

from the central fovea, respectively.

4.23. Statistics and Modelling

We calculated: (1) the mean thickness measurement, standard deviation and 95%
confidence interval for each retinal layer in each of the 16 age groups; (2) the trajectory
of development of each retinal layer over time, (3) the age at which the developmental
trajectory for each retinal layer reaches the 95% confidence interval of the mean adult
value and (4) the correlation between the thickness of each retinal layer and visual
acuity. Developmental trajectories were mapped out by carrying out fractional
polynomial modelling.!** Fractional polynomial modelling is a very flexible method of
modelling continuous, nonlinear data with skewed distributions. By choosing power
transformations from the set {-2, -1, -0.5, 0, 0.5, 1, 2, 3}, where 0 denotes the log
transformation fractional polynomial modelling can provide a range of shapes and
curves that cannot be achieved using standard polynomials.

In order to determine the relationship between retinal layer thickness

measurements and Teller visual acuity (measured in cycles per degree at 38 cm),
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measurements from a single eye only from each examination visit was included in the
analysis. If scans were available from both eyes from a single visit, then only the right
eye measurements were included. First order partial correlation coefficients were
calculated between each retinal layer and Teller visual acuity while controlling for age.

All analyses were considered significant at a type 1 probability value of p <
0.05. Statistical analysis was performed STATA™ software (Copyright 19962014,
StataCorp).
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4.3. Results

4.31. General Outline of Foveal Development

There is centrifugal migration of the inner retinal layers away from the central
fovea. With increasing maturity, the foveal pit widens and the GCL, IPL and OPL fuse
into a single thin layer (IRL) beneath the base of the central foveal pit. There is
centripetal migration of the photoreceptors into the central fovea accompanied by
concurrent elongation of these photoreceptors over time (Figure 4.1, Supplementary
Video 1). At between 37-40 weeks gestational age (GA), the outer segments of the
photoreceptors (OS) and ellipsoid (ISE) are absent in the central fovea in 62.1% of eyes
(Figure 4.1). This decreases to 34.8% at 41-46 weeks GA. The OS are present in the
central fovea in all eyes from 47 weeks GA (Table 3, Appendix 1). The appearance of
the contact cylinder (Figure 1) of the photoreceptors becomes more obvious with
increasing age. This structure is rarely identifiable in the youngest age groups but is
almost always visible from 47 months GA (Table 4, Appendix 1). There is elongation of
the outer retinal layers associated with an increase in the overall retinal thickness with

increasing age (Figures 4.1 & 4.2).

15.90 months

00 pm I

18.82 months 47.67 months 1000 pm

Figure 4.1: Examples of foveal tomograms from a range of ages illustrating the

anatomy of the fovea and the main features of foveal development over time.

There is centrifugal migration of the inner retinal layers away from the central fovea,
centripetal migration of the photoreceptors into the fovea and elongation of the

photoreceptor layers over time.
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RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform
layer; INL = inner nuclear layer;, OPL = outer plexiform layer;, ONL = outer nuclear
layer; ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; CC = contact cylinder; RPE = retinal pigment epithelium
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Figure 4.2: Mean thickness of each retinal layer plotted using a 4th order

polynomial fit for each of the 16 age groups which have been colour coded.
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The inner retinal layers include the RNFL, GCL, IPL, INL and OPL. The outer retinal
layers include the ONL, IS, OS and RPE.

RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform
layer; INL = inner nuclear layer;, OPL = outer plexiform layer;, ONL = outer nuclear
layer; IS = inner segment of the photoreceptor;, OS = outer segment of the

photoreceptor; RPE = retinal pigment epithelium; RT = retinal thickness
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The central retinal thickness at the fovea (CMT) increases logarithmically
between birth and 48.6 months gestational age (GA) by 62.4 % (Figures 4.2A & 4.3A).
In contrast to this, there is a smaller 17% and 21% increase in the nasal and temporal
parafoveal retinal thickness measurements, respectively, and a 6% and 13% increase in
the nasal and temporal perifoveal measurements, respectively, by 48.6 months GA. The
mean retinal thickness measurements for each age group at the fovea, parafovea and

perifovea have been summarised in Tables 5, 6 & 7 in Appendix 1.
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The parafoveal and perifoveal measurements were taken at 1000 um and 2000 um nasal
and temporal to the central fovea. The trajectories have been plotted over a time period
spanning 8.4 through 333.9 months gestational age (GA). Each point represents a
single value from each examination. The best fit curve line obtained with fractional
polynomial regression analysis together with its 95% confidence interval is shown. The

equation associated with the model is also given; where X = GA in months/100.

GA = gestational age; OCT = optical coherence tomography
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4.32. Development of the Inner Retinal Lavers

The foveal inner retina layers decrease in thickness with increasing age until
adulthood (Figures 4.2C, 4.3B & 4.4). The GCL is visible at the fovea in the youngest
age group (<40 weeks GA) only and has regressed from the fovea by 41-46 weeks GA.
The inner plexiform layer (IPL), inner nuclear layer (INL) and outer plexiform layer
(OPL) decrease in thickness exponentially during the immediate postpartum period. The
IPL, INL and OPL decrease in thickness exponentially, completing their regression from
the fovea by 18.7, 17.6 and 17.8 months GA, respectively (Figures 4.2G-1 & 4.4). We
calculated that regression of the inner retinal layers from the fovea is complete at 17.5
months GA (Table 8 in Appendix 1).

The developmental trajectories of the inner retinal layers at the parafovea and
perifovea are more complex than directly at the fovea (Figures 4.4 & 4.5). The RNFL
and IPL decrease exponentially in thickness until 31.4 months and 39 GA, respectively
(Figures 4.4 & 4.5). The GCL and INL initially decrease in thickness until 17 months
GA and then increase in thickness until 65.5 and 41.5 months GA, respectively (Figures
4.4 & 4.5). The OPL increases in thickness, peaking at 11.6 months GA (Figures 4.4 &
4.5).
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Figure 4.4: Development trajectories for the inner retinal layers: RNFL, GCL,

IPL, INL and OPL at the parafovea and perifovea.

The parafoveal and perifoveal measurements were taken at 1000 um and 2000 um nasal

and temporal to the central fovea. The trajectories have been plotted over a time period

spanning 8.4 through 333.9 months GA. Each point represents a single value from each

examination. The best fit curve line obtained with fractional polynomial regression

analysis together with its 95% confidence interval is shown. The equation associated

with the model is given, where X = GA in months/100.
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Figure 4.5: Percentage change in the mean thickness of the foveal, parafoveal and
perifoveal inner retinal layers between birth and time of peak development at the

fovea (red arrows).
The residual percentage difference between the retinal layer thickness at the time of

peak development at the fovea and the mean adult thickness value is shown for

comparison.
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RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform

layer; INL = inner nuclear layer; OPL = outer plexiform layer
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4.33. Development of the Outer Retinal Layers

The outer retinal layers at the fovea increase logarithmically by 185% between
birth and 47 months GA, reaching maturity by 75 months GA (Figure 4.2D). The
developmental trajectories for the outer retinal layers at the fovea, parafovea and
perifovea are illustrated in Figure 4.6.

The outer nuclear layer (ONL), inner segment of the photoreceptors (IS) and
outer segment of the photoreceptors (OS) thickness increases logarithmically at the
fovea, between birth and 45.3, 26.9 and 32.4 months GA, respectively (Figure 4.6). The
parafoveal and perifoveal ONL, IS and OS also increase in thickness exponentially
initially and then increase more gradually until 128.4, 29.8 and 146 months GA,
respectively (Figures 4.6 & 4.7). The most dramatic change occurs with respect to the
OS of the cone photoreceptors, which increases in thickness at the fovea from 3.06 um
to 33.27 um (987.3%) between birth and 45 months GA. Initially, the parafoveal and
perifoveal photoreceptors are longer than the central photoreceptors. This difference
disappears between 47-52 weeks gestational age.

The RPE rapidly increases in thickness at the fovea, parafovea and perifovea
between birth and 54.4 months GA and then increase more slowly thereafter (Figures

4.6 & 4.7).
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Figure 4.6: Development trajectories for the ONL, IS, OS and RPE at the fovea,

parafovea and perifovea.

The parafoveal and perifoveal measurements were taken at 1000 um and 2000 um nasal
and temporal to the central fovea. The trajectories have been plotted over a time period
spanning 8.4 through 333.9 months GA. Each point represents a single value from each
examination. The best fit curve line obtained with fractional polynomial regression
analysis together with its 95% confidence interval is shown. The equation associated

with the model is given, where X = GA in months/100.
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ONL = outer nuclear layer, IS = inner segment of the photoreceptor; OS = outer

segment of the photoreceptor;, RPE = retinal pigment epithelium; GA = gestational age.
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Figure 4.7: Percentage change in the mean thickness of the foveal, parafoveal and
perifoveal outer retinal layers between birth and time of peak development at the

fovea (green arrows).

The residual percentage difference between the retinal layer thickness at the time of

peak development and the mean adult thickness value is shown for comparison.

RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform

layer; INL = inner nuclear layer; OPL = outer plexiform layer
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4.34. Correlations with Visual Acuity

There was a weak negative correlation between the IRL thickness with VA,
measured using Teller acuity cards (Teller acuity) (r = -0.16, p < 0.05). The ORLs and
RT are strongly correlated with Teller acuity with r = 0.54 (p < 0.0001) and r = 0.52 (p <
0.0001) respectively. Each of the outer retinal layers measurements are significantly
correlated with Teller acuity. This includes the ONL (r = 0.51, p < 0.0001); IS (r = 0.29,
p <0.0001); OS (r=.22, p<0.01) and RPE (r=0.2, p <0.001) (Table 4.1).

Table 4.1: Summary of the first-order partial correlations conducted in order to
explore the relationship between each retinal layer measurement and the

development of Teller acuity while controlling for the effects of age.

GCL | IPL (GCC| INL |OPL |ONL | IS OS | RPE | IRLs [ORLs| RT

Teller | -0.02 | -0.02 | -0.74 | -0.13 | -0.04 | 0.52 0.23 0.22 0.17 | -0.16 | 0.47 0.44
Acuity | Ns Ns N Ns Ns *oHkk *% *% * * skkk | kkxk

N = 160 in all cases
Ns = not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

N = number of examinations where all retinal layers could be reliably segmented; GCL
= ganglion cell layer; IPL = inner plexiform layer;, GCC = ganglion cell complex, INL
= inner nuclear layer; OPL = outer plexiform layer;, ONL = outer nuclear layer; IS =
inner segment of the photoreceptor; OS = outer segment of the photoreceptor; RPE =

retinal pigment epithelium; GA = gestational age
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4.4. Discussion

To our knowledge, this is the first large in vivo OCT study of normal term
human foveal and visual development to be reported. We have confirmed that foveal
development consists of the dual processes of centrifugal displacement of the inner
retinal layers and a centripetal displacement of the outer retinal layers which occurs
concurrently with elongation of the retinal layers. This has previously been outlined in
detail in smaller scale histological and OCT studies.’® 4% 5 Previous studies have
suggested that foveal development is completed at between 11-15 months of age and
five years.3”-3%. 3% 60 We have found in our study that the central foveal thickness reaches
adult levels at 48.6 months GA. This does not suggest however that the individual
developmental processes for each retinal layer at the fovea is complete at this age. In
fact our study suggests that some changes may be continuing into adolescence.

The excavation of the inner retinal layers from the fovea has been reported to be
complete at 6 weeks to 9 months postnatally.®® Our study confirms that this process is
complete at 18 months GA. The parafoveal and perifoveal pattern of development of the
inner retinal layers is more complex and does not necessarily mimic what is occurring at
the central fovea. With the exception of the GCL and OPL all of the parafoveal and
perifoveal inner retinal layers decrease in thickness and then begin to level out from 18
months GA. If the hypothesis that mechanical stretch is the force that directs migration
of the IRLs away from the fovea, then the effect of this would be then the effect of this
would be greatest during the first two years of life, when the axial length (AL) of the
eye reaches 90% of mean adult values when the increase in the axial length of the eye is
at its greatest.’? 192103 Once the change in axial length plateaus, migration of the inner
retinal layers would be expected to plateau around this age, which is what we observed
in this study.

The parafoveal and perifoveal GCL and INL initially decrease in thickness until
17 months GA and then gradually increase in thickness until 65.5 and 41.5 months GA,
respectively. The parafoveal and perifoveal OPL increases in thickness until it plateaus
at 21.3 months GA. We postulate that what this pattern represents is the dual processes
of migration of the inner retinal layers from the fovea as well as thickening of these

retinal layers over time. In the case of the GCL and INL, the rate of increase in
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thickness does not exceed migration until 18 months of age when thickening exceeds
the rate of migration giving a net increase in the thickness of the GCL and INL in the
parafovea and perifovea. The thickening of these layers then plateaus as maturity is
reached. In the case of the OPL, the net increase in thickness of this layer always
exceeds the rate of migration of the layer from the parafovea and perifovea, until it
plateaus at 11.6 months GA.

We have demonstrated that the outer retinal layers increase in thickness
exponentially until approximately 47 months GA followed by a gradual plateau. The
ORL measurement reaches mean adult values by 69 months GA. Interestingly, however
the ONL and OS appears to continue increasing in thickness into adolescence. This may
be consistent with previous histological observations that the cone packing density at
the fovea (108400/mm?) have only reached half adult values at 45 months.?’ If the cone
packing density at the fovea is continuing to increase into adolescence, then this may be
reflected by the continuing increase in thickness of the OS and ONL layers on OCT into
adolescence.

The visibility of the ISE band (previously termed the IS/OS band) at the central
fovea on OCT is dependent on maturity. Although it is present histologically at 27
weeks post menstrual age (PMA) it has been reported not be visible in the central fovea
on OCT until between 40 weeks and 43 weeks GA.*: 19 This is in contrast to
histological findings, where the IS and OS can always be visualised at the fovea from
birth in term infants. These IS and OS may be too short and immature in this age group
to form a visible band on OCT.!®> We have shown in our study that the outer segment of
the photoreceptors is frequently not identifiable in the central fovea on OCT in infants
less than 46 weeks GA, but is always identifiable after 47 weeks GA.

The presence of the hyper reflective contact cylinder band (located between the
ISE and RPE bands) on OCT is also a feature of foveal maturity. This structure was
nearly always present after 45 months GA. This is consistent with previous work
suggesting that this is identifiable on OCT at between 24 months and 5 years.!®
However this contrasts with reported findings in premature human foveal development,
where this band was not found to be visible in any infants less than 10 years of age.*’

This suggests that perhaps development of the outer retinal layers may differ between
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premature children and term children on OCT. Larger scale longitudinal OCT studies of
premature foveal development would be needed in order to definitively answer this
question.

We have shown that the RPE also increase in thickness until 57 months GA
followed by a plateau. RPE thickening may be essential to normal visual development
and retinal maturation as it is known that in macular dystrophies, there is atrophy of the
RPE.19

We have also been able to correlate grating visual acuity with the IRLs, ORLs,
RT, ONL, IS, OS and RPE measurements. In the future it would be interesting to
compare these correlations with those calculated in children with retinal pathology to
see what effect the disease process has on the development of the retina and
consequently, visual acuity. For example, it has previously been shown in adults with
albinism that the length of the OS is strongly correlated with VA.!28

Although we have correlated several retinal layer measurements with the
development of visual acuity, none of these can fully account for all of visual
development. This is because other factors such as changes in the dorsal lateral
geniculate nucleus and the striate cortex may be contributing to visual development.!7¢
177 Future studies may aim to define the exact contributions of retina and the cortex to
overall visual development by monitoring both retinal, cortical and visual development
simultaneously using OCT and magnetic resonance imaging.

To our knowledge, this is the first report of a large in vivo study of normal term
human foveal development. Foveal development is a complex, nonlinear process which
continues at least until 12 years of age, mimicking findings of longitudinal MRI brain
development studies.!®” Visual functions such as hyper-acuity continue to develop until
21 years of age.!”® Although this has been attributed to refinement of neural circuitry at
the cortical level, it is possible that ongoing retinal development is contributing. Our
description of normal development will be helpful in detecting, monitoring and

understanding retinal changes in pathology.
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Chapter 5

Potential of Hand-Held Optical Coherence
Tomography to Determine Aetiology of Infantile
Nystagmus in Children based on Foveal Morphology

5.1. Introduction
5.2. Methods
5.3. Results

5.4. Conclusion
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5.1. Introduction

Spectral-domain optical coherence tomography has revolutionised the
investigation, diagnosis and management of many eye conditions over the past 10 years.
Previously in section 1.2, the feasibility of the HH-SDOCT in identifying retinal
morphology and abnormalities in infants and young children has been outlined.
However very little work has been carried out on imaging young children with
nystagmus. With gene therapy imminent for a number of paediatric retinal
disorders!?>-201 associated with nystagmus it becomes important to investigate whether
the HH-SDOCT is useful for diagnosis and monitoring of retinal abnormalities in these
patients.

In older patients it has been shown that OCT is very helpful in determining
foveal morphology in infantile nystagmus and hence differentiating the actiology.!?3-12°
This can be done based on the presence or absence of foveal hypoplasia; whether it is
typical or atypical, or if there are other retinal abnormalities present (see section 1.3
Infantile Nystagmus).

In this study we investigated the feasibility and the clinical use of HH-SDOCT
in children with nystagmus less than 6 years of age compared to age-matched healthy
volunteers as it is known that the fovea continues to develop and mature at least until
the age of four years.>® Our aims were to develop an OCT based diagnostic algorithm
for assessing infantile nystagmus and to determine the sensitivity and specificity of the

HH-SDOCT in the classification of foveal abnormalities.
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5.2. Methods
5.21. Subjects and clinical examination

The cohort for this study included 50 patients with nystagmus and 50 age-
matched healthy controls. The mean age in the nystagmus group was 3.2 years (standard
deviation; 2 years; range; 0-8 years), and in the control group was 3.2 years (standard
deviation; 1.8 years; range; 0-8 years). All children were scanned in an outpatient clinic
setting without sedation. The demographic data are summarised in Tables 1-7 in
Appendix 2.

All patients underwent ophthalmologic examination, which included slit-lamp
examination where possible, determination of presence or absence of iris
transillumination (TID) defects (also in parents if possible, as carriers of albinism
frequently have iris transillumination'®3 13¢) presence and type of nystagmus, fundus
examination and measurement of visual acuity. Visual acuity (VA) was assessed in
younger infants and children by preferential looking using Teller acuity cards and/or
crowded Logarithm of the Minimum Angle of Resolution (logMAR) Kay Picture Tests
if possible. In cooperative children, logMAR crowded optotypes (Glasgow Acuity
Cards) were used to obtain VA. Electroretinograms (ERGs) and 5-channel VEPs (to
detect increased optic nerve crossing in albinism) according to International Society for
Clinical Electrophysiology of Vision (ISCEV) standards were obtained if possible.!'®’

Albinism was diagnosed by abnormal decussation at the chiasm on VEPs and
clinical signs such as iris transillumination, fundus appearance, hair and skin
pigmentation and/or genetic testing. Where a diagnosis of albinism was suspected,
genetic testing for mutations of the tyrosinase gene (7YR) was offered in all cases (tests
for other genes was not available). Pigmentary characteristics of patients were classified
using a modified Schmitz classification (Table 2 in Appendix 2). Suspicion of PAX6
associated disease was derived from iris abnormalities, atypical nystagmus with vertical
component, dominant inheritance pattern in the family and/or genetic testing.
Achromatopsia was diagnosed by extinguished or severely reduced photopic
electroretinograms, photophobia, typical small fast nystagmus and genetic testing for all
known achromatopsia gene mutations. Rod-cone and cone-rod dystrophy were

diagnosed based on clinical history and examination, and ERG findings. Idiopathic
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nystagmus was diagnosed with typical horizontal conjugate nystagmus which did not
change upon covering one eye, if no abnormality other than nystagmus and squint was
found and/or electrophysiology was within normal limits. Genetic testing for mutations
in FRMD?7 was offered in all suspected cases of IIN. Manifest latent nystagmus was
diagnosed if children had congenital squint syndrome, typical nystagmus which
increased upon covering one eye and beating in the direction of the open or fixing eye

and normal slit lamp and fundus examination.
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5.22. Hand-Held Spectral Domain Optical Coherence tomography (HH-SDOCT)

The retinae of the study subjects were scanned using a portable, hand-held, non-
contact spectral domain optical coherence tomography device (Bioptigen™ Inc,
Research Triangle Park, North Carolina, USA) as previously described.!”> The acquired
images were exported from the Bioptigen™ HH-SDOCT software and imported into
Image] software (available at: http:// rsbweb.nih.gov/ij/; Date accessed: May 11, 2012).
The fovea was identified based on visual inspection of the scans for its characteristic
features as described by Mohammad et al.'?” which includes the presence of: 1) foveal
pit; 2) thinning of the inner retinal layers; 3) doming of the outer nuclear layer and 4)
lengthening of the photoreceptor outer segments (Figure 3.1). Images of both eyes,
where available were compared. OCT images were classified into one of the 4
following categories: 1) typical foveal hypoplasia (predicting albinism, P4X6 mutations
or isolated foveal hypoplasia); 2) atypical foveal hypoplasia (predicting achromatopsia);
3) other foveal changes (predicting retinal dystrophy); 4) normal fovea (predicting
idiopathic or latent nystagmus), where:

Category 1: Typical foveal hypoplasia was graded as described by Thomas et al.!?® In
grade 1, there is an absence of extrusion of the plexiform layers. In grade 2, there is an
absence of the foveal pit. In grade 3, there is additional absence of outer segment (OS)
lengthening. In grade 4, in addition to the features of grade 3 foveal hypoplasia, there is
an absence of the ONL widening (Figure 4.1).

Category 2: Foveal hypoplasia was classified as atypical if there was in addition to
abnormal inner retinal layers in the macular area (as described above for typical
hypoplasia), IS/OS disruption or a hypo-reflective zone present in the foveal area.
Category 3: Other foveal changes that do not include the aforementioned features of
foveal hypoplasia, were defined as the presence of a thinned ONL, loss of the IS/OS
signal, thickened inner retinal layers and blurring of detectable boundaries between the
thinned ONL and the thickened INL (abnormal lamination).

Category 4: Normal foveal morphology.
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Figure 5.1: Structural Grading of foveal hypoplasia based on different stages of

arrested development.

(5.1A). Grade 1 foveal hypoplasia. There is a continuation of the normally absent inner
retinal layers including the NFL, GCL, IPL, INL and OPL at the fovea (white square).
(5.1B). Grade 2 foveal hypoplasia. In addition to the continuation of the inner retinal
layers, there is absence of the foveal pit (white block arrow). (5.1C). Grade 3 foveal
hypoplasia. In addition to the features of grade 2 foveal hypoplasia, there is absence of
lengthening of the outer segment of the cone photoreceptors (white oval). (5.1D). Grade
4 foveal hypoplasia. In addition to the features of grade 3 foveal hypoplasia there is
absence of ONL widening as indicated by the brackets.

NFL= nerve fiber layer; GCL= ganglion cell layer; IPL= inner plexiform layer; INL=
inner nuclear layer; OPL= outer plexiform layer;, ONL= outer nuclear layer;, ELM=
external limiting membrane; 1S/OS= inner segment/outer segment junction (ellipsoid),

RPE= retinal pigment epithelium.
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A OCT based diagnostic algorithm for infantile nystagmus was established using
the classification as outlined above. The tomograms from each patient were compared
to age-matched controls in order to ensure that described abnormalities were not due to
incomplete maturation of foveal development. All control subjects that were recruited
had equal vision in both eyes (where measurement was possible), no significant
refractive error (defined as hyperopia of +4.0 D or greater in any axis, myopia of =3.0 D
or greater in any axis or anisometropia of 1.5 D or more difference between
corresponding axes in the two eyes), a normal orthoptic and ophthalmological
examination and no known neurologic or metabolic conditions..

Sensitivity and specificity of predicting diagnosis by visual analysis of HH-
SDOCT scans was calculated based on the classification of foveal abnormalities by
three investigators not involved in clinical examinations in this study and masked to the
clinical characteristics of patients (FAP (non-clinical lecturer), GM (research orthoptist)
and AP (academic clinical fellow, second year of ophthalmology training)). The three
investigators were asked to classify images into the same categories as specified above
based on HH-SDOCT images only with no other knowledge of the patients. They were
provided with randomised and anonymised scans from the nystagmus cohort. Each scan
was paired with an age-matched control to allow comparisons. The instructions given to
the three investigators for classification matched the descriptions for categories 1 to 4 as
outlined above. The sensitivity, specificity, positive predictive value (PPV) of each OCT

based predicted diagnostic category was calculated.
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5.3. Results
5.31. Feasibility

There was initial failure to obtain scans in either eye in 3 (3/50) of the patients
(47/50; 94% success rate). These patients were aged 12 months, 23 months and 24
months. We were successful in obtaining scans on one or both eyes on a subsequent day
(100% success rate for imaging at least one eye). We successfully obtained scans in
both eyes in 45 (45/50) of the patients and 45 (45/50) of the controls (90% success rate
for both groups). All subjects were scanned without sedation. In 100% of controls and
98% of patients the scans were successfully obtained without mydriasis. One patient
was scanned with mydriasis because she was already dilated during the clinical
examination. Successful HH-SDOCT scans took between 2-5 minutes in cooperative
children and up to 20 minutes in less cooperative children. Scanning was most difficult

in children aged between 1 and 2 years.

5.32. Comparison of Both Eyes of Control Subjects and Patients

In all patients and normal subjects where scans were available for both eyes
there was no inter eye difference in the configuration of the foveal tomograms. Some
examples of foveal tomograms taken in children of different ages are shown in figure

5.2.
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Figure 5.2: Examples of foveal OCTs in normal control infants and young children

of different ages.

There is no evidence of foveal hypoplasia in any of these tomograms. The RPE is of
normal calibre. The IS/OS junction is clearly present in the foveal and parafoveal areas.

There is normal lamination of all the retinal layers. The length of the IS/OS as well as

150



the ONL appears to increase with age. There is also appears to be inter-subject

variation in foveal morphology.

OCT = optical coherence tomography;, NFL= nerve fiber layer; GCL= ganglion cell
layer; IPL= inner plexiform layer, INL= inner nuclear layer;, OPL= outer plexiform
layer;, ONL= outer nuclear layer; ELM= external limiting membrane; IS/OS= inner

segment/outer segment junction (ellipsoid); RPE= retinal pigment epithelium.
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5.33. Controls

None of the healthy control subjects had any evidence of foveal hypoplasia or

other foveal abnormality as described in categories 2 and 3 above.

5.34. Patients with Typical Foveal Hypoplasia (Category 1)

Twenty-three (23/50) patients were identified with typical foveal hypoplasia
(Table 5.1). Nine (9/23) patients had grade 1 foveal hypoplasia, five (5/23) had grade 2,
four (4/23) had grade 3 and five (5/23) had grade 4. The clinical characteristics of these
patients are summarised in Tables 2 & 3 in Appendix 2. Figure 5.1 shows examples of
each of the grades of foveal hypoplasia. Figure 5.3 demonstrates an example of how the
location of the fovea is confirmed in grade 3 foveal hypoplasia.

The final clinical diagnosis was albinism in 21 patients and P4X6 mutations in 2
patients. Eighteen of the 21 (85%) albinism suspects had at least 2 clinical/VEP findings
consistent with the diagnosis of albinism while three children had only one clinical

finding (Table 5.4).
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Figure 5.3: Example of the identification of the central foveal B-scan in the right

eye of a child with grade 3 foveal hypoplasia.
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The B-scan containing the foveal centre (5.3C) was captured together with a minimum
of 5 uninterrupted B-scans superior and inferior to the central foveal B scan. The
double-ended green arrow in each B-scan indicates the outer nuclear layer (ONL)
thickness. The ONL is at its maximum thickness in 5.3C confirming that this is the
location of the fovea. The two B-scans immediately superior (5.34 and 5.3B) and
inferior (5.3D and 5.3E) to the central foveal B-scan are shown for comparison. The
optic nerve is used as an anatomical landmark for orientation as the fovea is normally
located temporal to the optic nerve. The location of each B-scan is outlined with a
single green line on the corresponding en-face retinal image that was acquired. The
yellow cross is marking the approximate position of the foveal centre on the en-face
images. The fovea appears to be positioned slightly superior to the optic nerve due to
the slightly tilted (clockwise) position of the probe during image acquisition. The blue
rectangle is outlining the area where the 10 B-scans surrounding the central foveal B-
scan were taken. The red brackets on the top scan indicate where a blink occurred and a

white arrow indicates a refixations artefact.

NFL= nerve fiber layer; GCL= ganglion cell layer, IPL= inner plexiform layer, INL=
inner nuclear layer; OPL= outer plexiform layer; ONL= outer nuclear layer; ELM=
external limiting membrane; 1S/OS= inner segment/outer segment junction (ellipsoid);

RPE= retinal pigment epithelium.
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5.35. Patients with Atypical Foveal Hypoplasia (Category 2)

Five patients were identified with atypical foveal hypoplasia on HH-SDOCT
(Figure 5.4). The clinical characteristics of these patients are summarised in Table 5 in
Appendix 2. All patients had evidence of foveal hypoplasia and abnormalities of the IS/
OS junction (Figure 5.4A and 5.4B). In the youngest (2 months old) the IS/OS was
abnormal in that it was non-distinct in comparison age-matched controls. Four of the
patients had evidence of a hypo-reflective area disrupting the IS/OS (Figure 5.4B),
which was larger in older children. A hypo-reflective zone was not seen in the youngest

2 month old child (Figure 5.4A).
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A. 2 months B. 37 months

Figure 5.4: Atypical foveal hypoplasia in 2 young achromatopsia patients.

