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Abstract

Development of the Human Fovea after Preterm Birth measured using
Hand Held Spectral Domain Optical Coherence Tomography (HH SD-OCT).

Author: S Anwar

Background

Much remains unknown about the influence of severity of prematurity and presence
of retinopathy of prematurity (ROP) on the development of the fovea after preterm

birth during the perinatal period from postmenstrual age (PMA) 30 to 44 weeks.
Aims

Measures of foveal morphology, individual retinal layers and foveal oedema (CME),
with and without ROP using HH-OCT, adjusting for gestational age (GA) and
birthweight (BW).

Methods

Prospective mixed cross-sectional and longitudinal study of infants (23 to 36 weeks
GA). Foveal width, area, depth, central foveal thickness (CFT), individual retinal layers
and CME severity were analysed. Infants with ROP were included until they underwent

treatment.
Results

HH SD-OCT images (n=344) from n= 112 infants were suitable for analysis (n=278
foveal morphology, retinal layers; n=66 CME). A significant interaction between ROP
and PMA independent of GA or BW (p<0.001), was due to increasing foveal width with
PMA for ROP and decreasing in the non-ROP group. This correlated with significantly

increased outer retinal layers in early PMA (p<0.001).

Severity of GA and BW correlated with foveal area (p<0.005) and depth (p<0.001); CFT

(p=0.007) correlated only with GA. In the perinatal period, the thicker fovea observed



in early GA compared to later born infants is due to an increased INL (p=0.005).

CME was present in 22% of all infants. CME severity may relate to presence or absence

of the external limiting membrane (ELM).

Conclusions

Dynamic differences exist between foveal parameters and retinal layers during the
perinatal period depending on the severity of prematurity and presence of ROP.
Independent of GA and BW, foveal width has potential as a marker that distinguishes
between infants with and without ROP in early screening using HH SD-OCT. The
severity of CME may relate to ELM disruption; further study would aid understanding

of any adverse future outcomes.
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Chapter 1 Introduction and Background

1.1 Introduction

It is estimated that globally, 285 million people are defined as visually impaired, of
which 39 million people are blind (Pascolini and Mariotti 2012). Children between 0-15
years constitute around 4% (19 million) of worldwide blindness, and a leading cause of
preventable childhood visual impairment is retinopathy of prematurity (ROP) (Kong et
al. 2012; Blencowe et al. 2013). ROP is exclusively associated with preterm (also known
as premature) birth, and the lower the gestational age (GA) and birthweight (BW), the

greater the severity of ROP (Gallo et al. 1991; Gunn, Cartwright, and Gole 2012).

An estimated 11.1% of all live births worldwide are preterm (Blencowe et al. 2012), of
which 5.2% are less than 28 weeks GA, and 10.4% are between 28-31 weeks GA
(Blencowe et al. 2013) making this a substantial health concern. Consequently,
improving early detection of sight threatening ROP during infant screening in the
preterm period is a major objective in the management of ROP. An additional goal has

been to determine the impact of prematurity itself on visual development.

It is known that treated and severe ROP affects visual function and ocular
development (Robinson and O'Keefe 1993; O'Connor et al. 2002; Fulton et al. 2009;
Wu et al. 2012; Holmstrom et al. 2014; Fielder et al. 2015; Siatkowski et al. 2013).
However, premature birth is also associated with visual deficit or delay unrelated to
treated or severe ROP (Sebris, V., and E. 1984; Madan, Jan, and Good 2005;
Dowdeswell et al. 1995; Larsson, Rydberg, and Holmstrom 2005) even though the

central retina often appears grossly normal on fundoscopy (Isenberg 1986).

The use of portable optical coherence tomography (HH-OCT) to image the central
retina is increasingly being used to visualise both the effects of ROP and changes that
may be associated with factors of prematurity such as GA and BW. Large prospective

studies in older children and adults report conflicting results regarding the increased
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central retinal thickness observed using OCT in premature individuals with visual acuity

(Hellgren et al. 2016; Balasubramanian et al. 2018).

There is a paucity of information on central age-related retinal change measured with
OCT and normal visual development in childhood. In the premature group, there is a
lack of prospective longitudinal studies using OCT plus vision assessment, and

comparison with normal visual development.

The aim of the study was to investigate central retinal development in preterm infants
during the perinatal period from 30 to 44 weeks postmenstrual age (PMA), specifically
at the fovea, measured using HH-OCT. The underlying purpose was to determine if
the observed changes were secondary to the effect of ROP or factors associated with

prematurity, namely GA, BW.
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1.2 Background

1.21 Prematurity (preterm birth) and Retinopathy of Prematurity (ROP)

The International Classification of Diseases definition of ‘term’ delivery is between 37
weeks 0 days until 41 weeks and 6 days GA (Spong 2013). The World Health
Organisation definition of preterm birth (also known as premature birth and used
interchangeably from here on) is any birth before 37 weeks completed gestation
(World Health Organization 1970). Subgroups of premature birth based on GA exist,
including extreme preterm (less than 28 weeks), very preterm (28-32 weeks) and

moderate to late preterm (32 to 37 weeks) (World Health Organization 2018).

Although prematurity is considered a continuum, there are varying GA and BW specific
outcomes depending on the degree of prematurity (Raju 2013; Walsh et al. 2017). Very
low birth weight (VLBW) (less than 1500 grams) (Malan AF 1975) and extreme/very
preterm infants are particularly vulnerable to complications such as delayed growth
and psychomotor development (Vohr et al. 2000; Lin, Lin, and Lin 2011; Pierrat et al.
2017) and ROP, a potentially treatable, sight threatening vaso-proliferative disorder of

immature intra-retinal vasculature.

A decade ago it was estimated that 50,000 children worldwide suffered blindness from
ROP (Gilbert 2008) and in 2010, that an estimated 184,700 preterm infants developed
ROP, of which 65% were born in middle income economies such as in Latin America,
South East Asia and the Middle East (Blencowe et al. 2013). More recently, almost 1 in
10 of live births globally (around 12 million infants) are reported as preterm births in
high income countries and at risk of the visual complications of ROP and prematurity

(Blencowe et al. 2013).

Whilst the prevalence of ROP has remained stable in the United States (Quinn et al.

2016) the survival rates of extreme preterm infants at the ‘threshold of viability’
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(defined by the Royal College of Obstetrics and Gynaecologists as 23 weeks + 0 days to
24 weeks + 6 days GA) (RCOG 2014) have increased. Consequently, it is expected that

the incidence of severe ROP will also increase.

Additionally, in emerging economies with less regulated neonatal intensive care units,
the prevalence of ROP is estimated to be up to 30% in all preterm infants (Gergely and
Gerinec 2010) while ROP develops in heavier older preterm infants (Gilbert et al. 2005)
reducing the usefulness of ROP screening recommendations for these countries based
on GA (ETROP 2003) or emerging predictive risk algorithms based on BW (Hellstrom et
al. 2009; Binenbaum G et al. 2012; Lofgvist et al. 2006). Furthermore, identifying the
infants that benefit most from ROP intervention is based currently on subjective
assessment of the retinal appearance and can vary between specialists (Chiang et al.

2007; Wallace et al. 2008; Slidsborg et al. 2012).

As a result, there has been a drive to investigate newer methods of assessment
through imaging modalities such as fluorescein angiography (Zepeda-Romero et al.
2013; Klufas et al. 2015; Ng, Lannigan, and O'Keefe 2006), ultra-wide field imaging of
the retina (Patel et al. 2013), digital colour fundus photography (Biten et al. 2018)

and OCT (Maldonado et al. 2014; Chavala et al. 2009) in order to improve management
and identification of preterm infants that develop treatment warranted ROP (also
known as Type 1 ROP, TW-ROP). The primary objective has been to both reduce
unnecessary screening, and to maximise treatment outcome from judicious

intervention without missing infants that require treatment.

A number of prospective studies indicate that preterm children and adults and have
reduced visual acuity in comparison to term born peers (Larsson, Rydberg, and
Holmstrom 2005; Holmstrom and Larsson 2008; Hellgren et al. 2016; Balasubramanian
et al. 2018). Therefore, another research area has been to describe the impact of
prematurity and ROP on foveal structure in preterm individuals through visualisation
of the central retina (Vinekar et al. 2011; Vajzovic et al. 2015; Lee, Kim, and Yu 2010;
Park and Oh 2012).
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1.22 Anatomical development of the fovea and retinal layers using human

microscopy studies

The developed central retina contains the macula (lutea) in which lies the fovea
(centralis). The fovea is an important structure for precise daytime vision in humans

(Figure 1.1).

Location of macula

optic nerve

Figure 1.1 A Colour image of the central retina with corresponding locations on the eye schematic
below. B Subdivisions of the macula. Foveola (centre of the foveal depression, 0.35mm diameter). Fovea
(rod free depression in central macula, 1.5mm diameter), parafovea and perifovea (B is taken with
permission  from  https://commons.wikimedia.org/wiki/File:Macula.svg  accessed Mar 20109.
Photograph: Danny Hope from Brighton & Hove, UK. Diagram: User: Zyxwv99)

Figure 1.1A shows the location of the macula with respect to the optic nerve in the
right eye. The retina is located on the inner surface of the eye shown on the schematic
below the colour image. Figure 1.1B illustrates the subdivisions of the macula. The
corresponding locations and width in millimetres (mm) are shown with the central

depression below.

The mature retina consists of 10 layers further subdivided into the inner retina and
outer retina. The inner retina refers to the retinal layers that are closest to the centre

of the eye, and the outer retina refers to the layers closest to the outer portion of the
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eye. The layers are illustrated in Figure 1.2. The neural retina consists of all layers

except the retinal pigment epithelium (RPE).

-
= O I~
= O i
central eye (inner portion) Scleral side (outer portion)
£

1
INNER RETINA 7z 1 § OUTER RETINA
ILM - inner limiting membrane 1 OPL - outer plexiform layer
NFL - retinal nerve fibre layer I ONL - outer nuclear layer
GCL - ganglion cell layer 1 OLM - outer/external limiting membrane
IPL - inner plexiform layer 1 PL - photoreceptor layer
INL - inner nuclear layers RPE - retinal pigment epithelial layer

Figure 1.2 Retinal layers of the mature eye. Constructed from an image taken with permission (license
CC BY 3.0 https://creativecommons.org/licenses/by/3.0/) accessed October 2018.

Retinal development commences from week 6 of gestation when the neuroepithelium
is recognisable histologically arising through the differentiation of retinal progenitor
cells to form the neural retina (Bach and Seefelder 1914; Mann 1950; Barishak 2001;
Barber 1955). Figure 1.3 illustrates the neuroepithelium using monoclonal Pax 6 gene
anti-body in the developing human eye. The neuroepithelium separates into inner and

outer neuroblastic zones.
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Figure 1.3 A Human embryo 8 weeks gestation, immunochemical photomicrograph of ocular section
stained with monoclonal rabbit anti-Pax6 antibody. Green indicates the location of Pax 6 which appears
especially in the neuroepithelium at this stage. B Human embryo 10 weeks gestation immunochemical
photomicrograph of ocular section showing inner and outer neuroblastic zones. [S Anwar, MSc
Dissertation 2010: Gene Expression Patterns and the Developing Human Retina. Brunel University &
Institute of Ophthalmology (Professor Marcus Fruttiger), London].

In the central retina, by 10 - 11 weeks gestation, photoreceptor cone precursors are
detected as a monolayer adjacent to the developing retinal pigment epithelium (RPE)
(O'Brien, Schulte, and Hendrickson 2003; Linberg and Fisher 2009; Xiao and
Hendrickson 2000). This cone monolayer has been described as the future fovea
(Mann 1950) and the edge of this region demonstrates early rod photoreceptors

(Hendrickson et al. 2008).

At this time point, there is differentiation of Miller cells and the outer plexiform layer
(OPL) which contains differentiating cone pedicles. The inner plexiform layer (IPL) and
a developing inner nuclear layer (INL), which contains early cells similar to horizontal
and bipolar cells, are already present. (Nag and Wadhwa 2006; Linberg and Fisher
2009).

By the 6" month of gestation (22-26 weeks GA), the macula appears as a bulge. The
photoreceptors continue differentiation and maturation, in particular the cones. There

is also a thickened ganglion cell layer (GCL) (Hendrickson and Yuodelis 1984). The
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primitive photoreceptor outer segments and inner segments may only be
demonstrated using electron microscopy (EM) (Yamada and Ishikawa 1965; Narayanan

and Wadhwa 1998).

By the beginning of the seventh month of gestation (26-30 weeks GA) the foveal
depression is evident histologically and the main retinal layer components are all

present (Hendrickson and Yuodelis 1984) (Figure 1.4).

y
»
'

P ‘hy .

T T C

s ¥ ' f

Figure 1.4. Human fetus 7 months gestation, histological section of central retina showing location of
foveal depression (arrow). Image of original from Hendrickson and Yuodelis 1984 (Barishak 2001)
[permission granted (STM permissions guidelines), Ophthalmology copyright].

Although the cone layer is still only one cell thick, there is elongation of the inner
segment and cone axons (which form the future Henle fibre layer). Outer segment
photoreceptor discs are seen at 28 weeks onwards using EM and histochemical studies

(Yamada and Ishikawa 1965; Johnson et al. 1985).
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The mature fovea is a depression within the retina characterised by the absence of
retinal vessels and rod photoreceptors, and is sometimes referred to as the pure cone
area (PCA). It contains the highest density of cone photoreceptor packing where the
longest and thinnest cones are present (Curcio et al. 1987; Polyak 1941; Hogan,
Alvarado, and Weddell 1971; Osterberg 1935). During fovea maturation, the fovea
deepens, the number of cone photoreceptors increases below the foveal base

(foveola) and the diameter of the fovea reduces.

The increased deepening of the foveal depression is accomplished by central thinning
of the inner retinal layers due to outward movement or migration of the GCL and INL,
and an inward movement of outer retina cone photoreceptors (Yuodelis and
Hendrickson 1986; Provis, Diaz, and Dreher 1998). This inner movement of the cones
results in the increased packing and subsequent elongation (thinning) of the cone
photoreceptors cells, a process that begins before the outward migration of inner

retina (Diaz-Araya and Provis 1992).

Maturation also increases the length and width of cone photoreceptor inner and outer
segments reflected in increased vertical width of the outer retina between the external
limiting membrane (ELM) and the retinal pigment layer (RPE), which is maximum
beneath the foveola. Cone photoreceptor axons also lengthen and become angulated
around the foveola to form the fibres of Henle. This increases the width of the outer

plexiform layer (OPL) adjacent to the foveal centre (Hendrickson et al. 2012).

As the photoreceptors mature, the cone cells continue tight packing and elongation at
the fovea, consequently the diameter of the PCA decreases from infancy until early
childhood (Yuodelis and Hendrickson 1986). By the 5% year of childhood, the fovea is
similar to the adult except in the length of the fibres of Henle, being longer and thinner

in mature adulthood (Hendrickson and Yuodelis 1984; Yuodelis and Hendrickson 1986).

The limitation of histological studies is that the information does not observe dynamic
change and the timing and mechanism of foveal deepening due to preterm birth is not

well understood.
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1.23 Optical coherence tomography (OCT) of the central retina.

Optical coherence tomography (OCT) is a real time non-invasive in vivo method of
imaging which permits high resolution visualisation and dynamic evaluation of human
tissue such as the retina in normal and pathologic states (Drexler and Fujimoto 2008).
This has been achieved through correlation and validation of histological tissue with
the corresponding sections on the OCT images of adults (Srinivasan et al. 2008; Drexler
et al. 2001; Spaide and Curcio 2011; Staurenghi et al. 2014; Pons and Garcia-
Valenzuela 2005; Chen et al. 2006).

The use of OCT in retinal assessment is now a routine investigation during the
management of ocular disease but limited to patients who are co-operative or those
that can sit upright at the instrument. However, the development of portable non-
contact hand held spectral domain OCT (HH SD-OCT) devices have enabled imaging of

young children and infants.

Similar to histology, OCT has revealed significant differences between the OCT images
of the central retina (macula and fovea) in adults, children and infants. Even between
normal adults, OCT has shown variations in foveal morphology which depend on race
and sex (Tick et al. 2011; Wagner-Schuman et al. 2011), while variations have also

been observed in otherwise normal children (Noval et al. 2014).

Portable OCT imaging has revealed central retinal structure in infants and young
children that is not visualised with conventional examination. Findings such as sub-
foveal fluid in normal newborns are described (Cabrera et al. 2012) that are not

apparent by early childhood (Lee et al. 2015).

Cross-sectional OCT reports of central retina maturation at various ages have helped to
show the differences between immature and mature central retina (Maldonado et al.
2011; Vajzovic et al. 2012; Yanni et al. 2013; Rothman, Sevilla, Freedman, et al. 2015;
Dubis et al. 2012), but there are few longitudinal studies of retinal structure using OCT

(Lee et al. 2015; Alabduljalil et al. 2018).
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Differences on OCT imaging of the retina in children also exist between preterm and
term individuals (Ecsedy et al. 2007; Tariq, Burlutsky, and Mitchell 2012; Tariq et al.
2011; Akerblom et al. 2012; Akerblom et al. 2011; Molnar et al. 2017; Park and Oh
2012; FieP et al. 2017; Bowl et al. 2016; Wang et al. 2012b; Rosen et al. 2015) and in
individuals with a history of ROP (treated and untreated) (Recchia and Recchia 2007;
Hammer et al. 2008; Lee, Kim, and Yu 2010; Wu et al. 2012; Villegas et al. 2014; Yanni
et al. 2012; Pueyo et al. 2015; Park and Oh 2015; Vinekar et al. 2011; Jayadev et al.
2017; Vajzovic et al. 2015; do Lago et al. 2007; Erol et al. 2014; Gursoy et al. 2016;
Vogel et al. 2018; Wang et al. 2012b; Rosen et al. 2015).

Table 1.1 summarises a number of studies investigating prematurity and ROP on visual
acuity, central retinal structure in children and infants using either OCT or

portable/HH-OCT and discussed further below.
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Table 1.1. Central retinal imaging studies in children and infants using optical coherence tomography (OCT) or portable OCT. VA — visual acuity;

CFT/CMT - central foveal/macular thickness; RNFL — retinal nerve fibre layer; CME — cystoid macular edema; EZ - ellipsoid zone (formerly known as the

photoreceptor inner/ outer junction).

Includes Total number Compares
Sy s FanEE children <5 preterms UTEEED Ieilies term born ouieE Statistics Findings
OCT ROP number | treated ROP R measure
years born<32 weeks individuals
Descriptive o
Medians Preservation inner
Recchia 2007 Retrospective CFT, VA, foveal layers, abnormal
: No No 12 8 Yes No
small numbers observation contour foveal contour, CFT
small numbers greater than 220um
Ecsedy 2007 ) ) Non -parametric difference .
small numbers Prospective case No No 30 10 Yes Yes CFT, VA, axial of means, longitudinal Preterm thicker CFT
. control length . . Vs term
stats questionable analysis of categorical data
c ional CFT thicker in ROP
Hammer 2008 10ss sectiona i Fovea deeper in
small numbers descriptive No No 5 5 No ves CFl-é\;:g?zlelat{wer& Unclear terms Widepr and
observational P P
shallower in ROP
Retrospective
A VA Macula change after
Lee 2010 - -
ee ozservgtlgnal No No 4 1 ves No clinical description none laser
escriptive
Increased CFT in
means between ROP and ROP
terms Increased mean
bilinear/logistic model thickness retinal
Wang 2012 CFT, CFT and GA Iayers in ROP
stats analysis retrospective No No 26 17 Yes Yes Retlna_l layers, Between preterm and Thicker CET GA <28
shape size foveal terms
small numbers it ) ) weeks
pi assumes no difference in
variance Reduced Fovea]
no adjustment treated slope and depth in

or untreated ROP

ROP <28 weeks
Vs >29 weeks
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Includes Total number Compares
S L Po(;tgble children <5 preterms Uiiirezize Inelielzs term born & F1lesli 2 Statistics Findings
T ROP number | treated ROP L measure
years born<32 weeks individuals
CFT, refractive Descriptive, p values CFT thickest in early
Wu 2012 ) error, VA, between 4 means, Multiple GA
Omissions in stats Prospect;vel case No No 86 18 Yes Yes Anterior chamber linear regression for GA
analysis contro depth and lens and CFT, did not include
thickness ROP
. Chi square, t test Percentage Foveal
u\églt‘ieogna:blzfifats Correlation CFT and VA depression absence
a _ , Clinical observation and vision above or
analysis Retrospective cohort No Yes 44 8 Yes No CFT, VA Age and VA - p value below 20/40
children under 5 inappropriate application of No correlation
years statistics, categorical data between CFT and
! GA
Shallow less steep
Yanni 2012 fovea in preterms vs
small numbers of CFT VA . terms
' - descriptive CFT thicker
ngn;g:;fri;?fzr Crgzz-csr?&?l?enal No No 24 5 Yes Yes Fisggjif%ii’r t_tests for means preterms vs terms
' Linear correlation Reduced VA means
ROP (treated, depth, slope preterms vs terms
untreated, None) Thicker inner retina
preterms vs terms
Pueyo 2015 Retinal structure is
small numbers, VA Multiple regression models no different in
children under 5 Retrospective cohort No Yes 27 17 Yes Yes Retinal layers, _ ANOVA N preterms vs terms
CMT no details, no coefficients Only treated ROP
years changed structure
Smaller average
RNFL between
Park 2015 Correlati preterm vs term
children under 5 ) Retinal layers 'orr'e aton significantly different
years Cross sec_tlonal No Yes 50 30 Yes Yes RNFL thickness Multivariate model ROP stage inverse
treated ROP not observational VA GA, BW, ROP stage, (not correlation with
; treatment), age at exam
adjusted nasal RNFL
VA poorer in
preterms vs terms
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Includes

Total number

Compares

Study Type Portable " Untreated Includes Outcome L -
ocT children <5 preterms ROP number | treated ROP term born measure Statistics Findings
years born<32 weeks individuals
GA, BW both
Cross sectional CFT, retinal layers Linear regression correlates inversely
Bowl 2016 observational No No 150 50 No ves thickness ANOVA with CFT and retinal
layers
Rosen 2015 Foveal denth
small numbers, Cross sectional oveal Ceptn, t test for means, Reduced foveal
) . No No 40 10 Yes Yes retinal layers )
no adjustment for observational : correlation depth <27 weeks
thickness
treated ROP
Stage 1 & non ROP
showed no cystic
Vinekar 2011 54 ROP Presence or difference of means for changes
; _ absence of cystic
older heavier Stage 1=27 changes CFT between stage 1, 2 ‘
preterms _ eyes and nonROP CFT in preterms
observsa:rci::sl case No infants 74 Stagee gs_ 7 No No observation of significant to stage 2
19 infants at 52 Y CME pattern Post hoc test then ROP
weeks PMA follow 20 infants CFT performed for stage of Normalisation at 52
up nonROP ROP ormalisation a
Stage of ROP weeks PMA (19
eyes)
Jayadev 2017 Teller acuity test
small age groups in . VA correlates with
. . months Correlation .
numbers in each Retrospective 99 nonROP T changes in foveal
group so 't test’ observational Yes Yes 32 No No (3_-6.n- 17; ?’9 . IRL ELM, EZ layers
fonable 10 ROP n=8; 9-12 n=7) Comparison of means depending on age
qugs presence absence (ttest) P g onag
no adjustment for of ELM, IRL, EZ, group
GA or ROP

OS-RPE at fovea
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Includes

Total number

Compares

Study Type Portable " Untreated Includes Outcome L -
ocT children <5 preterms ROP number | treated ROP term born measure Statistics Findings
years born<32 weeks individuals
o EZ high
Vajzovic 2015 Z absence higher
Comparison of EZ (presence in preterms and
. b . Non-parametric means; greater with CME;
preterm with term . ahsence); . o
ASSUMES o Prospective 7 non ROP; EZ distance Correlation; Increased proximity
difference of observational Yes infants 64 treated unclear Yes Yes means from foveal | Linear regression adjusted | to foveal centre with
A ) centre; GA, BW, PMA terms vs preterms;
! viarlance, S CME foveal cystic Foveal contour
nclear treate: changes . .
ROP numbers present with CME in
terms
Case series . Description of No foveal
do Lago 2007 descriptive No infants 12 12 No No foveal depression percentages depression in 80 %
Erol 2014 Ret i CFT. CME and Comparison of means; ggf ;:]gdn"lf\;;ﬁnstt;vg'teh
: etrospective . \ an i ' ;
no regressmn Yes infants 179 58 Yes No grading of cysts non parametnc CET correlated with
analysis on CFT correlation GA BW
No foveal
depression 40%
s%uzifsirﬁgi?s when ROP absent
. ) ANCOVA for GA, BW 85% in severe ROP;
no linear regression
i 18 nonROP
t?;:tij(;jsr\t’rg(;nt(:: Prospective Cross- 15 ROP ggT;"(efsos\ﬁz Means ANOVA with pOSt- CFT thicker in
L sectional mixed Yes infants 72 21 pre- Yes No P test to identify the group severe untreated
BW or PMA ! (yes/no), CME ) )
observation treatment ROP that was different ROP;
acknowledge that 18 treated ROP (yes/no) GA. BW on CFT ot
ROP vs prematurity . T
. Presence/absence Chi test significant;
not possible to
differentiate in study CME significant with
ROP
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Includes Total number Compares
S L SOiE children <5 preterms Uniesite) Insllss term born el Statistics Findings
OCT ROP number | treated ROP L measure
years born<32 weeks individuals
Tariq 2012
i -secti o A before 32 week
ROP history Cross -sectional Multivariate linear GA before 32 weeks
unknown, observational No No 148 Not known No Yes VA, CMT BW excluded from analvsis thicker CMT
BW excluded from retrospective y VA worse than term
linear model
Prematurity (GA,
Multiple regression OngggthBW)hWI&hOUt
canti analysis as thicker
Akerblom 2011 Cross -sectional No No 65 22 Yes Yes o o CFT
No correlation
ttest between VA and
CFT
Vogel 2018 Outer retina
Observational . . Linear mixed models thickening in IVT vs
Stug)é)gf trelated Case series ves infants 131 0 ves No RT inner and outer GA, BW, sex, race, PMA LPC where EZ is
only delayed
ANCOVA quacrans nreaced
Akerblom 2012 Cross-sectional No No 62 20 Yes Yes RNFL Bivariate correlation for guad;
with increased BW
RNFL and GA
not GA
Increase CFT with
Cross-sectional CA
analysis of ttest (adjust for ROP &
Molnar 2017 aly ) No No 134 80 Yes Yes CMT o . males)
prospective population Multiple linear mixed model
study ROP, males not VA
had thicker CMT
FieB 2017 ) Multiple linear regression . .
: B Prospective cross Retl_nal layers No adjustment for BW CFT.th'Cker in lower
Children under 5 . No Yes 173 34 Yes Yes thickness : GA independent of
sectional No adjustment for treated
years GA, ROP, VA ROP ROP




Chapter 2 Review of the Literature

2.1 Infant OCT studies of macular development, prematurity and ROP.

A case of a premature infant with severe advanced ROP that required retinal surgery
was first reported using a non-portable Stratus OCT 3000 machine while the infant was
anaesthetised (Patel 2006). The OCT findings revealed a macular detachment with
microcystic changes in inner retina that could not be detected clinically, which changed
the surgical approach to the management of the infant. The author suggested that OCT
imaging of infants could provide an objective method of management in advanced

ROP.

However, the practicalities of using a non-portable device for infants outside of the
operating room precluded routine use of OCT in this group. Despite this, do Lago and
colleagues (do Lago et al. 2007) successfully imaged 12 preterm infants awake during
the ROP screening exam using a Stratus OCT device from between 32 weeks to 41
weeks PMA. The authors reported the macular morphology in the presence of ROP
from mild to severe (Stages 1-3). Their main finding was that the foveal depression was
‘easily recognizable’ in only 25% and that the OCT features correlated with the known
histological descriptions of immature retina, concluding that OCT could be used to

follow macular development in preterm infants.

With the advent of a portable OCT device, Chavala and colleagues (Chavala et al. 2009)
described portable HH SD-OCT imaging in 3 premature infants with advanced ROP
while under anaesthesia which demonstrated sub-clinical retinoschisis, a shallow
retinal detachment and pre-retinal lesions. This was also not detected with either
direct visualisation or using the RetCam ocular contact colour imaging system (Clarity

Medical Systems, Pleasanton, CA).

30



Similar reports in preterm infants supported these findings (Muni et al. 2010; Joshi,
Trese, and Capone 2006) but it was not until Lee et al (Lee et al. 2011), that an
evaluation of the use of HH SD-OCT without anaesthesia in neonates during ROP

screening in the neonatal intensive unit (NNU) was described more fully.

The conclusion of Lee and colleagues’ study (Lee et al. 2011) was that portable HH SD-
OCT imaging could be used as an adjunct to ROP screening but it could not replace
conventional ophthalmoscope examination. Although retinal architecture elucidated
by HH SD-OCT imaging might explain poor outcomes from advanced ROP, the device
did not indicate the presence or absence of ‘Plus’ disease during screening. ‘Plus’
disease is a severe clinical feature that determines the need for treatment by

subjective assessment of the vascular appearances in the retina of infants with ROP.

Maldonado et al (Maldonado et al. 2014) developed a grading system using portable
HH SD-OCT in infants with ROP to describe vascular anomalies in an attempt to
describe ‘Plus’ disease but the findings were not consistent enough to be used in

routine ROP screening with HH SD-OCT.

When portable HH SD-OCT was optimised to account for the smaller preterm eye’s
axial length according to age (Maldonado et al. 2010), customisation of scans improved
the quality and reliability of infant image acquisition. Studies of the developing macula
were now able to elucidate dynamic foveal features, quantify retinal layers in preterm
and post term infants and children and correlate HH SD-OCT images with histologic
findings (Vajzovic et al. 2012; Vajzovic et al. 2015; Dubis et al. 2012; Maldonado et al.
2011; Dubis et al. 2013).

These HH SD-OCT imaging studies confirmed earlier histologic reports of an immature

retina in preterm and term infants and revealed a thicker inner retina in comparison
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with the outer retina which gradually reversed with maturity. This is shown in figure

2.1.

Ganglion call
| Pl
Inner Muciear

Figure 2.1. The immature preterm retina (A) is compared with a mature adult retina (B) showing the
changes in inner retina and outer retina at the fovea with maturity, on spectral domain OCT. Taken from
Maldonado et al (Maldonado et al. 2011) [permission granted (STM permissions guidelines),
Ophthalmology copyright].

The foveal depression was shallow with continuation of inner layers across the foveal
depression and a thin photoreceptor layer in infancy. Dynamic HH SD-OCT also
revealed inner retinal migration in conjunction with deepening of the foveal

depression with age.

Maldonado and colleagues concluded that inner retinal migration occurred primarily
between 31 and 42 weeks (Maldonado et al. 2011). However, their study described the
macular findings of 13 preterm infants with untreated ROP (excluding Stage 3 or

treated infants) and the impact of ROP on dynamic foveal changes was unclear.