(5.44). There is evidence of atypical foveal hypoplasia with continuation of inner
retinal layers (white square) and interruption of the 1S/OS junction (white oval) at the
foveola. (5.4B). There is evidence of a punched out lesion (white arrows) representing a
hypo-reflective zone at the foveola which is disrupting the normally contiguous 1S/0S
junction (white oval). In both patients there is absence of elongation of the outer
segment of the cone photoreceptors. NFL= nerve fibre layer; GCL= ganglion cell layer,
IPL= inner plexiform layer;, INL= inner nuclear layer; OPL= outer plexiform layer;
ONL= outer nuclear layer;, ELM= external limiting membrane; IS/OS= inner segment/

outer segment junction (ellipsoid); RPE= retinal pigment epithelium.
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5.36. Patients with Other Abnormal Foveal Morphology (Category 3)
Six patients had abnormal foveal morphology on HH-SDOCT (Table 5.1). The

clinical characteristics of these patients have been summarised in Table 6 in Appendix 2.
There was visible thinning of the RPE (Figure 5.5A, 5.5B, 5.5C and 5.5D) in
comparison to age-matched controls. In addition a hyper-reflective area disrupting the
IS/OS was evident at the fovea as well as abnormal lamination of the inner retinal layers
(Figure 5.5B). Foveal hypoplasia was also identified in two cases (Figure 5.5A). The IS/
OS band was less well developed and was not clearly evident beyond the foveola
(Figure 5.5C and 5.5D). In each of these cases a rod-cone or cone-rod dystrophy was

suspected.
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Figure 5.5: Atypical macular morphology in 2 patients with microcephaly (4.5A
and 4.5B) and 2 patients with retinal dystrophy (4.5C and 4.5D).

(5.54) and (5.5B). In both patients there is evidence of foveal hypoplasia (open
squares). The RPE appears thinned and there is evidence of a hyper reflective zone
disrupting the 1S/OS at the fovea (white oval). The inner retinal layers have a mottled
appearance disrupting the continuity of the inner plexiform/ganglion cell layers (open
square). (5.5C). The RPE appears thinned (brackets) and the IS/OS band is not evident
beyond the foveola. . There is evidence of a hyper reflective substance disrupting the 1S/
OS beyond the fovea (white oval)). (5.5D). The RPE appears thinned (open arrows).
There is evidence of hyper-reflectivity present in the fovea affecting the IS/OS (white
oval). In all cases the IS/OS is less well developed in comparison to equivalent age

matched controls.

NFL= nerve fiber layer; GCL= ganglion cell layer; IPL= inner plexiform layer; INL=

inner nuclear layer; OPL= outer plexiform layer; ONL= outer nuclear layer; ELM=
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external limiting membrane; 1S/OS= inner segment/outer segment junction (ellipsoid),;

RPE= retinal pigment epithelium.
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5.37. Patients with Normal Foveal Morphology (Category 4)

Sixteen patients with nystagmus had no evidence of either typical or atypical
foveal hypoplasia or any other signs of abnormal foveal morphology (Table 5.1). The
clinical characteristics of these patients are summarised in Table 7 in Appendix 2. None
of these patients had any obvious differences in foveal morphology compared to
controls (Figure 5.6). There was no evidence of foveal hypoplasia. The RPE was
normal. The IS/OS was well developed in the foveal and parafoveal area. There was
normal lamination of all the retinal layers. Twelve patients in this group were clinically
diagnosed with idiopathic nystagmus (IIN) with typical horizontal nystagmus. The
remaining four patients were diagnosed with manifest latent nystagmus (fusion

maldevelopment syndrome) on the basis of ocular motility examination.
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A. 18 months B. 21 months

1000um

Figure 5.6: Normal foveal structure in a patient with IIN (5.6A) and a patient with

manifest latent nystagmus (5.6B).

There is no evidence of foveal hypoplasia in either patient. The RPE is of normal
calibre. The IS/OS is well developed in the foveal and parafoveal area. There is normal

lamination of all the retinal layers.

NFL= nerve fiber layer; GCL= ganglion cell layer, IPL= inner plexiform layer, INL=
inner nuclear layer; OPL= outer plexiform layer; ONL= outer nuclear layer; ELM=
external limiting membrane; 1S/OS= inner segment/outer segment junction;, RPE=

retinal pigment epithelium.
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5.38. Sensitivity, Specificity and Predictive Value of the OCT by Masked Reviewers

Sensitivities of HH-SDOCT for classifying typical, atypical foveal hypoplasia,
other abnormal foveal morphology and normal morphology were 92.8%, 86.7%, 41.1%
and 88.4%, respectively, with specificities of 91.4%, 94.8%, 97.7% and 95.1%,

respectively (Tables 5.1 & 5.2).

Table 5.1: Sensitivity, specificity and predictive value of the hand-held OCT in

infants and young children with nystagmus

Category Sensitivity |Specificity |PPV  |[NPV

Typical Foveal Hypoplasia 92.8% 91.4% 90.2% 193.6%
Atypical Foveal Hypoplasia 86.7% 94.8% 69.3% [98.4%
Other Abnormal Morphology 41.1% 97.7% 72.2% 92.5%
Normal Macular Morphology 88.4% 95.1% 89.1% [95.4%

PPV = positive predictive value; NPV - negative predictive value; OCT = optical

coherence tomography
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Table 5.2: Breakdown of the results of the masked analysis by category and by

grader.
False Positive (n) False Negative (n) q
Category (n) ’.I‘l:ue Correct Scan Category | Incorrect Scan Category Uleitanr
Positive (n) (n) (n) (n)
Grader 1
n=1 n=1
Foveal Hypoplasia 9 -0
(n=23) n= Abnormal Morphology Abnormal Morphology n=
(n=1) (n=1)
n=1 n=1
Atypical Foveal _ -0
Hypoplasia (n=5) n= Abnormal Morphology Abnormal Morphology =
(n=1) (n=1)
0= n=4
Abnormal (e
Morphology n=2 Foveal Hypoplasia (n=1) Foveal Hypoplasm (n=1) n=0
- d Atypical Foveal
(n=6) Atypical Foveal H lasia (n=1
Hypoplasia (n=1) ypoplasia (n=1)
yP Normal (n=2)
Normal n=2
Morp_hology =15 Abnormal Morphology =0 n=l
(n=16) il
(n=2)
Grader 2
n=5
n=4
Atypical Foveal
Foveal Hypoplasia -19 Hypoplasia (n=1) Atypical Foveal -0
(n=23) = Abnormal Morphology Hypoplasia (n=3) B
(n=1) Abnormal Morphology
Normal Morphology (n=1)
(n=3)
n=5
. Foveal Hypoplasia (n=3) n=1
I‘{A‘ typl(l:al 'Foveiasl n=4 Abnormal Morphology n=0
ypoplasia (n=5) (n=1) Foveal Hypoplasia (n=1)
Normal Morphology
(n=1)
n=3
Abnormal n=1 Foveal Hypoplasia (n=1)
Morphology n=2 Atypical Foveal n=1
(n=6) Foveal Hypoplasia (n=1) Hypoplasia (n=1)
Normal Morphology
(n=1)
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n=4

Normal n=1
Morphology | 0=10 | ol Morpaogy | Fovedl Hypoplsia o3 | -
(n=1) Hypoplasia (n=1)
Grader 3
n=1
Foveal Hypoplasia _ _ _
(n=23) n=23 Normal Morphology n=0 n=
(n=1)
n=1
Atypical Foveal 5 -0 -0
Hypoplasia (n=5) a Abnormal Morphology B B
(n=1)
n=3
Abnormal .
Morphology n=3 n=0 Atypical .Fove;al n=0
-6 Hypoplasia (n=1)
(n=6) Normal Morphology
(n=2)
Normal n=2 n=1
Morphology n=15 =0
(n=16) Abnorma(lnll/lzc;rphology Foveal Hypoplasia (n=1)

n = number of participants
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5.39. A Diagnostic Algorithm for Infantile Nystagmus Using OCT

Figure 5.7 shows how infantile nystagmus syndrome (INS) can be separated into
4 diagnostic categories on the basis of OCT findings alone. If typical foveal hypoplasia
is present, the diagnosis can be directed towards albinism, PAX6 mutation or isolated
foveal hypoplasia, and VEPs and genetic testing are the first line of investigation.
However, work done by Thomas et al.'” have demonstrated grade 1 foveal hypoplasia
in some older patients with FRMD7 mutation (idiopathic infantile nystagmus).
Therefore, in the presence of grade 1 foveal hypoplasia with no evidence of crossed
asymmetry on VEP and negative testing for PAX6 mutations, genetic screening of
FRMD?7 should be considered.

If atypical foveal hypoplasia is observed (foveal hypoplasia associated with
disruption of the IS/OS) then the diagnosis of achromatopsia should be considered,
where the most relevant investigations are ERG with/without genetic testing.

If other abnormal foveal morphology is seen, with or without signs of foveal
hypoplasia, including abnormal inner retinal lamination and thinning of the RPE and a
less well developed IS/OS junction, retinal dystrophy should be considered, and ERG
with/without genetic testing being undertaken. In the absence of foveal hypoplasia, the
presence of other aforementioned abnormalities of macular structure that may suggest a
retinal dystrophy need to be further investigated with ERG with/without genetic testing,
before diagnosing idiopathic infantile or manifest latent nystagmus.

Our study suggests that for typical idiopathic nystagmus with entirely normal
foveal morphology, electrodiagnostic tests may not be necessary; they were normal in
all our patients. Genetic screening of FRMD7 should be considered. In patients with
typical manifest latent nystagmus and congenital squint syndrome no further tests are

necessary, with a normal fovea on OCT.
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Infantile Nystagmus Syndrome

Foveal Hypoplasia

/

Yes \ \ No
Typical Atypical T Abnormal Normal
Morphology Morphology
(Category 1) (Category 2) (Category 3) (Category 4)
Albinism/PAX6 Idiopathic
Isolated Foveal Achromatopsia Retinal Dystrophy Manifest Latent
Hypoplasia Nystagmus
VEP* ERG ERG
Genetic Testing Genetic Testing Genetic Testing Genetic Testing
(Albinism/PAX6) (Achromatopsia) (Rod-Cone (FRMD?7)
Dystrophies)

Figure 5.7: Schematic diagram illustrating the categorisation of infantile

nystagmus syndrome (INS) into 4 diagnostic categories on the basis of OCT

findings.

Depending on the presence or absence of foveal hypoplasia; or the presence or absence

of other abnormal macular morphology, the aetiology of nystagmus can be predicted

and diagnostic tests can be selected to confirm the diagnosis.

% In the presence of grade 1 foveal hypoplasia with no evidence of crossed asymmetry

on VEP testing for mutations on the FRMD?7 gene should be considered.

OCT= optical coherence tomography, VEP

electroretinogram
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5.4. Discussion

Although OCT has been shown to be an important diagnostic adjunct for
diagnosis and characterisation of retinal pathology associated with nystagmus in older
children and adults,!?31>5 to date its use in children less than 6 years of age has been
very limited. This paper has shown that the HH-SDOCT is highly sensitive and specific
in classifying foveal abnormalities in infantile nystagmus. We have developed a simple
algorithm which can direct further investigations and diagnosis in infants and young
children between birth and 6 years of age.

In this paper we have reliably imaged infants with nystagmus as young as 2
months of age and have shown that using the HH-SDOCT as the first line of
investigation in the diagnostic evaluation of infantile nystagmus is useful. The
identification of the abnormalities such as foveal hypoplasia (without other changes of
macular morphology that would indicate retinal dystrophy) on HH-SDOCT can
eliminate the need for ERG testing as the differential diagnoses are albinism, PAX6
mutation or isolated foveal hypoplasia. In these cases, we suggest VEP testing in the
first instance to distinguish between albinism and P4X6 mutation, followed by genetic
screening for PAX6 if the VEP is normal and does not demonstrate crossed asymmetry.
In cases where there are several other clinical features such as characteristic hypo-
pigmentation and iris TID consistent with albinism VEP may not be required as the
presence of foveal hypoplasia on HH-SDOCT may be sufficient to confirm the
diagnosis.

If atypical foveal hypoplasia or other abnormal foveal morphology such as
abnormal lamination of the inner retinal layers or thinning of the RPE is identified on
HH-SDOCT we suggest proceeding to ERG examination in order to confirm the
diagnosis of achromatopsia or retinal dystrophy. With the exception of one child, all of
the children with a confirmed diagnosis of achromatopsia in our study had the presence
of the characteristic hypo-reflective sign and disruption of the IS/OS associated with
this condition. These signs appear to be specific for achromatopsia and we would
suggest that if they are clearly identified on OCT examination that ERG is not necessary
and one can proceed directly to genetic screening. If there is any diagnostic ambiguity

then ERG can help to clarify the diagnosis.
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As all patients in our study with normal HH-SDOCT had normal ERG our
results also indicate that if there are no abnormalities identified on HH-SDOCT further
electrodiagnostic evaluation is not necessary especially if the clinical evaluation is
consistent with a diagnosis of idiopathic or latent nystagmus. However, it would be
prudent to test this hypothesis on a larger cohort.

Image acquisition in infants and young children using the HH-SDOCT was
highly successful and very quick, taking between 2 to 5 minutes in cooperative children
and up to 20 minutes in less cooperative children. Image acquisition from children aged
between 1 and 2 years were the most challenging age group. Gerth et al®® dilated the
pupils in 27 of the 30 children that they imaged using the HH-SDOCT. In addition 10 of
the children aged between 7 months and 3.7 years had their examinations under chloral
hydrate sedation as part of their clinical assessment. We found that neither sedation nor
mydriasis was necessary for obtaining high quality scans. As it is non-invasive and fast
we are currently using HH-SDOCT for all children with nystagmus before they are seen
in clinic.

We have shown that the HH-SDOCT can identify foveal hypoplasia in infants
and young children with nystagmus. Out of 50 patients with nystagmus, 23 had typical
foveal hypoplasia. 21 of these patients had a clinical diagnosis consistent with albinism.
In the patients suspected to have albinism, 62% had reliable VEPs and demonstrated
crossed asymmetry. It is known that the sensitivity of the flash VEP to detect crossed
asymmetry decreases with younger age in particular in children less than 6 years of age
with reported sensitivities ranging between 67% to 83%.202-204 Genetic screening for
albinism also yields sensitivity results similar to VEPs. Sequencing of the known genes
associated with oculocutaneous albinism detects mutations in 50%'4 to 70%?2% of
patients with albinism.

In comparison to VEPs and genetic testing the HH-SDOCT provides a sensitive,
more rapid, well tolerated and less costly diagnosis in infants and young children with
nystagmus. We have demonstrated high sensitivity and specificity for each of the
diagnostic categories with the exception of other abnormal macular morphology.

Although detection of other abnormal morphology was highly specific (97.7%), the
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sensitivity rate was reduced (41.1%) in comparison to the other 3 groups which all had
sensitivities above 86%.

The low sensitivity (41.1%) of the masked graders in correctly classifying the
children with other abnormal morphology may be explained by the low numbers (6
patients) and non-homogeneity of the retinal findings in this group. The overlapping
finding of foveal hypoplasia in two of the patients with microcephaly resulted in two of
the graders classifying these patients into the foveal hypoplasia group. In two cases of
rod-cone dystrophy, where the only finding was a subtle thinning of the retinal pigment
epithelium, two of the graders classified these as normal. As age defined normal
quantitative values for each retinal layer become available, one would expect this
sensitivity to improve as this would allow clearer definition of inclusion guidelines for
this category.

HH-SDOCT can diagnose typical foveal hypoplasia reliably (positive predictive
value 90.2%) but does not distinguish albinism from PAX6 or isolated foveal
hypoplasia. In conjunction with other clinical signs such as typical hypo-pigmentation
and iris transillumination defects, OCT can direct the diagnosis towards albinism at an
early stage. This will become increasingly important in an era where gene therapy may
become a potential treatment in albinism. It has been shown that intraocular
administration of an adeno-associated virus (AAV)-based vector, encoding the human
TYR gene in a mouse model of albinism resulted in ocular melanin accumulation. This
prevented progressive photoreceptor degeneration as quantified on ERG analysis and
resulted in restoration of retinal function.'”® The timing of such treatment may be
crucial in the human infant eye, where it is known that the fovea continues to mature
until at least the age of four years’¢ with earlier treatment potentially facilitating foveal
development and prevent/ameliorate photoreceptor loss. The HH-SDOCT will likely
play a central role in the earlier identification of patients who may be suitable for
enrolment to future trials.

We identified 5 children with atypical foveal hypoplasia. In all cases, a
diagnosis of achromatopsia was confirmed on molecular analysis in addition to the
typical clinical findings of photophobia and reduced or absent photopic responses on

ERG. All of these children were below the age of 5 years. This included the youngest
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achromat to be imaged using HH-SDOCT at the age of 2 months. Interestingly in this
patient, the development of the IS/OS junction appears to be “immature” in comparison
to a single age-matched control and she did not present with photophobia; a larger
number of achromatopsia patients and controls are required to probe this further. It is
possible that photophobia may develop later. We also noted that the disruption of the IS/
OS was much milder in comparison to that reported in older children and adults, albeit
in a limited number of cases; in keeping with progression seen in retinal imaging studies
of achromatopsia.'?% '2° Gene therapy trials are anticipated in achromatopsia. Cone
rescue with gene therapy has recently been shown to be successful in a mouse model of
CNGA3 and CNGB3-achromatopsia.’® 1°° The timing of such treatment may be
important, as only the youngest animals had restoration of visual acuity,?’! although
older mice also significantly responded.?’! Despite the inherent limitations of
extrapolating from mouse to man, HH-SDOCT will likely have an important role in
both the selection and monitoring of infants with achromatopsia in future gene
replacement trials.

Different macular morphological abnormalities have been reported in other
retinal dystrophies and degenerations.!31-133- 137 Six children in our study were classified
into this group. They had a wide variety of findings, which included abnormal RPE,
poorly developed IS/OS junctions and abnormal lamination of the inner retinal layers.
In four cases, reliable ERGs were obtained leading to a diagnosis of rod-cone or cone-
rod retinal dystrophy on the basis of the electroretinograms. In the remaining two cases
it was not possible to perform reliable ERGs due to poor cooperation. The HH-SDOCT
played a central role in identifying morphological abnormalities of the fovea in these
patients. Interestingly, 2 of these 6 patients had microcephaly with ERG evidence of
generalised retinal dysfunction, and also had foveal hypoplasia; illustrating overlap
between this OCT group and that of atypical foveal hypoplasia. To the best of our
knowledge, foveal hypoplasia has only been previously described in retinal dystrophy in
association with achromatopsia.

An interesting result in our study was also that patients with neurological

syndromes such as microcephaly had foveal abnormalities consistent with retinal
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dystrophy. Examination of further patients will be helpful to characterise the fovea in
children with neurological syndromes.

To date no foveal morphological abnormalities have been reported in either
idiopathic nystagmus or manifest latent nystagmus (fusion maldevelopment syndrome).
124 Sixteen of our patients fell into this category. Twelve had a diagnosis of idiopathic
nystagmus. Four had been diagnosed with manifest latent nystagmus. The HH-SDOCT
was successful in showing normal foveal structure and distinguishing these patients
from those with other causes for their nystagmus associated with macular anomalies.

A limitation of this study is that we have not investigated whether the foveal
thickness or individual layers such as the length of the OS were abnormal. However this
was not the aim of this study which was to clinically grade foveal morphology in a
clinically useful manner; this does not require quantitative analysis of retinal
lamination. It is known that in infants and young children the fovea continues to
develop with age and there is a broad spectrum of normal foveal structure.? 3¢
Therefore it would be interesting to analyse all retinal layers of these patients in
comparison to normative data of age-matched controls.

It is unclear whether the fovea continues to develop with age in children with
typical foveal hypoplasia. Studies using preferential looking are controversial as one
study showed visual development after birth which was at a lower level but parallel to
normal children,?® while another study showed no progression in vision.20’
Longitudinal OCT examination of patients with typical foveal hypoplasia could clarify
whether a morphological development with age also occurs in these patients.

It would also be interesting to assess whether the HH-SDOCT can be used to
accurately assess the peripapillary nerve fibre layer thickness in both normal children
and children that may have abnormalities for example in vigabatrin toxicity or
congenital glaucoma. As there is an inherent tendency towards foveal fixation when
using the HH-SDOCT to acquire images this may prove to be more difficult.

This study has demonstrated excellent feasibility, sensitivity and specificity of
using HH-SDOCT in imaging infants and young children with infantile nystagmus. By
identifying diagnostic clues such as typical and atypical foveal hypoplasia, or the

presence or absence of other foveal morphological abnormalities, further investigations
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can be prioritised thereby resulting in a timelier definitive and more cost-effective
underlying diagnosis. Furthermore, HH-SDOCT in young children with nystagmus will
also become increasingly important with the onset of clinical trials, for diagnosis,

patient selection and monitoring retinal changes following intervention.
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Chapter 6

Time Course of Changes in Retinal Development in

Infants and Young Children with Achromatopsia

6.1. Introduction
6.2. Methods
6.3. Results

6.4. Conclusion
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6.1. Introduction

Achromatopsia (ACHM) is an autosomal recessive disorder associated with
infantile nystagmus, loss of colour discrimination, photophobia, complete or incomplete
loss of cone function with preservation of rod function on electroretinographic
recordings (ERG), reduced retinal sensitivity on microperimetry, reduced visual acuity
and typical OCT findings which have been outlined in section 1.32.

Normally, development of the retina involves migration of the inner retinal
layers away from the foveal centre, migration of the cone photoreceptors into the foveal
centre and elongation of the photoreceptors with age.> # 3¢ It is not clear whether retinal
development occurs in achromatopsia in a similar way. It is likely that the presence of
normal functional cone photoreceptors are necessary for the development of a normal
foveal pit and downstream intraretinal circuity as has been shown in animal models of
photoreceptor degeneration.?%8

Whether achromatopsia is a stationary or progressive condition is still the
subject of ongoing debate. Recent work involving a large cross sectional group of 40
achromatopsia patients did not find a correlation between age and disruption of retinal
structures on OCT and visual function. However, the authors did note an age related
decline in retinal sensitivity on microperimetry.2%°

Previous studies have focused on imaging older children and adults with
achromatopsia, with only one previous cross-sectional study describing a group of 9
infants and young children with achromatopsia.'®" With gene therapy showing potential
to cure this condition in animal models?% 201, 210215 an( treatment trials imminent in
humans?!®, it is important to develop a detailed understanding of the time course of
retinal changes in achromatopsia, so that the timing of treatment can be optimised and
reliable monitoring of the treatment can be carried out.

The aim of this study was to use HH-SDOCT to determine to what extent
achromatopsia is progressive and whether it affects the developing retina in a group of

infants and young children aged between birth and 6 years of age.
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6.2. Methods

6.21. Participants

The cohort for this study included 8 children with a confirmed genetic diagnosis
of achromatopsia and 45 normal age, gender and race matched controls. Six children
had a mutation in the CNGB3 gene. Two children had a mutation in the CNGA3 gene.
We obtained 41 mixed cross sectional and longitudinal examinations, which included 24
(58.5%) and 17 (41.5%) tomograms obtained from the right and left eyes, respectively,
in the achromatopsia group. These were compared to 82 age, gender and race-matched
control examinations at a 2:1 ratio, which included 48 (58.5%) and 34 (41.5%)
tomograms obtained from the right and left eyes, respectively. The mean age at the time
of examination was 3.3 years (range 0-8.3 years) for the achromatopsia group and 3.5
years (range 0-10.1 years) for the control group. If tomograms were obtained from both
eyes at the same visit, both were included in the final analysis in order to increase the
power of the study to detect intergroup differences and improve the precision of the
calculated regression coefficients.

All participants underwent a full orthoptic and ophthalmologic examination,
which included slit-lamp examination where possible, fundus examination and
measurement of visual acuity. Visual acuity (VA) was assessed in younger infants and
children by preferential looking using Teller acuity cards and/or crowded logMAR Kay
Picture Tests if possible. In cooperative children, Teller acuity cards and/or logMAR
crowded optotypes (Glasgow Acuity Cards) were used to obtain VA. The clinical

characteristics of the achromatopsia participants are summarised in Table 6.1.
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Table 6.1: Clinical Characteristics of Achromatopsia Participants

BCVA .
(LogMAR) Refraction
Al‘ig:czt Right | Left Genetic a6
ID | Sex Visit Eye | Eye Right Eye Left Eye Diagnosis ERGA Hyg:g(liz;sm
(months)
Absent
lal F| 154 | 16 | 16 | +7.502.00@11 |+6.00-1.50@161 | C¥OB3 | Cone | Atypical
1148delC
Response
70.8 0.9 0.9 | +4.00/-2.00@14 |+4.00/-2.00@171
@ @ CNGB3 Absent .
2a| M Cone Atypical
1148delC
78.0 1.2 1.0 | +4.00/-2.00@14 |+4.00/-2.00@171 Response
22.8 0.9 0.9 +5.00 +5.00
CNGA3 Severe
661C>T | Generalised .
28. 1.2 1.2 +5. +5.
(M 28 >00 >0 1768G>A|  Cone | Atpical
Dysfunction
40.0 0.4 0.4 | +2.00/+1.50@90 | +2.00/+1.50@90
22.4 2.0 +4.50 - CNGB3
4| F 1148delC Unreliable | Atypical
37.7 1.05 | 1.5 | +1.75/-0.75@10 +0.75
374 0.9 0.9 |+6.00/-5.00@175 +6.00
Severe
44.1 1.3 1.3 | +6.00/-5.00@175 +6.00
spl M @ CNGB3 | Generalised Atypical
1148delC | Cone P
50.2 1 1 |+6.00/-5.00@175 +6.00 Dysfunction
58.3 1 1 |+6.00/-5.00@175 +6.00
2.4 1.5 1.5 |+2.50/-5.00@180 [ +4.00/-0.75@180
6.3 1.5 1.5 |+2.50/-5.00@180 [ +4.00/-0.75@ 180
Severe
CNGB3 | Generalised .
6b| F 9.0 1.3 1.3 |+2.50/-5.00@180 [ +4.00/-0.75@ 180 1148delC Cone Atypical
Dysfunction
152 1.3 1.3 | +2.50/-5.00@180 | +4.00/-0.75@ 180
23.3 1.3 1.3 | +2.50/-5.00@180 | +4.00/-0.75@180
81.7 0.925(0.925 | +4.25/-1.50@10 | +4.50/-1.75@170
Severe
CNGA3 | Generalised .
7| F 93.8 0.65 | 0.85 | +4.75/-1.75@10 |+4.25/-2.00@170 1641C>A Cone Atypical
Dysfunction
98.7 0.8 |[0.725 | +3.75/-2.25@12 | +3.25/-1.75@170
CNGB3 .
8| M 50.0 1.3 1.3 | +3.75/-2.00@15 | +4.25/-2.00@0 1148delC - Atypical
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ID = identification number;, M = male; F' = female; BCVA = best corrected visual

acuity; LogMAR = Logarithm of the Minimum Angle of Resolution;, ERG =

electroretinogram
A Rod function was normal in all cases where an ERG result was reported
ab indicate sibling pairs

---- indicates not assessed or could not be performed
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6.22. Optical Coherence Tomography

HH-SDOCT (Bioptigen™ Envisu system, Durham, NC, USA) was used to
obtain a volumetric scan (consisting of 100 B-scans and 500 A-scans per B-scan) of the
foveal region as previously described!®?. In all cases the OCT scan was obtained from
the right eye first, followed by the left eye. The acquired images were exported from the
Bioptigen OCT software and imported into ImageJ software (available at: http://
rsbweb.nih.gov/ij/ Date accessed: May 11, 2012) where retinal layer segmentation was
performed. The nomenclature used to label the segmented layers are based on

previously established anatomical correlates with histology (Figure 1).%3%4

6.23. Statistics and Modelling
A linear mixed model, implemented in STATA™ software (Copyright 1996—

2014, StataCorp), was used to analyse the differences between the achromatopsia and
control groups with regards to the thickness measurements obtained for each retinal
layer at the fovea, parafovea and perifovea. The model included fixed effects for
diagnosis, age, eye and the interaction between diagnosis and age (diagnosis*age). Post-
hoc estimates of the marginal effects of diagnosis on retinal layer thickness
measurements were calculated for overall retinal thickness (RT), inner retinal layers
(IRLs) and outer retinal layers (ORLs). The results of the marginal effects analysis are
presented in Appendix 3.

A separate linear mixed model was constructed in order to identify if there is a
correlation between the development of the photoreceptor layers and the inner retinal
layer regression in achromatopsia. The model included an adjustment for age and eye.

The median time (including corresponding 95% confidence intervals (CI) to the
the development of a hypo-reflective zone and ellipsoid disruption in achromatopsia
was calculated through Kaplan-Meier survival analysis.

All analyses were considered significant at a type 1 probability value of p <
0.05. Statistical analysis was performed STATA™ software (Copyright 1996-2014,
StataCorp).
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6.3. Results

6.31. General Outline of Foveal Development and Morphology

In the normally developing fovea, there is centrifugal migration of the inner
retinal layers (IRLs) away from the fovea. This leads to thinning of the retinal nerve
fibre layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL) and outer plexiform layer (OPL) at the fovea. Conversely, there is
centripetal migration of the photoreceptors into the fovea and increase in size of the
photoreceptor layers with age (Figure 6.1 & 6.2). In achromatopsia, these processes are
still occurring, albeit at an altered rate and magnitude in comparison to controls (Figures
6.5,6.6 & 6.7).

In all of the participants with achromatopsia, there was evidence of foveal
hypoplasia (presence of the normally absent IRLs at the fovea) at each visit on OCT
examination. A HRZ was visible in 26 (63.4%) of the 41 achromatopsia tomograms
examined (Figure 6.2, Table 6.2). The continuity of photoreceptor inner segment
ellipsoid (ISE) band was disrupted in 29 (70.7%) of cases (Figure 6.2A). Of the 15
tomograms without evidence of a HRZ, 6 were attributed to a single patient (patient 7)
with a CNGA3 mutation. Two were attributed to the youngest achromat imaged in this
study (patient 6), who was imaged at 2.4 months of age when the photoreceptor outer
segment (OS) and ISE had not yet developed at the fovea (Figure 6.1A & Table 6.2).
There was no evidence of foveal hypoplasia, ISE disruption or the presence of a HRZ in

any of the control tomograms (Figure 6.1B).

6.32. Timing of Hypo-Reflective Zone Appearance and Ellipsoid Disruption

There is a visible delay in the migration of the photoreceptors into the central
fovea in achromatopsia (Figure 6.1A). This is then followed by the appearance of a
hypo-reflective zone (HRZ) which disrupts the normally continuous ellipsoid (ISE)
band. This appears to be age-dependent (Figure 6.2). The youngest age at which the
development of a HRZ with visible ISE disruption was observed was 6 months. The
median time to development of a HRZ was 50.0 months (95% CI 32.8-67.1) (Figure
6.3). The median time to development of ISE disruption was 40.0 months (95% CI
27.7-52.3) (Figure 6.4).
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Figure 6.1: Features of foveal development and morphology in achromatopsia.