Dubis et al (Dubis et al. 2012) investigated the outer retina using age matched human
histology (35 and 41 weeks PMA), macaque histology and HH SD-OCT images in 16
preterm infants from 30 weeks PMA that included stage 2 ROP in the group. Despite
this the authors state that ‘the foveal region seems to follow a developmental time
course similar to that associated with in utero maturation in premature infants who do

not develop retinopathy of prematurity’.
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During foveal maturation, correlation of SD-OCT bands with retinal layer histology

show the absence of photoreceptor bands even by term birth, appearing to mature by

24 months of age (Vajzovic et al. 2012). The changes in the retinal layers according age

are shown in figure 2.2.
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Figure 2.2 Retinal layers according to age (phases) and location from the fovea. Neurosensory retina,
NFL- nerve fibre layer, GCL+IPL- ganglion cell layer plus inner plexiform layer, INL- inner nuclear layer, OPL-
PSL- outer plexiform layer and photoreceptor synapse, ONL +HFL- outer nuclear layer and Henle fibre
layer, IS+0OS — inner and outer photoreceptor segments, RPE- retinal pigment epithelium (Vajzovic et al.
2012), [permission granted (STM permissions guidelines), American Journal of Ophthalmology copyright].
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The study has unclear details regarding the presence or absence of ROP in the preterm
groups or an adjustment for the severity of prematurity. This makes it uncertain if

either ROP or gestation age impacts retinal layers at the fovea.

A study by the same group, of photoreceptor development (appearance of the EZ at
the fovea) between preterm infants and term born infants, reported a delay in the
preterm group (Vajzovic et al. 2015) as shown in figure 2.3. The authors measured the
mean distance to the foveal centre of the EZ band as a measure of photoreceptor

delay.
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Figure 2.3. The distance between the two ends of the ellipsoid zone (EZ) which represents the
appearance of photoreceptor segments at the fovea, thereby illustrating the gap in the preterm infant
image on the left. By contrast the term infant has a complete EZ band across the fovea. Taken from
Vajzovic (Vajzovic et al. 2015) (permission granted November 2019, Association for Research in Vision and
Ophthalmology copyright)

Figure 2.3 shows the delay in the appearance of the ellipsoid zone (previously known
as the inner segment/outer segment band) on HH SD-OCT in the preterm infant image

in comparison to the term infant. Both images were acquired at 39 weeks PMA.

The authors state that ‘the incidence of the EZ did not significantly differ by sex, race,
nor any measure of ROP severity’. In this study nineteen infants had received ROP
treatment and only seven preterm infants without ROP. The statistical analysis of ROP
severity consisted of a comparison between the mean EZ foveal distances in the ROP
groups while the linear regression model of GA, BW and PMA, did not include ROP.
Both limit the analysis conclusions regarding either GA, BW, or ROP on the appearance
of the EZ band in preterm infants. Secondly, the assumption that term infants and

preterm infant development prior to 37 weeks was similar enough to permit a direct
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comparison between the two groups at 39 weeks PMA is questionable since clearly

both are not from the same population of infants born before 40 weeks gestation.

Vinekar et al (Vinekar et al. 2011) studied acute mild ROP in preterm infants using OCT.
Their group converted a table top SD-OCT device to image 146 eyes from 74 Asian
Indian infants with a mean GA of between 30-32 weeks and imaged at a mean PMA of
37 weeks. The cohort was divided into three groups according to the stage of ROP

(stage 1, stage 2 or none).

The mean macular retinal thickness (CMT) was compared between the groups and
found to be significantly higher in Stage 2 ROP but not Stage 1, versus no ROP. Since
there was no difference between the GA, BW and PMA between the 3 groups, no
adjustment was deemed necessary in comparing the mean CMT of the 3 groups.
However, 29% of the Stage 2 group showed cystic change at the fovea on a
retrospective review, with distortion of CMT, which was not accounted for in the
original analysis. This raises questions about the author conclusions regarding the
significance of severity of ROP and CMT. The cystic eyes were further analysed and 10
infants re-imaged 1 year later, when the authors reported resolution of the cystic

changes noted originally.

Erol et al (Erol et al. 2014) also reported increasing central foveal retinal thickness
(CFT) with increased severity of ROP but the authors made no adjustment for either
GA or BW, the means of which differed between the four groups (no ROP, stages 1, 2
and 3 ROP) by up to 5 weeks of GA and 45% of BW.

In another large study investigating the effect of ROP on preterm foveal retinal
thickness, Gursoy and colleagues (Gursoy et al. 2016) analysed 131 portable SD-OCT
images prospectively acquired from 72 preterm infants which were then divided into 4

groups as shown in Table 2.1.
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Group 1 Group 2 Group 3 Group 4

(no ROP) (mild to moderate (pre-treatment ROP) (Laser treated

ROP) ROP)
number of eyes 30 30 40 31
number of infants 18 15 21 18
mean PMA at
image acquisition 40.3 37.9 37.2 45,72
(weeks)
(range) (26-44) (34-40) (32-43) (39-60)
mean GA (weeks) 337 31.3 284 284
(range) (30-36) (26-33) (25-33) (24-32)
mean BW (grams) 2112 1447 1097 1231
(range) (1200-1700) (1090-2010) (680-1560) (480-1700)

Table 2.1 Preterm infant group characteristics from Gursoy (Gursoy et al. 2016). PMA — postmenstrual
age, GA — gestational age, BW — birthweight, ROP — retinopathy of prematurity

The authors examined the mean CFT between the groups, the number of eyes with a
formed foveal depression in each group, and the mean PMA in each group when cystic
changes at the fovea were documented. They further subdivided their results

according to right or left eyes.

In their analysis, the authors did not find a significant difference between GA or BW on
the mean CFT for the cohort and therefore the CFT measurements were analysed for

each group without adjustment.
Their findings were as follows:

The mean CFT between the 4 groups significantly increased from group 1 (no ROP) to
group 4 (treated ROP)

The mean CFT was significantly greater between Group 1 and Groups 3 and 4 (severe
and treated ROP) but not between Group 1 and Group 2 (no ROP versus mild to
moderate ROP)

There was no difference in mean CFT between right and left eyes

The percentage of eyes (right/left) with a ‘well-formed foveal pit’ was greatest in
infants with no ROP: 60 (67%) in Group 1, 33 (20%) in Group 2, 14 (16%) in Group 3,
but 40 (31%) in Group 4.
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The percentage of cystic changes found in Group 1 [0 (0%), mean PMA 40.3 weeks],
Group 2 [7 (13%), mean PMA 37.9 weeks], Group 3 [29 (21%), mean PMA 37.2 weeks]
Group 4 [13 (13%), mean PMA 45.7 weeks].

The main conclusions were that CFT increased with only either severe pre- treatment
ROP or treated ROP and that a well-formed foveal depression was most likely in

preterm infants with no ROP.

A major limitation in the analysis is lack of adjustment for the mean PMA at which the
imaging was acquired (see table 3.1). This is important since it is evident from the

previous literature that the foveal depression changes with time.

Although the authors attempt to address this by tabulating the mean GA at various
PMA’s with the number of images that show a well-formed foveal depression, this was
not correlated with either ROP or treated ROP. The authors do admit that their study

was not able to differentiate between ROP and prematurity in their analysis of CFT.

Furthermore, the definition of a well-formed foveal depression in the study is also
unclear particularly since the presence of a foveal depression (shallow or otherwise)
has been reported to be universally present using HH SD-OCT to image the retina in

preterm infants (Maldonado et al. 2011).

2.2 Optical coherence findings of cystic change in the macula

In their study of dynamic foveal development, Maldonado et al (Maldonado et al.
2011) described foveal distortion by cystic spaces located in the inner retina especially
the inner nuclear layer (INL) in 58% of the preterm group. This was labelled ‘cystic
macular edema’ (CME) due to its similar appearances in mature retina known to show

oedema but unlike mature retina, it was clinically undetectable.

Several infant studies using HH SD-OCT in infants report CME (Vinekar et al. 2011,
Maldonado et al. 2012; Erol et al. 2014; Gursoy et al. 2016; Lee et al. 2011; Dubis et al.

2013; Cabrera et al. 2012). The natural history of CME is not known although several
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authors report resolution of the appearances at the fovea from between 4 and 52
weeks after detection. Some of the reports include infants that have been treated with
either laser or intra-vitreal injection for ROP which adds further complexity to the

conclusions.

In an effort to better understand CME in infants, investigators have graded CME
according to distortion of foveal contour (yes/no) (Erol et al. 2014), single or multiple
spaces (Vinekar et al. 2011; Dubis et al. 2013; Maldonado et al. 2012), and degree of
ROP severity. It is currently unclear if ROP and ROP severity is associated with CME
(Vinekar et al. 2011; Erol et al. 2014) or not (Maldonado et al. 2012; Dubis et al. 2013;
Erol et al. 2016) with conflicting conclusions regarding either. However, given that CME
and sub-foveal fluid has also been reported in healthy newborns (Cabrera et al. 2012),

the exact aetiology of CME in infants still remains unexplained.

Table 2.2 summarises of studies investigating cystoid macular oedema (CME) on

central retinal structure in children and infants using either OCT or portable/HH-OCT.
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Table 2.2 Cystoid macular oedema studies using optical coherence tomography in infants. CME — cystoid macular oedema, CFT-central foveal
thickness, RT — retinal thickness, ROP — retinopathy of prematurity, GA — gestational age, BW- birthweight, EZ — ellipsoid zone, IVT — intra-
vitreal treatment, LPC — laser photocoagulation

portable number untreated ROP includes term born L. -
Study type ocT CME preterms infants treated ROP | individuals outcome measure statistics other findings
Patel 2006 Case study no Intraretinal cystic 1 0 yes no Obseryatlon of OCT none macular detachment
change image
i retinoschisis, pre-retinal
Chavala 2009 Prospective Intraretinal Observation of OCT pre-
observational case yes cystic change 3 0 yes no image none structures, retinal
series Y detachment
. Retrospective case Intraretinal Observation of OCT Retinoschisis, intra-
Muni 2010 series yes cystic change 8 0 yes no image none retinal cystic changes
Maldonado 2011 Observational yes CME 58% 31 31 no no Observi?;ggneof ocT percentages timeline of retinal layers
32% epiretinal
" 27 ROP .
Prospective . membrane;
Lee 2011 X 39 eyes of 23 infants . .
0, 0
observatpnal case yes CME 39% 38 11 1onROP no no (61%) CME none 54% optic nerve hyglmd
series remnants; subclinical
macular detachment
Vinekar 2011 74 difference of Stage 1 & non ROP
Presence or absence )
of cystic changes means for CFT showed no cystic
older heavier . Mean GA 54 ROP between stage 1, changes;
preterms observational case o In ggﬂizz%]op Sta\?v?e:k; 82 gi:gz ; - % :ygz o o observation of CME 2 and nonROP CFT in preterms
series gnly stage 2 = 30 gec=1o¢ey pattern significant to stage 2
19 infants at 52 weeks 20 infants nonROP CET Post hoc test then BOE;
weeks PMA follow nonROP = 31 t ROP performed for Normalisation at 52
up weeks Stage of RO stage of ROP weeks PMA (19 eyes)
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portable number untreated ROP includes term born . o
type CME o
Study yp ocT preterms irfote treated ROP | individuals outcome measure statistics other findings
MaIdTInadobZOlZ Comparison of Outcome ROP and
small numbers Yes CME severity (CFT) means CFT in systemic factors not
stats do not adjust Prospective ROP outcomes (laser groups significant;
for ROP/GAIPMA observational yes CME 50% 42 30 n=12 no yes/no, stage, severity CFT significant if stage
and CFT case series progressed to plus/no plus/pre-plus) linear regression 3 orlaser or plus
pre-plus is treatment for CME and disease
subjective systemic factors
Prospective yes .
Cabrera 2012 obserl\jlational yes CME 2.5% 0 0 no observation percentages 15% sub-foveal fluid
case series n=39 (SRF) also found
Dubis 2013 34 CME not related to
No adjustment for Severity of CME; Percentages; ROP stage;
Prospective . - comparison of Younger GA in CME
treated ROP or GA
s ) observational yes CME 56% 46 8 progressed to yes no persistence of inner CFT means group;
in linear regression . laser layers ' . .
case series AT No linear Persistence of inner
modgl for CME regression layers irrespective of
and risk factors ROP stage
Cabrera 2013 Observation of OCT Percenta
. ges .
Study of racial Prospeqtlve Yes image Non-parametric Resolution by 3
. . observational yes CME 10% 0 0 no _ . months.
differences in term case series n=20 comparison of SRF also seen (10%)
born infants CFT mean CFT 0
Erol 2014 Comparison of CME significant with
no regression Retrospective es CME ROP 54% vs 179 58 CFT, CME and grading means; ROP and with stage;
. P y CME 31% nonROP yes no of cysts hon-parametric CFT correlated with
analysis on CFT , GA BW
correlation J
Vajzovi(? 2015 Non-parametric EZ absence higher in
Comparl§$}n of EZ (presence means: preterms and greater
preterm with term absence); 5 with CME;
Prospective 7 non ROP; . ’ Correlation; :
assumes no . 0 ' . ! imi
) observational yes CME 72% preterm 64 treated unclear yes yes EZ distance means Linear regression | Increased proximity to
difference of CME 6% term from foveal centre; ) ;
. CME foveal cvsti adjusted GA, Bw, | foveal centre with terms
variance, cﬁ;/r?gescys 1 PMA vs preterms; Foveal
Unclear treated contour present with
ROP numbers CME in terms
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portable number untreated ROP includes term born . o
Study type ocT CME preterms irfote treated ROP | individuals outcome measure statistics other findings
Rothman 2015 Treated y Chi Square and t
No adjustment for infants in Bayley cognitive testing of means, CME preterms had
ROP treatment or Cohort yes CME 58.5% 53 Images taken study at 18-24 no language and motor correlation least lower cognitive scales
before treatment scales at 18-24 months
effect of IVT ROP months corrected age squares vs non-CME
treatment corrected age regression
ROP CME group Reduced visual acuity
Vinekar 2015 n=11 . . Comparison of in CME group but only
. Prospective vs Visual acuity means depending | significant at 3 months,
no adjustment for observational es no CME ROP n= m aa o o Refraction on not by 12 months
ROP, GA y 16 atage 3, 6,9 12 , >
small numbers Vs months parametric/non- Increased hyperopia in
nonROP no CME parametric testing CME group butat 3
n=17 months only
report of means Thinner choroid with
Prospective ) comparison only higher stage of ROP
Erol 2016 observational yes 51.5% 80 80 no no Sub-f?r\]/ieéﬁlnceggrmdal no details of Choroid thickness
repeated correlated with BW not
measures GA
Gursoy 2016 No foveal depression
small nymbers 40% when ROP absent
no linear ANCOVA for GA, 85% in severe ROP:
regression or BW
: adti“;tggrg fgrA 18 NonROP Veans ANOVA CFT thicker in severe
reate , GA, eans .
Prospective cross- CME 15ROP h ith g untreated ROP;
BW or PMA : ’ X 21 pre- treatment CFT, fovea depression | Wwith post-test to GA. BW on CET not
sectional mixed yes 29% right eyes, 72 yes no o '
Authors observation 1% left eves ROP (yes/no), CME (yes/no) | identify the group significant;
acknowledge that y 18 treated ROP that was different '
ROP vs CME significant with
prematurity not Presence/absence ROP
possible to Chi test
differentiate in
study
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portable number untreated ROP includes term born . o
Study type ocT CME preterms infants treated ROP | individuals outcome measure statistics other findings
Linear mixed TS
Vogel 2018 Weekly change foveal models Outer re_tlna thickening
Study of treated Observational 131 Ves RT inner and outer & at GA. BW, sex, greater in treated eyes
ROP case series yes 53% 108 n=23 no nasal/temporal foveal race. PMA with IVT vs untreated
Small numbers of rim reated and EZ delayed in LPC vs
EZ, CME

LPC and IVT eyes

untreated eyes

untreated eyes
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2.3 OCT studies in ex-premature children with and without ROP

Several earlier non-portable OCT studies reported central retinal anomalies in older ex-
premature children with and without a history of ROP, including individuals who had

also received ROP treatment.

Ecsedy and colleagues (Ecsedy et al. 2007) examined a prospective cohort of 40 ex-
preterm children aged 7-14 years defined by gestational age at birth of less than 32
weeks and birth weight less than 1501 grams. The cohort was divided into 3 groups —
children who had received treatment for ROP, children in whom ROP had
spontaneously regressed, and those with no ROP at any time. The control group
consisted of 10 age matched term children. OCT measurements were taken using a

Stratus OCT3 device (Carl Zeiss Meditec). The authors found:

A thicker foveal centre was seen in the premature group compared with controls and
this was due to the continuation of the inner retina at the fovea in the ex-preterm
children.

Children with a history of ROP treatment had greater mean values of retinal thickness
compared with ex-preterm children with no history of ROP but this was not statistically
significant.

Premature children with no ROP had mean foveal central retinal thicknesses similar to
controls.

The total macular volume was similar in all premature and control groups; however, no
statistical difference was detected in the mean outer retinal thickness between the

groups.

The authors concluded that the presence of ROP (treated and untreated) modified the

development of the central retina i.e. macula, through persistence of the inner retinal
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layers at the fovea. However, the analysis did not adjust for the severity of prematurity

i.e. gestational age of the participants as a possible confounder.

Thicker inner layers at the macula were also reported in addition to an abnormal
foveal contour by Recchia et al (Recchia and Recchia 2007) in 12 ex-preterm
individuals aged 8 to 38 years using a Stratus OCT. Here, the authors describe features
as a percentage of the whole group, without distinguishing any relationships between
those that had received ROP treatment with those that had not, in their final

conclusion on regressed ROP and foveal anomalies.

A number of studies report increased CFT or CMT using OCT imaging of retina in ex -
preterm children either with or without a history of ROP and in comparison, with term

born individuals (see Table 1.1).

A few have significant limitations such as small numbers of children (Yanni et al. 2012;
Hammer et al. 2008; Rosen et al. 2015) or questions regarding the analysis (Wu et al.
2012) or inclusion of children under 5 years (Villegas et al. 2014; Pueyo et al. 2015;
Park and Oh 2015; Jayadev et al. 2017; FieP et al. 2017), where no adjustment has

been made for development of the retina.

However, where adjustment for ROP is made, early GA was the only risk factor found
for increasing CFT in comparison with term born children (Akerblom et al. 2011,
Molnar et al. 2017). Severe ROP and BW appears to result in a thinner mean retinal
nerve fibre layer (RNFL) (Akerblom et al. 2012) but others suggest that only GA and BW
are risk factors for increased mean individual retinal layer thickness at the fovea (Bowl
et al. 2016). The mean papillomacular bundle RNFL in very preterm infants is also
significantly reduced compared with term infants using HH SD-OCT (Rothman et al.

2015).

There remains a paucity of current literature reporting dynamic longitudinal measures

of foveal morphology parameters in preterm infants using HH-OCT.
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Chapter 3 Research Objectives and Aims

The study objective was to visualise and measure the development of the specialised
area of central retina known as the fovea and parafovea in preterm infants with and
without ROP and prior to treatment for ROP. This would be achieved by acquiring and
analysing HH SD-OCT images of preterm infants from 30 — 44 weeks of postmenstrual
age recruited from the University Hospitals of Leicester NHS Hospital’s neonatal and

maternity service.

The research aims were:

1. To determine the effect of gestational age, birthweight and ROP on the trajectory of
foveal morphology with postmenstrual age for preterm infants without foveal cystic

changes. This is presented in Chapter 5.

2. To examine the relationship of individual retinal layers at the fovea and parafovea
with gestational age, birthweight and ROP diagnosis after adjusting for postmenstrual

age in preterm infants without foveal cystic changes. This is presented in Chapter 6.

3. To describe the foveal cystic changes observed in preterm infants and examine
possible associations between gestational age, birthweight and other factors such as

ethnicity and multiplicity of birth. This is presented in Chapter 7.
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Chapter 4 Methods

4.1 Recruitment of Participants
4.11 Introduction

The study was conducted in accordance with the tenets of the Declaration of Helsinki
and granted approval by an independent Local Ethics Committee (NRES committee,
Nottingham, East Midlands, United Kingdom). The principal investigators all completed
and maintained certificates of Good Clinical Practice throughout the study and

research period.

Patients were recruited from the Leicester Royal Infirmary neonatal and maternity
unit, United Kingdom (NNU). All preterm babies from 31 to 44 weeks PMA who
required ROP screening were eligible for inclusion in the study. Screening was
performed according to UK recommendations (RCOphth, RCPCH, and BAPM 2008)
where premature babies with gestational age up to 31 weeks and 6 days and/or

birthweight under 1501 grams were included for ROP screening.

Infant eyes were instilled with topical dilating drops (Cyclomydril® = cyclopentolate
hydrochloride 0.2 % and phenylephrine hydrochloride 1%) and examined while awake,
using a lid speculum. Binocular indirect ophthalmoscopy (BIO) was used in order to
establish the presence or absence of ROP. Documentation of demographic and clinical
parameters for each preterm infant included: PMA, GA and BW, presence or absence
of ROP, the stage of ROP if present, single or multiple birth, sex, eye (right or left) and
ethnicity (Caucasian or Non-Caucasian). Non-Caucasian patients included South Asian
and non-South Asian ethnicity. The number of infants who switched from no ROP to
ROP and vice versa where ROP regressed spontaneously during the course of imaging,

was also documented.
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An abnormal ocular examination other than diagnosis of ROP, and treated ROP, were
exclusion criteria. Premature infants who were born under 37 weeks GA (Spong 2013)

but did not require ROP screening were also recruited to the study.

ROP staging criteria were in accordance with the international guidelines (ICROP 2005).
For the purpose of the study, ROP was defined as stages 1-3 using the UK guidelines
(stages 4 or 5: partial or total retinal detachment, respectively, were excluded from the
study) (RCOphth, RCPCH, and BAPM 2008). At the time of imaging no infants had
received treatment for ROP and the highest classification of ROP was stage 3 in zone 2.

Data from infants requiring treatment was included up until treatment was performed.

A neonatal research nurse assisted with recruitment by identifying babies suitable for
inclusion and by approaching parents initially. Recruitment consisted of informing
parents, who were given a leaflet outlining details of the study aims and objectives.
Informed consent was subsequently obtained from parents/guardians of all

participants prior to commencement of ocular imaging.

Case Report Forms (CRF) for each participant including consent were kept confidential
and filed in the Investigator Site File and all documents were stored in a locked and

designated space within the University of Leicester, Ophthalmology group premises.

4.12 Population

The Leicester Royal Infirmary NNU covers Leicester City and Leicestershire County.
Leicester City is an ethnically diverse population of an estimated 330,000 people with a
high proportion of citizens from non-White British ethnic groups (42%). The County of
Leicestershire has an additional 620 000 persons with a predominantly White British

population (90%).

There is wide socioeconomic variation with 20% of City residents claiming benefits and
Leicester is the 25" most deprived local authority in the United Kingdom according to
the 2009 Index of Multiple Deprivation. While 25% of City local authorities are in the
10% most deprived in the United Kingdom, 1% of the County local authorities are in
the worst 10% indicating higher socio economic status in the County (Statistics 2012;

Council 2011; City Council 2012).
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The study population demographics are relevant given that maternal ethnicity and
socioeconomic inequality has been described as a risk factor in the incidence of very
low birth weight preterm birth and ROP severity (Aralikatti et al. 2010; Husain et al.
2013; Smith et al. 2007).

One hundred and seventy-four preterm infants were successfully recruited over from
April 2012 until October 2015 to the study. Infants in whom foveal cystic changes were

observed were analysed separately and discussed in Chapter 7.

4.2 Equipment and acquisition of data
4.21 Introduction

The study was as a collaboration between members of the Ophthalmology Group and
the Neonatal Service. Recruitment of participants was undertaken by a research
neonatal nurse (S Brown, SB), a research ophthalmologist (Dr A Patel, AP) and the
author (SA). Acquisition of images for the study was conducted by the author (SA) and
AP from 2012 to 2015. Facilitation of access to preterm infants and their parents was
achieved through co-ordination by the Neonatal Department (Head of Service Dr

Jonathan Cusack, Dr Joe Fawkes and Deputy Sister Hima Thanki).

Over 1000 raw OCT foveal image data were reviewed and images selected by SA for
analysis in JPEG format for segmentation. Segmentation macros and ‘difference of
gaussian’ foveal width measurement tools were developed by Dr Proudlock, images
were segmented and analysed by SA (further details to follow) and masked observers

included two ophthalmologists (AP and Dr H Lee, HL).

Data were stored on Microsoft Excel workbooks, cleaned and grouped by SA. The
exploratory statistical analysis was undertaken by SA and discussed with Dr Proudlock
and Dr Nath (Senior Biostatistician). Linear mixed regression modelling was developed
by Dr Nath through a collaboration with the SA over a period of four years and resulted

from regular discussion regarding the preliminary statistical analysis and clinical
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interpretation by SA for all three research aims. Dr Proudlock developed the foveal
movie (https://www.dropbox.com/s/z2vo8qdI0t5blli/video%201%20.avi?dI=0)
(videol) and guided SA on the process for composition of moving schematic images

from the data using Microsoft® Excel.

4.22 General principles of OCT

Optical coherence tomography (OCT) of the retina permits in vivo visualisation of the
retinal layers possible through the use of computer algorithms. The technology is

based on the principle of interferometry (Schmitt 1999).

Interference is a physical phenomenon in which energy in the form of two waves
collide with one another. The resultant wave of greater or lower amplitude forms a
pattern where energy levels (intensity) reach a minimum or a maximum and anything
in between. If the waves come from the same energy source or have similar
wavelengths the interaction of the waves may be described as coherent or incoherent

depending on the interaction.

Constructive interference occurs when the maximum of one wave meets the
maximum of another wave, and the displacement of the two maxima is the sum of the
individual waves at the same point. Destructive interference is the opposite when the
maximum of one wave collides with the minimum of the second wave so that the

combined displacement is zero.

The difference between constructive and destructive interference depends on the
difference between the waves and these differences are known as phases. The
pattern/intensity of interference can map out the difference in the phase between the

two waves.

Instruments that use this principle essentially transmit light (known as the sample
light) on to the object of interest e.g. retina, and measure the interference when the
sample light is reflected back towards a reference light. The ‘back scattering’ of the
light will vary according to the difference in structure of the tissue sample, since each
tissue component will demonstrate varying optical properties. As a result of this, the

time taken for the light to backscatter will also vary and the differences in the time for
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structures, known as a delay or echo, may then be measured, giving an outline for the

structure of interest.

The reflected sample light and the reference light must have similar light paths or
optical lengths determined by the wavelength of the light being used otherwise a
sufficiently useful interference pattern is not produced. This is known as the coherence
length, or distance between which the two waves may interact, in order that
interference is produced. The coherence length of light is indicative of the bandwidth
of the light source. OCT devices state the bandwidth of their light sources so that the

resolution capability may be specified.

Resolution depends on the coherence or the wavelength/bandwidth of light being
used because if there is a larger difference travelled by the different arms of reflected
light than the wavelength of the light used, interference will be poor or absent. A high-
bandwidth light source has a very low-coherence length, and a low-bandwidth light

source has a very high coherence length (Fujimoto et al. 2000).

High or broad bandwidth light with low coherence length, typically near-infrared, is
preferred in OCT. The longitudinal resolution, governed by the coherence length, is
inversely proportional to the optical bandwidth of the light source so that as the
coherence length decreases, smaller spaces and higher axial resolution is possible.
Tissue that reflects back a lot of light will create greater interference (more intensity)
than areas that do not. This appears bright on OCT images, such as retinal nuclear

layers while fibre layers such as the plexiform layers appear less bright.

This reflectivity profile or axial depth scan, called an A-scan, contains information
about the spatial dimensions and location of structures within the tissue of interest. A
cross-sectional tomograph known as a B-scan may be achieved by laterally combining a
series of axial depth A scans. This is shown in Figure 4.1 which illustrates the
orientation of A-scans, stacked against each other to create the B-scan. The B-scan

represents a cross-section of the fovea. The en-face view is also shown in Figure 4.1.
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En face view

Y AXIS

A-scan

Z- axis
Aan

composed of 3
A-scans
X AXIS

B scan of fovea

Figure 4.1 Schematic with original infant OCT image showing orientation of A-scans, B scans and en-
face view of foveal depression. 3-D foveal image courtesy of Dr M Thomas and Prof Gottlob.

Spectroscopy is the technique of separating different components of electromagnetic
emissions and measuring the intensity of those components e.g. different wavelengths
in light source such as white light or light from a torch or from crystals etc.
Monochromatic spectroscopy is where one wavelength at a time is measured by

blocking all the others. This can be time consuming.

In spectral domain (SD) OCT, different wavelengths are used to obtain as much detail
as possible about the tissue using the various wavelengths to produce multiple

interference intensities.

In order to detect the many wavelengths, Fourier analysis is used. A Fourier Transform
is a mathematical method of analysing different components of a sinusoidal wave so
that individual components may be isolated and decomposed into an algebraic
equation. Points in the signal are now simpler to remove or detect which is particularly
useful where a waveform is complex such as a high bandwidth light wave that contains

many sinusoidal forms/wavelengths similar to that used in SD OCT.
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4.23 Hand-held OCT device and image acquisition

Imaging was performed at 1 to 2 weekly intervals after dilation of pupils in preterm
infants recruited from the weekly ROP screening ward round as described above.
Imaging of the supine preterm infant participants in the study was performed using a
portable (hand-held, HH) non-contact SD-OCT device, the Envisu™ C-Class OCT (Leica
Microsystems). The device is shown in Figure 4.2. The hand- held probe is positioned
vertically over the supine infant’s eye, while the en-face view and cross-sectional B-

scan images are seen on the device screen.

: Screen with B-
| scan view
gl <~ (left), en-face

view (right).

+~—— HHSD-OCT —)
Device

infant HH SD-OCT device probe

Figure 4.2. Envisu C-class portable hand-held spectral domain optical coherence system (Leica
Microsystems). The infant is swaddled by research nurse (SB) while the probe is directed vertically over
the infant’s eye by the operator (SA). The desired image is viewed on the device screen before capture.

The Envisu C2300-VHR (very high resolution of 3-5um) OCT has a 2.5mm imaging
depth in tissue. VHR has a broad optical bandwidth and the broader/higher the
bandwidth, the greater the resolution achieved. As discussed earlier, this is due to the
reduced coherence length, because as coherence length decreases, smaller spaces are

visible and more detail is captured on the image.

The HH SD-OCT may be customised for use depending on the requirements for
imaging. It has a supine and upright facility; supine settings were used for infant

imaging as shown in Figure 4.2 where the infant is being imaged in the supine position.
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Optimisation of B scan quality is a balance between speed of acquisition and the
number of A scans acquired per B scan. Therefore, scans were customised for imaging
the macula to obtain a single high-quality scan at the central retina. This sequence was
chosen because it has a high B-scan density with the aim of getting the best central

foveal scan.

The rectangular (raster volume) scan consisted of a series of parallel B scans with 500
A scans (each A-scan having a width of 25um) for each B scan, and 100 B scans (each
having a width of 50um) over a 5.0 mm x 10.0 mm area (see Figure 4.1 to review
orientation of B-scan and A-scans). The total scan time was 2.9 seconds (or 5.8

milliseconds per B scan).

The width of 10 mm allowed the optic nerve to be captured in order to use it as a

landmark to locate the fovea particularly in very young infants where the location of
the fovea was not always evident on the B-scan view while acquiring the image. This
was useful where the foveal depression was shallow and the imaging time was brief.

En-face views aided in centering the B-scan capture.

A reference arm on the HH SD-OCT device allowed adjustments according to a
Standard Reference Table as described by Maldonado and colleagues (Maldonado et
al. 2010). The lateral distance settings (defined for adults on the machine) were
corrected to account for the smaller axial lengths in the infant population using a
conversion table according to PMA and GA from the data presented by the study
authors. The authors recommended optimising scans with respect to the paediatric
eye due to the impact of refractive error and axial length on magnification and field of
view when using HH SD-OCT. This was based on the calculated optical parameters
(refraction, axial length) as functions of age for infants by analysing the literature on

eye growth in this group and developing a theoretical eye model for preterm infants.

53



4.24 Challenges with image acquisition

In the main, images became easier to acquire after an initial learning curve which
involved the operator becoming familiar with the weight of the probe, the distance
that the probe was held above the infant eye and recognizing the central ocular

landmarks of the optic nerve and adjacent central retina.

A number of challenges in image acquisition were encountered initially at the
commencement of the study which are detailed below. This resulted in a greater
number of participant images being excluded due to image quality in the early months
of the study. Subsequently, solutions were developed to maximise image acquisition
which gradually became less problematic with recognition and the number of

successful images increased in the first year of the study period:

A time of 10 minutes per eye was set to limit the stress of handling for each baby and
to enable the ROP ward round to continue smoothly. In the initial 6 — 12 months this
resulted in less images being acquired per ward round but image acquisition became

faster with practice.

Access to the infant — a significant number of infants were kept in incubators and were
too frail to be moved on to a table top. This limited access to the infant due to the
weight and size of the probe. However, with practice holding and using the probe, this

became negligible.

Access to the eye - intubated babies or babies on supplemental oxygen use continuous
positive airway pressure (CPAP). This is shown in Figure 4.3 below. CPAP interfered
with maintaining the probe upright. In addition, the water vapour created by this
airway method needed constant wiping of the probe lens during image acquisition.
This further lengthened the time necessary to complete imaging which was particularly
difficult for the smaller sicker infants who were unstable. However, CPAP also
interferes with ocular examination during ROP screening and the CPAP mask may be
angled laterally without interfering in oxygen delivery during ocular examination.

Similarly, this was found to be an effective strategy in OCT image acquisition with the
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aid of an assistant who lubricated the ocular surface and wiped the probe lens prior to

image capture.

Movement of the eyes or head - Despite the speed of image acquisition, rapid or
frequent movements of either the eyes or head resulted in poor quality scans or
prolonged times in image acquisition, which in some cases had to be abandoned.
Thirty-six percent of all participant’s images were unsuitable for analysis due to poor

quality or inaccuracy.

Figure 4.3 Preterm infant with continuous positive airway pressure (CPAP) mask. University Hospitals
of Leicester NHS Trust, England.

4.3 Image processing and analysis
4.31 Images

Captured images were saved as raw spectral data (OCT files) from which processed
files could be loaded for viewing using ImagelJ software with customised macros
supplied by the manufacturer. We aimed to acquire five HH-OCT images per infant per
eye. Repeated longitudinal images from each infant from 31 till 44 weeks PMA were

included in the study and analysis.

Using HH OCT, in premature infants, the outer retina is poorly developed but the inner
retina is proportionally thicker and forms a continuous band across the foveal location

(Maldonado et al. 2011). A foveal depression may be identified on close inspection,
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and successful identification of the fovea was achieved by examining 5 uninterrupted B
scan images on either side of the B -scan image with the deepest point in the central

retina (Lee et al. 2013) as shown in Figure 4.4.

superior to fovea

fovea B

inferior to fovea

Figure 4.4 Sequence of 11 uninterrupted B-scans. A — superior to fovea, B- Fovea (deepest depression,
scan chosen for analysis), C — inferior to fovea.

Figure 4.4 shows five sequential images superior to the fovea (panel A), deepening of
the foveal depression to maximum (panel B) and 5 images with decreasing foveal

depression (panel C) as the sequence moves inferior to the fovea.

From the HH-OCT scans acquired for each infant, those with the brightest and clearest
components on retinal scanning were chosen for analysis. The most suitable images
were saved as JPEGs and each image was labeled with a unique identifier including the
date of acquisition, the laterality (right or left) and PMA. This was done so that original
raw unprocessed spectral image data could be identified from a JPEG if further

evaluation or repeated review was necessary.
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4.32 Image Segmentation

Analysis of the JEPG images was performed using Image) software (U.S. National
Institutes of Health, Bethesda, MD) and customised layer segmentation macros after
flattening of JPEG images using Bruch’s basement membrane as a reference line and

translating individual A-scans vertically.

Figure 4.5 shows a B- scan image (A) which has been flattened (B) prior to analysis. The
boundaries include the foveal contour (ILM), the individual retinal layers and the
junction between the retinal pigment epithelium (RPE) and the choroid. An example of

the results of segmentation of the image is shown in schematic form (C).
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Figure 4.5. A. Original optical coherence tomograph B- scan of the right foveal depression. B shows the
same scan after flattening of the image. The image has been flipped horizontally so that the optic nerve
is now located on the left. C depicts a schematic of individual retinal layers after image segmentation with
each layer identified on the right vertical axis, the axial distance or thickness in microns of each layer on
the left vertical axis. The location of each layer as a distance on either side of the fovea in microns is shown
on the horizontal axis. Nasal is left and temporal is right of the fovea.
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Boundary detection of the ILM was performed using semi-automatic segmentation
where automated detection utilised the ImageJ plugin ‘ABSnake’ for the ILM and other
border layer edges were identified using a manual process locating points on the
border which were fitted with a cubic spline. Fine adjustment of the fitted line was

used to generate the final segmentation.

As mentioned above, the lateral scaling of each image was estimated using previously
reported pediatric axial length data due to the change in axial length from 32 to 40
weeks postmenstrual age (15.44 to 16.84 mm respectively) (Maldonado et al. 2010)

and based on information provided by the manufacturer.

Manual segmentation defined layers according to the reported literature (Toth et al.
1997; Pons and Garcia-Valenzuela 2005; Srinivasan et al. 2008; Spaide and Curcio
2011; Dubis et al. 2012; Vajzovic et al. 2012; Kafieh, Rabbani, and Kermani 2013;
Staurenghi et al. 2014). Individual layer thicknesses were calculated between border

edges using Imagel and Excel macros.

Details of the retinal layer border definitions used in the study analysis are shown in

Table 4.1.
Retinal Pigment Epithelium RPE Upper RPE border to lower RPE border
Retinal thickness RT Internal limiting membrane (ILM) to upper RPE border
Retinal nerve fibre layer RNFL ILM border to upper GCL border
Ganglion cell layer GCL Lower RNFL border to upper IPL border
Inner plexiform layer IPL Lower GCL border to upper INL border
Inner nuclear layer INL Lower IPL border to upper OPL border
Outer plexiform layer OPL Lower INL border to lower border of OPL
Photoreceptor complex PRC Lower border of OPL to upper border of RPE
Inner retinal thickness RT Inner RNFL+GCL+IPL+INL
Outer retinal thickness RT Quter | OPL+PRC

Table 4.1 Retinal layer borders and definitions used in the study.

The choroid was identified and segmented from the outer border of the RPE to the
inner scleral border/outer border of the choroid (Spaide, Koizumi, and Pozzoni 2008;
Moren et al. 2013; Bidaut-Garnier et al. 2014). The choroid is more visible in infants,
due to the decreased density of the pigment in the RPE during development (Robb
1985).
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4.33 Difficulties with Segmentation - the developing outer retina

Previous reports using HH SD-OCT describe that the inner retinal layers are generally
present across the central retina in preterm infants from 30 weeks’ postmenstrual age
(Maldonado et al. 2011; Dubis et al. 2012; Vajzovic et al. 2012). Good quality images
were considered to be those where the inner retinal borders were detected. Images

where the inner retinal borders could not be defined were therefore discarded.

In the developing outer retina, a border was labelled absent if it was not present
where the image was of good quality. Borders were labelled as missing where an edge

was present but uneven or incomplete.

Outer retinal borders including the external limiting membrane, ELM (also known as
the outer limiting membrane), and the previously labelled IS/OS (inner /outer
segment), now called the ellipsoid zone (EZ) (Staurenghi et al. 2014) were challenging
to detect. This was partly due to the delayed maturation of the photoreceptor layer in
very preterm infants (Vajzovic et al. 2015) and partly because the outer retina is
rudimentary before term and in early infancy (Yuodelis and Hendrickson 1986; Dubis et

al. 2012; Vajzovic et al. 2012; Lee et al. 2015).

Defining the lower border of the outer nuclear layer depends on the detection
/presence of the ELM border. In many early gestation infants compared with later born

infants, the ELM was absent. An example is shown in Figure 4.6 below.
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GA 23 weeks female no ROP right eye GA 27 weeks male no ROP right eye

Figure 4.6. Hand-held optical coherence images of two separate preterm infants acquired at mean
postmenstrual age 36 weeks. The green arrow denotes the external limiting membrane, the red arrow
points to the location of the photoreceptor layer. The ELM is not visualised on image A. GA — gestational
age, ROP — retinopathy of prematurity

Figure 4.6 illustrates that the ELM is not always visualised in OCT images of preterm
infants in the preterm period. The outer nuclear layer (ONL) is defined from the lower
border of the OPL to the upper border of the ELM, but where the ELM is missing, it is
not possible to define the ONL. As a result, analysis of ONL thickness, and individual
photoreceptor borders was not possible. Furthermore, the OS could not be identified
in images taken before 42 weeks PMA, and the IS was variably absent centrally.
Therefore, the outer retina to the upper border of the RPE but not including the OPL
was collectively labelled as the Photoreceptor Receptor Complex (PRC) as defined in
Table 4.1. In addition, the presence of a hyperreflective band at the location of the OPL
could be an artifact in the developing retina so the outer retina (OPL+PRC) was used in

the analysis.

4.34 Difficulties with Segmentation — the developing retinal layers

In normal adult retina, automated and manual segmentation has been shown to be
comparable (Bagci et al. 2008), but developing boundaries such as in the premature
retina pose a particular challenge for fully automated edge detection segmentation
tools. Therefore, manual segmentation was used in assessment of retinal layers in this

study. Due to the variation in layer definition especially of the developing outer layers,
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images were inspected for differences between preterm infants by 2 independent
masked observers. Scans were numbered and observers were unaware of the details
of the infant for each image [gender, GA, PMA, and Diagnosis (presence or absence of
ROP)]. The masked observers described integrity of contours for each layer particularly
at the fovea. A binary system of grading was utilised where a change of contour was

recorded as being present or absent, with any additional comments by the observer.

4.35 Examples of the developing fovea and layers with postmenstrual age

The following figures demonstrate the change in visibility of layers with PMA on B-scan

OCT images during development.

Optic Nerve
(nasal)

retinal nerve fibre layer

. . ganglion cell layer
inner plexiform layer —s3

inner nuclear layer

outer plexiform layer outer nuclear layer

ellipsoid zone ~Tmsibein it e alaa sl retinal pigment epithelium

Basement membrane

choroid

Figure 4.7. Early postmenstrual age (PMA) flattened HH SD-OCT B -scan of right fovea. Image acquired
at 31 weeks PMA from preterm infant born at 29 weeks gestational age.

Figure 4.7 shows an immature central retina with shallow foveal depression where the
inner retinal layers cross the fovea. The outer retina is thinner than the inner retina.
The ellipsoid zone (EZ) is just becoming visible peripheral to the fovea but the ELM is
absent on this image. Note that the hyperreflective band labelled as outer plexiform

layer’ could be an artifact in the early preterm developing retina.
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ganglion cell layer

innar plexiform layer

0OPL

RPE

EZ ahsent EZ present

Figure 4.8 Mean postmenstrual age (PMA) flattened HH SD-OCT B -scan of left fovea. Image acquired
at 36 weeks PMA from preterm infant born at 26 weeks gestation age. OPL - outer plexiform layer, EZ —
ellipsoid zone, RPE — retinal pigment epithelium.

In Figure 4.8, the fovea is deepening while the GCL thins centrally. The outer retina is
becoming more distinct as shown by the appearance of the EZ peripherally (white box)
where a hyper-reflective bright layer appears above the RPE, but remains invisible
centrally (white box). This indicates that central photoreceptors, particularly cones
which are located at the fovea, remain rudimentary. A dark line between the EZ and
the RPE in the periphery indicates the appearance of early photoreceptor outer

segments. The ELM is present above the EZ peripherally (not marked).

- Optic Nerve
(temporal) (nasal)
external limiting
membrane
OPL

elipsoid zone

Figure 4.9 Late postmenstrual age (PMA) flattened HH SD-OCT B -scan of right fovea. Image acquired
at 42 weeks PMA from preterm infant born at 26 weeks gestation age. OPL - outer plexiform layer.
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In Figure 4.9 the most notable feature is the presence of a continuous bright band
centrally in the outer retina which correlates to the EZ (double white box) i.e. cone
photoreceptors are now detectable. Note also that the total retinal thickness (RT)
nasal and temporal to the fovea is increased (vertical dotted line shows the nasal RT).
The thickness of the outer retina and inner retina is similar and the central cone
photoreceptor outer segments appear centrally as a hypo-reflective band sandwiched
between the EZ and RPE hyper-reflective bands. The ELM is now visible across the

fovea.

The figures above show the changes at the fovea with PMA but do not indicate if there
are differences between infants born at different gestational ages, birthweights or if
presence or absence of the diagnosis if ROP influences the layers or foveal depression.

This will be explored further in the following chapters.

4.36 Foveal morphology measurement

There is currently no standard methodology regarding the measurement of foveal
shape dimensions but mathematical models have been described utilising a principle

known as ‘Difference of Gaussians’ (DoG) (Basu 2002).

The fovea was modelled using a DoG customized fit based on previous literature
(Dubis, McAllister, and Carroll 2009; Liu et al. 2016) and analysis of the images was
performed using customized layer segmentation macros written in Imagel software
(United States National Institutes of Health, Bethesda, MD, https://imagej.nih.gov/ij/,
downloaded on December 2013). Foveal parameters included width, area and depth,
central foveal thickness, steepest slope of the foveal wall and parafoveal retinal

thickness (see Figure 4.12 below, p67).

Foveal shape dimensions were analyzed using an enhanced model based on the model
described by Dubis et al (Dubis, McAllister, and Carroll 2009). Using DoG methodology,
the authors assumed a symmetrical foveal diameter (rim to rim) but recognised that
there can be differences in height between the nasal and temporal rim. Foveal shape

varies with age, race and gender (Nesmith et al. 2014; Wagner-Schuman et al. 2011;
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Shin et al. 2015) and asymmetry of measurements has been shown in population-
based studies of young children (Huynh et al. 2007). Liu et al (Liu et al. 2016) described
a flexible piecemeal Gaussian fit to improve accuracy where foveal pit asymmetry
exists while Scheibe et al (Scheibe et al. 2014; Scheibe et al. 2016) developed a 3-
dimensional one-sided fovea contour fit in order to model asymmetric foveal shape. In
an effort to overcome the variations in foveal shape, Moore et al (Moore et al. 2016)
presented an algorithm called ‘FOVEA’ to quantify variations in foveal slope, width and
depth using images (histology or OCT) in order to study comparative dimensions

between vertebrates.

Since the fovea is asymmetric as reported by Liu (Liu et al. 2016) we modelled the nasal
and temporal aspects of the fovea separately. The DoG fits were calculated using
Solver, an add-in tool in Excel, (Microsoft Corporation, Seattle, USA). The aim of the
Solver Tool was to reduce the root sum of squares of the differences between the
actual and fitted values by adjusting the height and width terms of the Gaussians. An
additional term was added to reduce the error between the bottom of the foveal pit
values and the nasal and temporal fit. The starting points approximate to typical foveal
profile consisting of a narrower inverted Gaussian which mainly fits the pit and a wider
non-inverted Gaussian which mainly fits the parafovea. For consistency, this method
was used on all images including those where the parafovea was fitted with a non-

inverted Gaussian.
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Figure 4.10 Difference of Gaussians using Solver tool. Fitted data graph shows 3 foveal internal limiting
membrane (ILM) contours. The original is grey and superimposed is the assumed symmetric Gaussian
(fit all, in red) and the asymmetric nasal - temporal fit (fit NT, in blue). The first derivative graph
illustrates the maximum rate of change (blue arrows) using symmetric and asymmetric fitting technique,
the third derivative graph indicates the points where the rate of change in contour was minimal (blue
stars).

The model we developed used two halves of the foveal shape (nasal and temporal)
through modelling the nasal and temporal retina separately (flipping the profile of

each around the foveal centre by 180 degrees).

In the model by Liu (Liu et al. 2016), the two rim points that determine the maximum
diameter of the foveal depression were taken to be at the highest points on the two
sides of the pit. This was determined from points of inflection where the direction of
the ILM changes direction. However, in many preterm infant images, the foveal
contour continues to increase beyond the foveal rim. An example is shown in Figure

4.11.
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width

Figure 4.11 Example of preterm infant flattened HH SD-OCT images of the foveal pit showing
continuation of internal limiting membrane (ILM) beyond width edge. The image on the left is at 34
weeks PMA, and on the right at 36 weeks PMA. The ILM contour continues to rise (red arrows) beyond
the measured width which ends at the vertical dotted line.

Therefore, in the developing retina, the inverted Gaussian has an upper constraint on
width since the wider Gaussian fitting of the parafovea, which extends beyond the

edges of the fovea, can also follow an inverted profile in contrast to adult retina.

A calculation of the rate of change of the foveal slope using the changes in the ILM
contour was used. A rate of change is known as the first derivative and where the ILM
contour (i.e. slope) change is minimal is a good approximation of where the foveal rim
begins. This is seen in Figure 4.12 which illustrates the equivalent 1%t derivative of the

foveal ILM.
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Figure 4.12 (A) Foveal parameters are shown with respect to an original optical coherence
tomography B- scan image. The nasal and temporal edges of the foveal depression are indicated by (i)
and (iv), and the steepest foveal slope by (ii) and (iii), respectively. Parameters (i-iv) are defined using
first, second and third derivatives of the internal limiting membrane (ILM). These are shown in (B) with
respect to the first derivative of the ILM.

In our model, the rim width measurement using the horizontal lateral scale was the
maximum of the 3" derivative of the ILM profile. This is the earliest indication of the
falling away (minimal slope change) of the ILM to form the foveal pit. This equates to
the points on the first derivative graph where the rate of change in slope is minimal.
Note that these points located nasally and temporally are not identical further

illustrating the asymmetry of the foveal depression.

The blue arrows on figure 4.10 show the maximum nasal (negative) and temporal
(positive) curves which represents the steepest slope angles nasally and temporally in

the foveal pit (Wang et al. 2012b).
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The parafovea is located 1000pum from the foveal centre. The maximum angle of slope
was identified at the point of maximum steepness (blue arrows on figure 4.10). Area

(nasal and temporal) was also calculated.

4.4 Statistics Analysis
4.41 Study design and sample size

This was an observational study (Mann 2003; Mathes and Pieper 2017) with mixed
cross-sectional and longitudinal data conducted from 2012 until 2015. A number of
individuals had only a single observation and others had repeated measurements.
Dynamic changes were described using this approach which is comparable to previous
studies (Maldonado et al. 2011). The analysis of repeated measures required a
predictive model to adjust for both between subject differences, e.g. gestational age,
birthweight, but also within subject variance such as repeated time intervals or right

and left eyes. This is discussed in further detail below.

A provisional sample size was based on detecting a 15% difference in macular thickness
between infants with and without ROP using an online calculator
(https://www.stat.ubc.ca/) using data provided from 62 prematurely born neonates by
Maldonado et al (Maldonado et al. 2011). A sample size of at least 29 infants in each
group (with and without ROP) will be sufficient to detect a 15% difference in macular
thickness (mean thickness 127um, estimated standard deviation 22um in patients

without macular oedema) in each of the groups at a power of 90%.

4.42 Approach to data analysis
The analysis of data was broadly split into:

Descriptive - charts, tests of normality, decision regarding distribution and univariate
analysis (SA).
Exploratory — bivariate analysis (strengths of association), multivariate analysis

adjusting for covariates (SA)
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Predictive and inferential modelling - repeated measures and between/ within subject

variation (SA and Dr Nath).

Descriptive and exploratory analysis was performed by SA using IBM® SPSS Statistics
V22 software (SPSS, Inc Chicago, IL USA), fractional polynomial analysis utilised STATA®
software. Predictive and inferential models were generated by Dr Nath using R

software version 3.4.

Descriptive analyses included summaries of counts/percentages for categorical data
and frequency tables. Tables of groups according to diagnosis of ROP, ethnicity, eye
(right/left), multiplicity of birth, sex, presence or absence of foveal oedema, numbers

of repeated images were used to inform further analysis accordingly.

Univariate analysis consisted of measures of location included the mean/median,
standard deviation, z-score or inter quartile range (IQR) for continuous data.
Histograms, bar charts, box plots and scatter graphs were utilised to visualise the data
initially. Gestational age, birthweight and postmenstrual age were continuous data for
each group, with postmenstrual age repeated measures. For example, Figure 7.3 (see
Chapter 7, p129) plotted presence and absence of foveal oedema for each continuous
variable using stacked histograms. This allowed an estimate of the sample spread and

distance from the centre of the data.

Similarly, for example, the means for individual retinal layers at the fovea were used to
investigate comparisons between the layers between ROP and non-ROP at the fovea
or between the fovea and locations eccentric to the fovea. Initially this was performed
for each PMA (30 to 44 weeks) to explore the changes across PMA for individual layers,
or foveal depth, width, area, central foveal thickness for infants with or without

oedema.

The choice of further analysis testing was based on distribution (normal parametric, or
non-parametric) after initial inspection of the descriptive data determining the
likelihood of normality. An example of how this was calculated is shown below in Table

4.2 which depicts a table of calculations exploring the normality of distribution for
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mean foveal thickness of the PRC between ROP and non-ROP infants.

critical valug 1 critical value 2 28tandard  Estimate 95% range
vaiable  mean(SD)  median mean-median  %diff  shewness[SE) skewnessSE  kurtosis(SE) kurtosis/SE Deviations mean ‘+-' 25D
PRC  ROP 40261338 38% 1.76 4 235(023) 944 8.39(0.467) 179 218 13510 67.06
nROP M22(89 1@ 1.4 367 0609(0.185) 32 0596 (0.368) 181 178 16420 50.02
Normal yes or no?
PRC mean-median mean+-25D shewness  kurtesis  crificalvalue 1 crifical value 2 K-5/5-Wtests plots Decision ttest
ROP low mayhe skewed  abnomal >IN >IN sig notnorma  Mann-Whitney Utest | asymp2 taled
nROP  low yes skewed  moderale >IN >1 moderate sig not normal 000

Table 4.2. Mean and median central foveal thickness of the PRC between infants with and without
retinopathy of prematurity (ROP, nROP respectively). Calculations include the percentage difference
between the mean and median (%diff), magnitude of skew, kurtosis and the estimated 95% range (mean
+ 2 standard deviations). PRC — photoreceptor complex, ROP — retinopathy of prematurity

Table 4.2 illustrates the criteria regarding how a decision was made regarding the use
of either a student’s t-test or non-parametric Mann - Whitney U to compare two
independent samples of mean foveal thickness of the PRC for ROP and non-ROP

infants.

The criteria were based on the estimated 95% range, degree of skew and kurtosis and
the Shapiro-Wilk test of normality plots. Similarly, the means or medians for various
parameters (central foveal thickness, depth, width, area, all individual retinal layers,
oedema types) were analysed for each group e.g. sex, ethnicity, right or left eyes. The
conclusion for the above example was that the mean foveal PRC was not normally
distributed for either group. This approach was used throughout when assessing group

comparisons.

Exploratory statistics comprised bivariate and multi-variate analyses. Bivariate analysis
for continuous data consisted of comparisons between two variables i.e. Student’s t-
test for normally distributed continuous independent sample means or Mann-
Whitney U test for non- parametric data. An example of this approach is the
comparison of central foveal thickness between two groups with foveal oedema
discussed in Chapter 7 and shown in Table 7.4 (see p131). Scatterplots were also used
to visualise data to inspect for possibilities of linear or quadratic trajectories. In the

preliminary analysis, linear relationships were assumed by the author (SA).
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Correlation was utilised to measure the strength of association between two
continuous variables e.g. GA and PMA, or BW and PMA reported by Pearson’s (normal
distribution) or Spearman’s coefficient depended on sample size. Kendall rank
correlation was used for non-parametric continuous data. An example of correlation
calculations between gestational age and the foveal mean thickness of individual

retinal layers is shown in Figure 4.13.

retinal nerve i 0
fibre layer | gestational ganglion ce gestational age
CORRELATION CORRELATION
(RNFL)  |age (weeks) 'ay:é\(;i"’ (weeks)
FOVEA
retinal nerve fiore | Pearson Correlation 1 -.083 Pearson Correlation 1 -.308"
i . ganglion cell layer o
layer (RNFL) sig, (2-tailed) 168 (GCL) FOVEA  Sig. (2tailed) 000
FOVEA N 278 278 N 278 278
. Pearson Correlation -.083 1 . Pearson Correlation| -.308" 1
gestational age gestational age _
(weeks) Sig. (2-tailed) .168 (weeks) Sig. (2-tailed) 000
N 278 278 N 278 278
**, Caorrelation is significant at the 0.01 level (2-tailec).
inner nuclear estational Ilm":r stational
CORRELATION tayer (InL) | 9 CORRELATION plexiform  gestation
FOVEA age (weeks) layer (IPL) | age (weeks)
FOVEA
Pearson Correlation 1 .289" Pearson Correlation 1 -.027
inner nuclear layer : inner plexiform | .
(NL) FOVEA  Sig. (2-tailed) 000 layer (IPL) FOVEA Sig- (2tailed) 851
N 278 278 N 278 278
Pearson Correlation _269" 1 Pearson Correlation -.027 1
gestational age . . gestational age
(weeks) Sig. (2-tailed) .000 (weeks) Sig. (2-tailed) 651
N 278 278 N 278 278

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

Figure 4.13. Example of correlation calculations between gestational age and mean foveal thickness for
inner retinal layers.

The results of correlation were used to inform simple regression models e.g.
correlation results shown in figure 4.13 shows that the GCL and INL are candidates in
investigating of the effect of GA and individual mean retinal layer thickness at the

fovea.

For categorical data, Fishers’ exact test of independence or Chi-square test (depending
on sample size) was applied to the data when comparing two groups such as sex
(male/female), eye (right/left), birth multiplicity (singleton/multiple), ethnicity
(Caucasian/Non-Caucasian) and diagnosis (ROP/nonROP). For example, this approach
was used to explore the presence and absence of foveal oedema between groups

where initial bar charts visualised differences in percentages between groups (see
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Chapter 7, Figure 7.4, p133).

4.43 Multivariate analysis

A one-way repeated measures ANOVA e.g. comparison of the mean retinal layer
thicknesses between categorical factors such as ROP and non-ROP was complicated by
variances between and within subjects such as the time points between
measurements. These were not fixed and identical for all subjects and data with
missing records could not be analysed by repeated measures ANOVA. This then
reduced the overall number of images for analysis effectively reducing the sample size.
In addition, the difference between individuals was not the only random effect
structure for the data, with several other levels, for example, eyes within each subject.

This was not handled well by repeated measures ANOVA.

A simple binary logistic regression was utilised by SA to investigate fixed effects e.g.
BW or GA effect on a dichotomous categorical variable such as foveal oedema type, or
presence or absence of foveal oedema. The simple regression model could not adjust
for other variables such as repeated measures with PMA. However, the results were
used by SA to explore and discuss with Dr Nath possible predictor variables, informing
multilevel statistical modelling that adjusted for multiple continuous and categorical

variables.

4.44 Statistical modelling

The choice of model (s) was determined by a number of problems encountered in

predictive modelling of the data as follows:
e Potential for non-linear change in retinal parameters with time (PMA).

e Comparison of three or more groups that may not follow the same time course

dynamics.

e Several retinal layers measured at multiple locations from the fovea resulting in

the issue of multiple comparisons and increased false positives or Type 1 error. To
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account for multiple comparisons of means, the Bonferroni correction method was

employed so that the overall type 1 error (a) was less than 0.05.

e Visibility of retina layers dependent on development i.e. age at birth and time for

image acquisition of retinal layer (GA, PMA)
e Co-linearity e.g. BW and GA (Tariq et al. 2011)
e Mixed analysis, i.e. categorical and continuous data

e Repeated measures data within the same individual e.g. different eyes, time points

and locations.

e The data were also clustered where responses are measured for each subject but
the subject is part of a group / cluster e.g. presence or absence of ROP within a

group of singletons or for sex.

o Fixed effects e.g. BW, GW and random effects such number of right and left eyes,

or the effect of each individual on the dependent variable (random slope).

e Assumptions of homogeneity of variance (Levene’s test), homogeneity of
regression slopes and normal distribution of continuous variables for each
categorical factor. The accuracy of a given model are reduced when these
assumptions are not met and increase the likelihood of an incorrect statistical

significance.

Fractional polynomial modelling was considered initially by SA based on a model

developed by Dr Helena Lee (personal correspondence).

This was adapted for use in the analysis where layers were initially absent and then
appeared e.g. PRC at the fovea. An example of mean retinal thickness between ROP

and non-ROP is shown below in Figure 4.14 using this approach.
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Figure 4.14. Results of a fractional polynomial statistical model illustrating mean retinal thickness
between non-ROP and ROP for preterm infants at the fovea and eccentric to the fovea for increasing
postmenstrual age between 32 to 41 weeks. The fovea is location ‘0’, negative is nasal and positive is
temporal. ROP - retinopathy of prematurity

However, the presence of several mixed continuous and categorical variables resulted
in some difficulties in interpretation of the relationship between the dependent and
explanatory variables. The fractional model also did not adjust for repeated multiple
observations nor was it possible to determine the effect of gestational age or

birthweight while adjusting for both diagnosis of ROP and postmenstrual age.

The author (SA) collaborated with Dr Nath in developing a multilevel linear mixed
regression analysis. This required a joint approach whereby specific questions relating
to the research aims which had arisen from the literature, along with the data analysis
explored by SA were discussed with Dr Nath. Models were developed accordingly over
time and estimated the effect of a single variable following adjustment of other
variables e.g. effect of GA adjusting for PMA, repeated measures, and diagnosis of ROP
on foveal parameters or individual retinal layers for multiple locations. The result was
that multivariate linear mixed models were used for foveal data, and generalised
additive mixed models were used for retinal data. The difference in model approach
reflected the greater flexibility required to fit the data better in the retinal analysis

which comprised data across many locations from the foveal centre.
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Chapter 5 Foveal Morphology

Chapter 5 addresses the first research aim which was to investigate the effect of
gestational age, birthweight and ROP on foveal shape as measured by the foveal

depth, thickness, width and area.

To recap, earlier HH - OCT studies in preterm infants’ report persistence of inner
retinal layers across the foveal depression, increased thickness of the inner retina,
shallow foveae and reduced depth (Maldonado et al. 2011; Vajzovic et al. 2012; Dubis
et al. 2012; Gursoy et al. 2016). However, since GA, BW and ROP are all strongly
correlated, the relationship between foveal changes observed on OCT with severity of

prematurity and changes associated with ROP remains unclear (Pueyo et al. 2015).