There is centrifugal migration of the inner retinal layers (IRLs) (which includes the
RNFL, GCL, IPL, INL and OPL) away from the central fovea, centripetal migration of
the photoreceptors into the fovea and growth of the photoreceptors with age in both the
achromatopsia group (A) and the age-matched control group (B). The rate and extent to
which this occurs in the achromatopsia group is reduced in comparison to the control
group. Foveal hypoplasia (presence of the normally absent IRLs at the fovea) is evident
in all of the tomograms taken from the achromatopsia group. In addition, there is
evidence of an optically empty hypo-reflective zone (HRZ) (white arrows) appearing in
several of the tomograms taken from the achromatopsia group which is disrupting the

continuity of the photoreceptor inner segment ellipsoid (ISE) band.
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*, @ and § indicate tomograms taken from the same patient at different time points

RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform
layer; INL = inner nuclear layer;, OPL = outer plexiform layer;, ONL = outer nuclear
layer; ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; RPE = retinal pigment epithelium,; IRLs = inner retinal layers
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Figure 6.2: Age-dependent appearance of the HRZ and ISE disruption in

achromatopsia.

Longitudinal tomograms have been taken of three achromats at two separate time
points. There is evidence of an optically empty hypo-reflective zone (HRZ) (white
arrows) which is disrupting the continuity of the photoreceptor inner segment ellipsoid
(ISE) band. This is subtle in appearance at the younger ages and becomes much more

obvious when the participants are older.

*, @ and d indicate tomograms taken from the same patient at different time points

182



HRZ = hypo-reflective zone; RNFL = retinal nerve fibre layer;, GCL = ganglion cell
layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform
layer; ONL = outer nuclear layer; ELM = external limiting membrane; ISE = ellipsoid
of the inner segment of the photoreceptor; RPE = retinal pigment epithelium; IRLs =

inner retinal layers
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Table 6.2: Summary of the Presence of a HRZ or ISE Disruption in Achromatopsia

ISE Disruption Presence of HRZ
Patient Age at
D Each Visit| Right Eye Left Eye Right Eye Left Eye
(months)
la 15.4 Yes Yes Yes Yes
9 70.8 Yes Yes Yes Yes
78.0 Yes Yes Yes Yes
22.8 Yes Yes Yes Yes
3 28.5 Yes Yes Yes Yes
40.0 Yes Yes Yes Yes
4 22.4 Yes NA Yes NA
37.7 Yes Yes Yes Yes
37.4 Yes Yes No No
5 44.1 No No No No
50.2 No No No No
58.3 No Yes Yes Yes
2.4 No No
6.3 Yes Yes Yes Yes
6b 9.0 Yes Yes Yes
15.2 Yes Yes Yes Yes
233 Yes Yes Yes Yes
81.7 No No No No
7 93.8 No No No No
98.7 No No No No
8 50.0 No No Yes Yes

ID = identification, ISE = Ellipsoid; HRZ = Hypo reflective zone; NA = Not
Applicable
ab indicate sibling pairs

— indicates could not be assessed
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Figure 6.3: Kaplan-Meier survival curve for the development of a HRZ with

increasing age (months).

The hazard function is describing the relative likelihood of a HRZ occurring at a

particular age.

Cum = cumulative; HRZ = hypo-reflective zone
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Figure 6.4: Kaplan-Meier survival curve for the development of ISE disruption

with increasing age (months).

The hazard function is describing the relative likelihood of ISE disruption occurring at

a particular age.

Cum = cumulative; ISE = ellipsoid band
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6.33. Overall Retinal, Inner and Outer Retinal Layer Thicknesses

Figures 6.5 and 6.6 show z statistic scores across the retina for the terms in the
statistical models. The overall differences in retinal layer thicknesses between
achromats and controls (i.e. group term) are shown in figure 6.5, whereas differences in
rate of change in retinal layer thicknesses with time are shown in figure 6.6 (interaction
term between group and age). Positive scores indicate a higher value in achromats (i.e.
thicker retinal layers in achromats for figure 6.2 and greater rate of change in achromats
for figure 6.3). Z statistic <2-2 or > 2 indicate statistical significance. Figures 6.5 and
6.6 represent the intercepts and slopes, respectively, in the best fit lines of the scatter
plots of the change in retinal layers thicknesses with age shown in figures 6.7, 6.8 and
6.9.

Figures 6.5A indicates that the overall retinal thickness was greater in controls
compared to achromats but that the differences were much more significant in the nasal
and temporal parafovea (p < 0.0001). In general the rate of change in retinal thickness
with age was similar in the two groups although the rate of change was slightly higher
in controls in the parafovea with this reaching significant levels at locations 1500 pm
nasally and temporally (p < 0.01) (Figures 6.6A).

The borderline significant differences observed between achromats and controls
in retinal thickness at the fovea (Figure 6.5A) belie contrasting and radical patterns of
underlying differences in the IRLs and ORLs observed at the fovea in the two groups
(Figures 6.5B, 6.6B & central column of figures in 6.7).

In achromats the foveal IRLs are on average 5x the size of mean control values
(p < 0.0001) whereas the ORLs are significantly smaller at only 0.6x the size of mean
control values (p < 0.0001) (Figure 6.5B). Another contrasting pattern is the difference
in the rate of change of the IRLs and ORLs with age (Figure 6.6B). The IRLs decrease
in size with age in achromats in contrast to controls which show no change (difference
in rate of change: p < 0.05). The ORLs increase with a similar rate of change in both
achromats and controls (difference in rate of change: p = 0.976).

The pattern of differences in IRL and ORL between achromats and controls in
the fovea are in contrast with the changes observed at the parafovea (Figures 6.5B, 6.6B

and 6.7B & C). The IRLs are significantly thinner in achromats in the parafovea
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compared to controls (p <0.01), whereas the ORLs show no difference. Differences in
the rate of change of the IRLs and ORLs outside the fovea are in general mild where the
only differences observed are in the parafovea of the ORLs where a higher rate of

thickening occurs in controls compared to achromats (p <0.05).

188



Inter-Group Retinal Layer Thickness Differences
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Figure 6.5: Mean differences in retinal layer thickness measurements between the

achromatopsia and control groups.

Results are shown for (A) retinal thickness (RT), (B) inner (IRLs) and outer retinal

layers (ORLs) as well as each individual retinal layer (C & D) at the fovea, parafovea
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and perifovea. The parafoveal measurements were taken at 500 um and 1000 um nasal
and temporal to the central fovea. The perifoveal measurements were taken at 1500 um
and 2000 um nasal and temporal to the central fovea. Positive and negative z-scores
indicate increased and decreased thickness measurements, respectively, in the
achromats. Z statistic < -2 or > 2 indicate statistical significance (indicated by the two

dotted lines).

RT = retinal thickness; IRLs = inner retinal layers; ORLs = outer retinal layers;, RNFL
= retinal nerve fibre layer;, GCL = ganglion cell layer;, IPL = inner plexiform layer;
INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer;
ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; RPE = retinal pigment epithelium
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Inter-Group Retinal Layer Rate of Change Differences
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Figure 6.6: Differences in the rate of change in retinal layer thicknesses with age

between the achromatopsia and control groups.

Results are shown for (A) retinal thickness (RT), (B) inner (IRLs) and outer retinal

layers (ORLs) as well as each individual retinal layer (C & D) at the fovea, parafovea
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and perifovea. The parafoveal measurements were taken at 500 um and 1000 um nasal
and temporal to the central fovea. The perifoveal measurements were taken at 1500 um
and 2000 um nasal and temporal to the central fovea. Positive z-scores indicate
increased rate of change and negative z-score indicate decreased rate of change in
achromatopsia. Z statistic < -2 or > 2 indicate statistical significance (indicated by the

two dotted lines).

RT = retinal thickness; IRLs = inner retinal layers; ORLs = outer retinal layers;, RNFL
= retinal nerve fibre layer;, GCL = ganglion cell layer;, IPL = inner plexiform layer;
INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer;
ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; RPE = retinal pigment epithelium
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Figure 6.7: Development trajectories for the inner retinal layers, outer retinal

layers and total retinal thickness at the fovea, parafovea and perifovea.

The trajectories have been plotted from between 0 to 120 months post natal age. Each
point represents a single value from each OCT examination. The lines of best fit (trend
lines) are shown in red and blue for the achromatopsia and control groups respectively.
P values that were calculated from the linear mixed model analysis are provided with
regards to the effects of diagnosis on the thickness measurements and the diagnosis*age
interaction (difference between the slopes of the trend lines or rate of change in retinal

layer thickness of each group).
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6.34. Individual Retinal Layers

Figures 6.5C and D show changes in mean thickness for individual retinal layers
and figures 6.6C and D the rate of change with age, and hence indicate where the
greatest changes are taking place to explain the patterns in IRLs and ORLs described.
Scatter plots of changes in the thickness of each retinal layer with age are shown in
figures 6.8 and 6.9 at the fovea and at positions 500 ym and 1500 um nasally and
temporally.

Figure 6.5C indicates that the dramatically thickened IRLs observed at the fovea
for achromats are due to significantly increased thicknesses in all inner retinal layers
except for the RNFL (i.e. GCL, IPL, INL and OPL, p < 0.0001). Figure 6.6C shows that
the significant regression of the IRLs with time at the fovea seen in achromats is mainly
due to changes in the GCL, INL and OPL. Figure 6.8 shows that this is because in
controls these layers are almost completely regressed by the first few months of life but
in achromats are slowly regressing. Interestingly the thinner parafoveal IRLs in
achromats are due to changes specifically in the plexiform layers (the IPL and OPL,
Figure 6.5C, p <0.05).

Figure 6.5D shows that the profoundly thinner ORLs observed in the fovea for
achromats compared to controls is due to highly significant changes in the IS (p <
0.0001) and OS layers (p < 0.0001) with milder but significant changes also observed in
the ONL (p <0.01). IS and OS measurements in achromats at the fovea show a bimodal
distribution which matches the previous description of a punched out hypo-reflective
zone in achromats where the IS and OS can no longer be measured. Differences in IS
thickness between achromats and controls are apparent across the whole retina. A
contrasting pattern of changes in the RPE appears to take place in the nasal retina where
the RPE appears to get thinner with age in achromats and thicker with age in controls

leading to a significant interaction term (p < 0.01) (see also figures 6.6D and 6.9D).
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Figure 6.8: Development trajectories for the RNFL, GCL, IPL, INL and OPL at

the fovea, parafovea and perifovea.

The trajectories have been plotted over a time period spanning 0 through 120 months
post natal age. Each point represents a single value from each OCT examination. The
lines of best fit (trend lines) are shown in red and blue for the achromatopsia and
control groups respectively. P values that were calculated from the linear mixed model
analysis are provided with regards to the effects of diagnosis on the thickness
measurements and the diagnosis*age interaction (difference between the slopes of the

trend lines or rate of change in retinal layer thickness of each group).
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RNFL = retinal nerve fibre layer; GCL = ganglion cell layer;, IPL = inner plexiform

layer; INL = inner nuclear layer; OPL = outer plexiform layer
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Figure 6.9

parafovea and perifovea.

tories have been plotted over a time period spanning 0 through 120 months

The trajec

post natal age. Each point represents a single value from each OCT examination. The

lines of best fit (trend lines) are shown in red and blue for the achromatopsia and
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control groups respectively. P values that were calculated from the linear mixed model
analysis are provided with regards to the effects of diagnosis on the thickness
measurements and the diagnosis*age interaction (difference between the slopes of the

trend lines or rate of change in retinal layer thickness of each group).

ONL = outer nuclear layer; IS = photoreceptor inner segment;, OS = photoreceptor

outer segment, RPE = retinal pigment epithelium
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6.35. Correlation between Quter Retinal and Inner Retinal Layer Thicknesses

Mixed linear regression analysis showed a significant negative correlation
between the thickness of the ORLs and the thickness of the IRLs at the fovea (B =-0.53,
p <0.01).
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6.4. Discussion

This is the first study investigating foveal development in infants and young
children with achromatopsia. It has been hypothesised that during normal foveal
development, pit formation occurs passively by indentation of the avascular fovea from
intraocular pressure in utero. This is followed by a second active phase of growth-
induced stretch that remodels the morphology of the fovea in the postpartum period.?3 33
A centrifugal displacement of inner retinal cells away from the fovea and a centripetal
displacement of the cone photoreceptors into the central fovea is postulated.> 8 3637 The

majority of cone elongation and packing occurs postnatally.?3

6.41. The Contribution of Cone Photoreceptors to Normal Foveal Development

Achromatopsia offers a unique insight into the contribution of cone
photoreceptors to the development of other foveal layers. Achromatopsia has been
genetically well characterised. Mutations in CNGA3,'%* CNGB3,'> GNAT2'¢ and
PDEG6H'"> have been found. The protein products of these genes are important for
visual transduction and show expression restricted to cone inner and outer segments. '3
Mutations in these genes cause achromatopsia by disrupting the function of the cGMP-
gated channel in cone photoreceptors. The pathology appears to be localised to the cone
photoreceptors in achromatopsia. Consequently, it is likely that any alterations that
occur during the development of the retina in achromatopsia are secondary to the loss of
the cone photoreceptor contribution to this process.

In this study we found that the centrifugal migration of the IRLs from the fovea
is delayed in achromatopsia, resulting in foveal hypoplasia. However, after birth, the
inner retinal layers continue to regress. Our data suggests that the presence of normal
cone photoreceptors is a necessary prerequisite for the migration of the IRLs away from
the fovea. We postulate that the normal elongation of the cone photoreceptors at the
fovea also generates a mechanical or biochemical force that contributes to the
displacement of the IRLs away from the fovea.

Consistent with this hypothesis, we found that the ORLs which includes the

ONL, IS and OS are all significantly reduced in thickness at the fovea in achromatopsia
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as compared to controls. There was a significant negative correlation between the size
of the ORLs and the size of the IRLs at the fovea in achromatopsia. These findings of
foveal hypoplasia and thinning of the ONL and photoreceptor layers have also been
demonstrated in other high resolution OCT studies of achromatopsia carried out in older
children and adults.!26- 160

It has previously been reported that there is a reduction in parafoveal and
perifoveal retinal thicknesses in achromatopsia in comparison to age-matched controls.
160 Qur results are consistent with these reports. During normal retinal development in
infants and young children, foveal, parafoveal and perifoveal retinal thicknesses
increase with age. The rate of thickening is reduced in achromatopsia in comparison to
normal controls. This is attributable to reduced thickening of each of the outer retinal

layers in achromatopsia.

6.42. Remodelling of the Plexiform Layers in Achromatopsia

There is a significant reduction in the thicknesses of both the inner and outer
plexiform layers in achromatopsia. The lack of input from normal, functional cone
photoreceptors alters the overall intraretinal connectivity and formation of synaptic
connections (contained mainly in the plexiform layers) downstream from the
photoreceptors. There is evidence for remodelling of the plexiform layers in several
experimental animal models of photoreceptor degeneration. This includes the Royal
College of Surgeons (RCS) rat and the CNGA3-/- knockout mouse.?!7-219

The RCS rat has a recessive mutation in the gene coding for receptor tyrosine
kinase, which results in a dysfunctional retinal pigment epithelium that cannot
phagocytose photoreceptor debris leading to progressive photoreceptor loss.?!7- 218
Similar to achromatopsia, in this condition there is disruption of the outer segment (OS)
of the photoreceptors, a decrease in the number of photoreceptors followed by the
presence of a debris zone. The CNGA3-/- knockout mouse lacks any cone medicated
responses and undergoes progressive retinal degeneration.?!® Photoreceptor dysfunction
in both the RCS rat and CNGA3-/- knockout mouse models triggers remodelling and
alterations in downstream intraretinal connectivity.??® This includes a reduction in the

number of horizontal and bipolar cells and their synaptic connections with
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photoreceptors over time; a loss of complexity in their dendritic processes and finally as
the degeneration advances, an irregular extension of the cell processes into the
photoreceptor debris zone and into the outer and inner nuclear layers. There is also
sprouting of the horizontal cells processes into the inner plexiform layer (IPL) with loss
of the normal stratification of the IPL. It is possible that a similar remodelling process is
occurring in the IPL and OPL in human achromatopsia which may result in an overall

reduction in the thickness of these layers on OCT examination.

6.43. Residual Plasticity and Potential for Treatment in Achromatopsia

This study has shown that there is continuing regression of the IRLs from the
fovea and elongation of the perifoveal inner and outer plexiform layers after birth in
achromatopsia. The ONL, IS and OS also continue to elongate after birth in
achromatopsia. This suggests that there is residual plasticity in the developing retina of
children with achromatopsia. Recent reports have shown that adenoassociated virus
(AAV) gene therapy can successfully treat animal models of achromatopsia, with
prevention of further photoreceptor degeneration and recovery of cone function
demonstrated on ERG following treatment.?0! 211, 220, 221 With the imminent possibility
of gene therapy for this condition, these results suggests that therapy would be most
effective at an earlier age, while the photoreceptors are still developing and before the
remodelling of the plexiform layers results in a dysfunctional intraretinal circuitry that
would be incapable of establishing new synaptic connections with the newly established
cone photoreceptors.

An intact RPE is important for normal retinal function and has been shown to
become atrophic in retinal dystrophies, including achromatopsia.!%- 19 Consistent with
this we have found that the thickness of the RPE decreases with age in children with
achromatopsia.

We have observed the disruption of the ISE and the appearance of the HRZ
occurring as early as 6 months of age, which is earlier than that previously reported.!¢°
We have also found a significant relationship between the development of these

abnormalities with age, suggesting that achromatopsia is a progressive condition in
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children. This finding is also consistent with previous reports suggesting that

achromatopsia is a progressive condition in older children and adults.!26- 160

6.44. Conclusion

We have shown that the loss of normal functional cone photoreceptors has
implications for normal foveal development, with consequences for all retinal layers. In
addition to pathology of the outer retinal layers, we have shown that the inner retinal
layers especially the plexiform layers are also affected by achromatopsia, most likely
through remodelling of downstream intraretinal circuity. We have demonstrated that
achromatopsia is not a stationary condition in infants and young children, with evidence
that disease processes such as ISE disruption and the appearance of the HRZ are more
likely to occur with age. This suggests that early administration of gene therapy in
achromatopsia may be beneficial in preventing any further damage to the underlying
retinal architecture and facilitating normal retinal maturation in infants and young

children.
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Chapter 7

Time Course of Changes in Retinal Development in

Infants and Young Children with Albinism

7.1. Introduction
7.2. Methods
7.3. Results

7.4. Conclusion

205



7.1. Introduction

Normal pigmentation of the eye is dependent upon the presence of a normal
functioning tyrosinase enzyme,??> which catalyses the conversion of DOPA to
dopaquinone.??? 224 This is subsequently converted to phaecomelanin and eumelanin.
Albinism is a group of congenital disorders of melanin biosynthesis (summarised in
section 1.31), which disrupts this pathway and are characterised by cutaneous and/or
ocular hypo-pigmentation, nystagmus, strabismus, refractive errors, foveal hypoplasia
and optic nerve misrouting.'’® 13% The clinical and genetic characteristics of albinism
have been outlined in section 1.31.

Melanin has an important function in the eye, protecting the retina from light-
damage and facilitating normal functioning and development of the photoreceptors.3®
225-228 Tyrosinase may also play an important role in guiding retinal ganglion cell
migration from the retina to the visual cortex, which may be facilitated through its
production of dopamine.?” Evidence for this is presented in work where the
administration of dihydroxyphenylalanine (L-DOPA) to albino eyes in rats prevents the
misrouting of the retinal ganglion cells that normally occurs in albinism.?° In addition,
it has also been shown in mice that L-DOPA is abundantly expressed in the pigmented
RPE during development after which it declines, suggesting that L-DOPA may have a
central role in guiding normal retinal development and neural projections.?3!

It is hypothesised that normal foveal development is arrested in individuals with
albinism.!3% 147 Pigment deficiency manifests in several ways during ocular
development. This includes an abnormal division pattern of the retinal progenitor cells
from the early stages,!?* 232234 an abnormal decussation of the ganglion cell axons?33 234
chiasmal misrouting?3®, an abnormal pattern of apoptosis and mitosis during post-natal
development,?33- 236. 237 and a reduction in the number of photoreceptors.?3% 234 238 This
work is all based on animal or in vitro models with very little work done on in vivo
retinal development in humans affected by albinism.

Subretinal administration of the tyrosinase gene using adenoassociated virus
(AAV) vectors in a mouse model of oculocutaneous albinism type 1 (OCA1) results in
intraocular melanin accumulation, prevents further photoreceptor degeneration and

restores retinal function as measured on ERG.!® Nitisinone is an inhibitor of 4-
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hydroxyphenylpyruvate dioxygenase is an FDA approved drug used for the treatment of
hereditary tyrosinemia type 1.23%-242 Administration of this drug in a mouse model of
OCA-1B has been shown to elevate plasma tyrosine levels and increase oculocutaneous
pigmentation, thus raising the possibility of this drug as a potential novel treatment in
patients with OCA-1B.243

With these therapies potentially becoming available, it is important to develop a
detailed understanding of in vivo human albino retinal development so that further
therapeutic targets can be identified, the timing of treatment can be optimised and
treatment outcomes can be objectively assessed. The aim of this study was to use OCT
to determine to how albinism it affects the developing retina in a group of infants and

young children aged between birth and 6 years of age.
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7.2. Methods

7.21. Participants

The cohort for this study included 44 children with a confirmed diagnosis of
albinism, based on the criteria outlined in section 2.1. The clinical and demographic
characteristics of these participants are summarised in Tables 1, 2 & 3 in Appendix 4.
We obtained 117 mixed cross sectional and longitudinal examinations (219 tomograms),
which included 113 (51.6%) and 106 (48.4%) tomograms obtained from the right and
left eyes, respectively, in the albinism group. These were compared to 223 control
children that were previously described in chapter 4. The mean age at the time of
examination was 3.0 years (range 0-7.2 years) for the albinism group and 2.2 years
(range 0-6.9 years) for the control group.

All participants underwent a full orthoptic and ophthalmologic examination,
which included slit-lamp examination where possible, fundus examination and
measurement of visual acuity. Visual acuity (VA) was assessed in younger infants and
children by preferential looking using Teller acuity cards and/or crowded logMAR Kay
Picture Tests if possible. In cooperative children, Teller acuity cards and/or logMAR

crowded optotypes (Glasgow Acuity Cards) were used to obtain VA.

7.22. Optical Coherence Tomography

HH-SDOCT (Bioptigen™ Envisu system, Durham, NC, USA) was used to
obtain a volumetric scan (consisting of 100 B-scans and 500 A-scans per B-scan) of the
foveal region as previously described!®?. The acquired images were exported from the
Bioptigen OCT software and imported into Image] software (available at: http:/
rsbweb.nih.gov/ij/ Date accessed: May 11, 2012) where retinal layer segmentation was
performed. The nomenclature used to label the segmented layers are based on

previously established anatomical correlates with histology?? *4.

7.23. Statistics and Modelling

A generalised linear mixed model, implemented in STATA™ software
(Copyright 1996-2014, StataCorp), was used to analyse the differences between the

albinism and control groups with regards to the thickness measurements obtained for
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each retinal layer at the fovea, parafovea and perifovea using a pseudo-adaptive Gauss-
Hermite quadrature rule. The model included effects for diagnosis, age, the interaction
between diagnosis and age (diagnosis*age) and eye. Post-hoc estimates of the average
marginal effects of diagnosis on retinal layer thickness measurements were calculated
for overall retinal thickness (RT), inner retinal layers (IRLs) and outer retinal layers
(ORLs). The results of the marginal effects analysis are presented in Appendix 4.

All analyses were considered significant at a type 1 probability value of p <
0.05. Statistical analysis was performed STATA™ software (Copyright 19962014,
StataCorp).
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7.3. Results

7.31. General Outline of Foveal Development and Morphology

In all of the participants with albinism, there was evidence of foveal hypoplasia
(persistence of the normally absent inner retinal layers (IRLs)) at the fovea (Figure
7.1A). Ongoing foveal development with age is evident on the longitudinal OCT
examinations obtained in the albinism group. There is a reduction in IRL thickness at
the fovea, migration of the photoreceptors into the fovea and elongation of the
photoreceptor layers with increasing age, although occurring at an altered rate and
magnitude in comparison to the control group (Figures 7.1, 7.2 & 7.3).

Figures 7.2 and 7.3 show z statistic scores across the retina for the terms in the
statistical models. The overall differences in retinal layer thicknesses between albinism
and controls (i.e. group term) are shown in figure 7.2, whereas differences in rate of
change in retinal layer thicknesses with time are shown in figure 7.3 (interaction term
between group and age). Positive scores indicate a higher value in albinism (i.e. thicker
retinal layers in albinism for figure 7.2 and greater rate of change in albinism for figure
7.3). Z statistic <2-2 or > 2 indicate statistical significance. Scatter plots of the change

in retinal layer thickness with age are presented in Figures 7.4, 7.5 and 7.6.

210



Albinism

... 5.5 months* 8.2 months* . 14.3 months*

13.2 months®

Control

5.5 months 8.2 months : 14.2 months

s 13.3 months 31.9 months

1000 pm

Figure 7.1. Examples of foveal tomograms from 2 albinism participants illustrating

the main features of foveal development over time in albinism.

Foveal hypoplasia is evident in all of the tomograms taken from the albinism group (A).
There is a reduction of the thickness of the inner retinal layers (IRLs) (which includes
the RNFL, GCL, IPL, INL and OPL) with increasing age. This is in contrast to the
control group where there are no IRLs visible at the fovea after the first few months of
life (B). In both the albinism and control groups there is elongation of the outer retinal

layers (ORLs) (which includes the ONL, IS and OS) with increasing age.

* and @ indicate tomograms taken from the same patient at different time points
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RNFL = retinal nerve fibre layer; GCL = ganglion cell layer;, IPL = inner plexiform
layer; INL = inner nuclear layer;, OPL = outer plexiform layer; ONL = outer nuclear
layer; ELM = external limiting membrane,; ISE = ellipsoid of the inner segment of the
photoreceptor; RPE = retinal pigment epithelium; IRLs = inner retinal layers;, ORLs =
outer retinal layers, IS = inner segment of photoreceptors;, OS = outer segment of

photoreceptors
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Inter-Group Retinal Layer Thickness Differences
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Figure 7.2. Mean differences in retinal layer thickness measurements between the

albinism and control groups.

213



Results are shown for (A) retinal thickness (RT), (B) inner (IRLs) and outer retinal
layers (ORLs) as well as each individual retinal layer (C & D) at the fovea, parafovea
and perifovea. The parafoveal measurements were taken at 500 um and 1000 um nasal
and temporal to the central fovea. The perifoveal measurements were taken at 1500 um
and 2000 um nasal and temporal to the central fovea. Positive and negative z-score
indicate increased and decreased thickness measurements, respectively, in the albinism
group. Z statistic < -2 or > 2 indicate statistical significance (indicated by the two

dotted lines).

RT = retinal thickness; IRLs = inner retinal layers; ORLs = outer retinal layers; RNFL
= retinal nerve fibre layer; GCL = ganglion cell layer; IPL = inner plexiform layer;
INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer,
ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; RPE = retinal pigment epithelium
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Inter-Group Retinal Layer Rate of Change Differences

A. Retinal Thickness B. Inner and Outer Retinal Layers
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Figure 7.3. Differences in the rate of change in retinal layer thicknesses with age

between the albinism and control groups.

Results are shown for (A) retinal thickness (RT), (B) inner (IRLs) and outer retinal
layers (ORLs) as well as each individual retinal layer (C & D) at the fovea, parafovea

and perifovea. The parafoveal measurements were taken at 500 um and 1000 um nasal
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and temporal to the central fovea. The perifoveal measurements were taken at 1500 um
and 2000 um nasal and temporal to the central fovea. Positive z-scores indicate
increased rate of change and negative z-score indicate decreased rate of change in
achromatopsia. Z statistic < -2 or > 2 indicate statistical significance (indicated by the

two dotted lines).

RT = retinal thickness; IRLs = inner retinal layers; ORLs = outer retinal layers; RNFL
= retinal nerve fibre layer;, GCL = ganglion cell layer, IPL = inner plexiform layer;
INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer,
ELM = external limiting membrane; ISE = ellipsoid of the inner segment of the

photoreceptor; RPE = retinal pigment epithelium
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7.32. Overall Retinal, Inner and Outer Retinal Layer Thicknesses

Figure 7.2A shows that the central macular thickness (CMT) at the fovea was
significantly greater in albinism compared to controls (p < 0.0001). In contrast to this,
the parafoveal and perifoveal retinal thicknesses are significantly decreased in albinism
in comparison to controls (p < 0.0001). The rate of change with age was significantly
higher in albinism for the CMT (p < 0.0001) but was similar in the two groups in the
parafovea and perifovea (Figures 7.3A).

The significantly increased CMT observed between the albinism and control
groups (Figure 7.2A) is mainly attributable to differences in the IRLs observed at the
fovea in the two groups (Figures 7.2B, 7.3B & central column of figures in 7.4). In
albinism the foveal IRLs are on average 6.3x the size of mean control values (p <
0.0001). There was no significant difference foveal ORL thickness between the albinism
and control groups.

The difference in the rate of change of the foveal IRLs and ORLs with age is
interesting (Figure 7.3B). The IRLs decrease in size with age in albinism in contrast to
controls which show no change (difference in rate of change: p < 0.05). The ORLs
increase in size in both groups but at a slower rate in albinism (difference in rate of
change: p < 0.01).