Figure 5.1 shows actual HH SD-OCT right eye images of preterm infants where the
images have been acquired at postmenstrual ages (PMA) 31, 33, 35, 37 and 40 weeks.
The images are flipped horizontally and flattened. For each PMA, two infant images are
shown, each infant has a different gestational age (GA). A number of the infants also

have ROP present or absent (nROP) at the time of image acquisition.

Inspection of the images suggests that the foveal depth and central foveal thickness is
increased and decreased respectively in premature infants who are born later

compared with those born earlier. However, it is not apparent regarding the effect of
ROP on the foveal differences between preterm infants of different GA at similar PMA
from this figure. Some the infants may well have resolved ROP (nROP) by the time the

image was acquired, while others have developed ROP having initially not had any.

It is also not apparent from the figure which retinal layers account for these

differences and that is the subject of investigation presented in the next chapter.
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Figure 5.1. Original hand-held spectral domain optical coherence images of infants acquired at
postmenstrual ages (PMA) 31,33,35,37 and 40 weeks. For each PMA, two images of infants with

separate gestational age are shown. Only right eyes are shown, images have been flipped and flattened.

ROP — retinopathy of prematurity, nROP — no ROP present
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5.1 Methods

The measurement of foveal parameters was as described earlier in Chapter 4 Methods
and illustrated in Figure 4.12A, p 67. As stated earlier, due to the variation of the
developing outer layers, images were inspected for differences between preterm

infants by 2 independent masked observers with 94.6% inter observer agreement.

Multivariate mixed models were generated to investigate the effect of diagnosis of
ROP on foveal parameters described above with PMA, adjusting for the degree of
prematurity (GA and BW) as well as other potential factors that may influence foveal
morphology. Due to the close relationship of GA and BW in our infants with and
without ROP where we found a high correlation coefficient between GA and BW
(r=0.70, standard error=0.08) , we fitted separate models for all response variables
incorporating either GA or BW as a predictor to adjust for the effects of GA or BW
(Tarig et al. 2011).

Statistical multivariate models were generated to model changes in foveal parameters
with PMA and to identify significant differences made by the absence or presence of
ROP in each infant. To explore the influence of different predictor variables on the
foveal morphology (response variable), we employed a separate linear mixed model
for each of the following foveal variables: (i) width, (ii) area, (iii) depth, (iv) central
foveal thickness (CFT, defined as the distance between the internal limiting membrane
at the deepest point of the foveal depression and the upper border of the retinal
pigment epithelium), (v) slope (maximum slope nasally and temporally), as well as, (vi)
retinal thickness (RT) at the parafovea (1000 um from the foveal centre). We also
investigated the statistical effect of nasal and temporal location on all foveal variables

except for foveal depth.

Additional predictor variables for the model were: sex (male and female), ethnicity
(Caucasian and Non-Caucasian), multiple birth (yes or no), and eye (right or left). Our
rationale for choosing these additional factors was based on the reported literature
describing differences between the sexes in prematurity and incidences of ROP in
ethnic groups and in multiple births (Ingemarsson 2003; Aralikatti et al. 2010; Friling et
al. 2007). Foveal asymmetry was also explored by comparing nasal and temporal

measures of steepest slope of the foveal wall and parafoveal retinal thickness.
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All continuous variables, GA, BW and PMA, were centred by taking the deviation from
the mean (mean GA=27.55 weeks, mean BW=1083.18g, mean PMA=36.20 weeks). In
order to determine the separate influence of diagnosis of ROP, prematurity (GA, BW)

or PMA on foveal morphology, two-way interactions were also investigated.

All models included a random intercept and random time-specific slope for each infant
thereby accounting for random effects. The overall statistical significance of a
categorical or continuous variable in a linear mixed model was assessed using the F-
statistic where the denominator degree of freedom was calculated using the Kenward
and Roger method (Kenward and Roger 1997). To determine the statistical significance
of a predictor or interaction term, we considered type 1 error rate as less than 0.05
(p<0.05). All statistical analyses were carried out using the R software, version 3.4 with

appropriate packages (Ime4, ImerTest, multcomp, ggplot2) (R Core Team, 2017).

5.2 Results

One hundred and seventy-four preterm infants were recruited to the study over 42
months (91 males, 83 females). Poor quality images for both eyes were discarded with
the result that data could not be analyzed for 62 participants (36%) (31 males, 31
females). A further 25 infants (14%) developed cystic appearances (identical to cystoid
macular edema) of the central retina (Maldonado et al. 2011; Vinekar et al. 2011; Lee
et al. 2011; Maldonado et al. 2012; Dubis et al. 2012; Erol et al. 2014) distorting foveal
structure and these infants were also excluded from the foveal morphology analysis.

Details are shown in table 5.1.

Recruited [Included [Excluded |Cystic Change

Total 174 | 87 (50%) | 62 (36%) | 25 (14%)
Sex M/F 91/83 47/40 31/31 13/12

Table 5.1 Recruited participant details.

The remaining 87 participants (47 males, 40 females) and 278 images were analysed in

the study. Fifty-seven infants (65%) never had ROP at any imaging session, while
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nineteen infants (22%) had ROP recorded at every imaging session and eleven infants
(13%) had ROP on at least one imaging session. In this last group (mixed ROP/no ROP),
seven infants developed ROP in one eye, whereas one infant developed ROP in both
eyes. In two infants the ROP regressed spontaneously and another infant initially had
no ROP recorded which then developed into ROP and then subsequently

spontaneously regressed. Details of the infant cohort are shown in table 5.2.

Always had  Never had Mixed
ROP ROP (ROP or
no ROP)
Number of children
Total 87 (100%) 19 (22%) 57 (65%) 11 (13%)
Male 7 33 7
Female 12 24 4
Caucasian 9 29 4
Non-Caucasian 10 28 7
Single birth 14 52 9
Multiple birth 5 5 2
Mean (+ SD) 'GA, BW, PMA
GA (weeks) 26.1+1.98 28.6£2.43  26.6:+1.79
BW (grams) 807+170 11544423 8641179
PMA (weeks) 36.5+2.63 36.1#2.45  36.0+3.18
Number of images
Total 278 (100%) 73 (26%) 156 (55%) 49(18%)
stage 1 12 - 11
stage 2 57 - 17
stage 3 4 - 2
Right eye 40 73 12 ROP
10 no ROP
Left eye 33 83 18 ROP
9 no ROP

Table 5.2 Participant and image characteristics.GA — gestational age, BW — birthweight, PMA —
postmenstrual age

Further summary details of (i) number of successfully analyzed repeated images and

(ii) details of ethnicity, multiplicity and sex and (iii) characteristics according to BW and

GA are shown in tables 5.3, 5.4 and 5.5 respectively.
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Imaging sessions Number of Number of
infants images
1 19 19
2 25 50
3 12 36
4 11 44
5 5 25
6 7 42
7 2 14
8 6 48
Total 87 278

Table 5.3 Number of infants and imaging sessions.

Ethnicity
PMA at Exam GA at Birth (weeks) Birth Weight
(weeks) {grams)
Non- . Non- . Nan- .
caucasian Caucasian caucasian Caucasian caucasian Caucasian
Total 46 41 46 41 46 41
minimum  31.29 31.57 23.43 24.00 635.00 500.00
maximum 41.85 41.85 35.71 34.00 3540.00 1750.00
mean 3573 36.25 27.84 28.59 1076.52 1090.66
SD 2.76 247 2.70 248 498.32  341.39
median 35.71 36.85 27.93 28.71 970.00 1100.00
p value p=0.36 p=0.18 p=0.88
Multiplicity of birth
PMA at Exam GA at Birth Birth Weight
(weeks) (weeks) {grams)
single  multiple single  multiple single  multiple
birth birth birth birth birth birth
Total 75 12 75 12 75 12
minimum  31.29 31.57 23.43 24.43 500.00 555.00
maximum 4185 40.00 35.71 2957 354000 1370.00
mean 35.99 35.86 28.32 27.42 1093.23 1020.42
SD 2.54 3.26 2.72 1.67 44978 272.30
median 36.43 35.71 28.57 27.21 1042.00 1025.00
p value p=0.89 p=0.13 p=0.45
Sex
PMA at Exam GA at Birth Birth Weight
{weeks) {weeks) (grams)
All
infants Female Male Allinfants Female Male Allinfants Female Male
total 87 40 47 87 40 87 40 47

minimum  31.00 31.57

SD 2.64 2.33 2.85 2.61 273

median 36.00 35.78 36.71 28.43 28.29 28.71
p value p=0.27 p=0.25

31.29 23.43 2343 2429
maximum 43.85 39.57 41.85 35.71 34.71 35.71
mean 36.20 35.63 36.36 28.19 27.84 28.49

500.00 555.00 500.00
3540.00 3540.00 2430.00
1083.18 1037.67 1121.91
42918 509.79 347.41

1042.00 915.00 1120.00

p=0.38

Table 5.4 Summary statistics on preterm infants according to ethnicity, multiplicity of birth and sex. PMA
= postmenstrual age, GA = gestational age, SD = standard deviation.
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Never | Always .
Total ROP ROP Mixed
87 57 19 11
Birthweight
less than 1000 ¢g 40 16 18 7
1000-1499¢g 37 31 1 4
more than 1500 g 10 10 0 0
Gestational age
less than 28 weeks 37 13 17 8
28 — 32 weeks 46 40 2 3
more than 32 weeks 4 4 0 0

Table 5.5 Characteristics of preterm infants according to birthweight and gestational age. ROP —
retinopathy of prematurity. Mixed — infants with ROP that regressed or infants with no ROP that
developed subsequently. g - grams

Figure 5.2 shows predicted mean fits (with 95% confidence intervals) of statistical
models adjusted for GA for: (i) foveal width (figure 5.2B), (ii) area (figure 5.2C), (iii)
depth (figure 5.2D) and (iv) central foveal thickness (CFT, figure 5.2E), and figure 5.3
for: (v) steepest slope of the foveal wall (figure 5.3B) and (vi) parafoveal retinal

thickness (figure 5.3C).

Separate plots are provided where statistical models demonstrate a factor that
significantly affects the foveal parameter (e.g. presence or absence of ROP for foveal

width, figure 5.2B).

81



A. Parameters C. Area

30,0001

Mean foveal area (um?2)
=]
=
(=]
<

20,0001

Central foveal

w
>
(]
w
bS]
w
b
w
v
o
>
w
=3
w
@
w
©
£
o

thickness

Postmenstrual age (weeks)

QARG e At G b s s AN i g Y D. Depth

Mean foveal depth (am)
B

90+
B. Width
601
ROP=No ROP=Yes
301
s 31 % 33 34 35 % I 3B 39 40
i Postmenstrual age (weeks)
o
2 .
3 E. Central foveal thickness
> —
) £
§ 3
£ 600 g =
§
o 150
£
31 32 33 34 35 36 37 38 39 40 31 32 33 34 35 36 37 38 39 40 g 140
Postmenstrual age (weeks) :9
8§ 130
E
@
Q
g 120
Gestational Age (week) == Week 24 = Week 26 == Week 28 == Week 30 §
31 32 33 34 35 36 37 38 39 40

Postmenstrual age (weeks)

Figure 5.2. Foveal parameters (A), predicted mean fits (with 95% confidence intervals) of statistical
models adjusted for gestational age (GA) for change with postmenstrual age (PMA): (B) foveal width, (C)
area, (D) depth, and (E) central foveal thickness. Predicted mean fits are displayed for GA 24, 26, 28 and
30 weeks illustrated using coloured lines, with matching shaded regions representing 95% confidence
intervals of the mean. Absence / presence of ROP was only significant for foveal width and hence plots
for these two conditions are displayed in (B).
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Figure 5.3 Foveal parameters (A), predicted mean fits (with 95% confidence intervals) of statistical models
adjusted for gestational age (GA) for change with postmenstrual age (PMA): (B) steepest slope of the
foveal wall, and (C) parafoveal retinal thickness. The predicted effect of GA on the mean difference in
the parameter is illustrated using coloured lines for GA 24, 26, 28 and 30 weeks, with matching shaded
regions representing 95% confidence intervals of the mean. There was a significant difference for
temporal and nasal aspects for both steepest slope and parafoveal retinal thickness. Eye (right or left) was
also a significant factor for steepest slope.
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5.3 Differences between ROP and non-ROP infants

Figure 5.4 (see also figure 5.2B) shows the results of multivariate modelling for GA and
BW on foveal width, with predicted mean fits (with 95% confidence intervals) shown in
Figures 4B and 4D, respectively, and results of statistical modelling shown in Figures 4C
and 4E, respectively. Similar formats are used for foveal area (see figure 5.5), foveal
depth (see figure 5.6), central foveal thickness (CFT) (see figure 5.7), steepest slope of
foveal wall (slope) (see figure 5.8) and parafoveal retinal thickness (pRT) (see figure

5.9) respectively.
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E. Statistical modelling

Change in Foveal Width with Postmenstrual Age (PMA)

Change in Foveal Width with Postmenstrual Age (PMA)

Change per week of PMA with ROP ABSENT  -11.18 £ 4.46 pm
Change per week of PMA with ROP PRESENT  24.96 + 6.92 ym

Change per week of PMA with ROP ABSENT ~ -11.18 £4.46 ym
Change per week of PMA with ROP PRESENT  24.96 + 6.88 um

P values

P values

Change with PMA p=0.01 Change with PMA p=0.01
Interaction between PMA and ROP diagnosis p<0.001 Interaction between PMA and ROP diagnosis p<0.001
Effect of Gestational Age at Birth (GA) on Foveal Width Effect of Birth Weight on Foveal Width

Change per week of Gestational Age 7.66 £4.86 pm Change per 100g of Birth Weight 2.96 £2.87 ym
P value p=0.11 P value p=0.31

Figure 5.4 Foveal width (A), predicted mean fits (with 95% confidence intervals) and results of statistical
models of change in foveal width with postmenstrual age (PMA), adjusted for gestational age (GA) and
birth weight (BW). In (B) the predicted effect of GA on the mean difference in the foveal width is
illustrated using coloured lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded regions
representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for BW 600, 800, 1000,
1200 and 1400 grams. Results of the statistical models are shown in (C) and (E), respectively. Absence /
presence of ROP had a significant effect on foveal width and hence plots for these two conditions are
displayed in (B) and (D).
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Foveal width was the only parameter where diagnosis of ROP had a significant effect,
with a highly significant interaction between absence / presence of ROP and PMA
(p<0.001). Foveal width decreased when ROP was absent, at a mean (+ SEM) rate of -
11.18 + 4.46um per week, but increased when ROP was present at a rate of -24.96 +
6.92um per week (Figure 4B and 4C). This interaction was independent of GA and BW,
neither of which were correlated with foveal width (p=0.11, p=0.30). Exceptions to this
trend were observed in 14.3% of infants without ROP (where foveal width increased
>5% per week) and 18.2% of infants with ROP (where foveal width decreased >5% per
week). For the three infants where ROP regressed, one infant showed an increase in
foveal width (i.e. 25% per week between 32-37 weeks PMA), whereas two infants

remained the same (<5% change per week).

The difference in trajectories with ROP absent and present resulted in a significant
difference for the earliest PMA. On average, when ROP was present foveal width was
76% of the value when ROP was absent at 32 weeks PMA (mean+ SE: 1203.6 +

84.40pum compared to 1584.9 + 77.25um, respectively).

The results for the other foveal parameters as described above are shown (see figures
5.5,5.6,5.7, 5.8 and 5.9, respectively) (see also figures 5.2 and 5.3 to directly compare
changes in parameters with PMA). In contrast to foveal width, absence or presence of

ROP had no statistically significant effect on other parameters.

5.4 Parameters significantly correlated with GA and BW

Both GA and BW were significantly correlated with increasing foveal area (p<0.001,
p=0.004) (see figure 5.5), depth (p<0.001, p=0.001) (see figure 5.6), slope (p<0.001,
p=009) (see figure 5.8) and pRT (p<0.001, p=0.013) (see figure 5.9). However only GA
was a significant predictor for CFT (p<0.001) (see figure 5.7) which decreased with

increasing GA.
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Figure 5.5 Foveal area (A), predicted mean fits (with 95% confidence intervals) and results of statistical
models of change in foveal area with postmenstrual age (PMA), adjusted for gestational age (GA) and birth
weight (BW). In (B) the predicted effect of gestational age on the mean difference in the foveal area is
illustrated using colored lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded regions
representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for birth weights 600,
800, 1000, 1200 and1400 grams. Results of the statistical models are shown in (C) and (E), respectively.
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E. Statistical modelling

Change in Foveal Depth with Postmenstrual Age (PMA)

Change in Foveal Depth with Postmenstrual Age (PMA)

Linear change per week of PMA 6.24 £ 0.56 ym Linear change per week of PMA 6.51 % 0.57 ym
P value p<0.001 P value p<0.001
Non-linear change per week of PMA -0.49 1.6 pum Non-linear change per week of PMA -0.52+16um
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Effect of Birth Weight on Foveal Depth

Change per week of Gestational Age 543+ 1.12pm
P value p<0.001

Change per 100g of Birth Weight 228+0.71 pm
P value p=0.001

Figure 5.6 Foveal depth (A), predicted mean fits (with 95% confidence intervals) and results of statistical
models of change in foveal depth with postmenstrual age (PMA), adjusted for gestational age (GA) and
birth weight (BW). In (B) the predicted effect of gestational age on the mean difference in the foveal depth
isillustrated using colored lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded regions
representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for birth weights 600,
800, 1000, 1200 and1400 grams. Results of the statistical models are shown in (C) and (E), respectively.



A. Parameter

Change in CENTRAL FOVEAL THICKNESS with Change in CENTRAL FOVEAL THICKNESS with

Postmenstrual Age showing the effect of Postmenstrual Age showing the effect of BIRTH

GESTATIONAL AGE at Birth WEIGHT

B. Predicted mean fits (with 95% Cl) D. Predicted mean fits (with 95% Cl)

£ E

z 2 160

0 160- @

8 8

£ £ 150

S 150- ©

£ s

T ®

] 140- @ 140

Q &

® 130 T 130

t £

@ @

Q (1]

120-
qu § 120
= H
K} 32 33 34 a5 36 7 38 3/ 40 kY 32 33 34 35 36 kT 38 39 40
Postmenstrual Age (week) Postmenstrual Age (week)
Gestational Age (week) — Week 24 — Week 26 = Week 28 — Week 30 Birth weight (g) = 600g = 800g = 1000g — 1200g — 14009
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Figure 5.7 Central foveal thickness (CFT) (A), predicted mean fits (with 95% confidence intervals) and
results of statistical models of change in CFT with postmenstrual age (PMA), adjusted for gestational age
(GA) and birth weight (BW). In (B) the predicted effect of gestational age on the mean difference in the
CFT is illustrated using colored lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded
regions representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for birth weights
600, 800, 1000, 1200 and1400 grams. Results of the statistical models are shown in (C) and (E),
respectively.
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Effect of Gestational Age at Birth (GA) on Steepest Slope of Foveal Wall Effect of Birth Weight on Steepest Slope of Foveal Wall

Change per week of Gestational Age 0.009 +0.002 Change per 100g of Birth Weight 0.004 +0.002

P value p<0.001 P value p=0.002

Other predictors Other predictors
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Right eye > Left eye 0.007 £ 0.003 Right eye > Left eye 0.007 + 0.003
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Figure 5.8 Steepest slope of foveal wall (slope), predicted mean fits (with 95% confidence intervals) and
results of statistical models of change in slope with postmenstrual age (PMA), adjusted for gestational age
(GA) and birth weight (BW). In (B) the predicted effect of gestational age on the mean difference in the
slope is illustrated using colored lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded
regions representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for birth weights
600, 800, 1000, 1200 and1400 grams. Results of the statistical models are shown in (C) and (E),
respectively. There was a temporal nasal asymmetry with the nasal wall being steeper. The slope in the
right eye was also significantly greater than that in the left.
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Interaction between PMA and nasal / temporal location p<0.001 Interaction between PMA and nasal / temporal location p=0.001

Figure 5.9 Parafoveal retinal thickness (pRT) (A), predicted mean fits (with 95% confidence intervals) and
results of statistical models of change in pRT with postmenstrual age (PMA), adjusted for gestational age
(GA) and birth weight (BW). In (B) the predicted effect of gestational age on the mean difference in the
pRT is illustrated using colored lines for gestational ages 24, 26, 28 and 30 weeks, with matching shaded
regions representing 95% confidence intervals of the mean. Similarly, this is shown in (D) for birth weights
600, 800, 1000, 1200 and1400 grams. Results of the statistical models are shown in (C) and (E),
respectively. There was a temporal nasal asymmetry with the nasal wall being steeper. There was
temporal nasal asymmetry with nasal parafoveal RT being greater.
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5.5 Other variables

Sex, ethnicity (including and excluding non-South Asian participants in the model) and
birth (single/multiple) were not significant predictors for any parameter in either
model using GA or BW. The steepest foveal slope was greater in the right eye
compared to the left eye (p<0.01) (see SDC 8). The nasal aspect of the fovea was
significantly steeper (p=0.001) and pRT significantly thicker (p<0.001) compared to the

temporal aspect (see SDC 8 and SDC 9) respectively.

5.6 Significant changes with PMA

All foveal parameters had significant dynamic mean rates of change with increasing
PMA using both predictive models (p<0.01). Foveal depth (see figure 5.6), CFT (see
figure 5.7) and steepest slope (see figure 5.8) all demonstrated significant non-linear
changes with PMA that were modelled with a quadratic term. The change in
parameters with PMA are shown dynamically in the video animation (see video 1)
(https://www.dropbox.com/s/z2vo8qdI0t5blli/video%201%20.avi?d|=0) illustrating the
change in the DoG model fits of ILM with increasing PMA for ROP and non-ROP groups.
Particularly noteworthy is reducing foveal width in the group without ROP which is not

apparent in the group with ROP.

5.7 Parafoveal Retina

An inverted Gaussian fitted the parafovea more often in the ROP group (75.7%)
compared to the non-ROP group (55.5%) (Chi-Square test: P=0.001). This may also be
observed in the video animation (see video 1)
(https://www.dropbox.com/s/z2vo8qdI0t5blli/video%201%20.avi?dI=0) where the
parafovea slopes in more towards the fovea in the ROP group, especially at early

PMA:s.
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5.8 Discussion

We show that foveal width demonstrates a different trajectory of development
depending on the presence or absence of retinopathy of prematurity (ROP/non-ROP)
that is independent of gestational age (GA) and birth weight (BW), factors that are
clearly associated with the degree of prematurity. This is evident from a highly
significant interaction between presence of ROP and PMA (p<0.001), due to foveal width
increasing in the ROP group and decreasing in the non-ROP group. Other parameters of
foveal morphology show marked changes with PMA but no differences exist depending

on the presence or absence of ROP when models are adjusted for GA and BW.

Yanni and colleagues (Yanni et al. 2012) studied older ex preterm children (5 to 16
years of age), including ROP, and found shallow, less steep foveae but no significant
difference in foveal diameter compared to full-term born control children. However,
their study had 4 preterm children with no ROP and included 15 children who had

received treatment for ROP.

In contrast, our investigation of preterm infants shows a difference in foveal width
between ROP and non-ROP which is more apparent at early PMA. At 32 weeks, foveal
width in the ROP group is 76% of the width in the non-ROP group. After 32 weeks, foveal
width increases in the ROP group with increasing PMA but decreases in the non-ROP
group. Since this difference is found particularly in early PMA, foveal width may
potentially differentiate between preterm infants that do not need further screening for

ROP from those that do.

5.81 Foveal width as a potential early indicator of ROP

Risk algorithms to identify treatment requiring ROP (type 1 ROP) are based on BW, GA
and weight gain as predictive variables in multivariate logistic regression models
(Binenbaum G et al. 2012). The prospective PINT ROP study (Binenbaum et al. 2011)
investigated such a model in extreme low BW infants, however, one infant with severe
ROP but not requiring treatment was missed. The authors highlight that factors
associated with ROP in univariate analysis were not significant in multivariate analysis

underlining the multifactorial nature of the risk in prematurity. The e-ROP study (Ying
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et al. 2016) developed a model based on GA, weight gain, respiratory support data,
and analysis of colour image findings to predict ROP requiring treatment, producing
risk scores. The results showed that image criteria predicted treatment requiring ROP
better than GA and that this was best at 34 weeks PMA or earlier. In our study, we
analyzed image characteristics using HH-OCT on foveal morphology and GA, BW, PMA
and identified foveal width as an early predictor variable independent of GA and BW.
This suggests that HH-OCT of the fovea is a promising method that could be used with

risk models utilizing GA, BW, weight gain and colour image findings.

5.82 Foveal width, foveal avascular zone (FAZ) and ROP

It has been suggested that differences in the foveal width of older children and adults
with a history of ROP could be related to the size of the foveal avascular zone (FAZ)
(Hammer et al. 2008). The FAZ is determined by an absence of vessels in the macula,
and has been correlated with foveal shape, continuation of the inner nuclear layer
(INL) at the fovea and increased foveal thickness (Yanni et al. 2012; Tick et al. 2011;
Provis and Hendrickson 2008; Chui et al. 2012). Chui et al (Chui et al. 2012) studied 11
healthy adults and found that a smaller FAZ was associated with a thicker, narrower
fovea. A small FAZ has also been noted in children aged between 1 and 17 years of age
with a history of prematurity (Mintz-Hittner et al. 1999). Falavarjani et al (Falavarjani
et al. 2017) compared the FAZ in 15 preterm children (including those with ROP) with
11 age-matched controls between 4-12 years of age using OCT angiography. They
showed an abnormal FAZ in preterm children born less than 29 weeks GA. We found a
significant correlation between earlier GA and increased CFT which is not influenced by
diagnosis of ROP suggesting that prematurity could result in the development of a
smaller FAZ independently of the diagnosis of ROP. Future studies of the inner retinal
layers at the FAZ using OCT during early active development of ROP, may provide more
information to explain the differences we found in foveal width between preterm

infants with and without ROP.
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5.83 Foveal parameters dependant on GA and BW

Previous studies in infants and ex preterm children including ROP, report increased CFT
with ROP which is in contrast to our study, where CFT was independent of ROP.
However, these conclusions are based on studies comparing preterm with full-term
children (Vinekar et al. 2011), small numbers of nonROP children (Gursoy et al. 2016),
treated preterm children with ROP (Maldonado et al. 2012) or retrospective data (Erol
et al. 2014; Ecsedy et al. 2007; Recchia and Recchia 2007).

Our results on GA and CFT in preterm infants are in keeping with previous reports of
older ex preterm children that describe an association between CFT with GA but not
with diagnosis of ROP (Fief3 et al. 2017; Akerblom et al. 2011; Wang et al. 2012b; Tariq
etal. 2011; Bowl et al. 2016). Tariqg et al (Tariqg et al. 2011) showed that both GA and
BW were significant predictors for increased foveal retinal thickness. Similarly, Bowl
and colleagues (Bowl et al. 2016) reported a cross-sectional analysis of RT at the foveal
centre and found inverse correlation between GA and BW with total retinal thickness
in preterm children with and without ROP compared with full - term born children
aged between 6 to 13 years. However, by utilizing separate predictor models, we
found only a relationship for GA and not for BW which is in contrast with these large
studies of older preterm children. This may reflect either a change in foveal thickness

between preterm birth and foveal maturity in childhood or differences in sample size.

Our finding of a greater early GA effect on CFT supports that of Wang et al (Wang et al.
2012a) who suggested that before 28 weeks GA, there is an increased likelihood of
delayed migration of the inner retina away from the foveal centre with persistence of
the inner retina and increased CFT. A recent investigation by Molnar et al (Molnar et
al. 2017) reported a strong association between central macular thickness and GA
before 27 weeks in preterm children, after adjusting for ROP and sex. We also found
that GA interacts with foveal depth similar to Rosen et al (Rosen et al. 2015) who
investigated foveal depth in preterm children aged 6.5 years including ROP. The
correlation of increased CFT and reduced foveal depth with early GA in both preterm
infants and older former preterm individuals, suggests that extreme preterm birth

interferes with the normal mechanisms of inner centrifugal retina migration at the
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fovea.

5.84 Differences due to sex and ethnicity

Adults with normal foveae show differences between race and sex (Wagner-Schuman
et al. 2011), male gender being associated with increased central macular thickness in
preterm children (Rosen et al. 2015). Our results present no differences in foveal
dimensions between Caucasians and Non-Caucasians (including or excluding non-
South Asians) , multiple / single birth infants or sex possibly because changes are not
present in very early foveal development or due to insufficient numbers to reach

significance.

5.85 Asymmetry of the nasal and temporal foveal slope

The results found that the mean foveal slope was greater in right eyes compared with
left eyes. Asymmetry of the foveal slope likely reflects the greater nasal RNFL and GCL
compared with temporally that is observed in developed healthy eyes (Mwanza et al.
2011). However, it is not apparent from the analysis why there should be asymmetry of
slope between eyes. It is possible that lateralisation of foveal dimensions may mirror
asymmetry of brain development (Neveu et al. 2008), although Huynh et al suggest that
normal variations within individuals may include intraocular asymmetry, and our results

could reflect this (Huynh et al. 2007).

5.9 Limitations

Limitations of this study include conducting our study using one horizontal scan
through the central fovea without analysis of the entire volume of the fovea. Also, we
did not incorporate specific systemic confounders in our analysis such as oxygen
therapy, or illness with each individual, and it is known that these may relate to the
severity and development of ROP. In order to adjust for the variability between the
ROP and non-ROP groups for systemic factors, a larger number of participants would

be needed in order to adjust for each disease category and oxygen delivery method.
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A number of infants included in this study (n=19) were only successfully scanned on
one visit, although 78% (n=68) were imaged >2 times and 49% (n=43) infants were
imaged >3 times. To investigate changes with time more systematically it would be

useful to develop a more consistent repeated scanning protocol for future studies.

We also did not incorporate FAZ measurements from fluorescein angiography in our
investigation since we were primarily concerned with modelling foveal morphology
using OCT. The advent of portable OCT angiography in vivo would further our

understanding of the relationship between ROP, the FAZ and the foveal development.

5.10 Conclusions

Foveal width in early PMA appears to have a significant relationship with ROP when
adjusting for GA and BW. Further study may determine if this has the potential to
predict type 1 ROP during screening using HH-OCT. The finding that only GA
significantly influences CFT, supports the view that early birth interferes with inner
retinal migration at the fovea despite continuing development of the fovea. The
EPICure@19 Study (Balasubramanian et al. 2018) has reported a correlation between
increased retinal thickness with a reduction in best corrected visual acuity (BCVA) in
adults born extremely preterm. The BCVA reduction was found to be similar in
untreated ROP and nonROP, suggesting that prematurity and not presence of ROP per

se, has an impact on retinal thickness and vision.

A longitudinal HH-OCT study grading foveal morphology, gestational age and visual
acuity could be useful in understanding the changes that occur during visual

development and in the management of children who are born preterm.
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Chapter 6 Retinal Layers at the Fovea

Chapter 6 addresses Research Aim 2 which was to investigate individual retinal layer

development at the fovea with respect to PMA, GA, BW and ROP.

6.1 Introduction

The fovea is immature in infants and individual retinal layers become visible on HH —
OCT images with increasing maturity (Maldonado et al. 2011; Dubis et al. 2012;
Vajzovic et al. 2012; Lee et al. 2015; Alabduljalil et al. 2018). However, in preterm
infants, foveal immaturity is further manifest by the persistence of inner retinal layers
across the fovea, shallower foveal depression, and a delay in the appearance of the

outer layers (Vajzovic et al. 2015).

In term born individuals, using SD-OCT, the development of the foveal retinal layers
demonstrates a temporal relationship, changing with increasing chronological age. The
GCL, IPL, INL and OPL all decreases from birth until 18 months of age, while the ONL,
inner and outer photoreceptor segments increase until 32.4 months, 26.9 months and
45.3 months of age, respectively. The parafoveal GCL and INL increase from 18 months
until 65.5 months of age while the parafoveal outer retina continues to increase until
146 months of age (Lee et al. 2015). The inner retinal thickness does not change
significantly in the first 5 years after birth, and in the first 24 months, the increasing
CFT is primarily due to the increasing photoreceptor layer thickness (Alabduljalil et al.

2018).

However, ex-preterm children demonstrate a disruption of this process, and have
thicker foveal GCL, INL and ONL in comparison with term born individuals (Park and Oh
2012; Wang et al. 2012b; Bowl et al. 2016) with reduced retinal (Akerblom et al. 2012;
Tarig et al. 2011) and disc (Park and Oh 2015) RNFL thickness. The foveal to parafovea
retinal layer ratio changes from 30 to 42 weeks PMA. This reflects the gradual decrease
of the inner retina at the fovea due to outward migration, and concurrent increase of

the parafovea (Vajzovic et al. 2012). The outer layers are still relatively immature by 42
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weeks PMA and do not yet contribute much to CFT unlike in the first 2 years after birth
(Alabduljalil et al. 2018).

Although the retinal layers change with PMA, the impact of GA on individual retinal
layers at the fovea with PMA measured using SD-OCT in preterm infants has been less
well explored except with retrospective studies in older ex-preterm children (Wang et
al. 2012b). Previously we showed that foveal depth and CFT were correlated with GA,
where younger born infants develop a thicker retina at the fovea and a shallower
foveal depression. This suggests that extreme prematurity interferes with foveal inner
layer outward migration from birth and even after adjusting for changes with time,
persists in older ex-preterm children (Akerblom et al. 2011; Tariq, Burlutsky, and
Mitchell 2012; Molnar et al. 2017). This has been reported to even interfere with visual

acuity (Balasubramanian et al. 2018).

It is unclear which retinal layer(s) may be significantly delayed in the inner retinal
migration associated with early GA and increased CFT. In view of our results (see
Chapter5, Figure 5.7, p89), it is expected that GA will be a significant predictor for
individual retinal layer thickness at the fovea but it is uncertain if some layers are
affected more by prematurity than others, e.g. plexiform compared to nuclear layers.
This could aid understanding of the inner retinal migration process at the fovea in

extreme preterm infants and Chapter 6 will explore this in greater detail.

The effect of ROP on individual retinal layers in the early neonatal period is unclear.
Regressed ROP (treated and untreated) increases the nasal RNFL in ex-preterm
children compared with term born children (Wang et al. 2012b) and in those with a
history of severe or treated ROP (Akerblom et al. 2012) where it has been inversely
correlated with ROP stage (Park and Oh 2015). Regressed ROP ex-preterm children are
also reported to have thicker foveal GCL+IPL, OPL+ONL+IS and OS+RPE layers (Wang
et al. 2012b).

In Chapter 5, we showed that in early PMA, foveal width was followed a significantly
different time course between ROP and non-ROP (see Chapter 5, Figure 5.4, p85). In
this chapter we will also explore the effect of ROP on individual retinal layers in

preterm infants and discuss the results with respect to this earlier finding.
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6.2 Methods

Individual layer thicknesses were calculated between border edges as described earlier
in Chapter 4 (Methods, p57) and based on previous literature (Bagci et al. 2008;
Loduca et al. 2010). Locations were measured from points on either side of the fovea

in increments of 50um, up to 1000um nasally and temporally (Sjostrand et al. 2017).

The individual layers segmented were as follows (Chapter 4, Methods, Table 4.1 p58):
RNFL, GCL, IPL, INL, OutRET (OPL+PRC) and RPE. Predictor variables included PMA, GA
and BW, diagnosis (ROP, non-ROP), sex (male, female), ethnicity (Caucasian, Non-
Caucasian) and multiplicity of birth (single, multiple), eye (right, left). Statistical
analysis was performed as described in Chapter 4 (Methods, statistical analysis, p68)
Statistical significance was considered for p values of less than 0.05. Individual retinal
layers data were explored according to location (at the fovea, and nasal or temporal to

fovea up to the parafovea at 1000um).

6.3 Results

The general demographics have been previously described in Chapter 5 (Results, tables
5.2,5.3,5.4, 5.5, pp78-81). Statistical modeling for left eyes is reported. The
development of individual retinal layers will be under the following sub-sections as

follows:

6.31 reports changes in retinal layers at the fovea with PMA for two models where

either GA or BW were included, respectively.
6.32 reports the effect of GA, BW and ROP at the fovea.

6.33 addresses diagnosis of ROP and foveal width at early PMA

Note the following with respect to interpretation of the results:

- Since GA and BW are closely correlated as discussed in Chapters 4 and 5,

therefore GA and BW results will be reported separately.
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- In order to understand and compare how individual layers change with PMA,
the mean value for either GA or BW is chosen to describe and compare the

changes depending on which factor is included in the model.

Hence section 6.31 of the Results establishes the differences between individual
retinal layers at the fovea with PMA (time) for a preterm with GA or BW included in
the model. The mean value of individual retinal layers with corresponding mean value

of GA or BW is reported accordingly.

Section 6.32 will compare the differences between individual retinal layers at the fovea
with respect to changing GA, or changing BW or the presence of ROP. For this
comparison, a single time point is chosen for comparing the data which is at the mean

PMA.

Section 6.33 will discuss the effect of ROP at a specific time point in early PMA (32
weeks) in order to explore the effect of ROP on foveal width as reported in Chapter 5

(see Figure 5.7 p89).

6.31 Development of retinal layers at the fovea with PMA without adjustment for

gestational age or birthweight

6.31A without adjustment for gestational age or birthweight

Figure 6.1 shows bivariate scatterplots with the line of best fit for CFT and individual
retinal layer thickness(um) at the fovea with respect to PMA from 30 to 42 weeks.

There is a decrease in CFT, RNFL, GCL and INL, and an increase in PRC with PMA.
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Figure 6.1 Bivariate scatterplots of change in individual retinal layer thickness at the fovea (um) with
postmenstrual age (PMA). A line of best fit is shown for each. RNFL —retinal nerve fibre layer, GCL —
ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRET — outer retina, RPE —
retinal pigment epithelium, RT — retinal thickness, CFT — central foveal RT.

Correlation results are shown in table 6.1.

RNFL | GCL IPL INL | OUTRET| RPE
Pearson

. 279" | -260" 012 _280° | 181" 003
postmenstrual | <orrelation
k 9 o

age (weeks) | Sig. (2-tailed) | 000 841 000 002 959

** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

Table 6.1 Correlation between individual foveal retinal layers and PMA. RNFL —retinal nerve fibre layer,
GCL — ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRET — outer retina, RPE

— retinal pigment epithelium
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6.31B Changes in retinal layer thicknesses with PMA for preterm infants with model

including gestational age

Figure 6.2 plots the results of multivariate regression modeling illustrating the change
of mean individual mean retinal layer thickness at the fovea and parafovea with

increasing PMA, from 33, 35, 37 and 39 weeks.

Mean retinal thickness (um)

-1000-500 0 500 1000-1000-500 O 500 1000-1000-500 O 500 1000-1000 -500 0 500 1000
Location (pm)

s RNFL s |IPL OUTRETL

Retinal Layers __ 0| o INL s RPE

Figure 6.2 Plot of individual mean retinal layer thickness (um) at 33,35, 37- and 39-weeks postmenstrual
age for mean gestational age 27 weeks. Examples of original flattened longitudinal OCT images of a
preterm infant are shown above. Fovea (0), nasal is negative, temporal is positive. RNFL —retinal nerve
fibre layer, GCL —ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTERTL — outer
retinal layers, RPE — retinal pigment epithelium.

Corresponding original flattened longitudinal HH -SD-OCT images are also shown

above for illustration. From the figure it is evident that as the fovea deepens with PMA
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there is a decrease of the RNFL, GCL and INL. The PRC increases at the fovea and the

RPE shows marginal changes.

Table 6.2 shows the statistical results of the difference in mean foveal thickness from
33 to 39 weeks PMA for each retinal layer. All retinal layers demonstrated significant
changes with PMA. However, the IPL differences were less significant in comparison
with the other layers at the fovea. The outer retinal layers became thicker at the fovea

with increasing PMA (yellow line on figure 6.2).

Layer Difference p value
(pm)

RNFL -4.47 <0.001

GCL -4.81 <0.001
IPL 0.77 0.08

INL -9.31 <0.001

OUTRet 5.94 <0.001

RPE -1.08 <0.001

Table 6.2 Difference in mean individual retinal layer thickness at the fovea between postmenstrual ages
33 and 39 weeks with p values for mean gestational age 27 weeks. RNFL —retinal nerve fibre layer, GCL —
ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OPL — outer plexiform layer, PRC
— photoreceptor complex, RPE — retinal pigment epithelium.

The differences are further illustrated in figure 6.3 with 95% confidence intervals.
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Figure 6.3 Plot of mean individual retinal layer thickness at the fovea with 95% confidence intervals
between postmenstrual age 33 and 39 weeks for mean gestational age 27 weeks. RNFL — retinal nerve
fibre layer, GCL —ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRETL — outer
retinal layers, RPE — retinal pigment epithelium.

The IPL and RPE show the least difference between 33 to 39 weeks PMA on figure 6.3.

6.31C Changes in Retinal Layer Thicknesses with PMA for preterm infants with model

including birthweight

We found that the changes in mean individual retinal layers at the fovea with

postmenstrual age from 33 to 39 weeks for mean birthweight were similar to those

found for the mean GA. This is shown in table 6.3.

105



Layer Difference b value
(um)

RNFL -4.69 <0.001

GCL -5.10 <0.001
IPL 0.81 0.06

INL -9.19 <0.001

OUTRet 6.51 <0.001

RPE -1.12 <0.001

Table 6.3 Difference in mean individual retinal layer thickness at the fovea between postmenstrual ages
33 and 39 weeks with p values for mean birthweight 1000 grams. RNFL —retinal nerve fibre layer, GCL —
ganglion cell layer, IPL —inner plexiform layer, INL — inner nuclear layer, OUTRet — outer retinal layers, RPE
— retinal pigment epithelium.

There were no differences when BW was included in the model similar to when GA

was included in the model (see table 6.2 earlier).

6.32A. The effect of gestational age (GA) on individual foveal retinal layers

Figure 6.4 plots the results of multivariate regression modeling for individual retinal
layers at the fovea and parafovea for mean PMA between 24, 26, 28- and 30-weeks
GA. Corresponding original flattened longitudinal HH -SD-OCT images are shown above
for illustration. The most noticeable differences at the fovea between GA 24 to GA 30

weeks occur for the INL (p=0.005).
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Figure 6.4 Plot of individual mean retinal layer thickness (um) at gestational ages 24, 26, 28 and 30
weeks for mean postmenstrual age 36 weeks. Examples of corresponding original flattened OCT images
are shown above. Fovea (0), nasal is negative, temporal is positive. RNFL —retinal nerve fibre layer, GCL —
ganglion cell layer, IPL — inner plexiform layer, INL —inner nuclear layer, OURETL — outer retinal layers, RPE
— retinal pigment epithelium.

Figure 6.5 further illustrates the mean values with 95% confidence intervals for

individual retinal layers at the fovea between gestational age 24 and 30 weeks.
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Figure 6.5 Plot of mean individual retinal layer thickness at the fovea with 95% confidence intervals
between gestational age 24 and 30 weeks at mean postmenstrual age 36 weeks. RNFL — retinal nerve
fibre layer, GCL —ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTERTL — outer
retinal layers, RPE — retinal pigment epithelium.

The greatest difference between 24 to 30 weeks GA occurs in the INL and table 6.4

shows this is statistically significant.

Layer Difference p value
(pum)
RNFL -0.28 0.75
GCL -1.07 0.24
IPL 0.26 0.78
INL -3.60 >0.001
OUTRet -0.62 0.50
RPE -0.94 0.30

Table 6.4 Results of the difference in mean individual retinal layer thickness at the fovea between
gestational ages 24 to 30 weeks with p values for mean postmenstrual age 36 weeks. RNFL —retinal nerve
fibre layer, GCL — ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRet — outer
retinal layers, RPE — retinal pigment epithelium.
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6.32B. The effect of birth weight on individual foveal retinal layers

We investigated the difference between two birthweights (750 to 1500 grams) to
explore the effect of BW on individual foveal retinal layers at mean PMA 36 weeks. The

results are shown in table 6.5.

Layer Difference p value
(Hm)
RNFL 0.94 0.18
GCL 0.75 0.28
IPL 2.30 0.001
INL -4.37 >0.001
OUTRet 281 >0.001
RPE 1.02 0.15

Table 6.5 Difference in mean individual retinal layer thickness at the fovea with increased birthweight
750 to 1500 grams with p values for mean PMA 36 weeks. RNFL —retinal nerve fibre layer, GCL — ganglion
cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRet — outer retinal layers, RPE — retinal
pigment epithelium, PMA — postmenstrual age

An increase in BW from 750 to 1500 grams resulted in significantly decreased foveal

INL with increased Outer retina at mean PMA shown in figure 6.6.
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Figure 6.6 Plot of mean individual retinal layer thickness at the fovea with 95% confidence intervals
between 750- and 1500-grams birthweight at mean postmenstrual age 36 weeks. RNFL — retinal nerve
fibre layer, GCL — ganglion cell layer, IPL — inner plexiform layer, INL —inner nuclear layer, OUTRet — outer
retinal layers, RPE — retinal pigment epithelium.
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6.32C. The effect of ROP on individual foveal retinal layers at the mean PMA (36

weeks)

In the previous chapter we reported that there was no statistically significant effect on
CFT for the presence or absence of ROP. Table 6.6 shows the results of the mean
difference in individual retinal layer thickness at the fovea with ROP present compared

with non-ROP at mean PMA 36 weeks.

Difference
Layer fovea p value
{(pm)
RNFL 1.36 <0.001
GCL 2.69 <0.001
IPL 3.35 <0.001
INL -0.19 0.48
OUTRet 5.20 <0.001
RPE 2.14 <0.001

Table 6.6 Difference in mean individual retinal layer thickness at the fovea when ROP is present
compared with ROP not present for mean PMA 36 weeks. RNFL —retinal nerve fibre layer, GCL — ganglion
cell layer, IPL —inner plexiform layer, INL — inner nuclear layer, OUTRet — outer retinal layers, RPE — retinal
pigment epithelium, PMA — postmenstrual age

All individual layers significantly increased at the fovea in the presence of ROP except

the INL.

6.33. The effect of ROP presence at early PMA (32 weeks)

In Chapter 5 our results showed that in early PMA (30 to 33 weeks), the mean foveal
width (diameter) was greater in the absence of ROP compared with presence of ROP

(see Figure 5.4, p85).

The mean foveal width (diameter) with and without ROP for PMA from 30 to 33 weeks
was 1047.3 um + 158.2 and 1480.0 um * 290.1 respectively (p= 0.021). Therefore, we
examined the differences between presence and absence of ROP for individual retinal

layers at 500um nasal and temporal to the fovea (foveal width 1000um).
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Figure 6.7 is a still from the video animation (see video 1)
(https://www.dropbox.com/s/z2vo8qdI0t5blli/video%201%20.avi?d|I=0) showing the
internal limiting membrane (ILM) contour between ROP and non-ROP at 32 weeks
PMA. The difference in foveal width may be seen at -500 um nasal and 500 um

temporal to the fovea (location 0).
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Figure 6.7 ILM contour between ROP and non-ROP for 32 weeks PMA (see video 1). Fovea is locatio

no,

nasal is negative, temporal is positive. ILM —internal limiting membrane, ROP — retinopathy of prematurity

Table 6.7 shows the differences in mean individual retinal thickness for ROP presence

compared with absence of ROP at the fovea, and at -500 um nasal, 500 um temporal

to the fovea at PMA 32 weeks using mean GA. We found similar results when using

mean BW in the model.

Figure 6.8 plots results of INL and Outer retinal layers between ROP and non-ROP at 32

weeks PMA using mean GA.
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Difference Difference Difference
Layer nasal p value | fovea pvalue | temporal | pvalue
500 (um) (1m) 500 {(um)
RNFL -0.38 0.16 1.36 <0.001 -0.55 0.04
GCL 0.95 <0.001 2.69 <0.001 0.78 0.04
IPL 1.62 <0.001 3.35 <0.001 1.44 <0.001
INL -1.93 <0.001 -0.19 0.48 -2.11 <0.001
OUTRet 3.47 <0.001 5.20 <0.001 3.29 <0.001
RPE 0.40 0.15 2.14 <0.001 0.22 0.42

Table 6.7 Difference in mean individual retinal layer thickness when ROP is present compared with ROP
absent: at -500 um (nasal), 500 um (temporal) and at the fovea for PMA 32 weeks. RNFL —retinal nerve
fibre layer, GCL — ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OUTRet — outer
retinal layers, RPE — retinal pigment epithelium, PMA — postmenstrual age
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Figure 6.8 Plot of mean retinal thickness from -1000 um to 1000 um between ROP and non-ROP for INL
and OUTRETL (Y, N respectively) at PMA 32 week. Fovea is location 0, negative is nasal, temporal is
positive. Example of original flattened HH SD-OCT images of ROP (A) and non-ROP (B) infants with mean
GA 27 weeks. Image measurements are not to scale. INL — inner nuclear layer, OUTRETL — outer retinal
layers, PMA — postmenstrual age, ROP — retinopathy of prematurity, HH SD-OCT — hand held spectral
domain optical coherence tomography.
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Table 6.7 and figure 6.8 show that although the GCL, IPL and Outer retinal layers are all
significantly increased at the fovea, and at -500 pm nasal, 500 um temporal to the
fovea, the greatest increases are in the Outer retinal layers. The INL shows a reduction
at -500pum and 500um but the INL shows no statistically significant difference between
ROP and non-ROP at the fovea.

6.4 Discussion

6.41 Overall conclusions

Using HH SD-OCT, we show that from 33 to 39 weeks postmenstrual age, significant
changes are observed at the fovea in preterm infants for all individual retinal layers
except the IPL.

We also show that at the mean time point of 36 weeks PMA, significant differences
exist between the individual layers with respect to early or late GA, low or higher BW
and presence of ROP. This is a comprehensive study separating these closely related
factors in order to understand the differences in greater detail. We report for the first
time, the impact of BW on individual retinal layers at the fovea in preterm infants

using HH SD-OCT.

The results find that the foveal INL before 40 weeks is the layer most significantly
affected by prematurity (GA and BW). It is therefore the layer most likely to result in
increased CFT found with continuation of inner layers at the fovea in ex-preterm

children since the INL is observed to reduce very little during childhood in this group.

In early PMA, ROP significantly affects the retinal layers between the fovea and
parafovea especially the photoreceptor layers, which are increased compared to when
ROP is absent. The INL nasal and temporal to the fovea is reduced with the presence of
ROP. The difference in foveal width between ROP and non-ROP that we identified in
early PMA, is most likely due to these changes in the outer retina and inner nuclear

layers when ROP is present.
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6.42 Individual retinal layer differences at the fovea with postmenstrual age

There are few preterm infant studies of individual retinal layers before 42 weeks PMA
using SD-OCT. Vajzovic and colleagues (Vajzovic et al. 2012) correlated histology with
SD-OCT in 22 premature infants subdivided into two groups according to PMA (30-32
weeks, n=8) and 33-36 weeks, n=14).

The changes in retinal layers with PMA (in weeks) are described according to phases:
phase 1 (30-32), phase 2 (33-36), phase 3 (37-39) and phase 4 (40-42). Phases 3 and 4
include term born children in the analysis. Phases 1 and 2 represent the change in
retinal layers with PMA up to 36 weeks for preterm infants and not beyond and stated
by the authors. However, an adjustment for GA and individual retinal layers was not
included in the analysis. The results of the study are shown on figure 2.2 (see Chapter

2, p33).

Nevertheless, the study shows clearly that retinal layers change according to PMA and
retinal location (reported as eccentricity away from the foveal centre nasally and
temporally). The changes become more marked with increasing PMA after term (phase

5, 43weeks to 23 months) and within 500um nasal and temporal to the central fovea.

Our results plotted in Figure 6.2 support that of Vajzovic and colleagues (Vajzovic et al.
2012), where we also find that the mean foveal thicknesses of individual retinal layers
change with PMA. However, a comparison between the two studies shows the
approximate differences are not similar between 33 to 39 weeks PMA (phase 2 plus

phase 3 of the study by Vajzovic et al. 2012 (Table 6.8).

% difference at fovea from 33 to 39 weeks PMA
Layer Vajzovic et al our study
RNFL -15% -89%
GCL+IPL -39% -10%
INL -63% -19%
PRC +OPL 13% 14%
RPE -1% -9%

Table 6.8 Comparison of percentage change at the fovea from PMA 33 to 39 weeks between Vajzovic
et al. 2012 and the current study. RNFL —retinal nerve fibre layer, GCL — ganglion cell layer, IPL — inner
plexiform layer, INL — inner nuclear layer, OPL — outer plexiform layer, PRC — photoreceptor complex
(ONL+IS+0S), RPE — retinal pigment epithelium. PMA — postmenstrual age
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In our study the RNFL decreased much more than that of the infants in the study by
Vajzovic et al. 2012 while the GCL, IPL and INL decreased less. Interestingly the foveal

outer retinal layers increase was similar in both studies.

The differences may reflect the sample size between the two studies (n= 22 preterm
infants for the study by Vajzovic et al, compared to n=87 for this study), the inclusion
of 19 term born infants at PMA 37 to 39 weeks in the study by Vajzovic and colleagues

(Vajzovic et al. 2012), and the adjustment for ROP diagnosis and GA in our study.

6.43 The effect of prematurity (GA and BW) on foveal retinal layers and relationship

with central foveal thickness (CFT)

Figures 6.4 and 6.5 illustrate the effect of changing GA on individual mean retinal layer
thickness at the mean time point (PMA 36 weeks) while figure 6.6 details the effect of
BW. Choosing the mean PMA allows comparisons for each individual layer between GA

or BW to be better appreciated.

Figure 6.4 shows that the retinal layers at the fovea change according to GA in preterm
infants. However, only the foveal INL is significantly different between preterm infants
born at GA 24 weeks and older preterm infants born at 30 weeks GA. This is also

strongly true of younger BW compared with heavier BW, but the changes that are seen

at the fovea with BW are not limited to the INL (see Table 6.5).

We investigated the effect of prematurity on the fovea because we wished to
determine which retinal layer (s) might result in the increased CFT reported widely in
prematurity. In the analysis of CFT with prematurity, we found that CFT was correlated

with GA but not BW (see Chapter 5, Figure 5.7 p89).

In the present analysis, GA correlated only with one retinal layer at the fovea (INL) but
BW correlated with two (INL and Outer retinal layers). To understand why BW did not
significantly affect CFT we hypothesized that despite the greater change in the INL with
low BW (Table 6.5) compared with GA (Table 6.4), the overall CFT effect with BW
would still be less than that with GA, due to changes in the outer retinal layers layers

for infants with low GA.
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Table 6.9 compares the percentage differences between low BW 750Kg and GA 24

weeks for the INL and the Outer retinal layers at the fovea.

%

Layer Difference

RNFL
GCL
IPL
INL 121
OUTRet 453
RPE

Table 6.9 Differences between effect of reduced BW and early GA at the fovea for mean PMA with
respect to the mean individual retinal layer thicknesses that show significance. PMA — postmenstrual age

Table 6.9 illustrates that at the mean time point of 36 weeks PMA, although the INL is
greater by 121% for low BW infants of 750 grams compared with early born infants GA
24 weeks, the Outer retinal layers are 453% less at the fovea. The overall effect for CFT
is that it will be decreased in low BW infants compared with early GA infants despite
the greater effect of BW on the INL than GA at the fovea. This possibly explains our

earlier finding regarding CFT where only GA and not BW was significant.

Therefore, we propose that the increased CFT seen in preterm infants is secondary to
an increased INL and related to earlier GA rather than low BW. This is seen at both
fovea (Tariq et al. 2011) and parafovea in older ex-prem children in association with a

history of early gestational ages (Wang et al. 2012b).

Since little further outward migration of the inner retinal layers occurs after preterm
birth (Maldonado et al. 2011), our findings suggest that the increased CFT observed in
preterm children (Bowl et al. 2016; Akerblom et al. 2011) due to continuation of the
inner layers across the central fovea, is established from birth. However, Bow| and
colleagues (Bowl et al. 2016) found that average GCL+ (=GCL plus IPL) and ONL+ (=ONL
plus ELM) thicknesses were greater at the fovea in ex-preterms compared with term

born children which is in contrast to our findings.

An increased ONL at the fovea measured using OCT in ex-preterm individuals has been

reported by others (Yanni et al. 2012; Hammer et al. 2008; Wang et al. 2012b;

117



Sjostrand et al. 2017) while an inverse relationship between foveal ONL and CFT with
increasing GA in ex-preterm children has also been described (Park and Oh 2012).
However, the ONL is challenging to measure using SD-OCT in preterm infants as
outlined in Chapter 4 Methods (p59), due to the variability of the presence or absence

of the ELM.

Bowl et al. 2016 conducted a sub-analysis of retinal layers where foveal depth was
shallow or absent (30% of the group) and labelled as macular developmental arrest
(MDA). The authors found although the GCL+ was increased, the RNFL and INL+ (INL

plus OPL) were also increased unlike in ex-preterm children with a foveal depression.

We did not explore foveal depth and individual foveal retinal layers and though our
results also show that the foveal INL is increased in younger born preterm infants, we
did not find any significant increase of RNFL at the fovea in infants before PMA 42

weeks.

Using HH SD-OCT, Vajzovic and colleagues showed that the appearance of the EZ was
delayed at the fovea in preterm infants of GA less than 32 weeks when compared with
term born infants when images were acquired at 40 and 39 weeks respectively
(Vajzovic et al. 2015). We found no significant difference in the foveal PRC between

earlier or later born preterm infants at the mean PMA (Table 6.4).

The outer retina increases in early childhood (Vajzovic et al. 2012; Lee et al. 2015)
which would also increase CFT, although the increase plateaus around 24 months in
term born children (Alabduljalil et al. 2018). Since the inner retina remains relatively
static after birth as discussed earlier, the additional increase in CFT is mostly due to
increased outer retina. It is possible therefore that with development of the retina at
the fovea, and the visibility of the ONL, this layer becomes a significant component of
the greater CFT seen in ex-preterm infants by age 6 years as found by Bowl and others
(Bowl et al. 2016; Yanni et al. 2012; Wang et al. 2012b; Park and Oh 2012; Sjostrand et
al. 2017).

Pueyo (Pueyo et al. 2015) reported no differences in the average RNFL and GCL-IPL

thickness between ex-preterm and term born children, unless ex-preterm children
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suffered hypoxic-ischaemic events/perinatal infections, or underwent treatment for
ROP. However, in their study, the mean GA of ‘early’ ex-preterm children without ROP
was 29 weeks (n=17) while for those with a history of ROP, GA was 27 weeks (n=10).
The older gestational age and smaller numbers, suggests that an absence of
differences between ex-preterm children from those born at term may not hold true

for children with a history of extreme prematurity i.e. GA less than 27 weeks.

6.44 Retinal layers at the fovea in the presence of ROP

Section 2C of the Results shows that each measured individual retinal layer at the
fovea was increased in the presence of ROP compared with the absence of ROP
(p<0.001) except the INL. Older ex-preterm children may have reduced optic nerve
RNFL in association with severe ROP (grades 3 and 4 including treated ROP) (Akerblom
et al. 2012; Park and Oh 2015). However, Akerblom et al. 2012 noted that treated ROP
which was included in the severe ROP category, could result in decreased RNFL from
the effects of laser and 40% of analysed ex-preterm children in Park and Oh’s study

had received treatment for ROP.

6.45 ROP in early PMA and the relationship with foveal width

As discussed earlier, changes in foveal morphology result from a combination of inner
retinal migration away from the foveal centre, increased retinal thickness nasal and

temporal to the foveal centre and increased inward photoreceptor packing.

Consequently, foveal width and CFT decrease and foveal depth increases as does
foveal slope. This dynamic change can be seen in video 1
(https://www.dropbox.com/s/z2vo8qdI0t5blli/video%201%20.avi?dI=0). Video 1
shows the increasing retinal thickness nasal and temporal to the foveal centre, as the

foveal depression decreases with PMA.

In Chapter 5 (see Figure 5.7 p 89) we showed that while foveal width decreased in the
absence of ROP, the opposite occurred when ROP was present. The difference in

foveal width between ROP and non-ROP was greatest in early PMA when the mean
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width or diameter for ROP was 1000 um. Although the fovea is asymmetric, we
investigated the underlying retinal layers with ROP diagnosis at 500um nasal and

temporal to the fovea for the purposes of analysis.

We found a significant difference between ROP and non-ROP for the mean individual
retinal layer thicknesses of the INL and Outer retinal layers at 500um nasal to the

fovea. Similar differences were found temporally. The most significant layers were the
outer retina which were greater in the presence of ROP compared with ROP absent. In

contrast, the INL was found to be less with ROP.

The increased outer retinal layers and reduced INL in the presence of ROP (see Table
6.7) could be the reason that there are differences in foveal width between ROP and
non-ROP particularly in early PMA. The outer retina does not contain retinal
vasculature and therefore does not reflect vessel structure. The photoreceptor layers
comprise the metabolically active component of the retina in ROP. The macula is often
affected indirectly in diseases of the periphery (Bird and Bok 2018), and the increased
outer retina in the foveal region may be either as a result of an accelerated growth
from vascular factors released due to the peripheral retinal ischaemia or some other

unknown mechanism.

It is not apparent why the INL is decreased with ROP at the parafovea but it could
reflect either vascular or inflammatory Miller cell pathology. The INL is composed of
bipolar, amacrine and horizontal cells and contains the bodies of Miiller cells. Muller
cells are known to respond to photoreceptor injury or stress (Goldman 2014; Hippert
et al. 2015). Possibly the INL is responding to the increased outer retina at the same

location.

Muller cells express vascular endothelial growth factor (VEGF) (Pierce et al. 1995) and
the deep vascular networks are located above and below the INL while the
intermediate capillary plexus component is located at the INL and IPL interface
(Campbell et al. 2017; Provis 2001). Retinal ischaemia as seen in oxygen induced
retinopathy (OIR) in rats, increases Miiller cell expression of VEGF type A (Becker et al.
2018). Muller cell expressed VEGF is implicated in intraretinal vascularization (Bai et al.
2009) and in a vascular/avascular retinal OIR mouse model, inner retinal thickness

varied according to retinal vascularity and venular width (Mezu-Ndubuisi et al. 2018).
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Future study of retinal structure and vascularisation during preterm retinal
development with and without ROP using SD-OCT combined with OCT angiography
would aid understanding of this finding; early reports using new devices in the infant
population show potential in visualisation of the deep intra-retinal plexus which

currently cannot be assessed using fluorescein angiography (Campbell et al. 2017).