The pattern of differences between albinism and controls in the foveal IRLs and
ORLs are in contrast with the changes observed at the parafovea and perifovea (Figures
7.2B, 7.3B and 7.4B & C). The IRLs are significantly thinner in albinism in the
parafovea and perifovea compared to controls (p < 0.0001). The thickness of the ORLs
across the retina are similar between both groups. Differences in the rate of change of
the IRLs and ORLs outside the fovea are in general mild. The only significant
differences observed are in the temporal parafoveal ORLs which increase in thickness

more slowly in albinism compared to controls (p < 0.05).
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The trajectories have been plotted over a time period spanning 0 through 90 months
post natal age. Each point represents a single value from each OCT examination. The
lines of best fit (trend lines) are shown in red and blue for the albinism and control
groups respectively. P values that were calculated from the generalised linear mixed
model analysis are provided with regards to the effects of diagnosis and the

diagnosis*age interaction on each measurement.
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7.33. Individual Retinal Lavers

Figures 7.2C and D show changes in mean thickness for individual retinal layers
and figures 7.3C and D the rate of change with age, and hence indicate where the
greatest changes are taking place to explain the patterns in IRLs and ORLs described.
Scatter plots of changes in the thickness of each retinal layer with age are shown in
figures 7.5 and 7.6 at the fovea and at positions 500 um and 1500 pm nasally and
temporally.

Figure 7.2C indicates that the dramatically thickened IRLs observed at the fovea
for albinism are due to significantly increased thicknesses in all inner retinal layers (p <
0.0001). Figure 7.3C shows that the significant regression of the IRLs with time at the
fovea seen in albinism are mainly due to changes in the RNFL (p < 0.0001) and GCL (p
< 0.05). Figure 7.5 shows that this is because in controls the IRLs are almost completely
regressed by the first few months of life but are only slowly regressing in albinism. The
thinner parafoveal IRLs in albinism which is especially marked at 1500 pm from the
fovea, is attributable to significantly decreased thicknesses in the GCL (p < 0.0001), IPL
(» <0.0001) and temporal INL (p <0.01) (Figure 7.2C).

Figure 7.2D shows that although there was no significant difference in the
thickness of ORLs observed across the retina between albinism and control groups that
there are significant and interesting differences in the individual outer retinal layers. The
foveal OS is significant decreased (p < 0.05) whereas the parafoveal OS is significantly
increased in albinism in comparison to controls (p < 0.0001). The RPE is uniformly
decreased in thickness across the retina in albinism (p < 0.0001). Figure 7.3D shows
that the decreased rate of foveal and parafoveal ORL thickening in albinism is due
mainly to changes in the foveal and parafoveal IS (p < 0.01) with smaller contributions
from the ONL and OS layers. The rate of increase in RPE thickness with age across the
retina is significantly reduced in albinism in comparison to the control groups (p <

0.05).
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Figure 7.5. Development trajectories for the RNFL, GCL, IPL, INL and OPL at

the fovea, parafovea and perifovea.

The trajectories have been plotted over a time period spanning 0 through 90 months
post natal age. Each point represents a single value from each OCT examination. The
lines of best fit (trend lines) are shown in red and blue for the albinism and control
groups respectively. P values that were calculated from the generalised linear mixed
model analysis are provided with regards to the effects of diagnosis and the

diagnosis*age interaction on each measurement.
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RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform

layer; INL = inner nuclear layer; OPL = outer plexiform layer
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groups respectively. P values that were calculated from the generalised linear mixed
model analysis are provided with regards to the effects of diagnosis and the

diagnosis*age interaction on each measurement.

ONL = outer nuclear layer; IS = photoreceptor inner segment;, OS = photoreceptor

outer segment, RPE = retinal pigment epithelium
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7.4. Discussion

It is thought that the retinal findings associated with albinism in adults
represents arrested retinal development. However, as retinal development is known to
continue at least until the age of 4 years, one cannot be certain if development is
arrested or continues in an altered spatial and temporal pattern in infants and young

children with albinism.

7.41. Inner Retinal Layers in Albinism

This study has demonstrated ongoing regression of the inner retinal layers in
albinism, although delayed and incomplete in comparison to normal controls. This
results in the presence of the normally absent inner retinal layers at the fovea and a
significantly increased central macular thickness. This suggests that L-DOPA or other
melanin dependent signalling molecules which are known to be deficient in albinism are
necessary for the correct regression of the IRLs away from the fovea. Indeed, previous
studies have illustrated the guidance role of both L-DOPA and melanin dependent
signalling molecules in directing the correct neuronal projections from the retina to the
optic chiasm,229-231., 234,235,244

In contrast to the central macular thickness which is increased in albinism, the
parafoveal and perifoveal retinal thicknesses are reduced in albinism. This is the result
of a reduction in the thicknesses of the parafoveal and perifoveal IRLs, in particular the
GCL and IPL. The exact mechanism(s) of how melanin or L-DOPA would cause these
developmental alterations is not well understood. A possible explanation for this
contrasting pattern of development is suggested in a rat model of albinism.?3% 243 In this
rat model, it has been shown that there is a delay in the normal central to peripheral
gradient of maturation of each of the retinal layers in albinism. This affected the GCL,
INL and ONL and was associated with significant thinning of the INL and ONL.?32 243
An equivalent delay in the central to peripheral maturation of the IRLs in human albinos
would result in thicker IRLs at the fovea with corresponding thinning of the parafoveal

and perifoveal IRLs as seen in our patients.
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7.42. Outer Retinal Layers in Albinism

The photoreceptor outer segments develop in the opposite direction of IRL
development in albinism. The foveal OS thickness is significant decreased, whereas the
parafoveal OS thickness is significantly increased. In addition the rate of elongation of
the foveal ORLs is reduced in albinism, due mainly to reduction in IS elongation. This
suggests that melanin or another signalling molecule such as L-DOPA are required for
guiding the normal centripetal migration of the cone photoreceptors into the fovea and
the regulation of the growth and differentiation of the photoreceptors. There is
supporting evidence in the literature for this, with a correlation demonstrated between
the levels of ocular melanin and rod numbers.?38. 164, 246

DOPA is known to regulate and alter the normal cell cycle length as well as
signal cell cycle exit. As DOPA is deficient in albino eyes, this has implications for
retinal development and morphology at the cellular level, with loss of normal regulation
of the cell cycle and increased levels of mitosis.?3% 247- 248 [n the albino rat retina this
manifests as a transitory retinal thickening followed by an elevated phase of cell death
that depletes cell numbers.?3* This peak occurs around birth, when rod production
peaks.?#- 230 It is estimated that approximately 30% of the rod population does not
develop in albinism.!64 246

The pattern of OS development that we observed may represent an impaired
migration of the cone photoreceptors from the peripheral retina into the fovea as well as
altered patterns of mitosis and cell death of the photoreceptors across the albino retina.
The decrease in OS thickness that we observe at the central fovea in albinism may
represent a reduction in photoreceptor density, while concurrently we may be observing
the effects of increased mitosis and transitory thickening of the OS layer in the more
peripheral retina. It is possible that a phase of increased cell death involving the
peripheral photoreceptors will occur after childhood. It would be interesting to continue
to monitor the retinal development of these children into adulthood to confirm if this is
the case.

In this study, the rate of maturation of the RPE is significantly reduced in
albinism in comparison to the control group, which results in a significant decrease in

the thickness of the RPE layer across the retina, suggesting that L-DOPA also has an
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important role in the development of the human RPE. Differences in the differentiation
of the RPE in comparison to normally pigmented controls have also been shown in a
mouse model of albinism.?’! The reduction in L-DOPA disrupts the normal pattern of
RPE development, with an increase in mitosis and a reduction in apoptosis with the

overall result of an increase in the total number of RPE cells.

7.43. A Retinal Origin for Chiasmal Misrouting?

It has been hypothesised that the origin of the chiasmal misrouting observed in
albinism may arise from perturbations in the development of the neural retina. Evidence
for this has been shown in animal models of albinism. Firstly, it has been shown that
albino mice have decreased numbers of ganglion cells expressing ipsilateral markers.?>?
Normally during development of the mouse retina, ganglion cells that would project
ipsilaterally through the optic chiasm differentiate earlier than contralaterally projecting
ganglion cells.?> In albinism there maybe an alteration in the number of cells produced
during each phase of retinal development, resulting in a differentiation bias towards
contralaterally projecting ganglion cells.?33

Secondly, in vitro experiments carried out on albino animals have demonstrated
that the retinal ganglion cells from the temporal retina which would normally be
expected to project ipsilaterally, tended to behave more like contralaterally projecting
axons when confronted with chiasmal cells.?3%- 254 255 If a similar differentiation pattern
is occurring in the human retina, then there may be greater number of ipsilaterally

projecting ganglion cells present, causing this asymmetry.

7.44. Residual Plasticity and Potential for Treatment in Albinism

This study has demonstrated multiple abnormalities in the development of the
human albino retina, which are likely the result of deficiencies in both melanin and L-
DOPA. Melanin and L-DOPA are determining the differentiation, migration and spatial
distribution of the neuronal cells within the retina, processes which are disrupted in
albinism. The key to understanding how this results in the crossed asymmetry of the
chiasm typical of albinism will rely on studies, outlining the effects of melanin

dependent signalling molecules produced by the RPE on the differentiating retina.?¢
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Finally, the possibility that melanin and L-DOPA are responsible for the retinal
deficits in albinism presents opens the possibility for a number of therapeutic targets,
some of which are already being administered on a trial basis.?**?43 This study has
demonstrated that development is not arrested but is ongoing in the albino retina after
birth, which suggests that potentially administration of therapy in early infancy and
childhood, while there is still residual plasticity in the retina may improve retinal

development and optimise vision.
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Chapter 8

Discussion and Conclusion
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Previous histological and molecular studies have illustrated the multiple
mechanisms required for normal foveal development. These include several growth
factors, guidance molecules!®2? and anti-angiogenic factors® °-!7; the mechanical effects
of intraocular pressure,?? growth induced stretch of the retina®® and the presence of a
foveal avascular zone?> >* which interact to trigger a cascade of events that leads to
formation of the fovea. This manifests as migration of the inner retinal layers away from
the fovea, migration of the outer retinal layers into the fovea and elongation of the
photoreceptors over time.3¢ These studies were limited by the small numbers of human
histological specimens available. With the development of non-invasive, rapid, high
resolution (2.4 um) paediatric retinal imaging in the form of hand-held spectral domain
optical coherence tomography, large scale in vivo studies of both normal and abnormal
foveal development in human infants and young children have become possible.

HH-SDOCT has been previously used successfully to image children with
several pathologies including ROP, although problems reported specific to paediatric
imaging include difficulties with fixation and movement artefacts.4®- 98101, 257 Therefore,
we investigated whether HH-SDOCT can produce reliable and repeatable
measurements. We found that it is very reliable, with ICCs of 0.966 in children with
nystagmus and 0.960 in control children for measurements of central retinal thickness,
thus validating it as a tool for investigating retinal and foveal development in vivo.!*?

The timing of completion of foveal maturation is debated with a wide range
reported in the literature from between 11 months and 5 years of age.3¢ 37- 3%, 60 Using
the HH-SDOCT we were able to image the retinae of a group of 223 healthy control
children aged between birth and 6 years of age and model the complex non-linear
individual developmental trajectories for each retinal layer. We found evidence of
concurrent retinal layer thickening and migration affecting the inner retinal layers at
differing rates, giving rise to unique developmental trajectories for these layers. There
was evidence that retinal development continues beyond the age of 5 years, with the OS
continuing to increase in size till the age of 12 years. This mimics findings of

longitudinal MRI cortical development studies.’®” In addition, we found that
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development of each of the outer retinal layers at the fovea, in particular the ONL
contributes to the development of visual acuity.

With a clear picture of normal in vivo retinal and foveal development on HH-
SDOCT, we proceeded to test the diagnostic potential of the HH-SDOCT in identifying
the aetiology of infantile nystagmus in infants and young children based on foveal
morphology, as several of these aetiologies are associated with arrested retinal
development. We found that it was possible to identify the presence of typical and
atypical foveal hypoplasia and other abnormalities of retinal structure in these children.
As a result, it was possible to formulate an OCT based diagnostic algorithm which has
made diagnosing the aetiology of infantile nystagmus more efficient and has now been
implemented in clinical practice.”

Conditions associated with abnormal or arrested retinal and foveal development
offer a unique opportunity to study the contribution of specific components of the foveal
developmental pathway on overall development. Achromatopsia, a condition that
specifically affects the cone photoreceptors is a prime example of this.!>3 We were able
to successfully image 8 infants and young children with achromatopsia longitudinally
across several time points using HH-SDOCT and found that the presence of normal
functional cone photoreceptors is necessary for the normal development of downstream
intraretinal circuitry. This manifests as alterations in inner and outer plexiform layer
thickness. In addition, assuming that all other factors (biochemical and mechanical) are
similar in the achromatopsia retina as compared to the normal control retina, it appears
that elongation of cone photoreceptors contributes to pit formation, perhaps by exerting
an upward mechanical force. We have also demonstrated that retinal development is not
arrested in children with achromatopsia, but continues at an altered rate and magnitude
in comparison to normal controls. Potentially, administering treatment at this stage,
while there is residual plasticity in the retina may help to normalise retinal development
and optimise vision in achromatopsia. With gene therapy imminent in achromatopsia,
this data suggests that the therapy may be more beneficial at an earlier age.?!¢

Albinism is typically associated with arrested retinal development.!3% 147 Tt is of
particular interest, as it offers clues to retinal development at the cellular level. We

imaged the retinae of 44 infants and young children with a diagnosis of albinism at
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several time points and have demonstrated a multitude of developmental abnormalities,
including impaired but ongoing centrifugal migration of the inner retinal layers from the
fovea, a reduction in the rate of the normal centre to periphery gradient of maturation, a
reduction in the size of the photoreceptor layers, alterations in the rate at which the
photoreceptor layers increase in size and a reduction in RPE thickness. This indicates
that melanin, L-dopa or perhaps other signalling molecules deficient in albinism play a
central role in normal retinal development. They appear to regulate the normal cell
cycle, mitosis and migration patterns within the retina.!?4 230, 232, 233, 236-238, 245 Tt g
possible that the crossed asymmetry of the optic chiasm typically seen in albinism is the
result of perturbations in retinal development.?3®> The key to understanding the origin of
misrouting in albinism may lie in understanding the molecular signalling pathways in
albinism and their effects on the developing retina.

This work has demonstrated how hand-held spectral domain optical coherence
tomography has revolutionised the investigation of infants and young children with
retinal conditions. Normal in vivo foveal development has been modelled in detail and
this provides a basis with which abnormal retinal development can be identified and
compared. The study of conditions associated with abnormal retinal development, such
as achromatopsia and albinism, have provided important clues with regards to retinal
and foveal development. Future studies may look at other conditions such as idiopathic
infantile nystagmus and retinal dystrophies to define what effect these conditions may

have on the developing retina.
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8.2

Future Research Questions
It has been demonstrated in older children that race and gender influences RNFL,
macular volume and thickness measurements.!!7- 118258 Exploration of the influence
of race and gender on normal retinal development in infants and young children
would be interesting.
It has been suggested that the presence of macular oedema in premature infants may
be associated with a possible delay in maturation of the inner retinal layers.* A
number of full-term infants were identified in this study where macular oedema was
present on their tomograms. The longitudinal effect of the presence of macular
oedema in normal full term infants and its effects on retinal development remains to
be explored.
In addition to foveal tomograms, optic nerve tomograms were also obtained on
many of the participants in this study. Recently published work has demonstrated
differences in optic nerve development in preterm infants as compared to full term
infants.>>® We need to investigate the course of normal optic nerve development in
our participants and correlate it with retinal development.
In chapters 6 and 7 of this thesis, ongoing changes in the morphology of each of the
retinal layers in children aged 0-6 years with achromatopsia and albinism was
demonstrated. It would be very important to continue with longitudinal OCT
assessments of achromatopsia and albinism beyond the age range examined in this
thesis in order to identify alterations in retinal development that may only become
manifest at an older age.
In chapter 4, we showed how measurements of each of the outer retinal layers was
correlated with visual acuity. In addition in adults with albinism, it has been
demonstrated that measurements of the OS are strongly correlated with visual
acuity.'?’ It would be interesting to investigate if retinal layer measurements from
tomograms obtained in early childhood in infants and young children affected by
retinal diseases can be used to predict their future adult visual acuity. In order to
develop OCT-based visual prognostic indicators in retinal disease, we will need to
maintain longitudinal follow-up of the infants and young children with retinal

disease recruited during this study until they reach visual maturity.
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6.

In chapters 6 and 7, we showed how specific retinal pathology such as abnormal
cone photoreceptors in achromatopsia and melanin and L-DOPA deficiency in
albinism affects retinal development in different ways. This suggests that the study
of other retinal pathology such as IIN and retinal dystrophies may provide additional
insights into retinal development. Further recruitment and analysis of the tomograms
obtained from the infants and young children with IIN and retinal dystrophy during
this study needs to be carried out in order to investigate how IIN and retinal
dystrophies might affect retinal development.

As part of this work, saliva samples were also collected for genetic analysis. In the
future, it would be important to complete the genotypic and phenotypic correlations
of all the participants with nystagmus in this study. Genotype-phenotype
correlations would greatly increase our understanding of the molecular mechanisms
of the diseases (e.g. achromatopsia, albinism, IIN and retinal dystrophies) that cause

nystagmus.
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Supplementary Data for Chapter 4
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Table 1: Demographics

Race Number (%)
Caucasian 162 (62.1)
Asian 68 (26.1)
Afro-Caribbean 13 (5.0)
Other 18 (6.9)
Total 261 (100)
Gender Number (%)
Male 127 (48.7)
Female 134 (51.3)
Total 261 (100)
Eyes Scanned Number (%)
Right 276 (51.7)
Left 258 (48.3)
Total 534 (100)

Summary of the demographic characteristics of the participants in this study

The participants were classified by ethnicity into one of four categories: Caucasian,
Asian, Afro-Caribbean and other (for participants not fitting into any one of the

aforementioned categories).
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Table 2: Birth Weights & Gestational Ages

Age Group Variable Min Max Mean SD
Birth Weight
<40 weeks i welg 1.93 3.95 3.0458 | 0.60822
(Kg)
GA .
n=19 Gestational Age | ¢ 9.40 9.1153 | 0.29330
(months)
Birth Weight
41.46 weeks i Telg 320 | 426 3.6883 | 0.29673
(Kg)
GA '
n=18 Gestational Age | o 4o | 107 9.8622 | 0.36531
(months)
Birth Weight
47-57 weeks i elg 320 | 3.87 34529 | 030115
(Kg)
GA '
n=7 Gestational Age | 1) o0 | o019 | 115214 | 047136
(months)
Birth Weight
12-14 months irth Weig 1.41 6.70 33638 | 0.99368
(Kg)
GA '
n=23 Gestational Age | 1) > | 4511 | 134752 | 079678
(months)
Birth Weight
15-17 months irth Weig 2.14 426 32706 | 0.56635
(Kg)
GA .
n =24 Gestational Age | 1557 | 1617 | 167583 | 0.89850
(months)
Birth Weigh
18-20 months irth Weight |5 49 426 32831 | 0.46881
(Kg)
GA .
n=19 Gestational Age | 10 33 | 5086 | 193895 | 0.75055
(months)
Birth Weigh
21.26 months irth Weight | | 4.82 3.4100 | 0.62701
(Kg)
GA .
n=15 Gestational Age | ) 39 | 9707 | 244440 | 1.88727
(months)
Birth Weight
57.32 months HE WIS 272 4.17 33079 | 0.44461
(Kg)
GA
_ tati 1A
n=18 Gestational Age | 2 43 | 3302 | 301806 | 1.79618
(months)
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Birth Weight

) 2.77 3.67 3.1567 0.36812
33-38 months (Kg)
GA .
n=14 Gestational Age |43 50 | 3875 358314 | 1.99794
(months)
Birth Weight
3944 months | oo 278 | 384 | 32150 | 041139
(Kg)
GA :
n=14 Gestational Age | 59 07 | 4557 | 42,1321 1.58114
(months)
Birth Weight
4556 months | e 190 | 5.80 34811 | 087330
(Kg)
GA :
n =24 Gestational Age | 1o | 5713 50.0483 | 3.20553
(months)
Birth Weight
5768 months | ron 200 | 485 34764 | 0.80214
(Kg)
GA :
n=27 Gestational Age | 0 o/ | 905 63.1130 | 3.32302
(months)
Birth Weight
6080 months | Weig 279 | 3.67 31421 | 026790
(Kg)
GA :
n=17 Gestational Age | o o | 050 | 74.1065 | 3.68149
(months)
Birth Weight 2.02 417 3.4820 0.51217
81-92 months (Kg)
GA
n=23 Gestational Age 81.97 93.07 87.1278 3.72492
(months)
Birth Weight 2.99 4.82 3.5879 0.44792
93-213 (Kg)
months GA
RPN Gestational Age | 94.95 | 23898 | 142.1873 | 3230317
(months)
Birth Weight 2.30 4.00 3.2433 0.86524
214-309 (Kg)
months GA
i— 16 Gestational Age | 221.21| 333.86 | 260.2506 | 31.92608
(months)
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Summary of the Birth weights and gestational ages of the participants broken up by
age group

n = number of participants in each age group; GA = gestational age; SD = standard

deviation
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Table 3: Presence of Photoreceptor Quter Segments

Nasal Fovea Temporal

Eccentricity

(um) 1750 1500 1250 1000 750 500 250 0 250 500 750 1000 1250 1500 1750

<40 weeks 0.0 0.0 91 238 333 476 500 | 62.1 | 542 500 333 250 167 150 0.0

41-46 0.0 0.0 0.0 4.2 8.3 9.1 182 | 348 | 200 150 143 5.0 0.0 0.0 0.0
weeks
47-52

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
weeks

Summary of the percentage of eyes in each group where the outer segment of the

Pphotoreceptors is absent

Data for the fovea as well as at 250 um intervals up to 1750 um on the nasal and

temporal side of the fovea are shown.
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Table 4: Contact Cylinder Visibility

Age Group % Absent
<40 weeks GA 96.97
41-46 weeks GA 96.00
47-52 weeks GA 90.00
12-14 months GA 23.53
15-17 months GA 24.24
18-20 months GA 3.57
21-26 months GA 9.09
27-32 months GA 16.67
33-38 months GA 25.00
39-44 months GA 10.00
45-56 months GA 0.00
57-68 months GA 13.95
69-80 months GA 0.00
81-92 months GA 0.00
93-213 months GA 9.09
214-309 months GA 0.00

Summary of the percentage of eyes in each age group where the contact cylinder is

not visible

GA = gestational age
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Table 5: Foveal Normative Data

Fovea 95% Confidence Interval
Age Group Eg;i;al N Thlz/iierllrcless De\S/ita(lit.ion Stl(\i/.[igor Lower Upper
(hm)
<40 GCL 33 0.00 NA NA NA NA
weeks GA- | 1pp 29 | 17.70 9.77 1.81 0.00 37.23
INL 32 20.75 18.03 3.19 0.00 56.81
OPL 34 9.75 5.72 0.98 0.00 21.20
ONL 15 34.37 5.84 1.51 22.68 46.06
IS 14 20.44 3.14 0.84 14.15 26.73
(6N 29 3.06 4.78 0.89 0.00 12.62
RPE 32 12.34 2.25 0.40 7.84 16.85
GCC 30 18.13 12.05 2.20 0.00 42.24
8?;};{; 30 52.24 11.83 2.16 28.57 75.90
Comnlex | 3| 1537 638 111 261 28.13
Inner
Retinal 32 50.25 25.61 4.53 0.00 101.47
Layers
Outer
Retinal 32 67.03 13.87 2.45 39.29 94.77
Layers
RT 35 124.39 43.60 7.37 37.18 211.59
41-46 GCL 28 0.00 NA NA NA NA
weeks GA
IPL 28 15.78 6.82 1.29 2.15 29.42
INL 26 10.60 8.59 1.68 0.00 27.78
OPL 24 9.19 591 1.21 0.00 21.01
ONL 18 39.35 17.01 4.01 5.33 73.37
IS 16 23.70 2.73 0.68 18.24 29.16
(6N 23 8.31 7.54 1.57 0.00 23.40
RPE 28 12.06 3.74 0.71 4.58 19.54
GCC 26 17.01 5.35 1.05 6.30 27.71
8231};{; 25 59.23 14.92 2.98 29.40 89.07
85;;11)5( 26 21.25 9.10 1.78 3.06 39.45
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Inner

Retinal 26 37.85 15.38 3.02 7.09 68.61

Layers

Outer

Retinal 26 85.38 28.48 5.59 28.42 142.33

Layers

RT 28 122.61 24.51 4.63 73.58 171.63
47-52 GCL 12 0.63 1.64 0.47 0.00 3.90
weeks GA

IPL 12 9.64 7.66 2.21 0.00 24.96

INL 11 5.12 6.16 1.86 0.00 17.43

OPL 11 8.20 6.02 1.81 0.00 20.24

ONL 9 46.81 9.35 3.12 28.11 65.51

IS 10 25.89 3.54 1.12 18.82 32.96

(ON) 11 22.67 4.29 1.29 14.10 31.25

RPE 10 13.41 2.46 0.78 8.48 18.33

GCC 12 10.26 8.05 2.32 0.00 26.37

ONL-IS

Complex 10 74.28 8.47 2.68 57.35 91.22

OS-RPE 12 35.16 8.62 2.49 17.92 52.40

Complex

Inner

Retinal 10 22.93 10.21 3.23 2.51 43.35

Layers

Outer

Retinal 10 104.24 26.02 8.23 52.20 156.28

Layers

RT 12 131.39 20.57 5.94 90.25 172.53
12-14 GCL 33 0.00 NA NA NA NA
months GA

IPL 33 7.37 7.29 1.27 0.00 21.94

INL 32 2.72 4.09 0.72 0.00 10.90

OPL 33 6.30 5.09 0.89 0.00 16.48

ONL 28 59.76 10.77 2.04 38.21 81.30

IS 28 26.32 4.23 0.80 17.85 34.79

(0N 34 19.52 9.77 1.68 0.00 39.06

RPE 35 13.76 2.12 0.36 9.52 18.00

GCC 35 6.95 7.28 1.23 0.00 21.51

ONL-IS

Complex 35 86.95 11.58 1.96 63.78 110.11
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OS-RPE

C 38 46.97 6.62 1.07 33.72 60.22
omplex

Inner

Retinal 35 17.88 11.30 1.91 0.00 40.49

Layers

Outer

Retinal 35 133.88 17.17 2.90 99.54 168.22

Layers

RT 39 151.51 17.67 2.83 116.16 186.85
15-17 GCL 37 0.38 1.29 0.21 0.00 2.95
months GA

IPL 37 6.39 7.70 1.27 0.00 21.80

INL 34 1.87 2.92 0.50 0.00 7.70

OPL 32 4.99 6.02 1.06 0.00 17.02

ONL 30 72.02 9.46 1.73 53.10 90.93

IS 32 28.99 4.10 0.73 20.78 37.19

oS 33 25.96 7.89 1.37 10.19 41.73

RPE 35 13.85 3.66 0.62 6.54 21.16

GCC 36 6.96 8.30 1.38 0.00 23.55

ONL-IS 31 101.07 9.09 1.63 82.89 119.25

Complex

8S-RPE 40 51.23 6.33 1.00 38.57 63.88

omplex

Inner

Retinal 33 13.92 8.61 1.50 0.00 31.14

Layers

Outer

Retinal 33 154.11 13.20 2.30 127.71 180.52

Layers

RT 41 169.78 14.12 2.21 141.55 198.02
18-20 GCL 32 0.00 NA NA NA NA
months GA

IPL 32 2.81 4.07 0.72 0.00 10.96

INL 32 2.17 3.45 0.61 0.00 9.07

OPL 32 5.21 4.27 0.76 0.00 13.75

ONL 30 76.39 9.58 1.75 57.23 95.55

IS 30 29.94 5.85 1.07 18.23 41.64

(ON) 28 23.81 5.82 1.10 12.17 35.45

RPE 27 15.19 2.68 0.52 9.84 20.55

GCC 32 2.98 4.28 0.76 0.00 11.54
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ONL-IS

Complex 32 106.27 8.80 1.56 88.67 123.86

OS-RPE

Complex 33 53.45 8.22 1.43 37.02 69.89

Inner

Retinal 32 10.51 6.29 1.11 0.00 23.09

Layers

Outer

Retinal 32 162.79 8.73 1.54 145.33 180.25

Layers

RT 33 173.68 11.30 1.97 151.08 196.28
21-26 GCL 26 0.02 0.09 0.02 0.00 0.20
months GA

IPL 26 2.15 3.70 0.73 0.00 9.55

INL 26 2.03 2.77 0.54 0.00 7.57

OPL 26 6.08 4.63 0.91 0.00 15.35

ONL 25 89.57 12.69 2.54 64.19 114.96

IS 25 31.93 4.01 0.80 23.92 39.94

(ON) 22 30.37 7.51 1.60 15.35 45.39

RPE 22 14.41 3.18 0.68 8.05 20.78

GCC 26 2.17 3.73 0.73 0.00 9.63

ONL-IS

Complex 26 120.69 14.30 2.80 92.09 149.29

OS-RPE 27 54.76 8.77 1.69 37.22 72.30

Complex

Inner

Retinal 26 12.75 9.33 1.83 0.00 31.41

Layers

Outer

Retinal 26 179.86 13.65 2.68 152.57 207.16

Layers

RT 27 192.38 16.58 3.19 159.22 225.55
27-32 GCL 30 0.19 1.02 0.19 0.00 2.24
months GA

IPL 30 343 4.50 0.82 0.00 12.43

INL 30 2.31 4.31 0.79 0.00 10.94

OPL 30 5.44 5.38 0.98 0.00 16.19

ONL 27 85.09 13.94 2.68 57.21 112.97

IS 27 34.98 4.48 0.86 26.02 43.94

(0N 30 30.81 7.92 1.45 14.97 46.65

RPE 30 16.44 3.29 0.60 9.87 23.02
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GCC 30 4.56 7.58 1.38 0.00 19.73
8NL_IS 30 119.06 14.53 2.65 90.00 148.12
omplex
8S-RPE 33 59.04 6.49 1.13 46.06 72.03
omplex
Inner
Retinal 30 12.55 8.33 1.52 0.00 29.20
Layers
Outer
Retinal 30 178.09 16.07 2.93 145.96 210.22
Layers
RT 33 191.23 17.00 2.96 157.22 225.24
33-38 GCL 25 0.35 1.77 0.35 0.00 3.90
months GA
IPL 24 3.05 5.73 1.17 0.00 14.52
INL 25 1.58 2.77 0.55 0.00 7.12
OPL 25 5.04 4.87 0.97 0.00 14.78
ONL 23 87.67 8.60 1.79 70.47 104.87
IS 23 32.04 5.81 1.21 20.41 43.66
oS 23 30.31 5.19 1.08 19.94 40.68
RPE 24 17.93 4.14 0.85 9.65 26.21
GCC 25 3.29 5.92 1.18 0.00 15.13
8NL_IS 25 119.81 9.54 1.91 100.73 138.90
omplex
OS-RPE
Complex 25 57.76 10.53 2.11 36.70 78.82
Inner
Retinal 25 10.56 7.24 1.45 0.00 25.03
Layers
Outer
Retinal 25 180.50 8.52 1.70 163.46 197.54
Layers
RT 25 191.06 10.18 2.04 170.70 211.42
39-44 GCL 24 0.13 0.63 0.13 0.00 1.38
months GA
IPL 22 2.87 3.89 0.83 0.00 10.66
INL 25 0.99 2.48 0.50 0.00 5.94
OPL 25 4.80 4.35 0.87 0.00 13.51
ONL 23 93.41 13.49 2.81 66.43 120.39
IS 23 33.29 4.27 0.89 24.74 41.84
(0N} 18 30.31 4.96 1.17 20.40 40.22
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RPE 22 17.42 2.93 0.63 11.55 23.28