Our study did not investigate the retinal layer differences between ROP and non-ROP
at the parafovea with increasing PMA e.g. early PMA vs late PMA to explore the
changes that could explain the increasing foveal width seen with PMA when ROP is

present.

6.6 Limitations

The limitations of the study include that we did not analyse individual retinal layer
changes at the fovea with increasing PMA between various GA, or various BW, or

when ROP is present; we reported only changes at the mean PMA for these variables.

Similarly, we did not explore the parafovea with PMA or the differences at the
parafovea between ROP and non-ROP. These analyses would add to the findings and
help to evaluate a more dynamic description of the fovea adjusting for GA, BW and
ROP. An increased number of preterm infants imaged in early PMA would improve the
analysis of retinal layers eccentric to the fovea since retinal layer segmentation
particularly of the outer retina, is more challenging in early PMA. We also did not
explore the systemic health challenges posed during the early postnatal period which

as described in Chapter 5, may impact both growth in the neonatal period, and ROP.

The lack of information regarding the vasculature within the inner retina presents
difficulties in correlating the inner retinal differences found between ROP and non-
ROP, since disparities may represent vascular change or unrelated characteristics

between the two groups.
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6.7 Conclusion

The premature fovea demonstrates great change with postmenstrual age during the
perinatal period before term birth but also with birth age, birthweight and diagnosis of
ROP.

It is important to acknowledge these differences exist when assessing the foveal
changes that occur in preterm infants, since the various birth ages, birthweights and
diagnosis of ROP will differ within this group. The inner nuclear layer is conspicuous in
the development of the fovea in prematurity and is the layer that increases CFT in

extremely early born preterm infants when CFT is measured before 40 weeks PMA.

Although we did not show how each individual layer changes with time comparing
early and late GA, low or high BW or ROP presence/absence, our findings are relevant
for the development of the retinal layers during early childhood. This is especially
useful for infants where comparisons are made between age adjusted preterm infants
with term born individuals.

The highly metabolically active photoreceptor layers are especially associated with the
presence of ROP and may reflect the wider changes within the ischaemic retina.
Understanding the disparity between the retinal layers in foveal width measured using
HH SD-OCT at early PMA between ROP and non-ROP may reveal ROP disease
mechanisms. Further study of the peripheral outer retina and correlation with the

deep vascular plexus located in the INL in the presence of ROP would be interesting.
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Chapter 7 Foveal Oedema

Chapter 7 discusses research aim 3 and describes the cystic intra-retinal changes
observed at the fovea using HH SD-OCT imaging of preterm infants from 31-42 weeks

PMA.

7.1 Introduction

Optical coherence tomography imaging of infants has revealed retinal details that are
invisible with direct or conventional examination (Patel 2006; Chavala et al. 2009;
Cabrera et al. 2012; Muni et al. 2010). A consistent feature observed in preterm infants
is intra-retinal cystic change at the fovea described as cystic macular oedema (CME)
visualised as hyporeflective spaces within the retina (Maldonado et al. 2011;
Maldonado et al. 2012; Dubis et al. 2013; Vinekar et al. 2011; Erol et al. 2014; Gursoy
et al. 2016; Vajzovic et al. 2015; Lee et al. 2011; Bondalapati et al. 2015).

Studies report that between 15% to 72% of preterm infants demonstrate CME on at
least one SD-OCT imaging session from 32 to 43 weeks PMA and CME has also been
found in term born infants (Vajzovic et al. 2015; Cabrera et al. 2013). It is thought that
CME does not resolve before 36 weeks PMA if CME is found between 30 to 35 weeks
PMA (Maldonado et al. 2012) and has disappeared in preterm infants imaged at 52
weeks PMA (Vinekar et al. 2011).

The severity of CME as measured by CFT may be associated with an increased stage of
ROP (Vinekar et al. 2011; Erol et al. 2014; Gursoy et al. 2016) although others report no
such association, and CME may be present before and after treatment for ROP (Dubis

et al. 2013; Vogel et al. 2018; Maldonado et al. 2012; Bondalapati et al. 2015).

CME is not associated with BW, sex, ethnicity (Dubis et al. 2013; Vogel et al. 2018;
Rothman, Tran-Viet, et al. 2015; Bondalapati et al. 2015) or systemic preterm neonatal
risk factors such as sepsis, necrotizing enterocolitis, intraventricular hemorrhage,
periventricular leukomalacia, hydrocephalus or immature lung disease (Maldonado et

al. 2012; Bondalapati et al. 2015).
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However, the development of the photoreceptor layer at the foveal centre by 42
weeks PMA appears delayed using SD-OCT in preterm infants found to have CME
(Vajzovic et al. 2015) while reduced visual acuity and greater hyperopia is shown
between preterm infants with and without CME at 3 months corrected age (Vinekar et
al. 2015). Additionally, preterm infants with CME may have worse neuro-
developmental speech and language outcomes in early childhood between 18 to 24

months corrected age (Rothman, Tran-Viet, et al. 2015).

Two patterns of CME have been described: loss of the foveal depression due to
distortion of the foveal contour from large intra-retinal cystic spaces (‘dome CME’) or
preservation of the foveal pit with increased INL thickening from multiple cystic spaces
(fovea CME’) (Vinekar et al. 2011; Maldonado et al. 2012; Erol et al. 2014). Dome CME
is not reported with the CME described in term born infants (Vajzovic et al. 2015). A

summary of CME infants studies using SD-OCT is shown in Chapter 2, Table 2.1, p36.

The exact mechanism or significance of infant CME is currently unknown. Several
hypotheses regarding the pathophysiology of CME (Maldonado et al. 2012; Vinekar et
al. 2011; Erol et al. 2014) are based on aetiology such as a breakdown of the blood
retinal barrier (BRB) (Daruich et al. 2018) or vascular retinopathies e.g. diabetes (Xia

and Rizzolo 2017).

It is possible that infant CME may result from the increased levels of VEGF associated
with Miller cell physiology and or from swelling of Miller cells themselves (Xin et al.
2013; Bai et al. 2009; Wang, Zhu, and Le 2015; Fine and Brucker 1981; Bringmann,
Reichenbach, and Wiedemann 2004). Other hypotheses relate to the sub-retinal
oedema reported in term infants (Cabrera et al. 2012) and decreased RPE density
found in infants (Robb 1985) since the primary BRB is formed by tight junctions

between retinal capillary endothelial cells and the RPE.

The external limiting membrane (ELM, also known as the outer limiting membrane) is a
protein limiting fenestrated structure (Bunt-Milam et al. 1985) formed between the
Miller cell membrane junction with that of the photoreceptor cell inner segment

membrane by zonulae adherentes (Hogan, Alvarado, and Weddell 1971). The ELM also
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forms part of the blood retinal barrier preventing large proteins passing to and from
the retina (Omri et al. 2010). The presence or absence of the ELM may play a role in
CME aetiology but has not been reported in the literature investigating preterm infants

with CME.

In this chapter, the relationship between CME size with GA, BW and diagnosis of ROP

will be explored, as well as the possible role of the ELM.

7.2 Methods

Optical coherence images were acquired and saved for analysis as described previously
in General Methods Chapter 4. Images that demonstrated hyporeflective spaces within
the retina at the fovea similar to that described in the literature were analysed. An

example of this is shown below in Figure 7.1.

Figure 7.1 Intra-retinal hyporeflective spaces at the fovea observed using hand held optical spectral
domain optical coherence tomography (HH SD-OCT) in 3 preterm infants. A - male infant, twin,
gestational age (GA) 26 weeks, image left eye, acquired 37 weeks postmenstrual age (PMA), no
retinopathy of prematurity (ROP); B - female infant, 30 weeks GA, image right eye, acquired 38 weeks
PMA, ROP stage 1; C - male infant, twin, 31 weeks GA, image right eye, acquired 37 weeks PMA, no ROP.

Figure 7.1 demonstrates hyporeflective spaces in the retina of three preterm infants
described in the literature as CME. Two common types of foveal CME are determined
by the presence or absence of the foveal depression (‘fovea CME’ and ‘dome CME’)

shown in figure 7.1 A, and 7.1B, C respectively.

The outline of the hyporeflective space was manually segmented using Image J (United

States National Institutes of Health, Bethesda, MD, https://imagej.nih.gov/ij/,
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downloaded on December 2013) after inspection of the image. An example is shown in

Figure 7.2.

Figure 7.2 Hand-held spectral domain optical coherence tomography image of a preterm infant.
Example of foveal hyporeflective space outline and area for analysis. Fovea CME is shown in the top
panel, dome CME is shown below.

Repeated measures were taken from either or both eyes of individual infants between
1 to 2-week intervals between 31 to 44 weeks PMA. For repeated images, the foveae
were matched as closely as possible when manual segmentation was undertaken, to
try and delineate the affected spaces involving the fovea and surrounding retina

consistently.

Data were saved as text files and a customised macro using Excel (Microsoft
Windows®) was used sum up the number of white pixels in each A-scan in order to
calculate thickness (CFT), width and area after incorporating an axial length correction

for PMA based on previous literature (Maldonado et al. 2010). Figure 4.6 (Chapter 4,
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Methods, page 60) demonstrates the ELM.

Image data were recorded according to the presence or absence of the ELM, the type
of CME (dome, or fovea), diagnosis of ROP, in addition to demographic data (sex, GA,
BW, right or left eye, ethnicity, multiplicity of birth). The details of data analysis have

been discussed previously in Chapter 4 Methods (statistical analysis, p68).

Descriptive statistics are presented below. Chi-square tests were used to investigate
the distribution between variables such as ethnicity, sex, and multiplicity of birth with
CME type. Two- sample unpaired t-tests (parametric or non-parametric depending on
data normality assessment) were used to estimate mean differences between GA, BW,
and CME size between CME presence or absence and type. A simple linear regression
model was used to investigate possible predictors of CME type. The outcome or
dependent variables included: CME (presence or absence), CME type (fovea/dome),
CFT, width and area. Principle predictor variables included diagnosis (presence or

absence of ROP), GA or BW and presence or absence of the ELM.

7.3 Results
7.31 Descriptive statistics

Descriptive summaries for preterm infants without CME been described previously
(Results, Chapter 5) and are presented again below in Table 7.1 along with details of
twenty-five infants with CME (n=9 with, n=16 without ROP) and sixty-six images

suitable for analysis.

Table 7.1 shows that the total number of images was 344. CME was present in 22% of
all preterm infants in the study and 19% of all images acquired that were suitable for
analysis. Of the images with CME present, there was the following breakdown as
follows: nonROP n=33, (16% of all nonROP images), ROP n=33, (24% of all ROP
images); CME with ELM present n=17 (17% of all ELM present images) and CME with
ELM absent (n=49, 49% of all ELM absent images).
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The mean (* standard deviation) for GA (weeks) and BW (grams), respectively for CME

absent and CME present was: 28.2 (+2.6), 29.8 (2.6) (p=0.009); 1085.7 (+ 427.7),
1308.1 (+443.1), (p=0.021).

number of infants
Total 112
Male
Female

Caucasian
Non-Caucasian

Single birth
Multiple birth

61
51

60
52

90
22

Mean (+SD) GA, BW, PMA

GA (weeks)
BW (grams)
PMA (weeks)

Number of images
Total 344

Right eye

Left eye

nonROP
ROP

CME fovea
CME dome

ELM absent
ELM present

176
168

206
138

244
100

CME no

87
47
40

46
41

75
12

28.2(2.6)
1083.2 (429.2)
36.2(2.6)

278 (81%)

132
146

173
105

195
83

CME yes
25 (22%)
14 (23%)
11 (22%)

14 (23%)
11 (21%)

15 (20%)
10 (45%)

29.8 (2.6)

1308.1(443.1)

36.8 (2.4)

66 (19%)
44 (25%)
22 (13%)

33 (16%)
33 (24%)

32
34

49 (21%)
17 (17%)

Table 7.1 Participant and image characteristics including cystoid macular oedema. GA — gestational

age, BW — birthweight, PMA — postmenstrual age, ELM — external limiting membrane, CME — cystoid

macular oedema.
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7.4 Analysis of CME present with CME absent
7.41 Comparison of GA and BW between CME presence or absence

Figure 7.3 shows stacked histograms of the distribution with CME present (blue) and
CME absent (green), with GA and BW.

The mean (£ standard deviation) for GA (weeks) respectively for CME absent and CME
present was: 28.2 (+2.6), 29.8 (2.6) (p=0.009); and for BW (grams) it was 1085.7 (+
427.7), 1308.1 (+443.1), (p=0.021), Table 7.1.

Preterm infants with CME were born later and were heavier at birth when compared

with preterm infants without CME.

60.0

50.07

I
o
d

Frequency
S
q

22,50 25.00 27.50 30.00 32.50 35.00
Gestational age (weeks)

60.0

Frequency
3
q

20.07

1000.0 2000.0 3000.0 4000,
Birth weight (grams)

I CME present
CME absent

Figure 7.3. Stacked histogram of the distribution for CME presence or absence with gestational age and
birthweight. CME — cystoid macular oedema.
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A sub-analysis investigating differences of mean GA and mean BW between sex,

ethnicity and birth multiplicity was undertaken and the results are given in table 7.2.

Table 7.2 shows the mean GA and BW comparisons between CME absent and present

(CME no, CME yes) for sex (males, females), ethnicity (Caucasian, Non-Caucasian), and

birth multiplicity (singles, multiple).

sex
males CME no

males CME yes

females CME no

females CME yes

ethnicity
caucasian CME no

caucasian CME yes

non-caucasian CME no

non-caucasian CME yes

multiplicity
Single CME no
single CME yes

multiple CME no
multiple CME yes

GA (£ SD)
weeks

28.5 (¥2.5)
29.7 (¥2.4)

27.8 (+2.8)

29.9 (+3.0)

28.5 (¥2.6)

30.8 (x1.7)

27.9 (+2.7)

28.5 (3.1)

28.4 (+2.8)

30.0 (x¥2.7)

27.2 (+1.6)
29.5 (+2.7)

p value

0.08

0.053

0.003

0.759

0.056

0.031

BW (+ SD)
grams

1121.9 (+347.4)
1335.7 (+417.5)

1043.2 (+507.5)

1270.5 (+494.2)

1090.0 (+333.1)

1405.3 (+360.0)

1081.1 (+514.4)

1175.5 (+525.2)

1100.9 (+457.7)

1280.6 (+369.9)

1018.1 (+255.4)
1352.0 (+560.3)

p value

0.109

0.101

0.012

0.661

0.062

0.165

Table 7.2 The mean comparisons of GA and BW between sex, ethnicity and birth multiplicity for
presence and absence of CME. GA — gestational age, BW — birthweight, PMA — postmenstrual age, CME

— cystoid macular oedema.

Although there were differences in the mean comparisons of GA for CME presence and

absence between males (p=0.08), Caucasians (p=0.003), multiple births (p=0.031) and

BW for Caucasians (p=0.012), statistical modeling did not find that these variables

were predictors of CME presence. Similarly, no significance was found for presence or

absence of ROP, stage eye laterality or presence /absence of the ELM on the presence

or absence of CME.
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7.5 Analysis of preterm infants with CME

In the CME group, the breakdown was as follows: n= 25 preterm infants; 14 males
(56%) and 11 females (44%); 14 Caucasians (56%), 11 Non-Caucasians (44%); 15

singletons (60%) and 10 multiple birth infants (twins) (40%).

The number of CME images with nonROP =44 (67%) and ROP =22 (33%) [n=11
stagel; n=10 stage 2; n=1 stage 3]. Fifty percent of the CME images were right eyes

(n=33 respectively).

Fovea CME was present in 32 images, dome CME was present in 34 images while the
ELM was present in 17 images (26%) and absent in 49 images (74%). Table 7.3 shows

the number of preterm infants with CME and imaging sessions.

Imaging | Number | Number
sessions | of infants | of images
1 13 19
2 8 25
3 3 13
5 1 9

Total 25 66

Table 7.3 Number of imaging sessions for preterm infants with cystoid macular oedema.

7.51 Comparison of mean GA and BW between individuals with fovea CME and dome

CME

Table 7.4 shows that there were no differences in the mean GA or mean BW between

individuals with fovea CME or dome CME.

GA (£ SD) BW (£ SD)
p value p value
weeks grams
CME type
fovea 29.3(£3.2) 1215.0 (+431.6)
0.196
dome 30.6 (£1.4) 1469 (+454.9)

Table 7.4 Comparisons of mean GA and BW for CME type (fovea or dome). GA — gestational age, BW —
birthweight, CME — cystoid macular oedema.
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7.52 Comparison of mean GA and BW between individuals irrespective of CME type

The results of mean GA and mean BW comparison between sex, ethnicity and birth
multiplicity are given in table 7.5. Table 7.5 shows the mean GA and BW comparisons
for infants irrespective of CME type. Ethnicity was significant in the CME group, which

found Caucasians with CME to be older at birth than Non-Caucasians with CME.

GA (£ SD) BW (+ SD)
p value p value
weeks grams
sex
males 29.8 (+2.5) 1353.2 (+427.4)
0.893
females 29.9 (£3.0) 1270.5 (+494.1)
ethnicity
caucasian 30.9 (+1.7) 1427.9 (+362.5)
0.033 0.075
non-caucasian 28.5 (x3.1) 1175.5 (£525.2)
multiplicity
single 30.0 (+2.8) 1293.3 (£379.2)
0.723
multiple 29.5 (x2.7) 1352 (+560.3)

Table 7.5 Comparisons of mean GA and BW for sex, ethnicity and birth multiplicity for preterm with
CME. GA — gestational age, BW — birthweight, CME — cystoid macular oedema.

7.53 Comparisons between groups depending on CME type

Figure 7.4 shows bar charts of the percentage between fovea and dome CME for sex,
ethnicity, birth multiplicity, right and left eyes, presence or absence of ROP and

presence or absence of the ELM.

Pearson’s Chi-Square test reported a greater percentage of dome CME between
Caucasian and Non-Caucasians (79.4% vs 20.6%) than fovea CME (53.1% vs 46.9%) (p=
0.024). A difference was also found between the presence and absence of the ELM for
dome CME (11.8% vs 88.2%) and fovea CME (40.6% vs 59.4%) (p= 0.007, Pearson’s Chi-

Square).
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No difference was found between CME type and sex, multiplicity of birth, eye laterality

or ROP diagnosis.
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Figure 7.4. Percentage bar charts of variables: sex, ethnicity, birth multiplicity, right /left eyes, ROP
diagnosis and presence or absence of ELM between fovea CME and dome CME. CME — cystoid macular
oedema, ELM — external limiting membrane, nROP — no retinopathy of prematurity

7.54 CME size (CFT, width and area)

Table 7.6 shows the mean (* standard deviation) for CFT, width and area between CME

type for sex, ethnicity, birth multiplicity, laterality (right or left eye), diagnosis (nonROP

or ROP) and ELM (present/not present).

CME type

male

female

caucasian

non-caucasian

single

multiple

right eye

left eye

nonROP

ROP

ELM (present)

ELM (absent)

CFT (um)

64.4 (+17.1)
[58.2-70.5]

66.2 (+15.5)
[58.5-73.9]
62.0 (+19.3)
[50.9-73.1]

64.8 (+15.5)
[56.8-72.7)
63.9 (£19.3)
[53.2-74.6)

61.1 (+17.1)
[52.9 -69.4]
69.1 (+16.7)
[59.0-79.2]

64.9 (16.5)
[55.4 -74.4]
64.0 (18.0)
[55.0 -73.0]

61.5 (13.8)
[54.7 -68.4]
68.0 (£20.6)
[56.1-79.9]

66.0 (£15.9)
[56.4 -75.6]
63.3 (+18.2)
[54.5 -72.0]

width (um)

2226.3 (+1123.8)
[1821.1-2631.5]

2311.7 (+1123.8)
[1766.4-2856.9]
2116.5 (+1190.1)
[1429.4-2803.7]

2011.1 (+1069.8)
[1461.1-2561.2]
2470.1 (£1169.9)
[1822.2-3118.0]

2172.5 (#1129.9)
[1627.9 -2717.1]
2304.9 (£1156.0)
[1606.3.1-3003.4]

1941.0 (+ 1039.7)
[1340.6 - 2541.3]
2448.2 (+ 1165.0)
[1868.9 - 3027.6]

2066.5 (+957.5)
[1590.3 - 2542.6]
2431.8 (+1316.0)
[1671.9 - 3191.6]

2150.1 (+ 1459.9)
[1267.8 -3032.3]
2278.4 (£864.4)
[1861.8 - 2695.0]

Fovea (mean £ SD) & [CI]

area (um?)

155059.1 (+109513.9)
[115575.1 - 194543.1]

165067.4 (+103885.5)
[113406.3 - 216728.4]
142191.3 (+119035.8)
[73462.1 - 210920.6]

142145.5 (¥97164.7)
[92188.1 - 192103.0]
169694.5 (£123834.2)
[101117.4 - 238271.6]

146958.4 (+110884.1)
[93514.0 - 200402.8]
166898.6 (+110833.2)
[99922.8 - 233874.5]

136995.8 (+101572.3)
[78349.7 - 195641.9]
169108.3 (+ 116202.5)
[111322.2 - 226894.5]

131916.5 (+76066.9)
[94089.3 - 169743.7]
184813.9 (¥139060.5)
[104522.7 - 265105.1]

157793.6 (¥135517.1)
[75901.5 - 239685.7]
153188.1 (+91666.6)
[109006.2 - 197370.0]

Dome (mean  SD) & [CI]

CFT (um) width (um) area (um?)
1285 (+34.2) | 3624.5(+1323.0) | 492709.8 (+284114.7)
[116.5-140.4] = [3162.8-4086.1] | [383577.5-591842.0]
1147 (+26.9) | 3193.2 (£749.1) | 365703.1 (+116296.3)
[99.2-130.3] [2760.7-3625.7] | [298555.6 -432850.6]
138.1 (#36.1) | 3926.3 (+1556.7) | 581614.4 (+332776.6)
[121.2-155.0] | [3197.8-4654.9] | [425870.2 -737358.7]
1283 (32.9) | 3616.4 (+1237.6) = 484847.1 (+267891.1)
[115.3-141.3] [316.4-4106.0] | [378872.9 - 590821.3]
129.1 (#42.0) | 3655.5 (+1728.7) = 523037.3 (+362809.6)
[90.3-168.0] [2056.8-5254.3] | [187494.3 - 858580.2]
131.2 (#31.7) | 3567.5 (+1453.3) = 495784.0 (+296986.2)
[117.2-1453] | [2923.2-4211.9] | [364107.7 - 627460.3]
124.4 (#39.5) | 3728.8 (+1095.8) = 487073.7 (+271526.6)
[98.3-148.5] | [3032.6-4425.1] | [314553.9 - 659593.4]
125.7 (#34.9) | 3699.1 (£1537.7) = 493980.0 (#316511.3)
[108.9-142.5] | [2958.0-4440.3] | [341426.5 - 646533.6]
132.0 (#34.3) | 3529.9 (+1033.9) = 491100.8 (+247920.0)
[113.0-151.0] | [2957.3-4102.4] @ [353807.3 - 628394.3]
127.2 (#31.1) | 3521.6 (£1115.3) | 467389.8 (+231114.6)
[114.6-139.8] | [3071.1-3972.1] | [374040.6 - 560739.0]
1325 (#45.1) | 3958.8 (£1098.5) = 574999.8 (+423861.2)
[98.4-170.2] | [2363.2-5554.4] | [220642.9 - 929356.6]
101.6 (+25.6) | 2825.5 (+682.5) | 296188.8 (+141145.8)
[60.9-142.4] | [1739.4 -39115] | [71594.3 -520783.2]
132.0 (+34.0) | 3731.0 (+1357.9) = 518912.6 (+289408.0)
[119.4-144.7] | [3223.9 -4238.0] = [410845.8 - 626979.3]

Table 7.6 The mean CFT (um), width (um) and area (um)? between fovea CME and dome CME dome
for sex, ethnicity, birth multiplicity, right and left eyes, ROP and non-ROP and ELM presence or absence.
CME — cystoid macular oedema, CFT — central foveal thickness, ROP — retinopathy of prematurity, ELM —

external limiting membrane.
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Mean comparison p values for the differences between the groups for CFT, width and

area are shown in table 7.7.

CFT (um) width (um) area (um?)
p value
CME pattern 0.000 0.000 0.000
sex 0.062 0.165 0.264
ethnicity 0.083 0.689 0.165
birth multiplicity 0.741 0.852 0.848
laterality 0.635 0.97 0.693
diagnosis 0.424 0.87 0.962
ELM 0.009 0.042 0.014

Table 7.7 Results of mean comparison for CFT, width and area between CME type (fovea and dome).

Significance level p<0.05. CFT — central foveal thickness, CME — cystoid macular oedema, nROP — no

retinopathy of prematurity, ELM — external limiting membrane.

Table 7.7 shows that a significant difference between CME fovea and CME dome exists

for CFT, width and area, which is expected by definition (see Figure 7.2).

Fovea CME and dome CME were significantly difference in size when measured as

mean CFT, width and area. In addition, the absence or presence of the ELM also

affected mean CFT, width and area (Table 7.7).

Figure 7.5 illustrates that mean CFT, width and area are greater for dome CME and

greater when the ELM is absent (green box plot) compared to when ELM is present

(blue box plot) but only for dome CME.
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Figure 7.5. Mean CFT, width and area for fovea CME and dome CME between presence and absence of
ELM (ELM yes, ELM no). ELM — external limiting membrane, CFT — central foveal thickness, CME — cystoid

macular oedema.
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7.6 Discussion
7.61 Overall conclusions

Preterm infants with CME were older at birth and heavier than preterm infants

without CME but neither factor was found to predict the presence of CME.

The two types of CME as defined by the presence or absence of the foveal depression
(fovea CME and dome CME respectively) differed significantly in size from each other

with dome CME measuring greater CFT, width and area than fovea CME.

Caucasian infants with CME were more likely to have dome CME compared with Non-

Caucasians while the absence of the ELM was observed more often in dome CME.

ROP diagnosis and stage was not a significant risk factors for either the presence of

CME or the type of CME.

7.62 Possible mechanisms of CME differences between fovea and dome type relating to

Miiller cells and the ELM

Adult macular oedema is primarily pathological and histologically found in several
retinal layers (GCL, ONL, INL, IPL Henlé’s fibres) (Trichonas and Kaiser 2014; Tso 1982).
Cystoid macular oedema (CME) in fully developed retinae is seen in conjunction with a
large number of local retinal pathology and systemic disease e.g. diabetes mellitus. The
exact underlying pathogenesis is unknown but a multifactorial aetiology is suspected
(Yanoff et al. 1984), with disruption of the blood retinal barrier (BRB), retinal pigment
epithelium and damage to Miiller cells considered to be likely associations (Daruich et
al. 2018; Tso 1982; Bringmann, Reichenbach, and Wiedemann 2004). Accumulation of
protein results in oncotic pressure attracting water and the greatest oedema will be
adjacent to where either fluid leaks e.g. near capillaries or protein builds up e.g. at the

ELM).

Bilateral cystoid maculopathy has been described at postmortem examination in three
infants (Trese and Foos 1980). The first was described as a black preterm infant

weighing 820 gram that survived 11 days. The globe had an axial length 14.2 mm
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which equates to approximately 24 weeks GA based on literature (Maldonado et al.

2010) and bilateral cystoid macular change was found in the outer nuclear layers.

The second was born to a Hispanic mother at term (axial length 16.2 mm equates to
approximately 38-40 weeks gestation) and birth weight 1450 grams. The infant
suffered anencephaly and the eyes demonstrated bilateral cystoid spaces involving the

inner nuclear layer.

The third child was a term infant of white ethnicity with hydrocephalus, spina bifida
and large eyes of axial lengths of right 21.2 mm; left 19.9mm although the corneas
measured 9.8 mm horizontally and appropriate for term birth. This time the bilateral
cystoid spaces were notes in the nerve fibre layer. In all three cases, Miiller cells were
stretched across the cavitation with the cells vertically lining the cavities described as

pillars. This appearance is seen on OCT (Figures 7.1 and 7.2).

The CME observed on SD-OCT in preterm infants occurs almost exclusively in the INL
(Maldonado et al. 2012) although Bondalapati et al. 2015 reported 4 preterm infants
with cystic spaces involving the GCL. The INL has several cell types including Miller
cells which span the entire width of the neurosensory retina, forming the internal and

external (inner and outer respectively) limiting membranes (Goldman 2014).

In adults, CME appears petaloid on fluorescein angiography (FFA) due to the vertical
structure of the Miiller cells that become stretched as a result. However, CME on OCT
without FFA leakage is also reported in adults who undergo taxane chemotherapy
(Yokoe et al. 2017) and Vitamin B3 (Niacin) in the treatment of high cholesterol
(Domanico et al. 2015). The underlying hypothesis is that these agents are toxic to
Muller cells without disrupting the blood retinal barrier (BRB) (Millay Ophthalmol
1988). Swelling of Miiller cells has been shown using electron and light microscopy in

cases of macular cystoid oedema (Fine and Brucker 1981; Yanoff et al. 1984).

In preterm infants, the fibre’s of Henle are not yet mature and macular oedema was
not visualised as leakage on FFA in one preterm infant of 25 weeks GA with a single
cyst imaged at 49 weeks PMA (Chen et al. 2018). Since the ELM also forms part of the

BRB, the CME in preterm infants could relate to the absence of the ELM at the fovea.
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Figure 7.5 shows that although the numbers with ELM present and dome CME were
only 4 in our cohort, the general trend suggested that that severe dome CME was

more likely to be observed in infants in the absence of ELM.

7.63 CME and disruption of the Blood Retinal Barrier (BBB)

Higher stage of ROP has been correlated with CME (Vinekar et al. 2011; Erol et al.
2014). The current analysis was not able to identify the stage with the highest risk, and

this may reflect the fewer numbers of stage 3 images in the data.

The stage of ROP as a risk factor for CME suggests that there may be disruption of the
BRB, since ROP is associated with increased levels of VEGF and vascular instability
(Gardner et al. 1999) but the situation is complicated by the fact that Mdller cells
themselves express VEGF which may promote retinal neovascularisation (Bai et al.
2009) and the development of CME. There are no animal models of CME since the
fovea is a structure only present in primates, some birds and lizards, and the levels of
intra-ocular or systemic VEGF in conjunction with observed CME in preterm infants has
not been investigated. However FFA leak in infants who are observed to have both
CME with pre-retinal neovascularisation (Chen et al. 2018) suggests disruption of the

BRB.

7.64 CME and multiple birth

Multiple birth is commonly associated with prematurity and up to 10% of twins are
born before 32 weeks GA (Blondel et al. 2002). Multiple birth preterm infants are at an
increased risk of adverse outcomes such as cerebral palsy and growth delay, and are

more likely to be born to older mothers (Papiernik et al. 2010).

When compared with term born infants, twins are born earlier (Lee, Cleary-Goldman,
and D'Alton 2006) but in the preterm group born before 32 weeks, twin GA is either
higher or similar to preterm singletons (Papiernik et al. 2010). In our study cohort
(n=112 infants), the mean GA (+SD) in weeks for multiple birth and singletons was 28.1

(2.3) and 28.7 (2.8) respectively (p=0.31), and 20% of the preterm cohort were
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multiple births. However, 45% of multiple births were observed to have CME

(Table7.1).