GCC 25 2.93 3.78 0.76 0.00 10.48

ONL-IS

Complex 25 126.40 13.46 2.69 99.49 153.31

OS-RPE

Complex 25 59.80 8.82 1.76 42.15 77.44

Inner

Retinal 25 9.28 5.99 1.20 0.00 21.26

Layers

Outer

Retinal 25 189.96 12.52 2.50 164.93 215.00

Layers

RT 25 199.24 14.20 2.84 170.84 227.64
45-56 GCL 40 0.12 0.59 0.09 0.00 1.29
months GA

IPL 40 2.93 4.77 0.75 0.00 12.48

INL 41 2.13 3.58 0.56 0.00 9.28

OPL 41 4.44 4.11 0.64 0.00 12.67

ONL 38 99.88 14.21 2.31 71.46 128.30

IS 37 34.17 4.20 0.69 25.77 42.57

(ON) 34 33.27 4.95 0.85 23.37 43.17

RPE 35 14.91 4.00 0.68 6.90 2291

GCC 41 3.11 4.99 0.78 0.00 13.09

ONL-IS

Complex 39 131.95 12.29 1.97 107.37 156.52

OS-RPE 43 58.11 11.15 1.70 35.81 80.41

Complex

Inner

Retinal 42 10.32 9.20 1.42 0.00 28.71

Layers

Outer

Retinal 42 194.07 13.71 2.12 166.65 221.50

Layers

RT 43 204.70 15.23 2.32 174.25 235.15
57-68 GCL 47 0.07 0.46 0.07 0.00 1.00
months GA

IPL 47 4.62 6.66 0.97 0.00 17.94

INL 51 0.83 2.22 0.31 0.00 5.27

OPL 51 2.57 3.56 0.50 0.00 9.69

ONL 46 96.95 10.58 1.56 75.78 118.11

IS 46 32.25 3.73 0.55 24.78 39.71
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(ON] 43 32.15 7.40 1.13 17.34 46.96

RPE 43 18.13 3.76 0.57 10.60 25.65

GCC 51 4.50 6.91 0.97 0.00 18.32

ONL-IS 51 128.71 12.58 1.76 103.55 153.87

Complex

8S-RPE 50 59.83 9.73 1.38 40.38 79.28

omplex

Inner

Retinal 50 7.93 7.15 1.01 0.00 22.22

Layers

Outer

Retinal 50 191.56 12.51 1.77 166.54 216.59

Layers

RT 51 199.57 13.65 1.91 172.26 226.88
69-80 GCL 32 0.33 1.37 0.24 0.00 3.06
months GA

IPL 32 1.53 3.22 0.57 0.00 7.98

INL 32 233 3.73 0.66 0.00 9.80

OPL 32 5.65 5.24 0.93 0.00 16.12

ONL 30 99.07 11.79 2.15 75.49 122.64

IS 30 34.63 5.48 1.00 23.68 45.59

oS 25 31.15 5.93 1.19 19.30 43.00

RPE 26 17.81 4.27 0.84 9.28 26.34

GCC 32 233 4.43 0.78 0.00 11.20

8NL_IS 32 133.23 12.19 2.16 108.85 157.62

omplex

OS-RPE

Complex 32 58.70 10.49 1.85 37.71 79.68

Inner

Retinal 32 11.17 6.80 1.20 0.00 24.76

Layers

Outer

Retinal 32 196.31 11.33 2.00 173.66 218.97

Layers

RT 32 207.48 13.04 2.31 181.40 233.57
81-92 GCL 36 0.06 0.35 0.06 0.00 0.76
months GA

IPL 36 4.20 5.26 0.88 0.00 14.72

INL 37 0.93 1.75 0.29 0.00 4.42

OPL 37 4.66 4.26 0.70 0.00 13.18

ONL 34 99.85 10.14 1.74 79.58 120.13
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IS 34 34.73 4.29 0.73 26.16 43.30

(ON) 32 33.15 4.38 0.77 24.40 4191

RPE 33 16.02 3.52 0.61 8.99 23.05

GCC 37 4.35 5.30 0.87 0.00 14.95

(C)NL-IS 37 135.41 10.36 1.70 114.69 156.12

omplex

OS-RPE

Complex 37 62.16 8.72 1.43 44.73 79.59

Inner

Retinal 37 10.27 6.77 1.11 0.00 23.81

Layers

Outer

Retinal 37 199.84 10.90 1.79 178.03 221.64

Layers

RT 37 210.10 11.23 1.85 187.64 232.56
93-213 GCL 37 0.00 NA NA NA NA
months GA

IPL 36 3.03 4.61 0.77 0.00 12.25

INL 41 0.40 1.23 0.19 0.00 2.86

OPL 41 5.94 6.28 0.98 0.00 18.50

ONL 41 102.22 13.81 2.16 74.60 129.83

IS 41 34.72 3.49 0.55 27.74 41.70

(ON) 34 32.95 6.00 1.03 20.94 44.96

RPE 32 17.18 3.89 0.69 9.41 24.96

GCC 42 3.20 4.86 0.75 0.00 12.92

ONL-IS

Complex 42 137.04 13.28 2.05 110.48 163.60

OS-RPE 39 61.05 9.86 1.58 41.33 80.78

Complex

Inner

Retinal 42 9.48 7.60 1.17 0.00 24.68

Layers

Outer

Retinal 42 202.92 11.35 1.75 180.22 225.62

Layers

RT 42 212.40 14.40 2.22 183.59 241.21
214-309 GCL 23 0.00 NA NA NA NA
months GA

IPL 22 0.79 1.32 0.28 0.00 3.44

INL 31 0.74 1.65 0.30 0.00 4.03

OPL 31 2.55 3.83 0.69 0.00 10.21
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ONL 29 100.87 14.27 2.65 72.33 129.40
IS 30 33.74 3.55 0.65 26.65 40.83
(0N} 27 33.01 5.77 1.11 21.47 44.56
RPE 28 18.07 3.24 0.61 11.58 24.55
GCC 31 0.71 1.29 0.23 0.00 3.29

ONL-IS

Complex 31 134.97 14.39 2.58 106.20 163.74
OS-RPE 31 65.63 7.37 1.32 50.89 80.37
Complex

Inner

Retinal 31 5.77 4.66 0.84 0.00 15.10
Layers

Outer

Retinal 31 201.04 13.64 2.45 173.75 228.32
Layers

RT 31 206.92 13.83 2.48 179.26 234.57

Summary of the mean values, standard deviations and 95% confidence intervals

obtained for each of the retinal layers for each age group at the fovea

N = number of examinations where the layer(s) could be reliably segmented; Std =
standard; RNFL = retinal nerve fibre layer; GCL = ganglion cell layer, IPL = inner
plexiform layer; INL = inner nuclear layer;, OPL = outer plexiform layer;, ONL = outer
nuclear layer, IS = inner segment of the photoreceptor, OS = outer segment of the

photoreceptor; RPE = retinal pigment epithelium; GCC = ganglion cell complex; RT =

total retinal thickness;, GA = gestational age
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Table 6: Parafoveal Normative Data

95% 95%
Nasal Parafovea (1000 pm Temporal Parafovea (1000
Confidence Confidence
from the Fovea) pm from the Fovea)
Interval Interval
Age Retinal
N [Mean| SD | SEM | LCI | UCI | N |Mean| SD | SEM | LCI | UCI
Group Layer
<40 RNFL 27 [ 1642 | 5.83 | 1.12 | 477 | 28.08 | 29 | 1229 | 4.62 | 0.86 | 3.06 | 21.52
weeks
GA GCL 26 |50.39 | 10.26 | 2.01 | 29.88 | 70.90 | 28 | 42.80 | 14.72 | 2.78 | 13.36 | 72.23
IPL 26 | 5472 110.83 | 2.12 | 33.05 | 76.38 | 28 | 59.09 | 13.05 | 2.47 | 32.99 | 85.18
INL 26 | 66.72 | 13.18 | 2.58 | 40.36 | 93.08 | 27 | 62.62 | 11.01 | 2.12 | 40.60 | 84.65
OPL 26 | 1855| 6.38 | 1.25 | 580 | 31.31 | 28 | 18.78 | 6.21 | 1.17 | 6.36 | 31.20
ONL 14 (4512 | 7.55 | 2.02 | 30.01 | 60.22 | 13 |39.70 | 7.89 | 2.19 | 23.92 | 55.47
1S 13 | 2193 ] 2.61 | 0.72 | 16.72 | 27.14 | 13 | 2049 | 2.87 | 0.80 | 14.74 | 26.23
oS 21 | 443 | 329 | 0.72 | 0.00 | 11.02 | 24 | 5.11 | 3.71 | 0.76 | 0.00 | 12.53
RPE 28 [ 1234 | 221 | 042 | 792 | 16.77| 29 | 12.07 | 2.73 | 0.51 | 6.61 | 17.53
GCC 26 | 105.1 | 9.19 | 1.80 | 86.72 | 123.5| 28 | 101.9 | 13.30 | 2.51 | 75.29 | 128.5
ONL-IS | 54 | 63.80 | 831 | 170 |47.18 [ 80.43 | 26 | 56.95 | 10.64 | 2.09 |35.67 | 78.23
Complex
OS-RPE | 1o | 1508 | 377 | 071 | 843 [23.52| 30 | 1640 | 3.64 | 0.66 | 9.12 | 23.68
Complex
Inner
Retinal 25 [ 206.8 | 14.16 | 2.83 | 178.5 | 235.1 | 27 | 196.0 | 1497 | 2.88 | 166.1 | 225.9
Layers
Outer
Retinal 25 [79.29 | 9.65 | 1.93 | 60.00 | 98.59 | 27 | 72.55 | 11.45 | 2.20 | 49.65 | 95.46
Layers
RT 30 | 283.6|21.34 | 3.90 | 241.0 | 3263 | 30 | 268.1 | 21.49 | 3.92 | 225.1 | 311.1
41-46 RNFL 27 | 15776 | 3.83 | 0.74 | 8.11 2342 | 23 | 11.51 | 344 | 0.72 | 4.63 | 18.39
weeks
GA GCL 27 |52.47 | 1420 | 2.73 | 24.08 | 80.87 | 23 | 40.81 | 10.21 | 2.13 | 20.40 | 61.23
IPL 27 | 54.96 | 12.47 | 2.40 | 30.01 | 79.90 | 23 | 57.63 | 10.64 | 2.22 | 36.35 | 78.91
INL 25 | 5858 | 11.41 | 2.28 | 35.77 | 81.39 | 22 | 57.50 | 11.60 | 2.47 | 34.29 | 80.70
OPL 24 | 2683 | 821 | 1.68 | 10.40 | 43.25| 21 |23.90 | 8.12 | 1.77 | 7.65 | 40.14
ONL 17 | 46.87 | 7.89 | 1.91 | 31.09 | 62.65 | 14 | 43.60 | 8.16 | 2.18 | 27.28 | 59.93
1S 17 12394 ] 3.69 | 090 | 16.56 | 31.32 | 14 | 23.89 | 4.13 | 1.10 | 15.63 | 32.14
oS 24 | 7.71 | 3.59 | 0.73 | 0.53 | 1489 | 20 | 6.67 | 3.25 | 0.73 | 0.18 | 13.17
RPE 27 [ 11.40 | 3.09 | 0.59 | 522 | 17.57 | 23 | 11.97 | 3.05 | 0.64 | 5.88 | 18.06
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GCC 27 |1 107.4 | 10.80 | 2.08 | 85.75 | 129.0 | 23 | 98.44 | 9.06 1.89 | 80.31 | 116.6
8NL'IS 24 | 67.56 | 1030 | 2.10 | 46.97 | 88.15 | 20 | 63.71 | 12.31 | 2.75 | 39.00 | 88.33
omplex
OS-RTE 27 119.29 | 5.25 1.01 8.78 | 29.80 | 23 | 1848 | 5.12 1.07 8.24 | 28.73
Complex
Inner
Retinal 25 12055 (1388 | 2.78 | 177.7 |1 233.2| 23 |190.7 | 9.72 | 2.03 | 171.2 | 210.1
Layers
Outer
Retinal 25 191311994 | 399 | 5143 | 131.2 | 23 | 86.69 | 19.13 | 3.99 | 48.43 | 125.0
Layers
RT 27 12958 | 18.42 | 3.54 | 2589 | 3326 | 24 |276.9|19.35| 3.95 | 2382 | 315.6
47-52 RNFL 11 | 1430 | 2.58 | 0.78 9.15 | 19.46 5 9.35 2.42 1.08 | 4.51 | 14.19
weeks
GA GCL 11 |149.54 | 11.88 | 3.58 | 25.77 | 73.31 5 4370 | 6.20 | 2.77 | 31.30 | 56.09
IPL 11 | 53.10 | 8.34 | 2.51 | 36.43 | 69.78 5 53.53 11430 | 6.40 | 24.92 | 82.14
INL 10 | 52.51 | 10.80 | 3.41 | 30.91 | 74.10 5 50.72 | 5.74 | 2.57 | 39.24 | 62.19
OPL 10 | 27.43 | 12.50 | 3.95 243 | 5244 5 2470 | 591 2.64 | 12.87 | 36.53
ONL 9 5277 | 11.47 | 3.82 |29.82 | 75.72 4 53.83 | 840 | 4.20 | 37.03 | 70.63
IS 10 | 26.74 | 2.83 0.89 | 21.08 | 32.39 4 2644 | 552 | 2.76 | 15.40 | 37.49
oS 10 | 14.53 | 3.11 0.98 8.31 | 20.75 5 13.93 | 2.97 1.33 7.98 | 19.88
RPE 9 12.70 | 1.69 | 0.56 | 9.32 | 16.08 4 1432 | 3.49 1.75 7.33 | 21.30
GCC 11 | 102.6 | 12.48 | 3.76 | 77.68 | 127.6 5 97.22 |1 1531 | 6.85 | 66.61 | 127.8
ONL-IS | g 1 7695 | 11.00 | 3.70 | 54.73 | 99.10 | 4 |80.27| 5.73 | 2.86 | 68.81 | 91.72
Complex
OS-RTE 11 | 25.39 | 5.01 1.51 | 1538 | 35.41 6 21.16 | 13.13 | 5.36 | 0.00 | 47.41
Complex
Inner
Retinal 9 1955|1440 | 4.80 | 166.7 | 224.3 4 1735 | 872 | 4.36 | 156.1 | 190.9
Layers
Outer
Retinal 9 104.2 | 14.35 | 4.78 | 75.44 | 1329 4 102.0 | 18.99 | 9.50 | 63.98 | 140.0
Layers
RT 11 | 303.0 | 18.58 | 5.60 | 265.8 | 340.2 5 2799 | 19.02 | 850 | 241.9 | 317.9
12-14 RNFL 36 | 13.63 | 4.65 0.77 | 434 | 2292 | 33 9.64 | 3.27 | 0.57 3.11 | 16.17
months
GA GCL 33 |1 49.51 | 8.21 1.43 | 33.08 | 65.93 | 31 |39.13 | 9.92 1.78 | 19.29 | 58.97
IPL 33 | 4527 | 8.85 1.54 | 27.58 | 6296 | 30 | 48.83 | 11.69 | 2.13 | 25.45 | 72.22
INL 32 | 545311030 | 1.82 |33.92|75.14 | 29 | 52.11 | 8.51 1.58 | 35.09 | 69.14
OPL 32 | 2717 | 1141 | 2.02 | 434 | 4999 | 29 |27.70 | 9.49 1.76 | 8.71 | 46.68
ONL 27 | 64.13 | 12.27 | 2.36 | 39.59 | 88.67 | 23 | 57.02 | 13.52 | 2.82 | 29.99 | 84.06
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IS 27 [25.03| 295 | 0.57 | 19.13 |1 30.93 | 25 | 2576 | 2.93 | 0.59 | 19.89 | 31.63
(0N 33 [ 11.59 | 6.90 | 1.20 | 0.00 | 25.39 | 30 | 9.99 | 6.99 | 1.28 | 0.00 | 23.97
RPE 34 (1451 | 2.75 | 0.47 | 9.01 | 20.02 | 31 |13.50| 2.34 | 0.42 | 883 | 18.18
GCC 33 (9477 | 6.97 | 1.21 | 80.83 | 108.7 | 30 | 88.28 | 12.33 | 2.25 | 63.61 | 113.0
ONL-IS 32 [ 88.15| 1246 | 2.20 | 63.24 | 113.1 | 29 | 83.22 | 13.21 | 2.45 | 56.80 | 109.7
Complex
OS-RPE 36 | 3573 | 5.63 | 0.94 | 2447|4699 | 34 |34.19| 5.16 | 0.88 | 23.88 | 44.51
Complex
Inner
Retinal 32 [ 191.0]16.02 | 2.83 | 159.0 | 223.1 | 29 | 178.3|20.19 | 3.75 | 137.9 | 218.7
Layers
Outer
Retinal 32 [ 122.1|15.87 | 2.80 | 90.33 | 153.8 | 29 | 117.2 | 15.84 | 2.94 | 85.52 | 148.9
Layers
RT 36 |313.6|16.71 | 2.78 | 280.2 | 347.0 | 34 |294.5| 1520 | 2.61 | 264.1 | 324.9
15-17 RNFL 40 | 12.61 | 394 | 0.62 | 474 (2049 | 30 | 876 | 477 | 0.87 | 0.00 | 18.30
months
GA GCL 37 | 485511047 | 1.72 | 27.62 | 69.49 | 29 | 37.17 | 7.26 | 1.35 | 22.65 | 51.69
IPL 36 |43.34 | 8.62 | 1.44 |26.09 | 60.58 | 29 | 47.14 | 9.79 | 1.82 | 27.56 | 66.72
INL 34 (5439 | 942 | 1.62 | 35.54 | 73.23 | 27 |50.60 | 5.69 | 1.10 | 39.22 | 61.98
OPL 31 (3273 113.72 | 2.46 | 530 | 60.16 | 25 | 28.15| 11.74 | 2.35 | 4.67 | 51.64
ONL 29 [ 61.41 | 14.60 | 2.71 | 32.20 | 90.61 | 25 | 66.56 | 15.66 | 3.13 | 35.24 | 97.88
IS 31 [26.25| 3.25 | 0.58 | 19.75 | 32.76 | 28 |26.02 | 2.87 | 0.54 | 20.29 | 31.75
(0N 32 [ 13.14 | 5.64 | 1.00 | 1.86 | 2442 | 26 | 11.92 | 557 | 1.09 | 0.78 | 23.06
RPE 35 [ 1437 | 2.96 | 0.50 | 8.44 |20.29 | 27 |14.45| 3.79 | 0.73 | 6.86 | 22.03
GCC 36 [91.76 | 9.20 | 1.53 | 73.36 | 110.2 | 29 | 84.31 | 8.80 | 1.63 | 66.70 | 102.0
ONL-1S 31 | 86.85|15.00| 2.69 | 56.84 | 116.8 | 25 |92.47 | 1538 | 3.08 | 61.70 | 123.2
Complex
OS-RPE | 46 13755 | 6.65 | 1.05 | 2425 5086 | 31 |37.77 | 5.11 | 0.92 | 27.55 | 47.99
Complex
Inner
Retinal 32 [ 1949|2136 | 3.78 | 152.2 | 237.7 | 26 | 173.1 | 13.51 | 2.65 | 146.0 | 200.1
Layers
Outer
Retinal 32 | 126.1 | 14.10 | 2.49 | 9790 | 1543 | 26 | 134.0 | 14.51 | 2.84 | 105.0 | 163.0
Layers
RT 41 | 319.0 | 16.46 | 2.57 | 286.0 | 351.9 | 33 | 301.3 | 18.10 | 3.15 | 265.1 | 337.5
18-20 RNFL 33 [ 11.79 | 3.54 | 0.62 | 470 | 18.87 | 27 | 7.87 | 2.81 | 0.54 | 2.26 | 13.49
months
GA GCL 32 | 4696 | 8.45 | 1.49 | 30.07 | 63.85| 27 |37.16 | 7.86 | 1.51 | 21.43 | 52.89
IPL 32 [44.89 | 7.80 | 1.38 | 29.29 | 60.49 | 27 | 44.54 | 8.81 | 1.69 | 26.93 | 62.15
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INL 32 [ 5088 | 7.93 | 140 | 3501|6675 | 27 |4445| 784 | 1.51 | 28.76 | 60.13
OPL 32 (3850|1712 | 3.03 | 427 | 7273 | 27 [30.15 | 1055 | 2.03 | 9.05 | 51.25
ONL 30 5952 19.56 | 3.57 | 2040 | 98.64 | 25 | 66.88 | 13.04 | 2.61 | 40.81 | 92.95
IS 30 2541 | 267 | 049 | 2006|3075 | 25 | 27.63 | 3.63 | 0.73 | 2037 | 34.90
0Ss 28 [ 1152 | 444 | 084 | 264 | 2040| 24 | 973 | 398 | 081 | 1.78 | 17.69
RPE 27 [ 1503 | 364 | 070 | 774 | 2231 | 23 | 1461 | 352 | 073 | 756 | 21.66
Gee 32 [91.66| 825 | 146 | 7517|1082 | 27 |81.63| 7.14 | 137 | 6734 | 95.91
8NL'IS 32 8558 |19.89 | 3.52 |45.80 | 1254 | 27 |93.81 | 11.93 | 2.30 | 69.95 | 117.7
omplex
OS-RPE | 33 | 3530 | 738 | 128 | 23.54 [ 53.06 | 27 3799 | 6.13 | 1.18 | 25.74 | 50.24
Complex
Inner
Retinal | 32 [ 191.8 | 23.42 | 4.14 | 1450 | 2386 | 28 | 166.6 | 18.09 | 342 | 130.4 | 202.8
Layers
Outer
Retinal | 32 | 1273|2028 | 359 | 86.77 | 167.9 | 28 | 1335 | 14.10 | 2.67 | 1053 | 161.7
Layers
RT 33 (31921229 | 214 | 2947 | 3438 | 28 |300.1 | 1336 | 2.52 | 273.4 | 326 8
2126 |RNFL | 26 | 1130 | 331 | 065 | 469 | 17.91| 20 | 6.80 | 2.83 | 0.63 | 1.15 | 12.45
months
GA GCL 25 [ 5142 773 | 155 | 3595 | 66.89 | 20 | 4087 | 7.97 | 178 | 24.94 | 56.81
IPL 25 [ 4169 825 | 1.65 2520|5819 | 20 4335|1112 | 249 | 21.11 | 65.60
INL 25 [ 5170 | 879 | 176 | 34.12 | 6928 | 20 |48.09| 757 | 1.69 | 32.95 | 63.23
OPL 25 3834|1645 | 329 | 543 | 7124 | 20 [ 3086 | 13.16 | 294 | 453 | 57.19
ONL 24 | 6506|1997 | 408 | 2512|1050 | 19 | 68.67 | 1640 | 3.76 | 35.87 | 1015
IS 24 (2778 | 3.05 | 0.62 | 21.68 | 33.89 | 19 [28.62| 3.48 | 0.80 | 21.66 | 35.59
0Ss 2 1418 | 569 | 121 | 281 | 2555| 16 | 13.06 | 631 | 1.58 | 045 | 25.67
RPE 22 1544 | 458 | 098 | 628 | 2460 | 16 [ 1593 | 526 | 1.32 | 5.40 | 26.46
Gee 25 [ 9311 | 749 | 150 | 78.14 | 108.1 | 20 | 8423 | 895 | 2.00 | 6633 | 102.1
ONL-IS 1 s 19750 | 19.63 | 3.93 | 5324 | 131.8 | 20 | 9832 [ 1757 | 3.93 | 63.18 | 1335
Complex
OS-RPE | 7 | 3508 | 11.07 | 213 | 1684 [ 61.13 | 21 |37.94 | 8.65 | 1.89 | 20.64 | 5.4
Complex
Inner
Retinal | 24 | 1919 19.69 | 4.02 | 1525|2313 | 19 | 1720 | 1797 | 412 | 136.1 | 207.9
Layers
Outer
Retinal | 24 | 1378|1852 | 3.78 | 1008 | 1749 | 19 | 137.8 | 2068 | 4.74 | 9639 | 179.1
Layers
RT 25 32096 | 1152 | 2.30 | 306.6 | 352.6 | 20 [ 3095|1054 | 2.36 | 2884 | 3306
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27-32 RNFL 32 | 1227 336 | 059 | 555 | 1899 | 26 | 7.98 | 3.21 | 0.63 | 1.56 | 14.39
months
GA GCL 29 14959 | 6.78 | 1.26 | 36.02 | 63.15 | 23 |39.38 | 10.17 | 2.12 | 19.03 | 59.72
IPL 290 | 4281 | 7.83 | 1.45 | 27.16 | 5846 | 24 | 43.50 | 9.98 | 2.04 | 23.54 | 63.45
INL 29 150.09 | 937 | 1.74 | 31.35 | 68.82 | 25 | 4883 | 7.98 | 1.60 | 32.88 | 64.78
OPL 29 | 39.61 | 1448 | 2.69 | 10.64 | 68.58 | 25 |27.75|10.07 | 2.01 | 7.61 | 47.90
ONL 26 | 57.04 | 1996 | 391 | 17.12 |1 96.96 | 22 | 66.52 | 15.69 | 3.34 | 35.15 | 97.90
IS 26 | 28.00 | 2.59 | 0.51 | 22.82|33.18 | 22 | 2840 | 2.94 | 0.63 | 22.52 | 34.28
(0N 29 | 1510 | 7.10 | 1.32 | 090 | 2931 | 25 | 13.51 | 5.75 | 1.15 | 2.01 | 25.02
RPE 29 | 1734 | 332 | 0.62 | 10.70 | 23.99 | 25 | 1643 | 3.82 | 0.76 | 8.79 | 24.06
GCC 29 19238 | 876 | 1.63 | 74.86 | 109.9 | 25 | 83.78 | 8.68 | 1.74 | 66.43 | 101.1
ONL-IS 29 | 86.42 |1 2094 | 3.89 | 4455|1283 | 25 [95.19| 1649 | 3.30 | 62.21 | 128.2
Complex
OS-RPE 32 14270 | 576 | 1.02 | 31.18 | 5422 | 28 |41.68 | 6.22 | 1.18 | 29.24 | 54.12
Complex
Inner
Retinal 29 |1 190.5|20.59 | 3.82 | 149.3 | 231.7 | 25 | 168.5 | 16.21 | 3.24 | 136.1 | 200.9
Layers
Outer
Retinal 29 | 133211939 | 3.60 | 9440 | 172.0 | 25 | 137.8 | 16.77 | 3.35 | 104.2 | 171.3
Layers
RT 32 | 323.7 | 13.48 | 2.38 | 296.7 | 350.7 | 28 | 306.1 | 16.27 | 3.08 | 273.6 | 338.6
33-38 RNFL 25 | 1245 4.09 | 0.82 | 428 | 2063 | 20 | 826 | 242 | 0.54 | 3.42 | 13.09
months
GA GCL 24 | 51.57| 9.98 | 2.04 | 31.61 | 71.54 | 20 | 44.08 | 7.73 | 1.73 | 28.63 | 59.54
IPL 24 |1 43.10 | 9.14 | 1.87 | 2481 | 6139 | 20 4278 | 7.33 | 1.64 | 28.12 | 57.44
INL 25 | 47.16 | 11.22 | 2.24 | 2473 |1 69.59 | 20 | 48.08 | 8.80 | 1.97 | 30.47 | 65.68
OPL 25 | 34.14 | 16.61 | 332 | 092 | 6735 | 20 |25.14| 8.02 | 1.79 | 9.10 | 41.18
ONL 23 | 67.80 | 18.83 | 3.93 | 30.14 | 105.5| 20 | 69.86 | 11.62 | 2.60 | 46.63 | 93.09
1S 23 | 2858 | 342 | 0.71 | 21.74 | 3541 | 20 | 2853 | 3.25 | 0.73 | 22.02 | 35.03
(0N 23 | 1428 | 6.78 | 1.41 | 0.73 | 2784 | 20 | 14.62 | 6.25 | 1.40 | 2.11 | 27.12
RPE 24 | 17.69 | 400 | 0.82 | 9.70 | 25.69 | 21 | 1748 | 435 | 0.95 | 8.78 | 26.19
GCC 25 19438 | 10.00 | 2.00 | 7439 | 1144 | 20 | 86.86 | 6.27 | 1.40 | 74.33 | 99.40
ONL-IS 25 19599 | 18.72 | 3.74 | 58.56 | 1334 | 21 | 9890 | 11.86 | 2.59 | 75.19 | 122.6
Complex
OS-RPE 25 14345 | 7.77 | 1.55 | 2792 | 5898 | 22 | 4245 | 6.99 | 1.49 | 28.46 | 56.43
Complex
Inner
Retinal 25 | 191.2 |1 2232 | 446 | 146.6 | 2359 | 21 | 170.8 | 12.14 | 2.65 | 146.5 | 195.1
Layers
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Outer

Retinal 25 [ 1399|1935 | 3.87 | 101.2 | 178.6 | 21 | 142.4 | 12.34 | 2.69 | 117.7 | 167.0
Layers
RT 25 | 331.2 | 11.86 | 2.37 | 307.4 | 3549 | 22 |313.4|10.01 | 2.13 | 293.4 | 3334
39-44 RNFL 24 | 1198 | 2.76 | 0.56 | 6.46 | 1749 | 23 | 7.53 | 2.68 | 0.56 | 2.17 | 12.89
months
GA GCL 21 |53.49 | 6.13 | 1.34 | 41.23 | 65.74 | 22 |42.54 | 8.52 | 1.82 | 25.49 | 59.58
IPL 21 [39.69| 6.75 | 1.47 | 26.18 | 53.19 | 22 [42.16 | 9.16 | 1.95 | 23.84 | 60.48
INL 24 | 5254 | 850 | 1.73 | 3554 | 69.54 | 24 |45.60 | 9.16 | 1.87 | 27.28 | 63.91
OPL 24 |30.78 | 1476 | 3.01 | 1.26 | 60.30 | 24 | 31.14 | 11.98 | 2.45 | 7.17 | 55.11
ONL 22 |1 69.73 | 17.81 | 3.80 | 34.12 | 105.4 | 22 | 67.76 | 16.54 | 3.53 | 34.68 | 100.8
IS 22 (2770 | 2.73 | 0.58 | 22.24 | 33.15 | 22 |29.24 | 3.25 | 0.69 | 22.74 | 35.74
oS 17 | 1450 | 6.62 | 1.61 | 1.25 [27.74| 17 | 12.89 | 6.13 | 1.49 | 0.64 | 25.15
RPE 21 [ 17.07 | 394 | 0.86 | 9.20 | 2494 | 21 | 17.76 | 3.44 | 0.75 | 10.88 | 24.64
GCC 24 19263 | 7.73 | 1.58 | 77.18 | 108.1 | 24 | 86.32 | 10.74 | 2.19 | 64.84 | 107.8
ONL-IS 24 19599 | 17.34| 3.54 | 6132 | 130.7 | 24 |97.72 | 17.00 | 3.47 | 63.72 | 131.7
Complex
OS-RPE 24 | 4384 | 7.86 | 1.61 |28.11 | 59.57 | 24 |43.78 | 7.68 | 1.57 |28.43 | 59.13
Complex
Inner
Retinal 25 | 189.8 | 18.16 | 3.63 | 153.5]226.2 | 24 | 170.5 | 14.78 | 3.02 | 140.9 | 200.1
Layers
Outer
Retinal 25 | 14241 19.08 | 3.82 | 104.2 | 180.5 | 24 | 144.8 | 17.79 | 3.63 | 109.2 | 180.4
Layers
RT 25 3322 | 15.55| 3.11 | 301.1 [ 363.3 | 24 | 3153 | 11.73 | 2.39 | 291.8 | 338.8
45-56 RNFL 41 | 1243 | 3.70 | 0.58 | 5.04 | 19.82 | 39 | 8.00 | 2.80 | 0.45 | 2.40 | 13.60
months
GA GCL 38 [ 5526 | 8.68 | 1.41 | 3790 | 72.62 | 36 |46.72 | 7.39 | 1.23 | 31.95 | 61.49
IPL 38 | 4381 | 7.95 | 1.29 2791 |59.71 | 36 |44.10 | 8.86 | 1.48 |26.39 | 61.81
INL 39 {4991 | 741 | 1.19 | 35.09 | 64.73 | 36 |46.47 | 7.65 | 1.28 | 31.16 | 61.77
OPL 39 [33.82]16.07 | 2.57 | 1.67 | 6596 | 36 |27.33 | 894 | 1.49 | 9.44 | 4522
ONL 37 |69.13 | 1830 | 3.01 |32.53 | 105.7 | 35 | 74.61 | 1536 | 2.60 | 43.90 | 105.3
IS 36 | 2796 | 2.88 | 0.48 | 22.19|33.73 | 35 [28.81 | 2.89 | 0.49 | 23.03 | 34.58
(6N 34 | 14.02 | 3.10 | 0.53 | 7.81 [20.22 | 31 | 1331 | 3.46 | 0.62 | 6.39 | 20.23
RPE 35 | 1593 | 449 | 0.76 | 6.95 | 2491 | 32 | 15.61 | 480 | 0.85 | 6.01 | 2521
GCC 39 [99.70 | 8.71 | 1.39 | 8229 | 117.1 | 36 |90.82 | 6.54 | 1.09 | 77.74 | 103.9
ONL-IS 38 196.03 | 18.87 | 3.06 | 58.30 | 133.8 | 36 | 101.5| 16.97 | 2.83 | 67.53 | 135.4
Complex
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OS-RPE

41 | 4257 | 817 | 1.28 | 26.24 | 5891 | 40 | 41.31 | 8.88 | 1.40 | 23.54 | 59.07
Complex
Inner
Retinal 39 | 1953 | 20.63 | 330 | 154.1 | 236.6 | 38 | 171.0 | 14.52 | 2.35 | 141.9 | 200.0
Layers
Outer
Retinal 39 | 141.0 | 17.12 | 2.74 | 106.8 | 1753 | 38 | 146.8 | 16.60 | 2.69 | 113.6 | 180.0
Layers
RT 40 | 337.4|16.84 | 2.66 | 303.8 |371.1 | 41 | 3183 | 1434 | 2.24 | 289.6 | 347.0
57-68 RNFL 50 | 12.83 | 3.63 | 0.51 | 556 | 20.10 [ 50 | 6.60 | 3.23 | 0.46 | 0.13 | 13.06
months
GA GCL 46 | 54.62 | 8.49 | 1.25 | 37.65|71.59 | 44 | 4530 | 9.55 | 1.44 | 26.19 | 64.40
IPL 46 |42.74 | 938 | 1.38 | 2398 | 61.50 | 44 | 45.75 | 10.25 | 1.55 | 25.24 | 66.25
INL 50 | 4938 | 6.18 | 0.87 | 37.02 | 61.75 | 50 |46.54 | 6.25 | 0.88 | 34.03 | 59.05
OPL 50 | 33.71 | 1452 | 2.05 | 4.67 | 62.74 | 49 | 2547 | 834 | 1.19 | 879 | 42.15
ONL 45 | 67.25|16.72 | 2.49 | 33.82 | 100.7 | 46 | 72.93 | 1238 | 1.82 | 48.18 | 97.69
IS 45 | 2739 | 4.09 | 0.61 | 19.20 | 35.58 | 46 | 28.44 | 3.84 | 0.57 | 20.77 | 36.12
oS 42 | 1427 | 544 | 0.84 | 3.39 | 25.14 | 43 | 13.48 | 5.55 | 0.85 | 2.39 | 24.58
RPE 42 | 18.60 | 3.88 | 0.60 | 10.85|26.35| 43 | 1839 | 3.72 | 0.57 | 10.95 | 25.82
GCC 50 19690 | 7.65 | 1.08 | 81.60 | 112.2 | 49 |90.54 | 8.41 | 1.20 | 73.72 | 107.4
ONL-IS 50 | 9439 ( 17.01 | 2.41 | 6037 | 128.4 | 49 | 101.9 | 13.58 | 1.94 | 74.74 | 129.1
Complex
OS-RPE 49 | 4331 | 836 | 1.19 | 26.59 | 60.04 | 49 |43.79 | 797 | 1.14 | 27.85 | 59.72
Complex
Inner
Retinal 49 | 191.0 | 17.09 | 2.44 | 156.8 | 225.1 | 49 | 169.2 | 15.07 | 2.15 | 139.1 | 1994
Layers
Outer
Retinal 49 | 1425 | 16.12 | 2.30 | 110.3 | 1747 | 49 | 148.2 | 13.99 | 2.00 | 120.3 | 176.2
Layers
RT 50 | 3335|1494 | 2.11 | 303.7 | 363.4 | 51 |317.7|13.71 | 1.92 | 290.2 | 345.1
69-80 RNFL 32 | 11.81 | 3.27 | 0.58 | 5.27 [ 1835| 32 | 597 | 291 | 0.51 | 0.15 | 11.79
months
GA GCL 32 | 53.72 | 8.40 | 1.49 | 3691 | 70.53 | 28 | 45.66 | 10.80 | 2.04 | 24.07 | 67.26
IPL 32 | 4230 | 881 | 1.56 | 24.68 [ 59.92 | 28 |41.68 | 11.74 | 2.22 | 18.20 | 65.16
INL 32 | 47.41 | 8.69 | 1.54 | 30.04 | 64.79 | 32 | 46.23 | 5.88 | 1.04 | 34.47 | 57.99
OPL 32 | 36.63 | 16.27 | 2.88 | 4.10 [ 69.16 | 32 | 31.56 | 11.37 | 2.01 | 8.83 | 54.30
ONL 30 | 64.67 | 16.80 | 3.07 | 31.06 | 98.27 | 30 | 68.90 | 16.20 | 2.96 | 36.49 | 101.3
IS 30 | 27.56 | 4.60 | 0.84 | 1836 | 36.75| 30 |29.39 | 4.15 | 0.76 | 21.09 | 37.69
(6N 25 | 12.83 | 422 | 0.84 | 438 [21.27| 25 | 11.39| 390 | 0.78 | 3.60 | 19.18
RPE 26 | 1875 | 4.61 | 090 | 9.52 (2797 | 26 | 18.51 | 4.77 | 0.94 | 897 | 28.04
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Gee 32 (95904 | 815 | 144 | 7964 | 1122 | 28 | 8734 | 805 | 1.52 | 71.23 | 1035
8NL'IS 32 [93.14|17.07 | 3.02 | 58.99 | 1273 | 32 | 9827|1745 3.08 | 6337 1332
omplex
OS-RPE | 35 | 4335 | 804 | 158 | 2547 | 6122 | 32 | 4216 | 839 | 148 | 2538 | 58.93
Complex
Inner
Retinal | 32 | 1947|1937 | 342 | 156.0 | 2334 | 31 | 1739 | 16.64 | 2.99 | 1406 | 207.2
Layers
Outer
Retinal | 32 | 1383 |18.90 | 334 | 1005 |176.1 | 31 | 14322093 | 3.76 | 101.4 | 185.1
Layers
RT 32 33201689 | 299 | 2992|3667 | 31 [317.1| 1638 | 2.94 | 284.4 | 3499

8192 [RNFL | 37 |1231] 323 | 053 | 585 | 1878 | 36 | 6.41 | 236 | 039 | 1.69 | 11.12

months

GA GCL 36 | 5454 | 6.62 | 110 | 4130|6777 | 32 | 5068 | 848 | 1.50 | 33.71 | 67.64
IPL 36 | 42.88 | 9.96 | 1.66 | 22.96 | 62.80 | 32 |40.09 | 7.48 | 1.32 | 25.13 | 55.05
INL 37 5049 | 830 | 136 |33.89 | 67.08 | 36 |47.11| 648 | 1.08 | 34.14 | 60.07
OPL 37 3549|1523 | 2.50 | 5.03 | 6596 | 36 |29.83 | 11.06 | 1.84 | 7.72 | 51.95
ONL 34 | 6469 | 17.63 | 3.02 | 29.43 | 99.95 | 33 | 7128 | 12,94 | 2.25 | 45.41 | 97.15
IS 34 (2967 359 | 0.62 | 22.49 | 36.86 | 33 [29.91| 3.03 | 0.53 | 23.85 | 35.96
0S 32 [ 1369 326 | 058 | 7.17 | 2021 | 31 [ 1336 | 3.15 | 057 | 7.07 | 19.66
RPE 33 [ 1609 426 | 074 | 758 | 2461 | 32 | 1668 | 3.89 | 0.69 | 8.89 | 24.46
Gee 37 [ 9735 807 | 133 8120|1135 | 36 [ 9094 | 9.66 | 1.61 | 71.63 | 1103
ONL-IS 135 19480 | 17.13 | 2.82 | 60.54 | 129.1 | 36 | 101.1 | 1256 | 2.09 | 75.94 | 1262
Complex
OS-RPE | 37 | 4509 | 671 | 1.10 | 3168 | 5851 | 36 4492 | 672 | 1.12 | 31.47 | 5837
Complex
Inner
Retinal | 37 [197.0 | 1826 | 3.00 | 160.4 | 233.5 | 37 | 1742 | 1430 | 235 | 1456 | 202.8
Layers
Outer
Retinal | 37 | 1419 | 18.41 | 3.03 | 105.1 | 178.7 | 37 | 1493 | 1412 | 232 | 121.1 | 1775
Layers
RT 37 3389|1335 | 220 | 3122 | 3656 | 37 | 3235 | 1548 | 2.54 | 292.5 | 3545

93213 |RNFL | 41 |13.04| 348 | 054 | 6.09 [ 2000 42 | 676 | 237 | 037 | 2.02 | 11.49

months

GA GCL 36 5271 | 1128 | 1.88 | 3015|7526 | 35 | 5052 | 1222 | 2.07 | 26.08 | 74.97
IPL 36 [ 4459 | 11.60 | 193 | 2140 | 67.78 | 35 | 42.26 | 10.90 | 1.84 | 2045 | 64.06
INL 41 | 5048 | 872 | 136 [33.04 | 6792 | 42 | 4561 | 659 | 1.02 | 3243|5878
OPL 41 3530|1791 | 2.80 | 0.00 | 7112 | 42 | 2823 | 11.86 | 1.83 | 451 | 51.96
ONL 40 | 7145 | 2136 | 338 | 2873 | 1142 | 41 | 7625 | 1555 | 243 | 45.15 | 107.4
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IS 40 | 28.05| 3.50 | 0.55 | 21.05|35.04 | 41 |29.64 | 3.40 | 0.53 | 22.83 | 36.45

0Ss 33 [ 1580 | 430 | 075 | 720 | 2440 | 34 | 1491 | 496 | 085 | 499 | 24.83
RPE 32 [ 1796 | 352 | 0.62 | 1092|2500 32 | 1687 | 3.99 | 0.71 | 8.89 | 24.85
Gee 41 | 9714 974 | 152 | 77.66 | 1166 | 40 | 92.80 | 8.44 | 133 | 7592 | 109.7
ONL-IS |41 19872 | 2140 | 334 | 5592 | 1415 | 42 | 1062 | 1556 | 2.40 | 75.04 | 137.3
Complex

OS-RPE | 3¢ 1 4519 | 962 | 1.56 | 25.95 | 6442 | 39 |43.47| 986 | 1.58 | 23.76 | 63.19
Complex

Inner

Retinal | 41 | 1950 | 21.14 | 330 | 1527|2373 | 41 | 1715 | 1538 | 2.40 | 140.7 | 202.2
Layers

Outer

Retinal | 41 | 1473|2206 | 345 | 1032|1915 | 41 | 1546|1432 | 224 | 1260 | 1833
Layers

RT 41 | 3423 | 1445 | 226 3134|3712 | 41 [ 3261 | 1387 | 217 | 2984 | 3538

214-30 | RNFL 31 | 11.80 | 3.93 | 0.71 | 3.94 [ 19.66 | 31 | 7.40 | 249 | 045 | 2.41 | 12.39

gzmhs GCL 22 | 57.45] 9.80 | 2.09 | 37.86 | 77.05 | 19 | 4898 | 831 | 1.91 | 32.36 | 65.61
IPL 22 | 3823 | 9.88 | 2.11 | 18.47 |57.98 | 19 |44.06 | 9.19 | 2.11 | 25.68 | 62.44
INL 31 5259 9.00 | 1.62 | 34.59 | 70.59 | 31 | 4543 | 7.66 | 1.38 | 30.10 | 60.76
OPL 31 | 3245 | 13.57 | 2.44 | 532 [59.58 | 31 |23.72| 8.53 | 1.53 | 6.66 | 40.79
ONL 29 [ 6829 | 14.62 | 2.72 | 39.05|97.53 | 29 | 77.92| 9.13 | 1.70 | 59.67 | 96.18
1S 30 | 28.04 | 3.43 | 0.63 | 21.17 | 3490 | 30 |28.72 | 4.05 | 0.74 | 20.61 | 36.82
oS 27 | 1547 | 5.10 | 0.98 | 527 | 25.66 | 27 | 1476 | 430 | 0.83 | 6.17 | 23.36
RPE 28 | 17.28 | 296 | 0.56 | 11.35 | 23.20 | 28 | 18.10 | 3.48 | 0.66 | 11.15 | 25.06
GCC 29 [96.78 | 1032 | 1.92 | 76.15 | 117.4 | 30 | 90.88 | 9.03 | 1.65 | 72.83 | 108.9
ONL-IS 1 31 1 9653 [ 14.13 | 2.54 | 6827 | 124.8 | 31 | 1062 | 9.82 | 1.76 | 86.59 | 125.9
Complex
OS-RPE 31 | 4852 | 6.64 | 1.19 | 3525 61.79 | 31 |49.02 | 7.22 | 1.30 | 34.58 | 63.47
Complex
Inner
Retinal 31 | 192.7 | 21.09 | 3.79 | 150.5 | 2349 | 31 | 167.3 | 16.05 | 2.88 | 1352 | 199.4
Layers
Outer
Retinal 31 |147.0 | 1507 | 2.71 | 116.8 | 177.1 | 31 | 157.2 | 11.18 | 2.01 | 134.8 | 179.5
Layers
RT 31 |339.7|18.05| 3.24 | 303.6 | 375.8 | 31 |324.4|19.47 | 3.50 | 285.5 | 363.4

Summary of the mean values, standard deviations and 95% confidence intervals

obtained for each of the retinal layers for each age group at the parafovea
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N = number of examinations where the retinal layer(s) could be reliably segmented,; SD
= standard deviation;, SEM = standard error of the mean;, LCI = lower confidence
interval; UCI = upper confidence interval; RNFL = retinal nerve fibre layer;, GCL =
ganglion cell layer; IPL = inner plexiform layer;, INL = inner nuclear layer;, OPL =
outer plexiform layer;, ONL = outer nuclear layer; IS = inner segment of the
photoreceptor; OS = outer segment of the photoreceptor;, RPE = retinal pigment

epithelium; GCC = ganglion cell complex; GA = gestational age
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Table 7: Perifoveal Normative Data

. 95% . 95%
Nasal Perifovea (2000 pm Temporal Perifovea (2000
Confidence Confidence
from the Fovea) um from the Fovea)
Interval Interval
GAge Retinal | | Mea | oy | g | por | uer | N | M| sp | sem | Ler | ver
roup Layer n n
<40 RNFL 21 | 4195 | 4.68 | 1.02 |32.58 | 51.31 | 15 | 1273 | 6.44 | 1.66 | 0.00 | 25.62
weeks
GA GCL 21 3844 | 833 | 1.82 | 21.78 | 55.10 | 15 |33.69| 10.48 | 2.71 | 12.73 | 54.64
IPL 21 | 5137 | 629 | 1.37 | 38.79 | 63.95| 15 | 51.17 | 6.42 | 1.66 | 38.32 | 64.01
INL 21 [46.72 | 9.51 | 2.07 | 27.71 | 65.74 | 15 |49.31 | 12.58 | 3.25 | 24.15 | 74.47
OPL 21 | 2291 | 649 | 1.42 | 993 | 3589 | 15 | 1950 | 6.66 | 1.72 | 6.18 | 32.81
ONL 12 | 5230 | 5.80 | 1.67 [40.70 | 63.89 | 8 |46.24 | 9.29 | 3.29 | 27.65 | 64.83
IS 11 |24.03 | 3.03 | 091 |17.98|30.09| 8 |24.27| 3.86 | 1.37 | 16.54 | 32.00
oS 20 | 7.44 | 277 | 0.62 | 191 | 1298 | 14 | 849 | 297 | 0.79 | 2.55 | 14.43
RPE 21 | 1240 | 2.71 | 059 | 697 | 17.83 | 13 | 13.25| 3.94 | 1.09 | 5.37 | 21.13
GCC 21 [89.81 | 9.73 | 2.12 | 70.34 |1 109.3 | 15 | 84.85| 10.88 | 2.81 | 63.10 | 106.6
ONL-IS 151 17304 | 7.50 | 1.64 | 5824 8824 | 15 | 6856 | 7.14 | 1.84 | 5428 | 82.85
Complex
OS-RPE | ) 12004 | 356 | 076 | 13.12 | 2737 | 15 [ 2029 | 561 | 145 | 9.07 | 31.51
Complex
Inner
Retinal 20 | 2002 | 1492 | 3.34 | 170.4 | 230.0 | 14 | 164.0 | 1638 | 4.38 | 131.2 | 196.8
Layers
Outer
Retinal 20 | 94.18 | 8.63 | 1.93 | 76.92 | 111.5 | 14 | 90.53 | 10.11 | 2.70 | 70.31 | 110.8
Layers
RT 22 [292.5] 1826 | 3.89 | 256.0 | 329.1 | 14 |254.5| 19.06 | 5.10 | 216.4 | 292.6
41-46 RNFL 19 | 43.40 | 6.96 | 1.60 |29.48 | 5732 | 9 |12.01 | 3.83 | 1.28 | 4.35 | 19.67
weeks
GA GCL 18 | 34.10 | 555 | 1.31 [23.00 4521 | 9 |29.45|11.03| 3.68 | 7.38 | 51.52
IPL 19 | 49.48 | 7.70 | 1.77 | 34.07 | 6489 | 9 |54.69 | 7.18 | 2.39 | 40.33 | 69.04
INL 18 [ 4585 | 634 | 1.49 [33.17 | 5853 | 8 |48.73| 6.62 | 2.34 | 35.49 | 61.96
OPL 18 |1 2188 6.79 | 1.60 | 829 |3546| 8 |16.67 | 3.85 | 1.36 | 8.97 | 24.36
ONL 12 [ 49.70 | 5.80 | 1.67 | 38.11 | 6130 | 7 |56.91 | 9.45 | 3.57 | 38.02 | 75.81
IS 12 |1 2562 | 342 | 099 |18.77 | 3247 | 7 |24.89| 2.11 | 0.80 |20.68 | 29.11
oS 17 | 1056 | 3.00 | 0.73 | 455 | 1656 8 | 10.82| 3.40 | 1.20 | 4.01 | 17.62
RPE 19 | 12.06 | 3.33 | 0.76 | 541 | 1872 | 9 |12.77 | 2.87 | 0.96 | 7.04 | 18.50
GCC 18 | 83.08 | 9.26 | 2.18 | 64.56 | 101.6 | 9 | 84.13 | 9.95 | 3.32 | 64.24 | 104.0
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ONL-IS