Rothman et al. 2015 reported an increased likelihood of neuro developmental delay at
aged 18 to 24 months for preterm infants with CME. However, the authors did not
specify the proportion of multiple births in the study group nor discuss this in the
analysis. It is possible therefore that their results reflect development outcomes for
CME which is related to multiple birth rather than specifically with CME in preterm
infants. Although we did not find multiple birth to be a predictor for the presence of
CME, this could reflect the small sample size of infants with CME in our preterm

cohort.

7.65 CME and gestational age (GA)

Although we found in our preterm group that infants with CME were older at birth and
heavier than those with no CME, there no significant association between GA with
CME which is supported by Vinekar et al. 2011 and Rothman et al. 2015. However, this
result is in contrast with other authors who report that younger born infants are more
likely to have CME (Dubis et al. 2013; Maldonado et al. 2012; Bondalapati et al. 2015;

Erol et al. 2014).

7.66 CME and ethnicity

We observed that Caucasians with CME were more likely to have dome CME compared
with Non-Caucasians with CME. Currently no association has been reported between
sex or ethnicity with respect to CME in preterm infants. It is possible that the
differences between Caucasians and Non-Caucasians reflect maturity of the BRB. A
larger cohort of infants and further study would be useful to explore this more

precisely.
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7.7 Limitations

A limitation of the study is the small sample size of infants without the ELM and fovea
CME. A larger sample size of infants with CME could also reveal more information
regarding the possible differences between CME type with respect to variables such as

the ELM or ethnicity.

Another limitation was the lack of data on maternal medical history especially in light
of the data on multiple birth and CME. Mothers of twins for example are older and
may have associated health problems or pre-pregnancy medication requirements. This

might be relevant in the development of CME for this group.

7.8 Conclusion

CME remains an incompletely understood observation visualised using portable OCT in
preterm infants. The reported risk factors for the development of CME such as
presence or severity of ROP and early GA remain inconclusive. Despite limitations in
sample size, a general trend towards an absence of the ELM in dome CME was
suggested.

The percentage of multiple birth with CME is relevant due to the increased likelihood
of multiple births in prematurity and the increasing incidence of prematurity.
Longitudinal study of the relationship between CME, vision and childhood
development in this group would help to understand if this relates to an adverse

future outcome.
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Chapter 8 General Discussion and Conclusions

We report on the developing fovea in preterm infants, measured using HH SD-OCT
during the perinatal period between 30- and 44-weeks PMA. The effect of GA, BW and
diagnosis of ROP were examined during this period of foveal change to discern if
differences existed secondary to severity of prematurity and presence of ROP. As such,
the analysis adjusted for GA and BW separately and included data until infants

underwent treatment for ROP after which they were excluded.

The aims of the study were to investigate foveal morphology (chapter 5) and explore
the retinal layers at the fovea with respect to the foveal morphology analysis (chapter
6). The final aim was to describe the infants with CME in a separate analysis (chapter

7).

8.1 Summary of main findings

8.11 In preterm infants without CME:

1. Foveal width in early PMA demonstrated a different trajectory when ROP was
present compared with when ROP was absent. Foveal width was narrow in ROP
infants and became wider with increasing PMA. This was in contrast when ROP was
absent, when the fovea was wider after birth and became narrower with increasing
PMA, in line with histological descriptions (Yuodelis and Hendrickson 1986;
Hendrickson and Yuodelis 1984). Furthermore, the differences in foveal width were
independent of GA and BW. The analysis of individual retinal layers at early PMA
investigating this finding at 500 um nasal and temporal to the fovea identified
significant differences in the outer retinal layers and INL between ROP and non-
ROP; mean INL thickness was reduced but outer retinal layers were increased at

these locations in the presence of ROP.
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2. Central foveal thickness (CFT) was significantly predicted by GA but not BW or ROP.
When measured at the mean PMA, earlier born infants demonstrated increased
CFT compared with later born infants. Investigation of the individual retinal layers
at the fovea found that the INL was significantly increased at the fovea in severe

prematurity.

3. Foveal depth was determined by prematurity and not ROP, with early GA infants
and lower BW infants showing significantly more shallow foveae in comparison

with older born or heavier infants.

4. Foveal slope and parafoveal retinal thickness differed between nasal and temporal
fovea being reduced in early GA and low BW. Although the individual retinal layers
were not analysed at the parafovea, the asymmetry of the fovea is likely to reflect
the differences in individual retinal layers at these locations particularly the retinal

nerve fibre layer (RNFL) and the ganglion cell layer (GCL).

8.12 In preterm infants with CME:

1. CME was observed in 22% of the study cohort. Infants with CME were heavier,
born later, more likely to be males, Caucasians and multiple births compared with

infants without CME.

2. Two types of CME were defined according to presence or absence of the foveal
depression (‘fovea CME’ and ‘dome CME’ respectively). Dome CME was more
severe, with greater CFT, width and area compared with fovea CME. Caucasians
with CME were more often likely to have dome CME compared with Non-
Caucasians with CME. There was a trend that suggested an absence of the ELM

could be important in the development of dome CME.
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8.2 General Discussion

In humans, the fovea is a highly specialised area of the central retina usually
shaped as a hollow or depression. Histological studies show that the foveal
depression appears late in pregnancy during the last trimester but is not
structurally mature until at least 5 years of age, with adult features found by 13

years of age (Hendrickson and Yuodelis 1984; Mann 1950; Hendrickson et al. 2012).

As a result of portable imaging technology, in vivo studies have revealed the
enormous changes in morphology and structure undergone by the fovea from birth
onwards (Lee et al. 2015; Alabduljalil et al. 2018; Dubis et al. 2012; Vajzovic et al.
2012). From these studies, variations of both shape and structure of the fovea
between term and preterm infants are identified (Maldonado et al. 2011; Dubis et
al. 2012; Vajzovic et al. 2012; Vajzovic et al. 2015; Dubis et al. 2013; Yanni et al.
2012).

Prematurity poses particular obstacles for normal development, and preterm

children are known to experience deficits due to either immaturity in comparison
with term age equivalent peers or incomplete growth (Vohr et al. 2000; Pierrat et
al. 2017) . This has generated much interest on the impact of prematurity on both

the structure and function through study of foveal development in this group.

Retinopathy of prematurity remains a worldwide clinical challenge (Kong et al.
2012; Quinn 2016) and affects the developing retina of prematurely born infants.
Reliable objective markers of disease identification and progression remain elusive.
Furthermore, the close relationship between prematurity and ROP has led to
contrasting results despite a number of good studies regarding the role of ROP and
prematurity on foveal development which have been outlined in the preceding
chapters. In the context of this, the current study findings and conclusions will be

discussed.

8.21 Retinopathy of Prematurity

ROP is a vascular abnormality which results from metabolic demands placed upon

an incomplete immature vascular system. The major component of the developing
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retina that requires oxygen is the photoreceptor layer. The photoreceptor layer in
the peripheral avascular retina is comprised of rod photoreceptors which are
absent at the fovea by definition (Hendrickson and Yuodelis 1984). The cone
photoreceptors of the fovea are rudimentary and the metabolic demand in ROP
originates principally from the rods due to the number and location of the rods
compared with the cones. However, it is important to note that differentiation of
the peripheral retina lags behind the central by around 10 weeks and is not
comparable until 5 months post term birth (Narayanan and Wadhwa 1998) so
despite its relatively smaller size in comparison to the periphery (Provis et al. 2005),
the central retina may be more highly metabolically active immediately after

preterm birth and at early PMA.

We devised a method of measuring foveal parameters including width and depth
based on established literature (Dubis, McAllister, and Carroll 2009; Wang et al.
2012b; Yanni et al. 2012) and accounting for the known asymmetry of the fovea in
adults (Liu et al. 2016). Our study identified foveal width as a foveal morphology
parameter that was significantly interactive with ROP (Chapter 5, Figure 5.4, page
85). The trajectory of foveal width with PMA was dependent on the presence or
absence of ROP even after adjustment for GA and BW. Foveal width decreased
from 31 to 40 weeks PMA when ROP was absent. However, when ROP was present,
foveal width increased over the same time period. The contrast in foveal width was

greatest in early PMA (31 to 33 weeks).

We investigated early foveal width at 32 weeks PMA further, by analysing the
individual retinal layers between the fovea and parafovea at 500 um nasal and
temporal to the fovea and found differences in the outer retinal and inner nuclear
layers for infants with ROP compared with those without ROP. The study group of

ROP infants were mostly Stages 1 and 2 and did not contain already treated infants.

Our hypothesis is that decreased INL and increased outer retinal layers modify
foveal width between ROP and non-ROP. It is not clear why this is the case,
whether this reflects a generally thicker outer retinal layer in preterm infants

vulnerable to developing ROP, for example a more differentiated peripheral retina
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than in those without ROP (Narayanan and Wadhwa 1998; Hendrickson and
Drucker 1992) or if ROP infants develop an increased outer retinal layer as a result

of ischaemia and ischaemic factors in association with the disease.

8.211 Limitations: There were infants that did not follow the trend and the foveal
width was less in ROP rather than wider than in infants without ROP. Our study
group had 30 infants with ROP of which 11 were mixed with not enough
longitudinal data to infer what happens to foveal width in cases where ROP

regresses spontaneously or where it then develops after early PMA.

Nonetheless, the disparity between ROP and non-ROP in early PMA of a greater
foveal width with ROP has the potential for use of portable OCT during screening.
Our data analysis shows that this is independent of both GA and BW and could be
used as an additional tool in the screening process e.g. distinguishing infants
without ROP that do not require further examination from ROP infants who remain

at risk.

8.212 Future study: A greater number of infants imaged particularly in early PMA
and more longitudinal data would be important to develop this further. Improved
automated layer segmentation and calculation of foveal parameters in OCT

algorithms would be especially advantageous in portable OCT technology.

It would also be valuable to visualise the vasculature particularly the intermediate
and deep capillary plexuses, the former within the IPL to INL interface and the
latter between the INL and Outer retina. Our results found that the Outer retina is
also significantly increased while the INL was decreased at 500um from the central
fovea and this could be due to changes in the plexuses. There is some evidence that
each of the 3 plexuses are distinct and supply corresponding retinal layers (Nesper
and Fawzi 2018). Only the superficial vascular plexus located in the ganglion cell
layer, is visualised with enough clarity using fluorescein angiography, but portable
OCT angiography is currently unavailable for use in preterm infants during routine
ROP screening. This could elucidate the vascular abnormalities in ROP and its

effect on the retinal layers that we have identified.
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8.22 Prematurity and the Fovea

The foveal depression consists of the foveal base known as the foveola and the
foveal slope or clivus, a zone of decreasing retinal thickness. Histological and OCT
studies demonstrate that this is due to the outward migration of the inner foveal
layers in conjunction with increased outer retina during foveal maturity. A shallow
or absent depression seen on OCT is now termed foveal hypoplasia (Recchia,
Carvalho-Recchia, and Trese 2002) or foveal plana (Marmor et al. 2008; Noval et al.
2014). The two terms have been used interchangeably even where vision has been
normal (Thomas et al. 2011; Dolz-Marco et al. 2016; Benouaich et al. 2017)
illustrating the incongruity between describing the contour of the depression alone
or referring to the foveal architecture underlying the depression. A grading system
of foveal hypoplasia categorising structure as a predictor of visual acuity in
nystagmus patients with various pathology is described. Subjects with foveal
hypoplasia associated with a history of prematurity were not included (Thomas et
al. 2011). Foveal cone specialisation, necessary for good visual acuity, does not
always appear to depend on the inner layers (Hendrickson et al. 2006) or foveal
shape, and individuals with continuous inner layers across the central fovea can
have normal visual acuity. (Marmor et al. 2008; Wilk et al. 2014; McAllister et al.
2010). Furthermore, isolated shallow foveae with increased CFT described as fovea
plana have been observed in up to 3% of term born children aged between 3-17

years (Noval et al. 2014).

Developmentally mature ex-preterm children and adults demonstrate a thicker
central fovea often in association with a shallower depression described as foveal
hypoplasia. Although we did not explore the relationship between CFT and foveal
depth, the study results demonstrated a significant difference in foveal depth
between 24- and 30-weeks GA and for 600 grams BW compared with 1400 grams
(see Chapter 5 figure 5.6 p88).

We also measured an increased CFT with earlier GA (see Chapter 5 Figure 5.7 p89)
which is in keeping with reports in ex-preterm children after foveal development

has almost completed. Our findings support those of Wang and others who
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suggested that increased CFT in ex -preterm child was secondary to inner layer
migration delay associated with extreme prematurity (Wang et al. 2012b; Fiep et al.

2017; Bowl et al. 2016; Molnar et al. 2017).

However, we have now identified the INL as the inner retinal layer, and likely to be
responsible for increased CFT with preterm infants showing an arrest of INL

reduction at the fovea in the perinatal period.

The inner nuclear layer is composed chiefly of the cell bodies of horizontal, bipolar,
amacrine cells and also Miiller cells. The mechanism of inner layer reduction at the

fovea which occurs in normal development is not well understood. Histology shows
that outward migration of the inner retina occurs after the outer retina has already
begun moving towards the foveal centre (Diaz-Araya and Provis 1992) and the two

are independent. Interestingly, in our study low BW was also associated with

increased foveal INL and additionally a reduced IPL and OPL which is a new finding.

The increased CFT noted in ex-preterm individuals may be associated with reduced
vision and increased ganglion cell layer thickness (Balasubramanian et al. 2018).
However normal visual acuity is also reported with increased CFT in prematurity

(Akerblom et al. 2011).

8.221 Limitations: The principle changes at the fovea observed in the perinatal
period using HH SD-OCT occur in the inner retina while the outer retina is still
immature. The outer retina develops even when inner layers are abnormal
(Hendrickson et al. 2006), with a greater proportion of foveal growth in the
neonatal and postnatal childhood period. This, along with the apparent
independent trajectories of inner and outer retina suggests that caution should be
applied in interpreting future visual outcomes based on foveal shape and the inner

retina without correlation of the outer retina.

8.222 Future study: While the importance of the foveal shape with respect to vision
and function has been debated (Walls 1937; Weale 1966; Marmor et al. 2008;
Provis et al. 2013) there is also some evidence that individual foveal morphology

may influence future macular pathology (Shin et al. 2015). Therefore, expanding on
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the study findings, it may be possible to develop an OCT grading system based on
GA, CFT, the developing outer retina and visual acuity from longitudinal assessment
of preterm infants. Utilising this when comparing with the foveal development of
term born infants after birth age correction might help determine where and when
the structural and functional disparities exist between preterm and term born

individuals in the first 6 years of childhood.

8.23 Foveal and Parafoveal asymmetry

In Chapter 5 we reported asymmetry of the foveal slope, and nasal and temporal
asymmetry of parafoveal retinal thickness (see Figure 5.3 p83 B. Steepest Slope of
Foveal wall and C. Parafoveal Retinal Thickness (pRT); also Figure 5.8 p90 and
Figure 5.9 p91).

We found a predicted difference in both slope and parafoveal thickness between
GA 24, 26, 28 and 30 weeks and with BW from 600g to 1400 grams. The asymmetry
likely reflects the difference between GCL and therefore RNFL distribution at the
parafovea (Curcio and Allen 1990) but it remains uncertain which other layers
might also demonstrate asymmetry of distribution at the parafovea using HH SD-

OCT in the perinatal period.

Foveal hypoplasia with generalized RNFL and GCL thinning has been found with
optic nerve hypoplasia (Anwar et al. 2011; Pilat et al. 2015) and analysis of the
macular GCL and GCL-IPL is increasingly recognised as clinical utility in the
assessment of optic neuropathies (Danesh-Meyer et al. 2006; Gu et al. 2014;
Maldonado et al. 2015). An understanding of the asymmetry in retinal layers at the
parafovea in prematurity could be additionally useful particularly in neurological

assessment of preterm infants during early childhood.

A further feature in prematurity is the smaller foveal avascular zone (FAZ) (Mintz-
Hittner et al. 1999; Yanni et al. 2012). The FAZ has been correlated with
continuation of the INL at the fovea and reduces during the perinatal period (Provis

and Hendrickson 2008). A close relationship exists between retinal neurons and
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vascular endothelial growth factor (VEGF) expression which may determine
angiogenesis direction (Okabe et al. 2014; Yoshikawa et al. 2016) while the
distribution of astrocyte glial cells correlates with RNFL thickness (Blissow 1980).
Astrocytes are sensitive to hypoxia and mediate the vascularisation process at the
FAZ (Provis 2001). The effect of prematurity on the inner layers at the parafovea
particularly with respect to the location of the vascular plexuses might be

important in understanding the development of the FAZ.

8.231 Limitations: An analysis of parafoveal retinal layers was not undertaken but is
planned for future investigation. The study also did not correlate the FAZ using
fluorescein angiography at the fovea in preterm infants with OCT findings since

modelling of the fovea using HH SD-OCT was the primary research aim.

8.232 Future study: RNFL reduction is reported in optic nerve studies of ex-preterm
children with no clinical neurological deficit (Ruberto et al. 2014) but in preterm
infants, reduced RNFL may be associated with abnormal structure on MRI and
reduced cognitive ability in early childhood (Rothman, Sevilla, Mangalesh, et al.
2015). We did not find an association between GA and RNFL reduction at the fovea
but we did not explore the effect of GA on the inner layers at the parafovea.
Although we did not analyse MRI imaging of our infants, a follow up study to
review the neuro developmental scores in our study group would be interesting. In
addition, comparison of optic nerve head parameters of the study group with term
born individuals (Patel et al. 2016) would also be useful since there are differences

between the optic nerve of term born and preterm children (Tong et al. 2014).

8.24 Foveal oedema (CME)

The observation of clinically invisible cystic spaces at the fovea found using HH SD-
OCT in preterm infants remains unexplained despite reports suggesting
associations with ROP and younger GA. We defined CME according to the presence
or absence of the fovea (‘fovea CME’ or ‘dome CME’ respectively) as reported

previously (Vinekar et al. 2011; Erol et al. 2014). Dome CME had significantly
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greater CFT, width and area as expected. Our analysis identified a greater
proportion of Caucasians with dome CME compared to Non-Caucasians. We also
found a trend towards absence of the ELM in dome CME and hypothesise that
disruption or immaturity of the ELM could be a factor in the development of dome

CME.

8.241 Limitations: The sample size was limited especially for numbers of ELM
presence and dome CME making a comparison between ELM presence or absence
less reliable in the dome CME group. However, our results suggest that the ELM

may be an important factor in CME severity.

8.242 Future study: An analysis using a larger sample of preterm infants with CME
investigating the ELM would be useful. In terms of mechanisms, increased spaces
within the INL are likely to be secondary to Miller cell dysfunction (Goldman 2014).
Studies using preterm small animal models may provide insight into cellular
abnormalities within the INL since in vivo imaging technology is currently unable to

visualise Miller cells.
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8.3 Conclusions

The preterm infant fovea undergoes significant change during the perinatal period
with foveal morphology and individual retinal layers being influenced by

gestational age, birthweight and the presence of ROP.

Foveal width in early PMA shows a potential clinical utility in the screening of
preterm infants at risk of developing ROP using HH SD-OCT and warrants further

investigation.

Central foveal thickness is significantly related to early gestational age and is
increased secondary to an increased foveal inner nuclear layer in earlier born
infants. We report a new finding that extremely low BW also results in increased

INL at the fovea and significantly affects the outer retina.

Our results suggest that the severity of prematurity in the assessment of foveal
development in preterm infants and children should be considered. The grading of
foveal structure accordingly could be a useful tool when comparing visual

outcomes between preterm infants or with term born age equivalent children.

The integrity or maturity of ELM may be an important risk factor determining the
severity of CME; further study with more participants would be beneficial in

exploring this in greater detail.
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Appendices

Appendix 1 Preterm Infant Demographic Data (no CME)
Appendix 2 Supplementary Data Foveal Morphology
Appendix 3 Preterm Infant Demographic Data (with CME)

Appendix 4 Supplementary Data Foveal Oedema

153



Appendix 1 Preterm Infants without cystoid macular oedema. Demographic Data.

N | Peon | pya | e Dot weigne | wy/Fo) | TSP | g pop | SRR | ey
1 1 37.71 1 1 34.71 3540 0 0 0 0 137.49
2 1 37.71 2 1 34.71 3540 0 0 0 0 121.84
4 2 34.29 1 1 28.14 1170 1 0 0 1 63.63
7 2 34.29 2 1 28.14 1170 1 0 0 1 87.96
5 2 36.29 1 1 28.14 1170 1 0 0 1 89.41
8 2 36.29 2 1 28.14 1170 1 0 0 1 86.64
3 2 38.29 1 1 28.14 1170 1 0 0 1 101.72
6 2 38.29 2 1 28.14 1170 1 0 0 1 78.89
9 3 33.85 2 1 28.71 1140 1 0 0 0 104.64
10 4 34.14 1 1 29.14 1510 1 0 0 1 75.94
11 4 34.14 2 1 29.14 1510 1 0 0 1 85.34
14 5 35.00 1 1 23.43 635 0 0 0 1 92.00
19 5 35.00 2 1 23.43 635 0 0 0 1 83.64
15 5 36.00 1 1 23.43 635 0 0 0 1 104.54
16 5 36.00 2 1 23.43 635 0 0 0 1 84.18
12 5 38.00 1 1 23.43 635 0 0 0 1 118.92
17 5 38.00 2 1 23.43 635 0 0 0 1 112.16
13 5 40.00 1 1 23.43 635 0 0 0 1 117.95
18 5 40.00 2 1 23.43 635 0 0 0 1 100.94
20 6 36.85 1 1 31.71 1670 1 0 0 1 147.69
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SN Person PMA Eye Diagnosis birthage birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
21 6 36.85 2 1 31.71 1670 1 0 0 1 148.52
22 7 37.00 1 34.00 1210 1 0 0 1 165.77
23 7 37.00 2 1 34.00 1210 1 0 0 1 155.50
24 8 33.57 1 2 25.14 800 0 0 2 0 66.02
25 8 33.57 1 2 25.14 800 0 0 3 0 41.74
27 9 34.85 2 1 31.57 500 1 0 0 1 79.91
26 9 41.85 1 2 31.57 500 1 0 2 1 72.86
28 9 41.85 2 2 31.57 500 1 0 2 1 89.61
29 10 39.57 1 1 29.43 1390 0 0 0 1 70.04
30 11 41.85 1 1 29.00 1140 1 0 0 0 136.92
31 12 41.85 2 1 29.00 1120 1 0 0 0 99.14
32 13 34.57 2 1 27.43 1070 0 0 0 0 109.68
33 13 34.57 1 1 27.43 1070 0 0 0 0 149.62
35 15 36.00 1 2 26.29 960 0 0 2 1 86.36
36 15 36.00 2 2 26.29 960 0 0 2 1 47.09
38 15 40.00 2 2 26.29 960 0 0 2 1 106.30
37 15 42.00 1 2 26.29 960 0 0 2 1 121.68
39 15 42.00 2 2 26.29 960 0 0 2 1 111.22
40 16 37.57 2 1 29.71 1200 0 0 0 1 100.20
41 17 37.00 1 1 31.14 1170 1 0 0 1 114.07
42 17 37.00 2 1 31.14 1170 1 0 0 1 57.67
45 18 33.29 1 1 25.14 900 0 1 0 1 97.61
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SN Person PMA Eye Diagnosis birthage birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
50 18 33.29 2 1 25.14 900 0 1 0 1 113.79
46 18 35.29 1 2 25.14 900 0 1 1 1 102.81
47 18 35.29 2 2 25.14 900 0 1 1 1 99.70
48 18 37.29 2 2 25.14 900 0 1 1 1 35.39
44 18 39.29 1 1 25.14 900 0 1 0 1 65.80
49 18 39.29 2 1 25.14 900 0 1 0 1 95.58
43 18 37.29 1 2 26.29 915 0 1 1 1 168.83
51 19 39.14 1 1 26.43 1040 1 0 0 1 112.98
52 19 39.14 2 1 26.43 1040 1 0 0 1 109.72
54 20 36.71 2 1 28.43 740 1 0 0 0 103.49
53 20 38.71 1 1 28.43 740 1 0 0 0 115.50
55 20 38.71 2 1 28.43 740 1 0 0 0 101.21
57 21 35.00 2 1 30.85 1020 1 0 0 1 84.73
56 21 37.00 1 1 30.85 1020 1 0 0 1 87.46
58 21 37.00 2 1 30.85 1020 1 0 0 1 57.85
59 22 33.00 2 1 25.85 1205 0 0 0 0 61.89
60 23 31.29 1 1 25.71 880 1 0 0 0 49.88
61 24 36.71 2 1 30.57 1460 1 0 0 0 67.61
62 25 31.57 1 1 26.43 1175 1 1 0 0 69.55
63 25 31.57 2 2 26.43 1175 1 1 1 0 115.02
64 26 31.57 1 2 26.43 1175 1 1 1 0 112.55
65 26 39.57 1 1 26.43 1040 1 1 0 0 60.01
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SN Person PMA Eye Diagnosis birthage birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
66 26 39.57 2 1 26.43 1040 1 1 0 0 127.54
68 27 32.57 2 25.57 770 1 1 1 1 100.24
73 27 32.57 2 2 25.57 770 1 1 1 1 80.36
67 27 35.57 1 2 25.57 770 1 1 1 1 113.33
71 27 35.57 2 2 25.57 770 1 1 1 1 98.18
69 27 38.57 1 2 25.57 770 1 1 2 1 57.26
72 27 38.57 2 2 25.57 770 1 1 2 1 69.10
70 27 39.57 1 2 25.57 770 1 1 2 1 96.25
74 27 39.57 2 2 25.57 770 1 1 2 1 100.27
75 28 35.85 1 1 28.29 635 0 0 0 0 141.34
76 28 35.85 2 1 28.29 635 0 0 0 0 103.93
79 29 36.00 1 2 26.43 830 1 0 2 1 75.43
83 29 36.00 2 2 26.43 830 1 0 2 1 122.82
82 29 37.00 2 2 26.43 830 1 0 1 1 93.24
80 29 40.00 2 2 26.43 830 1 0 2 1 73.11
77 29 40.13 1 2 26.43 830 1 0 2 1 61.73
78 29 42.00 1 2 26.43 830 1 0 1 1 85.26
81 29 42.00 2 2 26.43 830 1 0 2 1 135.18
84 30 35.85 1 2 26.85 850 0 1 2 1 119.33
87 30 35.85 2 2 26.85 850 0 1 2 1 52.31
85 30 40.85 1 2 26.85 850 0 1 2 1 106.38
86 30 40.85 2 2 26.85 850 0 1 2 1 34.50
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Person

Eye

Diagnosis

birthage

multiple birth

Caucasian

SN b PMA R(1)/L(2) | Non ROP 1 ROP 2 (GA) birthweight | M(1)/F(0) Y(1)/N (0) Stage ROP Y(1)/N(0) fov depth
89 31 33.29 1 2 26.29 915 0 1 2 0 109.47
92 31 33.29 2 26.29 915 0 1 2 0 80.61
88 31 36.29 1 2 26.29 915 0 1 2 0 121.45
93 31 36.29 2 2 26.29 915 0 1 2 0 95.45
90 31 37.29 2 2 26.29 915 0 1 2 0 157.71
91 31 38.29 2 2 26.29 915 0 1 3 0 96.11
94 32 33.29 1 1 26.29 885 1 1 0 0 82.41
95 32 37.29 1 1 26.29 885 1 1 0 0 118.17
96 32 37.29 2 2 26.29 885 1 1 1 0 105.06
97 32 39.29 2 2 26.29 885 1 1 2 0 67.84
100 33 33.57 2 1 29.14 1125 1 0 0 1 123.57
98 33 37.57 1 1 29.14 1125 1 0 0 1 165.77
101 33 37.57 2 1 29.14 1125 1 0 0 1 118.55
99 33 39.57 2 1 29.14 1125 1 0 0 1 169.59
102 34 33.71 1 2 26.43 745 1 0 1 0 40.85
103 34 33.71 2 2 26.43 745 1 0 1 0 115.23
104 35 33.00 1 1 26.43 900 1 1 0 1 34.35
108 35 33.00 2 1 26.43 900 1 1 0 1 118.95
105 35 35.00 1 2 26.43 900 1 1 2 1 100.31
106 35 38.00 1 2 26.43 900 1 1 2 1 93.13
107 35 39.00 2 2 26.43 900 1 1 2 1 136.03
109 36 37.00 1 2 25.00 720 1 0 2 1 106.23
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Person

Eye

Diagnosis

birthage

multiple birth

Caucasian

SN b PMA R(1)/L(2) | Non ROP 1 ROP 2 (GA) birthweight | M(1)/F(0) Y(1)/N (0) Stage ROP Y(1)/N(0) fov depth
111 36 37.00 2 2 25.00 720 1 0 2 1 136.79
110 36 38.00 25.00 720 1 0 2 1 117.42
112 36 38.00 2 2 25.00 720 1 0 2 1 57.24
113 37 34.85 1 1 30.85 1550 1 0 0 0 48.53
119 38 34.57 2 2 23.71 655 0 0 1 0 130.01
116 38 35.57 1 2 23.71 655 0 0 2 0 39.71
120 38 35.57 2 2 23.71 655 0 0 2 0 145.71
114 38 36.57 1 2 23.71 655 0 0 2 0 61.72
117 38 36.57 2 2 23.71 655 0 0 2 0 49.27
115 38 37.57 1 2 23.71 655 0 0 1 0 111.73
118 38 37.57 2 2 23.71 655 0 0 1 0 119.61
121 39 33.57 1 1 30.43 1250 0 0 0 1 35.65
122 39 33.57 2 1 30.43 1250 0 0 0 1 58.18
123 40 37.29 2 1 28.29 1155 0 0 0 1 140.91
124 41 34.00 1 2 24.29 830 1 0 1 0 151.52
125 41 36.00 1 2 24.29 830 1 0 2 0 114.79
126 41 36.00 2 2 24.29 830 1 0 2 0 117.01
127 42 33.85 1 1 24.29 850 1 0 0 1 101.01
128 42 33.85 1 1 24.29 850 1 0 0 1 78.99
129 43 33.57 2 1 29.71 915 0 0 0 0 46.84
130 44 38.71 1 1 29.00 660 0 0 0 0 90.32
131 44 38.71 2 1 29.00 660 0 0 0 0 86.20
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SN Person PMA Eye Diagnosis birthage birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
137 45 32.43 2 1 24.14 730 0 0 0 0 76.42
135 45 34.43 2 2 24.14 730 0 0 2 0 184.02
133 45 35.43 1 2 24.14 730 0 0 2 0 171.23
136 45 35.43 2 2 24.14 730 0 0 2 0 98.97
132 45 36.43 1 2 24.14 730 0 0 2 0 155.78
134 45 36.43 2 2 24.14 730 0 0 2 0 176.28
139 46 32.57 2 1 25.43 740 1 0 0 0 41.95
140 46 34.57 2 1 25.43 740 1 0 0 0 59.52
138 46 36.57 1 1 25.43 740 1 0 0 0 77.50
141 46 36.57 2 1 25.43 740 1 0 0 0 86.18
142 47 34.29 1 1 30.43 1100 0 0 0 1 84.48
145 48 32.43 1 1 27.00 1100 1 0 0 1 70.82
148 48 32.43 2 1 27.00 1100 1 0 0 1 63.07
144 48 34.43 1 1 27.00 1100 1 0 0 1 83.61
150 48 34.43 2 1 27.00 1100 1 0 0 1 74.86
146 48 36.43 1 1 27.00 1100 1 0 0 1 89.76
147 48 36.43 2 1 27.00 1100 1 0 0 1 96.03
143 48 38.43 1 1 27.00 1100 1 0 0 1 93.71
149 48 38.43 2 1 27.00 1100 1 0 0 1 55.77
151 49 32.00 1 1 29.00 1360 0 1 0 1 105.66
153 49 32.00 2 1 29.00 1360 0 1 0 1 95.78
154 49 34.00 2 1 29.00 1360 0 1 0 1 141.52
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SN Person PMA Eye Diagnosis birthage birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
152 49 36.00 1 1 29.00 1360 0 1 0 1 95.18
155 49 36.00 2 1 29.00 1360 0 1 0 1 111.27
156 50 32.00 1 1 29.00 1330 0 1 0 1 151.34
159 50 32.00 2 1 29.00 1330 0 1 0 1 156.79
157 50 34.00 1 1 29.00 1330 0 1 0 1 168.36
160 50 34.00 2 1 29.00 1330 0 1 0 1 80.80
158 50 36.00 1 1 29.00 1330 0 1 0 1 120.04
162 51 37.71 2 1 28.71 910 1 1 0 1 143.89
161 51 39.71 1 1 28.71 910 1 1 0 1 126.09
163 52 34.71 1 1 28.57 1135 1 1 0 1 154.17
164 52 36.71 1 1 28.57 1135 1 1 0 1 136.91
165 52 38.71 2 1 28.57 1135 1 1 0 1 146.99
168 53 32.14 2 1 27.00 720 0 0 0 1 69.22
166 53 34.14 1 1 27.00 720 0 0 0 1 98.26
167 53 34.14 2 1 27.00 720 0 0 0 1 113.79
170 54 33.00 1 2 24.14 685 0 0 2 0 151.54
171 54 33.00 2 2 24.14 685 0 0 2 0 156.01
169 54 34.00 1 2 24.14 685 0 0 2 0 132.19
173 55 32.71 1 2 24.00 600 0 0 2 1 126.37
176 55 32.71 2 2 24.00 600 0 0 2 1 142.58
174 55 33.71 1 2 24.00 600 0 0 2 1 102.99