18 | 75.06 | 5.91 1.39 | 63.25 | 86.88 8 78.25 | 6.81 2.41 | 64.63 | 91.88
Complex
OS-RPE 19 | 22.89 | 3.39 | 0.78 | 16.12 | 29.66 | 9 | 24.06 | 5.39 1.80 | 13.27 | 34.84
Complex
Inner
Retinal 15 | 191.0 | 16.11 | 4.16 | 158.8 | 223.2 8 160.1 | 13.37 | 4.73 | 133.4 | 186.9
Layers
Outer
Retinal 15 199.19 | 10.25 | 2.65 | 78.68 | 119.7 8 103.5 | 6.43 | 2.27 |90.69 | 116.4
Layers
RT 16 | 2899|1485 | 3.71 | 260.2 |319.6 | 9 |264.7| 1296 | 4.32 | 238.8 | 290.6
47-52 RNFL 10 | 40.05 | 5.85 1.85 | 28.36 [ 51.75| 1b | 10.19 10.19 | 10.19
weeks
GA GCL 10 | 33.83 | 6.33 | 2.00 | 21.18 | 46.48 | 1b | 29.52 29.52 | 29.52
IPL 10 | 48.89 | 10.21 | 3.23 | 28.46 | 69.31 | 1b | 48.06 48.06 | 48.06
INL 9 |41.57| 6.45 | 2.15 | 28.67 | 5447 | 1b | 39.97 39.97 | 39.97
OPL 8 31.24 | 1336 | 472 | 452 [ 5796 | 2 17.58 | 6.06 | 429 | 546 | 29.69
ONL 8 | 4812|1037 | 3.67 | 27.38 | 68.86 | 1b | 56.99 56.99 | 56.99
IS 9 |2520| 2.64 | 0.88 | 19.93|30.48| 1b | 21.18 21.18 | 21.18
(O 9 |[16.03| 381 | 1.27 | 841 |[23.64| 1b | 14.53 14.53 | 14.53
RPE 9 | 1267 | 223 | 0.74 | 820 | 17.14 O(E)’ 0.00 | 0.00
GCC 10 | 82.72 | 872 | 2.76 | 65.27 | 100.2 | 1b | 77.58 77.58 | 77.58
8NL'IS 8 | 73.44 1025 3.62 | 52.94 | 93.94 | 16 |78.17 78.17 | 78.17
omplex
OS-RPE | 14 15830 | 5.84 | 1.85 | 1662|3997 | 1b |14.53 1453 | 1453
Complex
Inner 0b
Retinal 9 |191.5|15.13| 5.04 | 161.2 | 221.7 C’ 0.00 | 0.00
Layers
Outer 0b
Retinal 9 | 1043 | 7.55 | 2.52 | 89.20 | 119.4 C’ 0.00 | 0.00
Layers
RT 11 | 294.8 | 14.16 | 4.27 | 266.5 | 323.1 O(t:’ 0.00 | 0.00
12-14 RNFL 27 | 4037 | 8.49 1.63 | 23.39 | 57.35 9 12.05 | 3.34 1.11 5.36 | 18.74
months
GA GCL 25 3046 | 7.87 1.57 | 1472 |1 4620 | 9 |23.74| 6.16 | 2.05 | 11.43 | 36.06
IPL 25 | 4584 | 5.65 1.13 | 34.54 | 57.13 9 5191 7.17 | 2.39 | 37.57 | 66.26
INL 25 [36.28 | 7.06 1.41 | 22.17 15040 | 9 |3832]| 3.56 1.19 | 31.20 | 45.44
OPL 25 12693 | 10.65| 2.13 | 5.64 | 48.23 9 (2342 591 1.97 | 11.61 | 35.23
ONL 20 | 56.64 | 7.75 1.73 | 41.15 | 72.13 8 58.30 | 9.54 | 3.37 |39.23 | 77.37
IS 20 2336 3.25 | 0.73 | 16.86 | 29.85 8 (2376 | 1.13 | 0.40 | 21.51 | 26.01
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0S 25 | 939 | 615 | 123 | 000 | 2169 8 | 862 | 687 | 243 | 0.00 | 2236
RPE 26 | 14.04 | 286 | 056 | 832 | 1975| 8 [1497] 270 | 095 | 9.57 | 20.36
GCC 25 (7630 9.86 | 197 | 5659 | 96.01 | 9 |75.66| 9.08 | 3.03 | 57.50 | 93.82
ONL-IS 1 o5 7762 970 | 194 | 5821 |97.03| 9 [81.83] 933 | 3.11 | 63.17 | 1005
Complex
OSRPE | 7 | 3346 | 378 | 073 | 2590 [ 41.01| 8 [3436| 390 | 1.38 | 2656 | 42.15
Complex
Inner
Retinal | 26 | 183.6 [ 22.19 | 435 | 1392|2279 | 10 | 1529|1776 | 562 | 117.4 | 188.4
Layers
Outer
Retinal | 26 | 1104 [ 11.07 | 2.17 | 8827 | 132.6 | 10 | 1152 | 10.91 | 3.45 | 93.33 | 137.0
Layers
RT 28 [296.0 | 19.62 | 371 | 256.7 | 3352 10 | 268.0 | 1459 | 4.62 | 238.8 | 297.2
15-17 | RNFL | 34 3730 | 641 | 1.10 | 2448 [ 5011 | 10 | 1210 321 | 1.02 | 567 | 1852
months
GA GCL 32 2806 | 717 | 127 | 1371 [ 4240 | 9 |2622| 490 | 1.63 | 1642 | 36.02
IPL 31 14095 | 678 | 122 [ 2738 | 5452 | o |4134| 975 | 325 | 21.83 | 60.84
INL 29 [3759 | 664 | 123 | 2431|5086 9 |3725| 809 | 270 | 21.07 | 53.42
OPL 27 2797 | 864 | 1.66 | 1069 | 4524 | 8 |26.71 | 1027 3.63 | 6.17 | 47.25
ONL 25 | 5626|1043 | 2.00 | 3540 | 77.12| 8 |57.62| 1434 | 507 | 28.95 | 8630
IS 26 | 2420 | 215 | 042 | 19.89 | 2851 | 10 | 2646 | 2.96 | 0.94 | 2055 | 32.38
0S 27 [ 1226 | 5.70 | 1.10 | 0.87 | 23.66 | 10 | 1037 639 | 2.02 | 0.00 | 23.14
RPE 29 | 1468 | 296 | 055 | 876 | 2059 | 10 [ 1581 | 361 | 1.14 | 8.58 | 23.03
GCC 31 6939 | 940 | 1.69 | 5058 [ 88.19| 9 |67.55| 8.91 | 2.97 | 49.74 | 85.36
ONL-IS 1 o6 9078 | 1022 | 2.00 | 6033 | 1012 8 |83.61|12.08| 427 | 59.46 | 107.8
Complex
8S'RPE 33 13602 | 547 | 095 |25.00 | 4696 | 11 |36.68| 620 | 1.87 | 2428 | 49.08
omplex
Inner
Retinal | 28 | 176.1 | 17.87 | 3.38 | 1404 | 2119 | 7 | 1400 9.94 | 3.76 | 120.1 | 159.9
Layers
Outer
Retinal | 28 | 1164 | 12.08 | 228 | 9221 [ 1405 | 7 | 1225|1476 | 5.58 | 92.96 | 152.0
Layers
RT 35 12905 | 1420 | 240 |262.1 (3189 | 8 |2650 1857 | 657 | 227.8 | 302.1
1820 | RNFL | 31 |36.80| 7.00 | 127 | 22.61 [ 5099 | 10 | 912 | 2.13 | 0.67 | 485 | 1339
months
GA GCL 30 | 27.56 | 640 | 1.17 | 1476 [ 4035 | 10 |21.75 | 7.89 | 2.50 | 5.96 | 37.53
IPL 30 |41.77 | 694 | 127 | 27.89 | 5564 | 10 | 4878 | 6.81 | 2.15 |35.15 | 62.40
INL 30 |36.06| 739 | 135 2128 [ 5084 | 10 |33.91| 633 | 2.00 | 2125|4657
oPL 30 | 2968 | 845 | 154 | 1279 [ 4658 | 10 | 2325 826 | 261 | 673 | 39.77
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ONL 28 5313 928 | 175 | 3456 | 7169 | 10 | 59.76 | 10.82 | 3.42 | 38.13 | 81.39
IS 28 (2517 277 | 052 | 19.63 3071 | 10 | 25.70 | 2.24 | 0.71 | 21.23 | 30.18
0S 2 | 930 | 462 | 091 | 0.06 | 1855| 9 | 9.77 | 489 | 1.63 | 0.00 | 19.55
RPE 25 [ 1495 | 444 | 089 | 6.07 | 2383 8 | 1511 | 464 | 1.64 | 583 | 2438
GCC 30 6956 | 8.19 | 1.50 | 53.18 [ 85.94 | 10 | 70.52| 9.61 | 3.04 | 5130 | 89.75
ONL-IS 1 30 | 7860 | 9.82 | 179 | 59.04 | 98.34 | 10 | 8547 | 10.11 | 320 | 6525 | 105.7
Complex
OSRPE | 51 | 3553 | 714 | 128 | 2095|4951 | 10 3537 675 | 2.14 | 21.86 | 48.88
Complex
Inner
Retinal | 30 |172.1 | 16.85| 3.08 | 138.4 [ 2058 | 10 | 136.8 | 14.43 | 4.56 | 108.0 | 165.7
Layers
Outer
Retinal | 30 | 117.5 | 10.05 | 1.83 | 97.39 [ 137.6 | 10 | 123.8 | 9.69 | 3.06 | 104.4 | 143.2
Layers
RT 31 | 2893 | 1417 | 255 | 2609 [ 317.6 | 10 | 260.6 | 15.19 | 481 | 2302 | 291.0
2126 |RNFL | 23 |35.73 | 838 | 1.75 | 18.97 | 5249 | 11 | 976 | 3.12 | 0.94 | 3.53 | 16.00
months
GA GCL 23 [32.14| 815 | 170 | 15.84 | 4845 | 11 | 2243 | 721 | 217 | 8.01 | 3686
IPL 23 [ 4142 | 546 | 1.14 | 3049 | 5235 11 | 4581 | 451 | 136 |36.78 | 54.84
INL 23 (3777 697 | 145 | 2383 | 5171 | 11 | 37.60 | 3.66 | 1.10 | 3027 | 44.92
OPL 23 (3027 867 | 1.81 | 1292|4761 11 | 2263 | 6.89 | 2.08 | 8.84 | 36.42
ONL 2 [5776 | 12.98 | 277 | 31.81 | 83.71| 10 | 63.08 | 6.80 | 2.15 | 49.48 | 76.68
IS 22 [2595| 277 | 059 | 2041 | 31.50 | 10 | 27.87 | 2.71 | 0.86 | 22.45 | 33.29
0S 21 [ 1182 597 | 130 | 0.00 | 2376 8 | 1082 518 | 1.83 | 046 | 21.19
RPE 21 [ 1531 437 | 095 | 656 |2405| 8 |18.11| 600 | 212 | 6.11 | 30.11
GCC 23 [ 7356 | 826 | 1.72 | 57.04 | 90.08 | 11 | 6824 | 572 | 1.72 | 56.80 | 79.68
ONL-IS 1 o3 | e363 [ 13.07 | 272 | 57.50 | 109.8 | 11 | 91.84 | 8.65 | 2.61 | 74.54 | 109.1
Complex
8S'RPE 23 3862 6.87 | 143 | 2487|5236 12 | 3468 | 10.50 | 3.03 | 13.67 | 55.69
omplex
Inner
Retinal | 21 |175.6 | 1192 | 2.60 | 151.8 [ 199.5| 11 | 139.4 | 958 | 2.89 | 1203 | 158.6
Layers
Outer
Retinal | 21 |125.5 | 1271 | 277 | 100.0 [ 1509 | 11 | 1279 | 1222 | 3.69 | 1035 | 152.4
Layers
RT 21 3011|1576 | 3.44 | 269.6 | 3326 | 12 | 267.8 | 1033 | 2.98 | 247.1 | 2884
2732 |RNFL | 29 | 3643 | 497 | 092 | 2650 | 4637 | 19 | 1041 | 298 | 0.68 | 445 | 1637
months
GA GCL 26 [ 2846 | 621 | 122 | 16.03 | 4088 | 17 | 2430 325 | 0.79 | 17.81 | 30.79
IPL 26 | 4067 590 | 1.16 | 2887 | 5248 | 18 | 45.14 | 7.91 | 1.86 | 29.31 | 60.96
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INL 2 [3645| 6.82 | 134 | 2281|5009 19 | 3386 | 6.54 | 1.50 | 2078 | 46.94
oPL 26 [3122] 866 | 170 | 13.91 | 48.54 | 19 | 27.02| 9.14 | 2.10 | 8.75 | 4530
ONL 23 | 5147|1240 | 2.58 | 2668 | 7626 | 16 | 53.15| 9.63 | 2.41 |33.90 | 72.40
IS 23 2648 | 3.76 | 078 | 18.95 | 34.00 | 17 | 26.93 | 3.49 | 0.85 | 19.96 | 33.91
0S 2 | 1166 | 6.81 | 133 | 0.00 | 2527 20 | 10.79 | 594 | 133 | 0.00 | 22.66
RPE 26 | 1842 | 332 | 065 | 1178 | 2507 | 20 | 1824 | 3.04 | 0.68 | 12.16 | 24.32
GCC 2 [ 69.13 | 849 | 167 | 5214 | 86.11 | 19 | 69.94 | 7.15 | 1.64 | 55.65 | 84.24
ONL-IS 1 o 7870 | 13.03 | 2.56 | 52.64 | 1048 | 20 | 76.88 | 14.58 | 3.26 | 47.72 | 106.1
Complex
OSRPE | 15 | 4040 | 530 | 098 |29.80 | 5099 | 20 |41.68| 322 | 072 | 3524 | 48.11
Complex
Inner
Retinal | 25 | 1703 | 15.84 | 3.17 | 138.6 | 202.0 | 20 | 140.0 | 14.06 | 3.14 | 111.9 | 16822
Layers
Outer
Retinal | 25 | 1213 | 12.13 | 2.43 | 97.07 | 1456 | 20 | 1208 | 11.07 | 2.47 | 98.64 | 142.9
Layers
RT 28 (2912|1510 | 2.85 | 261.0 [ 3214 | 21 | 2612 | 1653 | 3.61 | 2282 | 2043
3338 | RNFL | 20 [3579 | 7.02 | 157 | 2174 | 4983 | 18 | 10.65| 3.52 | 0.83 | 3.61 | 17.68
months
GA GCL 19 [ 2804 | 725 | 166 | 1353 | 4254 | 18 | 2174 | 632 | 149 | 9.11 | 3437
IPL 19 | 4136 | 671 | 154 | 27.95 | 5478 | 18 | 45.04 | 3.37 | 0.80 |38.29 | 51.79
INL 20 3594 7.03 | 157 | 21.89 [ 5000 | 18 |35.13 | 560 | 132 |23.93 | 4633
OPL 20 |27.80 | 7.08 | 158 | 13.63 | 4196 | 18 [26.49 | 9.08 | 2.14 | 8.33 | 44.64
ONL 18 | 57.50 | 1071 | 2.52 | 36.07 | 78.92 | 17 | 5589 | 8.76 | 2.13 | 38.37 | 73.42
IS 18 2695 3.69 | 0.87 | 19.56 | 34.34 | 17 | 25.80 | 3.66 | 0.89 | 18.48 | 33.12
0S 18 [ 1233 769 | 1.81 | 000 | 2770 | 17 | 1024 | 487 | 1.18 | 049 | 19.98
RPE 19 [ 1885 | 413 | 095 | 1060 | 27.10 | 18 | 2053 | 3.80 | 0.90 | 12.93 | 28.14
GCC 20 [ 6950 | 7.65 | 171 | 5420|8479 | 18 | 66.78 | 555 | 131 | 55.67 | 77.88
ONL-IS 1 o0 9450 | 993 | 222 | 64.67 | 1044 | 18 | 8221 | 838 | 1.97 | 65.46 | 98.97
Complex
8S'RPE 20 | 4024 | 7.68 | 1.72 | 24.88 | 55.60 | 18 |42.01 | 587 | 138 |3027] 53.75
omplex
Inner
Retinal | 21 | 173.0 | 1470 | 3.21 | 1436 | 2024 | 19 | 140.7 | 885 | 2.03 | 123.0 | 1584
Layers
Outer
Retinal | 21 | 1258|1025 | 224 | 1053 | 1463 | 19 | 1256 | 946 | 217 | 106.7 | 1445
Layers
RT 21 2988|1213 | 2.65 | 2745 | 323.1 | 19 | 2663 | 10.76 | 2.47 | 2448 | 287.8
39-44  [RNFL | 20 |36.88 | 495 | 1.11 | 2698 |46.79 | 15 | 1125 | 2.16 | 0.56 | 6.94 | 15.57
maonthg
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GA GCL 19 [ 3051 | 752 | 173 | 1546 | 4556 | 15 | 27.47| 7.81 | 2.02 | 11.85 | 43.09
IPL 19 [ 4060 | 7.94 | 182 | 2472 | 5649 | 15 | 4573 | 5.82 | 1.50 | 34.10 | 57.37
INL 20 [36.64| 598 | 134 | 2469 | 4859 | 15 | 3821 | 6.32 | 1.63 | 25.56 | 50.86
OPL 20 | 2657 | 7.09 | 159 | 1238 | 4075 | 15 | 2505 | 7.54 | 195 | 9.96 | 40.14
ONL 19 5917 | 661 | 152 | 4595|7238 | 13 | 5876 | 9.31 | 2.58 | 40.14 | 7737
IS 19 | 2646 | 225 | 052 | 21.96 | 3096 | 13 |28.98 | 3.42 | 0.95 | 22.13 | 35.83
0S 14 | 890 | 455 | 122 | 000 | 1800 10 | 8.10 | 457 | 1.44 | 0.00 | 1724
RPE 17 [ 1850 | 3.64 | 088 | 1121|2578 | 13 | 1858 | 517 | 143 | 824 | 2892
GCC 20 [71.06 | 891 | 199 | 5324|8889 15 | 7321 | 7.22 | 1.86 | 58.77 | 87.64
ONL-IS 1 o0 9448 | 882 | 197 | 66.85 | 102.1 | 15 | 87.50 | 9.66 | 2.49 | 6827 | 106.9
Complex
OSRPE | 4 | 4078 | 704 | 178 | 24.89 | 56.67 | 15 | 4045 | 8.10 | 2.00 | 2424 | 56.66
Complex
Inner
Retinal | 22 | 1727 | 1232 | 2.63 | 148.1 | 197.4 | 14 | 1497 | 1374 | 3.67 | 1222 | 1772
Layers
Outer
Retinal | 22 | 127.2 | 1080 | 2.30 | 105.6 | 148.8 | 14 | 1323 | 11.63 | 3.11 | 109.0 | 1555
Layers
RT 22 (2999|1718 | 3.66 | 2655 | 3343 | 14 | 2819 | 11.86 | 3.17 | 2582 | 305.7

4556 | RNFL | 36 |3938 | 645 | 1.07 | 2648 | 52.28 | 33 | 10.65| 420 | 0.73 | 225 | 19.04

months

GA GCL 33 2926 | 7.65 | 133 | 13.96 | 4456 | 31 | 2696 | 7.98 | 1.43 | 11.00 | 42.92
IPL 33 14055 | 7.16 | 125 | 2624 [ 5486 | 31 4492 6386 | 123 |31.19] 58.65
INL 34 3750 | 725 | 124 | 23.00 [ 5199 | 31 |37.79 | 7.43 | 133 |22.93 | 52.66
OPL 34 12807 777 | 133 [ 1254 [ 4360 | 31 | 2471 | 568 | 1.02 | 1335 | 36.07
ONL 32 | 57.80 | 12.64 | 224 | 32.51 [ 83.09| 29 | 58.88 | 11.55 | 2.14 |35.79 | 81.98
IS 31 | 2564 | 259 | 046 | 2046|3081 | 20 | 27.15| 246 | 046 | 2224 |32.06
0S 30 | 984 | 2.81 | 051 | 421 | 1546 | 27 | 9.65 | 2.64 | 051 | 436 | 14.93
RPE 31 | 1765 502 | 090 | 7.62 | 2768 | 28 | 17.18| 579 | 1.10 | 5.59 | 28.77
GCC 34 | 69.68 | 833 | 143 | 53.03 8633 | 31 | 71.88 | 837 | 1.50 |55.15 | 88.61
ONL-IS 1 33 | 0 67 | 1175 | 2.05 | 59.17 | 1062 | 30 | 8435 | 11.05 | 2.02 | 62.25 | 106.5
Complex
8S'RPE 35 | 4027 820 | 139 |23.88 | 56.66 | 34 | 39.67| 7.61 | 130 | 24.46 | 54.89
omplex
Inner
Retinal | 33 | 174.0 | 1420 | 2.47 | 1456 | 202.4 | 32 | 1442 | 12.84 | 227 | 11855 | 169.9
Layers
Outer
Retinal | 33 | 126.1]10.86| 1.89 | 1044 | 147.8 | 32 | 1277|1089 | 1.93 | 105.9 | 149.5
Layers
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RT 35 | 300.8 | 15.58 | 2.63 | 269.6 | 332.0 | 35 |272.9 | 12.71 | 2.15 | 247.4 | 298.3
57-68 RNFL 48 [ 34.68 | 538 | 0.78 | 23.92|4545| 38 | 954 | 3.17 | 0.51 | 3.20 | 15.88
months
GA GCL 44 (3472 | 648 | 098 | 21.76 | 47.67 | 34 |27.01 | 7.00 | 1.20 | 13.01 | 41.02
IPL 44 [ 4198 | 6.89 | 1.04 | 2820|5576 | 34 |4556 | 7.34 | 1.26 | 30.88 | 60.24
INL 48 [39.13 | 7.62 | 1.10 | 23.89 | 5438 | 37 |35.52| 4.84 | 0.80 | 25.84 | 45.20
OPL 48 [30.92 | 8.60 | 1.24 | 13.73 | 48.11 | 37 |23.03 | 544 | 0.89 | 12.15| 33.92
ONL 43 | 55.66 | 10.27 | 1.57 | 35.12 | 7621 | 36 |63.26 | 9.70 | 1.62 | 43.86 | 82.66
IS 43 [26.59 | 3.78 | 0.58 | 19.03 | 34.15| 36 |26.58 | 3.12 | 0.52 | 20.34 | 32.82
oS 40 [ 10.54 | 5.52 | 0.87 | 0.00 | 21.58 | 32 | 10.36 | 5.57 | 098 | 0.00 | 21.49
RPE 40 [20.02 | 3.81 | 0.60 | 12.40 | 27.64 | 32 | 19.86 | 3.54 | 0.63 | 12.79 | 26.94
GCC 48 [ 76.55| 6.63 | 0.96 | 63.28 | 89.81 | 37 | 72.43 | 6.40 | 1.05 | 59.63 | 85.22
ONL-IS 48 [ 81.58 | 11.33 | 1.64 | 5892|1043 | 37 | 89.88 | 10.35| 1.70 | 69.17 | 110.6
Complex
OS-RPE 47 (4030 | 8.06 | 1.18 | 24.18 | 56.42 | 37 |40.87 | 832 | 1.37 |24.24 | 57.51
Complex
Inner
Retinal 48 [ 1789 | 14.73 | 2.13 | 149.4 | 208.4 | 38 | 141.1 | 10.07 | 1.63 | 121.0 | 161.2
Layers
Outer
Retinal 48 | 126.0 | 11.48 | 1.66 | 103.0 | 148.9 | 38 | 133.0 | 11.53 | 1.87 | 110.0 | 156.1
Layers
RT 49 3049 | 15.05| 2.15 | 274.8 | 335.0 | 39 |2743 | 14.01 | 2.24 | 246.3 | 302.3
69-80 RNFL 31 | 31.99 | 443 | 0.80 |23.12 4086 | 30 | 9.86 | 2.29 | 0.42 | 529 | 1443
months
GA GCL 31 | 36.90 | 6.57 | 1.18 | 23.76 | 50.03 | 28 |26.50 | 9.53 | 1.80 | 7.45 | 45.56
IPL 31 | 4220 | 556 | 1.00 |31.08 | 53.32 | 28 | 48.50 | 10.48 | 1.98 | 27.54 | 69.47
INL 31 | 39.88 (| 7.67 | 1.38 |24.53 5522 | 30 |37.09| 827 | 1.51 | 20.56 | 53.62
OPL 31 | 34.18 | 923 | 1.66 | 15.71 | 52.65| 30 |29.29 | 7.72 | 1.41 | 13.84 | 44.73
ONL 29 [55.07 | 10.17 | 1.89 |34.73 | 7542 | 29 | 56.77 | 10.91 | 2.03 | 34.95 | 78.59
IS 29 [26.55] 3.15 | 0.59 | 20.25|32.86| 29 |28.75| 3.10 | 0.58 | 22.55| 34.96
oS 25 | 849 | 341 | 0.68 | 1.68 | 1530 | 23 | 7.64 | 290 | 0.60 | 1.84 | 13.43
RPE 26 [19.97 | 3.31 | 0.65 | 13.35]26.59 | 24 |20.10| 4.41 | 090 | 11.29 | 28.92
GCC 31 | 7933 7.99 | 1.44 | 63.35(9531 | 28 | 75.01 | 6.43 | 1.22 | 62.14 | 87.87
ONLIS “f 311 8750 | 10.85 | 1.95 | 60.90 | 104.3 | 30 |85.62 | 12.06 | 2.20 | 61.50 | 100.8
Complex
OS-RPE 31 | 4043 | 846 | 1.52 |23.50 | 57.35| 30 |39.72| 876 | 1.60 | 22.21 | 57.24
Complex
Inner
Retinal 30 | 188.5 ( 13.91 | 2.54 | 160.7 | 216.3 | 28 | 150.5| 14.85 | 2.81 | 120.8 | 180.2
Layers
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Outer

Retinal | 30 | 125.0 | 1164 | 2.12 | 1017 | 1483 | 28 | 1294 | 1441 | 2.72 | 100.6 | 158.2
Layers
RT 30 | 3135|1252 | 229 | 2884 3385 | 28 | 2799 | 16.14 | 3.05 | 2476 | 3122
81-92 | RNFL | 37 [31.75| 548 | 090 | 2079 | 42.72| 34 | 1072 | 2.68 | 046 | 537 | 16.08
months
GA GCL 36 |3745| 7.7 | 120 |23.10 [ 51.80 | 31 | 30.65| 939 | 1.69 | 11.87 | 49.44
IPL 36 | 4361 | 674 | 112 3014 [ 57.09| 31 4571 871 | 156 | 2830 63.13
INL 37 14099 | 868 | 143 [23.62 | 5836 34 [39.02 8.10 | 139 |22.83 | 55.21
OPL 37 12077 | 1026 | 1.69 | 924 | 5029 | 34 | 2648 | 675 | 1.16 | 12.98 | 39.98
ONL 34 156771037 178 [ 36.02 [ 7751 | 31 | 59.03 | 8.15 | 146 | 4273 | 75.33
IS 34 | 2858 293 | 050 | 2273 [ 3443 | 31 | 2895| 3.01 | 054 |22.94 | 34.96
0s 32 | 1082 235 | 042 | 612 [1552] 30 |10.67 | 444 | 081 | 1.79 | 1955
RPE 33 | 1684 | 403 | 070 | 878 [ 2490 | 31 | 17.85| 400 | 072 | 9.84 | 2536
Gee 37 18117 | 854 | 1.40 |64.00 | 9824 | 34 | 7620 | 874 | 150 | 58.72 | 93.68
ONL-IS 1 37 | 6487|1099 | 1.81 | 62.89 | 106.9 | 34 |87.84 | 748 | 1.28 | 72.89 | 102.8
Complex
OS-RPE | 37 | 4135 | 632 | 1.04 | 2871 |53.99| 34 | 4274 | 722 | 124 | 2830 | 57.18
Complex
Inner
Retinal | 37 | 1849 [ 12.10 | 1.99 | 160.7 | 200.1 | 35 | 1521 | 1011 | 171 | 1319 | 1724
Layers
Outer
Retinal | 37 | 1284 | 1225 | 2.01 | 1039|1529 | 35 | 1333] 9087 | 1.67 | 1136 | 153.1
Layers
RT 37 13133 | 1621 | 266 |280.8 [ 345.7 | 35 | 2855 | 1439 | 2.43 | 256.7 | 3142
93213 | RNFL | 40 |34.04 | 545 | 086 | 23.15|44.94| 37 | 1056 | 341 | 056 | 3.75 | 17.37
months
GA GCL 35 14073 | 881 | 149 |23.11 5836 | 32 | 3298 570 | 1.01 |21.58 | 4438
IPL 35 | 4227 897 | 152 2434|6021 | 32 | 4380 773 | 137 | 2833 | 5927
INL 40 | 4027 | 739 | 1.17 [ 2550 | 55.04 | 37 [39.02] 5.18 | 0.85 | 28.66 | 49.38
OPL 40 12973 | 991 | 157 | 992 | 4955 | 37 [24.00| 681 | 1.12 | 1046 | 37.71
ONL 39 | 6146|1128 | 1.81 |38.89 [ 84.02 | 36 | 6352 8.94 | 1.49 | 4564|8139
IS 39 12630 322 | 052 | 1986 [ 3274 | 36 | 2836 | 354 | 059 | 2127 35.44
0s 32 | 1196 | 468 | 083 | 2.60 [2131] 30 | 11.02| 581 | 1.06 | 0.00 | 22.65
RPE 31 | 1860 | 352 | 0.63 | 1156 [ 2563 | 28 | 1845 350 | 0.66 | 11.44 | 2546
GCC 40 | 8253 | 6.88 | 1.09 | 6877|9629 | 36 [ 76.71| 7.86 | 1.31 | 60.99 | 92.44
ONL-IS | 5 9720 [ 1154 | 1.82 | 6412 | 1103 | 37 [91.91| 9.11 | 1.50 | 73.68 | 110.1
Complex
OS-RPE | 37 | 4189 | 9.66 | 159 | 22.58 | 61.21 | 35 | 42.05| 978 | 1.65 | 22.50 | 61.60
Complex
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Inner
Retinal 40 | 186.1 | 12.26 | 1.94 | 161.5|210.6 | 36 | 149.3 | 11.55| 1.92 | 126.2 | 172.4

Layers
Outer
Retinal 40 | 1332 | 11.65 | 1.84 | 1099 | 156.5 | 36 | 138.4 | 9.93 | 1.66 | 118.5 | 158.3
Layers
RT 40 |319.2 | 12.70 | 2.01 | 293.8 [ 344.6 | 36 | 287.7 | 1497 | 2.50 |257.7 | 317.6

214-309 | RNFL 30 | 33.81 | 586 | 1.07 [22.09 [4552| 30 [ 11.45| 4.00 | 0.73 | 3.46 | 19.44
months

GA GCL 22 13697 955 | 204 [ 1787|5607 | 19 [31.84 | 9.04 | 2.07 | 13.77 | 49.01
IPL 22 4123 | 720 | 154 [ 2683|5563 | 19 [43.66 | 6.02 | 1.38 | 31.62 | 55.70
INL 30 | 3800 592 | 1.08 |26.15 [ 49.84 | 30 |36.15| 6.09 | 1.1 |23.97 4833
OPL 30 | 2718 | 743 | 136 1233 [ 4204 | 30 | 2329 | 545 | 099 | 1239 | 34.19
ONL 28 |59.61 [ 1032 | 1.95 |38.98 | 8024 | 28 |64.09| 7.90 | 1.49 | 48.30 | 79.89
IS 20 | 2713 | 340 | 0.63 [ 2033|3394 | 20 [2737] 295 | 0.55 | 21.46 | 33.27
0s 26 | 12,60 | 466 | 091 | 327 |2192] 26 [ 1240 379 | 074 | 482 | 19.97
RPE 27 |17.70 | 345 | 0.66 | 1081 | 2450 | 27 [18.97 | 495 | 095 | 9.06 | 28.87
GCe 20 7775 [ 1012 | 1.88 | 5752|9798 | 29 [ 7538 | 6.97 | 1.20 | 61.44 | 89.31
ONL-IS 1 30 | 9716 | 1044 | 191 | 6627 | 108.0| 30 | 9151 | 7.63 | 1.39 | 76.25 | 106.8
Complex
OS-RPE | 30 | 4597 | 6.68 | 122 |32.62 5933 | 31 | 4499 | 1061 | 1.91 | 2378 | 66.21
Complex
Inner
Retinal | 30 | 177.4 | 1458 | 2.66 | 1482 | 206.6 | 30 | 1469 | 1372 | 2.51 | 119.4 | 1743
Layers
Outer
Retinal | 30 | 134.1 | 10,66 | 1.95 | 1127 | 1554 | 30 [ 1402 | 872 | 1.59 | 1227 | 1576
Layers
RT 30 | 31131970 | 3.60 |271.9 [ 3507 | 30 | 287.4 | 1684 | 3.07 | 253.7 | 321.1

Summary of the mean values, standard deviations and 95% confidence intervals

obtained for each of the retinal layers for each age group at the perifovea

N = number of examinations where the retinal layer(s) could be reliably segmented,; SD
= standard deviation;, SEM = standard error of the mean;, LCI = lower confidence
interval; UCI = upper confidence interval; RNFL = retinal nerve fibre layer;, GCL =
ganglion cell layer; IPL = inner plexiform layer, INL = inner nuclear layer;, OPL =

outer plexiform layer; ONL = outer nuclear layer; IS = inner segment of the
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photoreceptor;, OS = outer segment of the photoreceptor;, RPE = retinal pigment

epithelium; GCC = ganglion cell complex; GA = gestational age
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Table 8: Ages at which Retinal Layer Development reaches Maturity

Nasal Temporal

Position

Perifovea Parafovea Fovea Parafovea Perifovea
RNFL 31.4 months 16.8 months NA 17.4 months 12.0 months
GCL 53.5 months 61.9 months 10.6 months 55.3 months 65.5 months
IPL 13.4 months 39.1 months 18.7 months 15.1 months 22.1 months
INL 41.5 months 13.1 months 17.6 months 22.5 months 34.8 months
OPL 10.0 months 11.6 months 17.8 months | No Plateau 11.5 months
ONL 42.7 months 19.4 months 45.3 months 92.9 months* 128.4 months
IS 29.8 months 18.6 months 26.9 months 17.9 months 19.7 months
oS 68.5 months 23.0 months 32.4 months 31.0 months 146 months
RPE No Plateau 27.4 months 54.4 months 41.0 months 17.3 months

Summary of the gestational ages at which the developmental trajectory for each
retinal layer at the fovea, parafovea and perifovea reaches the 95% confidence
interval of the mean adult value, as calculated using the fractional polynomial

equations generated from the model

These were calculated only if there was evidence of a plateau in the development of

each retinal layer.

RNFL= retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform
layer; GCC = ganglion cell complex; INL = inner nuclear layer; OPL = outer
plexiform layer; ONL = outer nuclear layer, IS = inner segment of the photoreceptor;
OS = outer segment of the photoreceptor; RPE = retinal pigment epithelium;, NA = not

applicable
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*Could not be solved using the fractional polynomial from the model. A solution was
calculated using an alternative 4th order polynomial equation: (0.42*(LogGA-7)4) +
(17.61*(LogGA-7) 3) + (-80.43*(LogGA-7) 2) + (120.53*(LogGA-7)) + 9.01

273



Supplementary Video 1 Legend: Foveal Development between Birth and

Adulthood

There is migration of the inner retinal layers away from the fovea, migration of the

photoreceptors into the fovea and thickening of each of the retinal layers over time.

RNFL = retinal nerve fibre layer;, GCL = ganglion cell layer; IPL = inner plexiform
layer; INL = inner nuclear layer; OPL = outer plexiform layer;, ONL = outer nuclear
layer; IS = inner segment of the photoreceptor;, OS = outer segment of the

photoreceptor; RPE = retinal pigment epithelium;, GA = gestational age.
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Appendix 2

Supplementary Data for Chapter 5
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Table 1: Demographics

Nystagmus Controls
R 1\12? (xﬁszgs) (msnghs) No. Dieg? (rl;::gs) (mf,ﬂhs)
(months) (months)
1 23 41.8 11-76 21.3 23 41.9 10-77 21.5
2 5 29.2 2-70 26.4 5 28.4 4-69 233
3 6 433 3-77 24.1 6 43.8 4-74 229
4 16 39.4 7-81 24.5 16 39.2 7-83 24.5

Summary of the number of subjects, mean age, age range and standard deviations of

both the nystagmus and control groups in each category

No. = number of participants, SD = standard deviation
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Table 2: Clinical Characteristics (Typical Foveal Hypoplasia)

: ;s | Other Features VEP Foveal
Palt]l)e ul (mﬁ]ffhs) Sex (];:iVBA[ BRE) Refraction ;r[nls) Genetic Diagnosis | Crossed ERG | Hypoplasia
Asymmetry Grade
+4.25/+1.50@180
RE Blonde hair
1 37 M 0.70 +5.00/+1.00@90 Y Pale fundus Non TYR Y Normal 3
LE
. + Family history
2 2 M| Y I‘f’;‘l’:‘fkﬂ}f‘; albinism Y Normal 4
undu Non TYR
+3.50/—l1-£%00@90 Ginger hair
7 81 M 0.225 +4.50/+3.50@90 N + TID in both Non TYR N Normal 1
parents
LE
+5.0 RE + TID in both . .
8 32 M 0.60 45.0LE - parents - Unreliable | Unreliable 1
+1'00/§E00@10 Blonde hair
9 15 F 0.60 +1.00-125@170 | 7 Pale flmdus - - - 1
+ TID in mum
LE
Plano/+1.00@90
RE . .
10 45 M 0.60 Plano/+1.00@90 | ™ Light brown hair Non TYR N Normal 1
LE
+7.00/-3.50@180
RE Blonde hair
12 6 | F 070 esoas0@iz0 | Y | Pale fundus YR Y Normal 2
LE
Blonde hair
-0.25 RE Pale fundus
15 13 F 0.30 025 LE - +TID in both Non TYR N Normal 1
parents
+5.50/-3.00@05 Blonde hair
RE Pale fundus
16 49 M09S 600-3.50@180 | Y | +TIDin both TR Y Normal 3
LE parents
+5.25 RE Blonde hair
22 45 F 0.65 4525 LE Y Pale fundus Non TYR N Normal 2
-2.50/-2.75@180 .
23 50 | M| 040 RE Y El?“‘gjn}:ialr Non TYR N Normal 2
2.25/-1.50@80 LE ale fundus
+4.25/-1.25@155 ) ) .
27 70 M 075 RE v Ll%htl brfcljl\:crll hair | + Far{gill)lfihrlstory . L 4
+4.75/-0.50@5 LE ale funcus atbmis
Blonde hair
Pale fundus
28 58 M 0.35 +4.50/1.50@20RE | Y +TID in both Non TYR Y Normal 1
parents
29 2% | M| o092 | T600-200@160 | | Blonde hair TYR Unreliable | Unreliable 3
LE Pale fundus
+O'75/J;8;:75@70 Blonde hair
30 46 M 0.60 +0.75/+0.75@75 Y Pale f_undus Non TYR - - 3
+ TID in mum
LE
Blonde hair
32 14 M 0.30 - - Pale fundus Non TYR Unreliable | Normal 1
+ TID in mum
+2.50/-2.00@20
RE Blonde hair + Family history
34 27 | M| FandF ) 000.00@160 | Y | Pale fundus albinism Abandoned | Normal 4
LE
+2.00/-1.50@80
RE Blonde hair .
39 40 F 0.60 Plano/-0.50@180 | ™ Pale fundus Non TYR Unreliable | Normal 2
LE
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40% ss | F| 0375 Eﬁg ‘Eg Y E;f:‘f‘jn*:jﬂ; PAX6 N Normal 1
41% 76 | M| o050 ggg ES Y E:l’e"‘f‘jn*(‘ﬁ; PAXG Unreliable | Normal 1
+3.00/-3.00@180 Blonde hair
RE Pale fundus
4 P E 070 50013.00@180 | 77| +TIDin both Non TYR Y Normal 4
LE parents
+3.50/-2.00@25 ‘
49 70 M| 0825 RE Y Pﬁ:df::é:xs Non TYR Y 4
+4.25/2.50@10 LE
+0.25/-0.50@180
RE Blonde hair
50 36 F 0.20 +0.25/-0.50@180 Y Pale fundus Non TYR Y Normal 2
LE

Clinical characteristics of patients with typical foveal hypoplasia

ID = identification;, M = male; F = female; BCVA = best corrected visual acuity;, BE
= both eyes; LogMAR

Logarithm of the Minimum Angle of Resolution; F and F =
fixing and following; RE = right eye; LE = left eye; TID = transillumination defects;
Y = yes; N = no; TYR = tyrosinase gene VEP = visual evoked potential;, ERG =

electroretinogram

A See table 3 for further details of pigmentary characteristics based on modified
Schmitz classification

* indicate sibling pairs. All patients where nystagmus is not described had
conjugate horizontal nystagmus

---- indicates not assessed or could not be performed
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Table 3: Pigmentary Characteristics in Albinism

Palt]i;nt (mﬁftehS) Sex | Skin Hair Tranglilscency Fovea ONH
1 37 | M 1 2 4 3 0
2 12 M 1 2 4 3 0
7 81 M 1 8 0 0 0
8 2 | M 1 5 2 3 0
9 15 F 1 8
10 45 | M 3 9 0 0 0
12 56 F 1 5 2 3 0
15 13 F 1 5 2 0 0
16 9 | M 1 5 2 3 0
2 45 F 1 5 2 3 0
23 50 | M 1 5 2 3 0
27 70 | M 1 6 2 3 0
28 58 | M 1 5 2 3 0
29 2% | M 1 4 2 3 0
30 46 | M [ 1 5 2 3 0
32 14 | ™ 1 5 3 0
34 27 M 1 4 2 3 0
39 40 F 1 5 0 0
43 1 F 1 5 3 0
49 70 M 1 8 2 3 0
50 36 F 1 5 2 3 0

Pigmentary characteristics of patients with albinism using a modified Schmitg

classification

Pigmentation levels were determined by visual assessment of hair and skin, iris
translucency and slit lamp or indirect examination of the fundus and classified on a
numeric scale as described by Schmitz et al 2003.7%° The scale used is as follows: Skin:
1: white not tanning, 2: white, maybe pigmented nevi, some tanning, 3: pale, some
visible tanning, 4: pale, good tanning, 5: normal, good tanning. Hair colour: 1I:
completely white, 2: silvery white, 3: white with yellowish touch, 4: whitish blonde, 5:
pale blonde, 6: medium blonde, 7: dark blonde, 8: red, red-blonde, 9: medium brown,

10: dark brown black. Degree of iris translucency: 1: peripheral punctate iris
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translucency (only visible with confocal light slit lamp, 2: diffuse peripheral iris
translucency near pupillary border not translucent, 3: diffuse peripheral iris
translucency, lens margin clearly visible throughout iris, pupillary margin not
translucent, 4: complete iris translucency including the pupillary margin. Degree of
hypo-pigmentation of the retinal pigment epithelium and of foveal hypoplasia: 1:
peripheral retinal hypo-pigmentation, foveal structures visible, 2: peripheral distinct
and centrally visible, foveal reflex not visible, 3: pronounced peripheral and central
hypo-pigmentation, foveal and macular hypoplasia. 4: grade 3, plus atypical choroidal
vessels crossing the presumed macular region. Degree of morphologic anomaly of optic
nerve head: 0: ONH not pathologic, 1: ONH pale, normal size, 2: ONH small, vital
colour, 3: ONH small and pale, 4: dysplasia of ONH

ID = identification; M = male; F = female; ONH = optic nerve hypoplasia

----  indicates not assessed or could not be performed
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Table 4: Clinical Findings in Albinism

toataa.of | TDin | SeaeriCrtneon| | Coved | =ty titor,
patients affected Parents VEP mutation of TYR
3 ® ® ® o
3 ® ) e
3 ® ® --- ()
7 o o --- ---
2 ® - --- -
1 --- o --- ---
n=21 n= 20 positive n = 19 positive n = 8 positive n = 3 positive

Summary of clinical findings in patients with suspected albinism

No = number; TID = transillumination defects;, VEP = visual evoked potentials; OCA

= oculocutaneous albinism; TYR = tyrosinase gene, n = total number

o indicates a positive result consistent with albinism

- indicates a negative or unobtainable result
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Table S: Clinical Characteristics (Atypical Foveal Hypoplasia)

VEP Foveal
Patient Age BCVA BE A Iris Genetic 3
ID (months) Sl (LogMar) Reliation TID | Other FeaturesA Diagnosis AsCy:;;an?ry ER Hpr:E‘li?m
+7.50/-2.00
@IIRE | . L L .
3a 12 F 1.62 +4.00/-2.00 Photophobia | CNGB3 Atypical
@171 LE
+4.00/-2.00
@14 RE . .
4a 70 M 1.00 +4.00/2.00] Photophobia | CNGB3 - - Atypical
@171 LE
+6.50/-1.00 Severe
@180 RE . generalized .
11 25 M| 092 +6.00/-1.00] Photophobia | CNGA3 -—-- cone Atypical
@180 LE dysfunction
+6.00 RE Photophobia Severe
47b 37 M| 092 |+6.00/-1.00] ---- Vertical CNGB3 - & cone Atypical
@180 LE nystagmus dysfunction
+2.50/-1.50
@90 RE Vertical .
48b 2 F - +2.50/-1.50| 7| nystagmus CNGB3 o - Atypical
@90 LE

Clinical and genetic characteristics of patients with atypical foveal hypoplasia

patients

ID = identification; F = female; M = male; BCVA = best corrected visual acuity; BE
= both eyes; LogMAR = Logarithm of the Minimum Angle of Resolution, RE = right
eye;, LE = left eye; TID = transillumination defects; VEP = visual evoked potentials;

ERG = electroretinogram

A All patients had fine fast nystagmus

ab indicate sibling pairs
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indicates not assessed or could not be performed
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Table 6: Clinical Characteristics (Abnormal Macular Morphology)

q q VEP
Patient Age BCVA BE . Iris Macular
Sex Refraction Other Features | Crossed ERG
ID (months) (LogMar) TID P Morphology
Thinning of
the RPE,
+9.50 RE Microcephaly foveal
+9.00/-3.00@| | Lymphoedema : : hypoplasia
17a 101 M 1.10 180 LE Chorioretinal Unreliable | Unreliable and abnormal
dysplasia lamination of
inner retinal
layers
Thinning of
the RPE,
Microcephaly foveal
+6.50 RE ____ | Lymphoedema - - hypoplasia
18a 31 F 0.70 +5.50 LE Chorioretinal Unreliable | Unreliable and abnormal
dysplasia lamination of
inner retinal
layers
- +
6'0102/5 i{'OEO@ Speckled fundus Absent rod Thinnin
19b 36 M | Poor Coop 5254+1.50@| Vertical Unreliable | and cone of the RPgE
45 LE nystagmus response
Speckled fundus Absent rod Thinning
20b 48 M 0.80 -—-- - Vertical Unreliable | and cone of the RPE
nystagmus response
Attenuated . Absent rod
+1.50 RE . Unreliable IS/0S
38 2 F PL 41.50 LE - retinal and cone disruption
vasculature response
Microcephaly
Devecll(;f;;lental Abnormal
-6.25 RE . rod and Thinning
45 45 M 0.70 625 LE - Hypotonla N cone of the RPE
Optic nerve
response
pallor
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Clinical characteristics of patients with abnormal macular morphology patients

ID = identification, F = female; M = male; BCVA, best corrected visual acuity; BE =
both eyes;, LogMAR = Logarithm of the Minimum Angle of Resolution; Coop =
cooperation, PL = perception of light; RE = right eye; LE = left eye; TID,
transillumination defects; VEP, visual evoked potential; ERG, electroretinogram; N =
no; RPE = retinal pigment epithelium,; IS/OS = inner segment/outer segment junction

of photoreceptors

ab indicate sibling pairs

---- indicates not assessed or could not be performed
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Table 7: Clinical Characteristics (Normal Macular Morphology)

. BCVA . . VEP
P”It]')e“t Agteh Sex| BE Refraction ,};‘]s) Other D(.;e"et'c. Crossed ERG MM”II";"
(months) (LogMar) Feature SA iagnosis Asymmetry orphology
+6.00/-1.50@
180 RE
5 52 M | 0.475 +6.25/-1.75@ N ———- N Normal Normal
180 LE
6 7 M 0.30 -—- -—- -—- N Normal Normal
13 81 M 0.075 - N - N Normal Normal
+1.00/-1.00@
14 18 F 0.10 +0.%9_ F.}ZES @ N - Unreliable | Unreliable Normal
10 LE
+1.00 RE
21 26 F 0.30 4075 LE N Non-FRMD7 No Normal Normal
24 51 M 0.35 - -—— - - - Normal
+1.75/-0.50@
170 RE
25 68 M 0.10 +225/225@ | T - - - Normal
10 LE
+2.75/-0.50@
170 RE FRMD7
26 7 M 1.50 +325/225@ | T - - Normal
10 LE
31 21 F| 020 | Latent | Non FRMD7 | Unreliable | Normal | Normal
nystagmus
+4.00 RE
33 11 F 0.40 4400 LE ———- ———- No Normal Normal
+5.00/-0.50@
180 RE
35 67 M 0.20 +6.00-0.75@ | -——- No Normal Normal
180 LE
+1.00 RE
36 75 M 0.20 4200 LE N Non-FRMD7 No Normal Normal
+6.0/-2.50@
160 RE Latent
37 41 M1 0175 +5.0/-1.0@ | | nystagmus - - - Normal
180 LE
42 44 M 0.50 ——- N - ——- - Normal
44 36 | M| 0175 N ny&f:;ﬁus No Normal | Normal
+0.50 RE Latent .
46 26 F 0.00 +1.00 LE N nystagmus - Unreliable | Normal Normal
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Clinical characteristics of patients with normal macular morphology

ID = identification, F = female; M = male; BCVA = best corrected visual acuity; BE =
both eyes; TID = transillumination defects; Y = yes; N = no; VEP = visual evoked

potential; ERG = electroretinogram; RE = right eye; LE = left eye
A All patients where nystagmus is not described had conjugate horizontal

nystagmus typical for IIN

----  indicates not assessed or could not be performed
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Appendix 3

Supplementary Data for Chapter 6
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Marginal Effects of Achromatopsia on Retinal Layer Thickness Measurements

Post-hoc estimates of the marginal effects of achromatopsia on retinal layer thickness
measurements were calculated for: (A) overall retinal thickness (RT), (B) inner retinal
layers (IRLs) and (C) outer retinal layers (ORLs). This analysis gives an estimate of the
effect a diagnosis of achromatopsia has on retinal layer thickness measurements in
comparison to controls, while controlling for the other covariates (age, eye and the
interaction between diagnosis and age) in the model. The estimated marginal effects
tables and margins plots are provided below for the fovea, parafovea and perifovea at

13 time points:

Age Group | Age (months)

1 6
2 12
3 18
4 24
5 30
6 36
7 42
8 48
9 54
10 60
11 66
12 72
13 80

The parafoveal and perifoveal measurements were taken at 500 um and 1500 um nasal
and temporal to the central fovea, respectively. This legend applies to all subsequent
figures and tables in this appendix.

Std. Err. = standard error; C.1. = confidence interval
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Table 1: Demographics

Race Number (%)
Caucasian 41 (93.2)
Asian 1(2.3)
Afro-Caribbean 1(2.3)
Other 1(2.3)
Total 44 (100)
Gender Number (%)
Male 30 (68.2)
Female 14 (31.8)
Total 44 (100)
Eyes Scanned Number (%)
Right 113 (51.6)
Left 106 (48.4)
Total 219 (100)

Summary of the demographic characteristics of the participants in this study

The participants were classified by ethnicity into one of four categories: Caucasian,
Asian, Afro-Caribbean and other (for participants not fitting into any one of the

aforementioned categories).
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Table 2: Clinical Characteristics

BCVA q
(LogMAR) Refraction
Age at q
ID | Sex | Each Visit LI S L Right Eye Left Eye TID Cut-aneous Hwo-
Eye Eye Pigmentation
(months)
1 M 29.1 1.2 2.1 +1.20/-1.50@33 +8.50/-1.25@173 Y Y
36.2 0.4 0.4 +0.25/-0.50@ 180 +0.25/-0.50@ 180
2 F 40.4 0.45 0.4 +0.50/-2.00@10 +0.50/-1.00@180 Y Y
533 0.775 | 0.7 +0.00/-2.25@8 +0.75/-1.25@180
13.2 0.4 0.4 +1.00/-2.50@180 +1.00/-2.50@180
13.3 0.4 0.4 +1.00/-2.50@180 +1.00/-2.50@180
3 F Y Y
31.8 0.75 | 0.75 -0.75/-1.25@180 -0.50/-1.00@180
36.4 0.75 | 0.75 -0.75/-1.25@180 -0.50/-1.00@180
56.2 0.75 | 0.725 | +7.00/-3.00@180 +8.50/-2.50@ 180
4 F 63.8 0.65 | 0.65 +7.25/-2.50@180 +8.25/-2.00@180 Y Y
75.6 0.85 | 0.775 | +7.00/-2.00@180 +8.00/-1.75@180
36.7 0.7 0.7 +0.00/-2.50@27 -1.00/-1.00@27
5 | M N N
45.5 0.575 | 0.55 -0.50/-3.00@30 -1.75/-2.00@175
50.5 0.6 0.45 -2.50/-2.25@180 -2.50/-2.25@180
53.5 0.4 0.35 -2.50/-2.25@180 -2.50/-2.25@180
6 | M Y Y
63.2 0.55 | 0.55 -2.75/-2.50@5 -2.25/-1.75@175
69.2 0.525 | 0.425 | -2.00/+2.76@180 -2.00/+1.50@180
15.9 0.6 0.6 +1.00/-1.00@10 +1.00/-1.25@170
7 F Y Y
26.2 —_ — +1.25/-1.00@5 +1.75/-1.50@170
8 F 86.6 0.2 0.2 Plano -0.50 N N
8.7 0.8 0.8 +0.25/+40.50@90 +0.25/+0.50@90
11.4 1.0 1.0 +0.25 +0.25
14.4 0.7 0.7 +0.25/+0.50@90 +0.25
9 F Y Y
19.0 — — +4.00 +4.00
23.9 — — +4.00 +4.00
28.93 0.8 0.8 +4.50 +4.50
4.5 1.6 1.6
10| M| 124 | 09 | 09 No significant No significant Y Y
Prescription Prescription
19.8 1.0 1.0
46.1 0.5 0.6 +0.75/+0.75@170 +0.75/+40.75@75
11 (M Y Y
63.1 0.825 | 0.8 +1.75/-0.50@10 +1.75/-0.50@170
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81.3 0.35 0.3 +6.25/-2.75@]175 +7.00/-3.00@180
12
86.4 0.325 | 0.325 | +6.25/-2.75@175 +7.00/-3.00@ 180
42.9 1.0 0.95 +0.00/-3.25@16 +0.25/-2.75@167
13 48.9 0.9 1.0 +0.00/-3.25@16 +0.00/-2.75@167
54.9 0.75 | 0.75 +0.00/-3.25@16 +0.00/-2.75@167
45.0 0.85 | 0.75 +4.00 +4.00
14 47.5 0.7 0.75 +6.00/-0.50@155 +5.50
62.2 0.65 0.6 +6.50/-0.75@150 +5.75
49.8 1.0 1.0 +5.50/-3.00@5 +6.50/-3.50@100
55.7 1.0 1.0 +5.50/-3.00@5 +6.50/-3.50@ 180
15
61.7 1.0 1.0 +6.00/-3.50@5 +6.00/-3.50@175
67.7 1.0 1.0 +6.00/-3.50@5 +6.00/-3.50@175
16 268 0.9 0.9 No sigqiﬁgant No sigqiﬁgant
Prescription Prescription
32.0 0.6 0.5 +3.00/+1.00@90 +3.00/+1.00@90
17 37.1 0.8 0.7 +3.00/+1.00@90 +3.00/+1.00@90
49.7 0.7 0.65 +5.75/-1.75@51 +4.50/-1.25@177
5.5 — _— +2.00/+0.50@90 +2.00/+0.50@90
18
8.2 1.0 1.0 +2.00/+0.50@90 +2.00/+0.50@90
19 573 07 0.7 No signjﬁ;ant No signjﬁgant
Prescription Prescription
45.9 0.5 0.5 1.50/-0.50@180 1.50/-0.50@180
20
50.5 0375| 0.3 1.50/-0.50@180 1.50/-0.50@180
21 60.2 0.5 0.3 +0.25/42.00@90 +0.75/+1.75@96
22 59.2 0.75 +4.75/-0.50@5
0.92 — — +1.50 +1.50
1.1 — — +1.50 +1.50
23 1.6 — —_ +1.50 +1.50
2.0 — — +1.50 +1.50
10.5 1 1 +0.50 +0.50
40.4 0.6 0.6 +2.00/-1.50@180 +0.00/-0.50@ 180
24 53.0 035 | 0.35 +2.00/-1.50@180 +0.00/-0.50@ 180
58.8 0375 | 0.4 +2.25/-2.50@170 +0.25/-1.75@180
No significant No significant
11.6 — — o .
25 Prescription Prescription
No significant No significant
144 1.0 1.0 - .
Prescription Prescription
14.7 0.5 0.5
2 214 - T No significant No significant
314 . L Prescription Prescription
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37.7 0.5 0.5
9.2 07 | 07 +3.00 +3.00
27 1.1 09 | 09 3.00 3.00
17.1 06 | 06 3.00 3.00
12.7 e | o | +6.50/41.00@90 | +6.50/+1.00@90
2 21.9 07 | 07 | +7.50-0.50@180 +7.00
29 54.1 05 | 0325 +5.50 +6.00
o [ o [0 [ o | gy e
31 710 0275 | 02 | +3.50/-2.00@25 +4.50/-2.00@10
80.1 | 055 | 055 | +1.00+1.50@100 | +0.25/+2.75@85
? 83.1 | 0525|0575 | +1.00/+1.50@100 | +0.25/+2.75@85
54.5 04 | 175 | +450-1.50@20 | +6.00/-2.00@160
» 758 | 0.625 | 0.625 | +4.50/-1.50@20 | +6.00/-2.00@160
34 37.0 12 | 1.0 -1.75 -1.75
23.9 e | oo | 3.00-4.00@15 | +3.50/-4.00@162
35 30.2 e | em | 3.00-4.00@15 | +3.50/-4.00@162
36.8 | 095 | 1.05 | +2.50/-3.40@30 | +3.00/-3.50@160
36 11.3 +7.00 +7.00
) 481 | 085 | 08 | -0.5040.75@180 | 0.50/+1.00@180
¥ 504 | 065 | 0.75 | _0.50+1.00@130 | -1.50/+0.75@110
38 436 0.7 | 08 | +4.00-3.00@180 | +4.50/-3.00@180
54.2 09 | 09 -1.00/-1.50@9 -1.00/-1.50@0
39 580 | 045 | 045 | -1.00/-3.00@175 -1.25/-2.00@5
62.6 05 | 05 | -1.00-3.00@175 -1.25/-2.00@5
w ] e [ |1 | e
41 37.9 12 | 12 | +2.50-425@179 |  +3.00/-4.25@2
42 6.6 13 | 13 | +1.5041.50@90 | +1.50/+1.50@90
16.2 1.6 | 1.6 | -0.50+0.50+180 | -0.50/+0.50+180
s 245 06 | 06 | -0.50/+0.50+180 | -0.50/+0.50+180
481 | o0.126| 0.1 -0.25 -0.25
44
59.4 0.1 | o1 -0.25 -0.25
5855 | 0.3 +2.00+1.75@90
45 6151 | 0.6 +2.00+1.75@90
73.28 0.525 +2.00+1.75@90
24.8 09 | 1.0 | +4.00-6.00@180 | +4.00/-6.00@180
28.0 15 | 1.5 | +4.00-6.00@180 | +4.00/-6.00@180

AL

297




M 35.6 1.1 1.0 +2.50/-6.00@5 +4.00/-6.00@180
39.7 1.2 1.2 +3.00/-6.00@180 +4.00/-6.00@180
72.3 0.4 0.45 +2.25 +2.50/-0.75@100
Y 83.6 0.5 0.5 +2.25 +2.75/-0.25@A45
48 [ M 36.3 0.7 0.7 +4.25/+1.50@85 +5.00/+1.00@90
4.64 1.5 1.5 +0.25/-1.0@180 +0.25/-1.0@180
49 7.63 _— +0.25/-1.0@180
16.87 0.7 +0.25/-1.0@180
11.2 _— — +4.50/+1.50@90 +4.50/+1.00@90
50 19.2 0.3 0.3 +7.75/-1.75@180 +7.75/-1.50@180
254 0.9 0.9 +7.00/-1.75@10 +7.50/-1.75@10
51 83.4 0.6 0.6 +5.50/-2.50@170 +5.25/-2.50@10
66.5 0.6 | 0.675 +3.75/-1.00@4 +4.00/-1.00@178
M 76.9 0.65 0.5 +3.50/-1.00@175 +4.00/-1.00@175
334 0.9 _— +1.50 +1.50
53| M 38.5 —_— 0.5 +1.50 +1.50
47.3 0.35 | 045 +1.50 +1.50
59.7 0.45 | 0.65 +5.00/-3.00@2 +5.50/-2.50@5
M 62.7 0.575 | 0.7 +5.00/-3.00@2 +5.50/-2.50@5

ID = identification number; M = male; F = female; BCVA = best corrected visual

acuity; LogMAR = Logarithm of the Minimum Angle of Resolution; TID = iris

transillumination defects; N = no, Y = yes;

indicate sibling pairs

indicates not assessed or could not be performed
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Table 3: Summary of Foveal Hypoplasia Grading, VEP and Genetic Testing

299

Foveal
Hypoplasia
Grade*
Age at
D | Sex | PN | Right | Left VEP Genetic Testing
Visit
(months)
1| M| 201 2 2 Crossed Awaited
Asymmetry
36.2 1 1
2 | F | 404 1 1 Crossed OCAI Negative
Asymmetry
53.3 1 1
13.2 1 1
13.3 1 1 .
3 F Normal OCAI Negative
31.8 1 1
36.4 1 1
56.2 1 1 Crossed OCAI Positive
4 F 63.8 1 1 Asvmmet LOC 1: 89017973 C>T
56 | ’ YIIMEIY! Loc 2: 88911734 C>A
36.7 0 0
5 M Crossed Awaited
45.5 0 0 Asymmetry
50.5 1 1
53.5 1 1 _
6 M Normal Awaited
63.2 1 1
69.2 1 1
15.9 1 1 )
7 F Normal Awaited
26.2 1 1
8 F 86.6 1 1 Awaited OCAI Negative
8.7 3 3
11.4 3 3
14.4 3 3
9 | F Crossed OCAI Negative
19.0 3 3 Asymmetry
23.9 3 3
28.93 3 3
4.5 0 0 Crossed
10| M| 124 0 0 |Asymmetry Awaited




19.8 0 0
46.1 3 3 )
11 Normal Awaited
63.1 3 3
81.3 1 1 )
12 Normal OCAI Negative
86.4 1 1
42.9 2 2
13 48.9 2 2 -— Awaited
54.9 2 2
45.0 1 1
14 47.5 1 1 Normal Awaited
62.2 1 1
49.8 3 3
55.7 3 3
15 Crossed Awaited
61.7 3 3 Asymmetry
67.7 3 3
16 268 1 1 Crossed OCA1 Positive
Asymmetry 88961072 C>A (HOM)
32.0 1 1
17 37.1 1 1 Crossed Awaited
Asymmetry
49.7 1 1
5.5 1 1
18 Crossed Awaited
8.2 1 1 Asymmetry
19 57.8 3 3 Crossed Awaited
Asymmetry
459 1 1 . .
20 Unreliable OCAI Negative
50.5 1 1
21 60.2 1 1 - Awaited
22 59.2 3 -— Awaited
0.92 4 4
1.1 4 4
23 1.6 4 4 Crossed Awaited
Asymmetry
2.0 4 4
10.5 4 4
40.4 1 1
24 53.0 1 1 Unreliable Awaited
58.8 1 1
25 11.6 3 3 Crossed Awaited
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14.4 3 3 Asymmetry
14.7 1 1
21.4 1 1 , .
26 | M Unreliable OCAI Negative
314 1 1
37.7 1 1
9.2 1 1
27 | M | 111 ] 1 Crossed Awaited
Asymmetry
17.1 1 1
12.7 4 4
28 | M Crossed OCAI Negative
21.9 4 4 Asymmetry
29 M 54.1 1 1 Normal Awaited
30 | M 10.2 3 3 Crossed Awaited
Asymmetry
31 | M | 710 2 2 Crossed OCAI Negative
Asymmetry
80.1 1 1
2| M Crossed Awaited
83.1 1 1 Asymmetry
54.5 1 1
33 Crossed OCAI Negative
75.8 1 1 Asymmetry
34 37.0 4 4 Awaited
23.9 4 4
35 M 30.2 4 4 Unreliable Awaited
36.8 4 4
36 F 11.3 1 1 — Awaited
48.1 1 1
37, | M Crossed Awaited
59.4 1 1 Asymmetry
38 | F 43.6 2 2 Crossed Awaited
Asymmetry
54.2 1 1
39 M 58.0 1 1 Normal Awaited
62.6 1 1
40 M 37.0 4 4 Unreliable Awaited
41 | F 37.9 4 4 Awaited
92| F 6.6 4 4 Crossed Awaited
Asymmetry
16.2 1 1
43 | M Crossed Awaited
24.5 1 1 Asymmetry
44a | M 48.1 1 1 Normal Awaited
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59.4 1 1
58.55 1
45 | M | 6151 1 Increased Awaited
Latency
73.28 1
24.8 4 4
46 | M 28.0 4 4 Crossed OCAI Positive
35.6 4 4 Asymmetry| 88924382 C>T (HOM)
39.7 4 4
72.3 1 1
47 | F Crossed OCAI Negative
83.6 1 1 |Asymmetry
48 | M | 363 4 4 Crossed OCAI Negative
Asymmetry
4.64 1 1
9| F | 763 I Crossed Awaited
Asymmetry
16.87 1
11.2 1 1
50 F 19.2 1 1 Unreliable Awaited
25.4 1 1
51| F | 834 1 1 Crossed Awaited
Asymmetry
66.5 1 1 . .
52 | M Unreliable Awaited
76.9 1 1
334 1 1
53 | M 38.5 1 1 Normal Awaited
47.3 1 1
59.7 2 2
54 | M Crossed Awaited
62.7 2 2 |Asymmetry
* Foveal hypoplasia was graded based on the classification system described by

Thomas et al. A grade of 0 indicates no evidence of foveal hypoplasia on optical

coherence tomography examination

ID = identification number;, M = male; F = female; VEP = visual evoked potential;

OCAI = oculocutaneous albinism 1 gene; LOC = locus

a indicate sibling pairs
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Marginal Effects of Albinism on Retinal Layer Thickness Measurements

Post-hoc estimates of the average marginal effects of albinism on retinal layer thickness
measurements were calculated for: (A) overall retinal thickness (RT), (B) inner retinal
layers (IRLs) and (C) outer retinal layers (ORLs). This analysis gives an estimate of the
effect a diagnosis of albinism has on retinal layer thickness measurements in
comparison to controls, while controlling for the other covariates (age, eye and the
interaction between diagnosis and age) in the model. The estimated average marginal
effects tables and margins plots are provided below for the fovea, parafovea and

perifovea for 14 age groups:

Age Group Age Range

1 37-40 weeks GA
2 41-46 weeks GA
3 47-52 weeks GA
4 3-5PNA

5 6-8 PNA

6 9-11 PNA

7 12-17 PNA

8 18-23 PNA

9 24-29 PNA
10 30-35 PNA
11 36-47 PNA
12 48-59 PNA
13 60-71 PNA
14 72-83 PNA

The parafoveal and perifoveal measurements were taken at 500 um and 1500 um nasal
and temporal to the central fovea, respectively. This legend applies to all subsequent

figures and tables in this appendix.
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GA = gestational age; PNA = postnatal age; Std. Err. = standard error; Cl. =

confidence interval
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