161



Person

Eye

Diagnosis

birthage

multiple birth

Caucasian

SN b PMA R(1)/L(2) | Non ROP 1 ROP 2 (GA) birthweight | M(1)/F(0) Y(1)/N (0) Stage ROP Y(1)/N(0) fov depth
172 55 35.71 1 2 24.00 600 0 0 2 1 109.53
175 55 35.71 2 24.00 600 0 0 2 1 152.23
177 56 33.85 2 1 28.57 840 0 0 0 1 83.99
178 56 42.85 2 2 28.57 840 0 0 2 1 146.47
179 56 43.85 2 2 28.57 840 0 0 2 1 132.32
180 57 32.00 1 2 27.57 955 1 0 1 0 122.17
182 58 32.00 1 1 27.57 710 1 1 0 0 77.31
183 58 34.00 2 1 27.57 710 1 1 0 0 99.24
181 58 40.00 1 1 27.57 710 1 1 0 0 41.76
184 58 40.00 2 1 27.57 710 1 1 0 0 101.50
187 59 34.14 2 1 28.85 1085 1 0 0 0 64.33
185 59 39.14 1 2 28.85 1085 1 0 3 0 115.18
186 59 39.14 2 2 28.85 1085 1 0 3 0 110.22
188 60 34.00 1 1 31.00 1310 0 0 0 0 98.92
189 60 34.00 2 1 31.00 1310 0 0 0 0 97.00
190 61 38.57 1 1 30.71 1310 0 0 0 0 100.21
191 61 38.57 2 1 30.71 1310 0 0 0 0 94.74
192 62 32.71 1 1 27.71 1180 1 0 0 0 138.46
195 62 32.71 2 1 27.71 1180 1 0 0 0 104.47
193 62 37.71 1 1 27.71 1180 1 0 0 0 149.85
196 62 37.71 2 1 27.71 1180 1 0 0 0 174.27
194 62 39.71 1 1 27.71 1180 1 0 0 0 173.78
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SN Person PMA Eye Diagnosis birthAge birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
197 62 39.71 2 1 27.71 1180 1 0 0 0 161.30
198 63 33.14 1 29.29 1540 1 0 0 1 92.68
199 63 33.14 2 1 29.29 1540 1 0 0 1 123.96
200 64 33.00 1 1 27.71 975 0 0 0 1 51.14
201 64 33.00 2 1 27.71 975 0 0 0 1 46.67
202 65 37.00 2 1 35.71 2430 1 0 0 0 78.09
203 66 31.57 1 1 28.29 1600 0 0 0 1 36.34
206 66 31.57 2 1 28.29 1600 0 0 0 1 133.57
204 66 33.57 1 1 28.29 1600 0 0 0 1 42.09
205 66 33.57 2 1 28.29 1600 0 0 0 1 37.36
207 67 37.57 1 2 24.85 690 1 0 2 1 143.88
208 67 37.57 2 2 24.85 690 1 0 2 1 113.37
209 68 35.57 1 1 30.29 1750 1 0 0 1 142.10
210 69 33.43 2 1 29.85 795 0 0 0 0 83.21
211 70 38.43 2 1 30.43 1385 0 0 0 0 129.07
212 71 37.29 1 2 24.29 650 0 0 1 0 99.43
216 72 32.29 2 2 26.57 1020 1 0 1 0 111.72
217 72 32.29 2 2 26.57 1020 1 0 1 0 121.36
213 72 34.29 1 2 26.57 1020 1 0 1 0 110.11
214 72 35.29 1 2 26.57 1020 1 0 2 0 106.98
215 72 37.29 1 1 26.57 1020 1 0 0 0 112.69
218 72 37.29 2 2 26.57 1020 1 0 2 0 139.26
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SN Person PMA Eye Diagnosis birthAge birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
219 73 33.29 1 1 29.57 890 1 0 0 0 87.63
222 73 33.29 2 1 29.57 890 1 0 0 0 67.29
220 73 35.29 1 1 29.57 890 1 0 0 0 61.53
223 73 35.29 2 1 29.57 890 1 0 0 0 78.37
221 73 39.29 1 1 29.57 890 1 0 0 0 46.16
224 73 39.29 2 1 29.57 890 1 0 0 0 52.75
228 74 31.00 2 2 26.71 617 0 0 1 1 134.40
225 74 33.00 1 1 26.71 617 0 0 0 1 70.78
229 74 33.00 2 1 26.71 617 0 0 0 1 56.43
226 74 34.00 1 1 26.71 617 0 0 0 1 54.96
227 74 37.00 1 2 26.71 617 0 0 2 1 146.61
230 74 37.00 2 2 26.71 617 0 0 2 1 151.16
231 75 38.71 1 1 33.14 1420 1 0 0 1 69.39
232 75 38.71 2 1 33.14 1420 1 0 0 1 132.90
233 76 39.57 1 1 29.57 1350 1 1 0 0 129.64
234 76 39.57 2 1 29.57 1350 1 1 0 0 107.87
235 76 40.29 2 1 29.57 1350 1 1 0 0 107.45
236 77 39.57 1 2 29.57 1370 0 1 2 0 152.59
238 77 39.57 2 2 29.57 1370 0 1 2 0 136.77
237 77 40.29 1 2 29.57 1370 0 1 3 0 142.68
239 77 40.29 2 2 29.57 1370 0 1 3 0 156.82
240 78 34.00 1 1 24.71 685 0 0 0 0 136.07
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Person

Eye

Diagnosis

birthAge

multiple birth

Caucasian

SN b PMA R(1)/L(2) | Non ROP 1 ROP 2 (GA) birthweight | M(1)/F(0) Y(1)/N (0) Stage ROP Y(1)/N(0) fov depth
244 78 34.00 2 1 24.71 685 0 0 0 0 115.67
241 78 37.00 1 24.71 685 0 0 0 0 108.22
245 78 37.00 2 1 24.71 685 0 0 0 0 105.05
242 78 38.00 1 1 24.71 685 0 0 0 0 94.60
246 78 38.00 2 1 24.71 685 0 0 0 0 135.47
243 78 39.00 1 1 24.71 685 0 0 0 0 134.29
247 78 39.00 2 1 24.71 685 0 0 0 0 113.10
251 79 33.85 2 2 30.14 865 0 0 2 1 144.09
252 79 33.85 2 2 30.14 865 0 0 2 1 131.71
249 79 34.85 1 2 30.14 865 0 0 2 1 106.85
254 79 34.85 2 2 30.14 865 0 0 2 1 93.63
250 79 35.85 1 2 30.14 865 0 0 2 1 127.98
255 79 35.85 2 2 30.14 865 0 0 2 1 80.49
248 79 36.85 1 2 30.14 865 0 0 2 1 116.50
253 79 36.85 2 2 30.14 865 0 0 2 1 89.23
256 80 35.57 1 2 24.71 735 0 0 2 0 94.48
257 81 33.43 1 1 29.29 1270 1 0 0 1 123.84
259 81 33.43 2 1 29.29 1270 1 0 0 1 91.95
258 81 35.43 1 1 29.29 1270 1 0 0 1 128.77
260 81 35.43 2 1 29.29 1270 1 0 0 1 123.95
262 82 34.57 1 1 30.29 1545 1 0 0 1 86.69
264 82 34.57 2 1 30.29 1545 1 0 0 1 104.78
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SN Person PMA Eye Diagnosis birthAge birthweight | M(1)/F(0) multiple birth Stage ROP Caucasian fov depth
ID R(1) /L(2) | Non ROP 1 ROP 2 (GA) Y(1)/N (0) Y(1)/N(0)
261 82 36.57 1 1 30.29 1545 1 0 0 1 120.75
263 82 36.57 2 1 30.29 1545 1 0 0 1 92.02
266 83 37.29 1 1 31.57 1730 0 0 0 1 64.47
267 83 37.29 2 1 31.57 1730 0 0 0 1 81.38
265 83 39.29 1 1 31.57 1730 0 0 0 1 112.42
268 83 39.29 2 1 31.57 1730 0 0 0 1 86.45
270 84 35.00 2 1 29.71 1420 1 0 0 1 58.50
269 84 37.00 1 1 29.71 1420 1 0 0 1 62.69
271 84 37.00 2 1 29.71 1420 1 0 0 1 32.49
272 85 36.00 1 1 28.14 985 1 0 0 0 76.79
273 85 36.00 2 1 28.14 985 1 0 0 0 52.01
274 86 37.00 1 1 29.43 1280 1 0 0 1 66.48
275 86 37.00 2 1 29.43 1280 1 0 0 1 61.34
276 87 33.85 1 2 24.43 555 0 1 2 1 173.11
277 87 33.85 2 2 24.43 555 0 1 2 1 206.02
278 88 39.57 1 1 32.43 1045 0 0 0 1 34.74
279 88 39.57 2 1 32.43 1045 0 0 0 1 48.64
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Appendix 2 Supplementary Data Foveal Morphology

Perlsl:n width_all | width_n  width_t d(fe:tlh area_all area_n area_t | slope_n | slope_t xslope_n| xslope_t xSD_n xSD_t | RT+RPE RT max_n max_t | RT1000_n | RT1000_t
1 1520.00 | 760.00 @ 760.00 | 137.49 | 99276.84 | 49638.42 49638.42 0.29 0.29 320.00 | 320.00 | 560.00 @ 560.00 | 125.62 | 111.70 | 265.32 265.32 250.88 248.26
1 1400.00 | 600.00 | 800.00 | 121.84 | 76743.10 | 36220.32 40522.78  0.34 0.24 250.00 | 340.00 | 440.00 | 600.00 | 127.20 @ 112.87 @ 268.40 256.73 257.82 242.35
2 1220.00 | 500.00 | 720.00 | 88.78 | 47807.91 | 22441.44 25366.48  0.29 0.21 210.00 | 310.00 | 370.00 | 540.00 | 135.43 123.29 @ 239.65 249.96 225.80 231.34
2 1320.00 A 520.00 | 800.00 63.63 36629.18 | 17540.04 19089.14 0.20 0.14 220.00 | 340.00 | 380.00 @ 600.00 | 138.48 | 127.75 | 232.98 217.06 208.50 204.70
2 1240.00 A 560.00 | 680.00 89.41 53744.72 | 26589.75  27154.97 0.24 0.20 240.00 | 290.00 | 420.00 | 500.00 | 131.16 | 121.87 | 250.90 239.38 223.51 219.58
2 1120.00 | 430.00 | 690.00 | 78.89 | 39003.13 | 19212.57 19790.56  0.28 0.22 190.00 | 300.00 | 320.00 | 510.00 @ 133.58 | 122.23 | 256.49 247.60 228.05 229.34
2 1320.00 A 660.00 | 660.00 87.96 58633.73 | 29316.87 29316.87 0.20 0.20 290.00 | 290.00 | 490.00 | 490.00 | 120.29 | 108.43 | 237.05 237.05 206.70 209.02
2 1320.00 | 620.00 | 700.00 86.64 56319.68 | 28064.03 | 28255.65 0.22 0.18 270.00 | 300.00 | 460.00 @ 520.00 | 130.66 | 117.24 | 245.36 222.43 216.50 207.54
3 1410.00 | 740.00 | 670.00 | 104.64 | 71719.93 | 36755.15 34964.78  0.23 0.23 320.00 | 280.00 | 550.00 | 490.00 | 129.34 117.53 | 254.46 233.90 235.69 220.82
4 1820.00 | 890.00 | 930.00 | 75.98 | 67397.11 | 33623.18 33773.93  0.13 0.12 380.00 | 390.00 | 660.00 | 690.00 | 155.28 @ 138.62 = 237.22 232.49 218.61 212.87
4 1800.00 | 900.00 | 900.00 85.34 77405.07 | 38702.54 38702.54 0.14 0.14 390.00 | 390.00 | 670.00 | 670.00 | 142.46 | 129.00 | 245.87 245.87 216.25 219.76
5 1580.00 | 820.00 @ 760.00 | 118.92 | 88508.59 | 45873.69 42634.89 0.23 0.25 350.00 | 310.00 | 610.00 | 560.00 | 168.91 | 156.72 | 295.21 287.58 283.29 270.33
5 1580.00 | 800.00 | 780.00 | 117.95 | 89068.22 | 45313.43 4375479  0.24 0.23 340.00 | 320.00 | 590.00 | 570.00 | 168.67 @ 159.29 | 296.27 282.46 283.42 268.79
5 1520.00 | 780.00 | 740.00 92.00 66344.04 | 33563.26 32780.78 0.19 0.19 320.00 | 310.00 | 570.00 @ 540.00 | 173.30 | 157.22 @ 268.64 265.41 256.56 247.86
5 1320.00 & 480.00 | 840.00 80.47 42156.75 | 19348.70 22808.04 0.27 0.20 210.00 | 340.00 | 360.00 @ 610.00 | 168.74 | 157.30 | 273.97 275.01 256.24 262.20
5 1040.00 | 570.00 | 470.00 | 84.18 | 42268.84 | 21604.83 20664.00  0.25 0.26 250.00 | 200.00 | 420.00 | 350.00 | 158.59 @ 149.30 @ 279.34 244.45 253.65 231.53
5 1160.00 | 580.00 | 580.00 | 112.16 | 64551.69 | 32233.66 32318.02  0.30 0.28 250.00 | 250.00 | 430.00 | 430.00 | 152.35 140.76 @ 281.16 275.52 260.94 259.78
5 1280.00 | 790.00 | 490.00 97.50 52175.54 | 28098.58 24076.96 0.25 0.32 340.00 | 210.00 | 580.00 @ 360.00 | 160.49 | 149.47 | 295.45 269.65 279.08 257.99
5 1410.00 | 830.00 | 580.00 | 83.64 | 51592.85 | 27771.25 23821.60  0.19 0.22 350.00 | 250.00 | 610.00 | 430.00 = 163.03 @ 152.28 @ 268.01 249.95 252.68 235.93
6 1340.00 | 670.00 | 670.00 | 147.69 | 98241.80 | 49120.90 49120.90  0.33 0.33 290.00 | 290.00 | 500.00 | 500.00 | 117.74 110.26 @ 283.91 283.91 267.36 267.41
6 1510.00 | 720.00 | 790.00 | 148.52 | 108870.08 | 53200.82 55669.26 0.34 0.27 310.00 | 340.00 | 540.00 @ 590.00 | 129.77 | 114.72 | 296.22 291.96 282.48 269.74
7 1350.00 | 620.00 | 730.00 | 165.77 | 106677.80 | 52013.13 54664.67 0.43 0.34 260.00 | 310.00 | 460.00 @ 540.00 | 128.62 | 113.59 | 313.21 302.33 296.48 289.65
7 1530.00 | 750.00 | 780.00 | 155.50 | 115146.81 | 57711.68 57435.13 0.31 0.32 320.00 | 330.00 | 560.00 | 570.00 | 149.86 139.70 @ 309.26 311.68 296.85 303.41
8 1080.00 & 540.00 | 540.00 79.91 43439.15 | 21719.58 21719.58 0.22 0.22 240.00 | 240.00 | 400.00 | 400.00 | 123.84 | 110.21 | 241.58 241.58 213.43 209.73
8 920.00 460.00 | 460.00 70.04 32655.96 | 16327.98 16327.98 0.22 0.22 200.00 | 200.00 | 340.00 | 340.00 | 122.16 | 110.90 | 251.95 251.95 203.16 205.73
9 1750.00 | 870.00 | 880.00 | 136.92 | 114563.63 | 57277.93 57285.70  0.27 0.22 370.00 | 370.00 | 640.00 | 650.00 = 146.69 @ 128.16 @ 301.09 272.02 286.77 258.61
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Perls':n width_all | width_n  width_t d(fa:)‘tlh area_all area_n area_t | slope_n | slope_t xslope_n| xslope_t xSD_n xSD_t | RT+RPE RT max_n max_t | RT1000_n | RT1000_t
9 1860.00 | 930.00 | 930.00 | 101.41 | 89465.11 | 44828.06 44637.06 | 0.19 0.16 390.00 | 380.00 | 690.00 680.00 | 146.33 | 134.95 | 258.84 239.53 246.67 228.27
9 1860.00 | 930.00 | 930.00 | 110.87 | 98854.17 | 49528.43 49325.75| 0.21 0.17 390.00 | 390.00 | 690.00  690.00 | 159.98 | 152.54 | 286.06 260.61 273.89 247.27
10 1350.00 | 770.00 | 580.00 | 149.62 | 93910.08 | 48839.24 45070.84 | 0.34 0.38 330.00 | 250.00 | 570.00  430.00 | 127.82 | 117.53 | 327.10 283.13 302.98 269.87
11 1370.00 | 720.00 | 650.00 | 100.20 | 66375.61 | 34029.81 32345.80| 0.22 0.23 310.00 | 270.00 | 540.00  480.00 | 188.74 | 172.06 | 300.11 290.24 285.30 271.99
12 1340.00 | 670.00 | 670.00 | 114.07 | 75732.07 | 37547.86 38184.21| 0.25 0.26 290.00 | 290.00 | 490.00  500.00 | 146.50 | 130.13 | 265.66 287.29 253.48 261.94
13 1380.00 | 690.00 | 690.00 | 57.67 | 41031.65 | 20490.78 20540.87 | 0.12 0.11 310.00 | 310.00 | 520.00  520.00 | 176.83 | 166.66 | 266.20 262.06 237.46 228.13
13 3420.00 | 940.00 | 2480.00 | 67.19 | 57608.37 | 24005.29  33603.08| 0.13 0.08 410.00 | 450.00 @ 700.00 | 730.00 168.14 | 151.70 @ 269.07 253.89 239.57 219.83
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Appendix 3 Preterm Infants with cystoid macular oedema (CME). Demographic Data.

. eye diagnosis . elm . .
s | Pt | ova | o | sw | MO | Snele@ gy | ppopry | e | Cavemsin |y | fovealt) | exel | Comection | Xes | s | wian | area B
L(2) ROP(2) n(2)

1 1 37.3 27.14 640 2 1 1 2 1 2 1 1 16.33 0.6815526 | 13.63 61.29 1090.48 66835.77 18.95
2 1 37.3 27.14 640 2 1 2 2 1 2 1 1 16.33 0.6815526 | 13.63 72.36 1172.27 84828.76 20.21
3 2 37.1 31.71 | 2050 1 1 1 1 0 1 1 2 16.301875 | 0.6803788 | 13.61 137.69 3619.61 498396.49 80.53
4 2 39.1 31.71 | 2050 1 1 1 1 0 1 2 2 16.676875 | 0.6960298 | 13.92 136.34 4287.54 584564.84 72.21
5 2 39.1 31.71 | 2050 1 1 2 1 0 1 2 2 16.676875 | 0.6960298 | 13.92 156.94 3006.85 471908.23 77.12
6 2 41.1 31.71 | 2050 1 1 1 1 0 1 2 2 17.006675 | 0.7097944 | 14.20 86.08 1689.31 145411.33 35.88
7 2 41.1 31.71 | 2050 1 1 2 1 0 1 2 2 17.006675 | 0.7097944 | 14.20 102.55 2768.20 283872.35 41.34
8 3 359 33.14 | 1380 2 2 2 2 1 2 2 1 16.064 0.6704508 | 13.41 59.56 2923.17 174102.65 17.31
10 4 37.6 26.43 | 1175 1 1 2 1 0 2 1 1 16.3825 0.6837437 | 13.67 65.60 3022.15 198263.80 16.10
11 5 359 30.43 | 1090 2 2 1 1 0 1 2 1 16.064 0.6704508 | 13.41 69.83 2333.17 162935.62 12.96
12 5 35.9 30.43 | 1090 2 2 2 1 0 1 2 1 16.064 0.6704508 | 13.41 62.93 2681.80 168760.50 14.23
13 5 36.9 30.43 | 1090 2 2 1 2 1 1 2 1 16.2475 0.6781093 | 13.56 101.32 3539.73 358660.17 26.95
14 5 36.9 30.43 | 1090 2 2 2 2 1 1 2 1 16.2475 0.6781093 | 13.56 69.84 1898.71 132605.64 18.62
15 5 389 30.43 | 1090 2 2 1 2 1 1 2 2 16.6225 0.6937604 | 13.88 119.74 1637.27 196040.05 51.87
16 5 389 30.43 | 1090 2 2 2 2 1 1 2 2 16.6225 0.6937604 | 13.88 94.39 1776.03 167634.72 38.30
17 5 40.9 30.43 | 1090 2 2 1 2 2 1 2 2 16.9639 0.7080092 | 14.16 124.92 2902.84 362613.98 61.59
18 5 42.9 30.43 | 1090 2 2 1 2 2 1 1 1 17.2589 0.7203214 | 14.41 48.46 893.20 43288.43 17.11
19 5 42.9 30.43 | 1090 2 2 2 2 2 1 1 1 17.2589 0.7203214 | 14.41 37.38 849.98 31774.82 11.96
21 6 37.6 33 1135 2 2 1 2 2 1 2 2 16.3825 0.6837437 | 13.67 200.47 6645.99 1332348.52 167.62
24 6 41.6 33 1135 2 2 1 2 2 1 2 2 17.0701 0.7124416 | 14.25 139.33 6340.73 883484.54 90.66
25 6 41.6 33 1135 2 2 2 2 2 1 2 2 17.0701 0.7124416 | 14.25 193.33 4673.62 903558.29 114.73
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N person PMA GA BW M(1) Single (2) :(yle) d:;inpl:ii)s stage | Caucasian ;::; fovea(1) axial Correction Xres thickness width area 5D
ID F(2) multiple (1) L2) ROP(2) ROP (1) no(2) n(2) dome(2) length (Corr) Corr

26 7 36.9 34 2040 2 1 1 1 0 2 2 1 16.2475 0.6781093 | 13.56 73.77 1234.16 91040.25 32.98
27 7 36.9 34 2040 2 1 2 1 0 2 2 1 16.2475 0.6781093 | 13.56 53.64 1546.09 82935.49 10.15
28 7 389 34 2040 2 1 1 1 0 2 1 2 16.6225 0.6937604 | 13.88 78.81 2955.42 232903.70 52.78
29 7 389 34 2040 2 1 2 1 0 2 2 1 16.6225 0.6937604 | 13.88 31.89 2622.41 83617.56 10.86
30 8 37.4 31.57 | 1950 1 2 1 1 0 1 2 2 16.35625 | 0.6826482 | 13.65 145.77 2457.53 358242.83 86.18
31 8 37.4 31.57 | 1950 1 2 2 1 0 1 2 2 16.35625 | 0.6826482 | 13.65 132.20 3399.59 449433.71 74.00
32 8 39.4 31.57 | 1950 1 2 1 1 0 1 2 2 16.73125 | 0.6982992 | 13.97 139.57 2290.42 319664.64 73.50
33 8 39.4 31.57 | 1950 1 2 2 1 0 1 1 2 16.73125 | 0.6982992 | 13.97 100.47 2765.27 277833.72 63.83
34 8 41.4 31.57 | 1950 1 2 1 1 0 1 2 1 17.04945 | 0.7115797 | 14.23 59.38 1707.79 101408.65 22.18
35 9 39.6 30.29 | 1750 1 2 1 1 0 1 2 1 16.7575 0.6993948 | 13.99 38.71 867.25 33570.95 11.17
36 9 39.6 30.29 | 1750 1 2 2 1 0 1 1 1 16.7575 0.6993948 | 13.99 54.77 853.26 46730.76 15.95
37 10 38 27.57 955 1 1 2 2 1 2 2 1 16.463125 | 0.6871087 | 13.74 81.01 3394.32 274964.42 15.01
38 10 40 27.57 955 1 1 1 2 1 2 2 1 16.838125 | 0.7027598 | 14.06 81.25 3654.35 296913.21 27.52
39 10 40 27.57 955 1 1 2 2 1 2 1 1 16.838125 | 0.7027598 | 14.06 99.83 3851.12 384448.97 28.85
40 11 354 28.71 | 1070 2 2 1 1 0 1 2 2 15.99575 | 0.6676023 | 13.35 165.56 4593.10 760425.67 86.73
41 11 35.4 28.71 | 1070 2 2 2 1 0 1 2 2 15.99575 | 0.6676023 | 13.35 168.21 4179.19 702969.15 65.37
42 11 37.4 28.71 | 1070 2 2 1 1 0 1 2 2 16.35625 | 0.6826482 | 13.65 149.60 5106.21 763899.68 74.57
43 11 37.4 28.71 | 1070 2 2 2 1 0 1 2 2 16.35625 | 0.6826482 | 13.65 158.94 3549.77 564184.13 80.68
44 12 34.7 30.85 | 1100 1 1 1 1 0 1 2 2 15.87875 | 0.6627191 | 13.25 82.32 4175.13 343712.64 51.62
45 12 34.7 30.85 | 1100 1 1 2 1 0 1 2 2 15.87875 | 0.6627191 | 13.25 115.29 3830.52 441625.41 59.85
46 13 39.3 34.57 | 1380 1 2 2 1 0 1 1 1 16.705 0.6972037 | 13.94 68.45 3444.19 235766.39 27.29
47 14 35.7 26.43 745 1 2 1 2 2 2 2 1 16.04125 | 0.6695013 | 13.39 59.57 1941.55 115657.68 15.99
48 14 35.7 26.43 745 1 2 2 2 2 2 2 1 16.04125 | 0.6695013 | 13.39 35.24 1566.63 55209.75 9.38
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N person PMA GA BW M(1) Single (2) :(yle) d::inpc;ii)s stage | Caucasian :::; fovea(1) axial Correction Xres thickness width area 5D
ID F(2) multiple (1) L2) ROP(2) ROP (1) no(2) n(2) dome(2) length (Corr) Corr

49 15 323 29.29 | 1490 1 2 1 1 0 1 2 2 15.4855 0.6463063 | 12.93 94.51 3877.84 366502.23 4291
50 15 323 29.29 | 1490 1 2 2 1 0 1 2 2 15.4855 0.6463063 | 12.93 107.28 3322.01 356388.83 53.67
51 16 34.9 30.85 | 1080 1 1 1 2 1 1 2 2 15.851125 | 0.6615662 | 13.23 69.14 3215.21 222286.23 29.26
52 16 349 30.85 | 1080 1 1 2 1 0 1 2 1 15.9015 0.6636686 | 13.27 74.61 3411.26 254530.19 23.89
53 16 359 30.85 | 1080 1 1 2 1 0 1 2 1 16.064 0.6704508 | 13.41 82.40 2534.30 208826.64 30.45
54 17 42 29 1380 1 1 1 1 0 1 1 1 17.133525 | 0.7150887 | 14.30 62.40 243.13 15171.32 21.87
55 18 37.6 27.43 | 1070 2 2 1 1 0 2 2 1 16.3825 0.6837437 | 13.67 38.83 1764.06 68494.71 14.64
56 19 34.7 29.29 | 1090 1 2 1 1 0 1 1 1 15.87875 | 0.6627191 | 13.25 69.90 2120.70 148237.01 11.55
57 19 36.7 29.29 | 1090 1 2 1 1 0 1 1 1 16.22125 | 0.6770138 | 13.54 72.54 3141.34 227866.59 18.26
58 19 37.7 29.29 | 1090 1 2 2 1 0 1 2 1 16.40875 | 0.6848393 | 13.70 56.93 1027.26 58479.80 19.17
59 20 333 29.71 | 1485 2 2 2 1 0 1 2 2 15.648 0.6530885 | 13.06 99.20 3226.26 320034.25 41.45
60 20 353 29.71 | 1485 2 2 1 1 0 1 2 2 15.973 0.6666528 | 13.33 121.97 3786.59 461846.36 67.32
61 20 35.3 29.71 | 1485 2 2 2 1 0 1 2 2 15.973 0.6666528 | 13.33 122.12 4519.91 551988.48 81.19
62 21 38.4 24.17 730 2 2 2 2 2 2 1 1 16.54375 | 0.6904737 | 13.81 86.74 5081.89 440798.41 19.41
63 21 42.4 24.17 730 2 2 1 2 3 2 2 2 17.19695 | 0.7177358 | 14.35 118.79 4478.67 532031.72 64.66
64 22 34.7 26.14 860 1 1 2 2 2 2 1 1 15.87875 | 0.6627191 | 13.25 58.21 2186.97 127305.69 10.30
65 23 39.3 31.71 | 2240 2 1 1 1 0 2 2 2 16.705 0.6972037 | 13.94 176.08 5229.03 920743.90 143.17
66 23 39.3 31.71 | 2240 2 1 2 1 0 2 2 2 16.705 0.6972037 | 13.94 174.64 5619.46 981383.89 133.57
67 23 41.3 31.71 | 2240 2 1 2 1 0 2 2 2 17.0288 0.7107179 | 14.21 165.09 4349.59 718075.21 119.01
68 24 334 32.85 | 1940 1 2 1 1 0 1 2 1 15.67075 0.654038 13.08 71.10 2642.31 187860.64 23.75
69 25 41.3 29 1095 2 2 1 1 0 2 2 2 17.0288 0.7107179 | 14.21 101.01 995.01 100501.19 34.19
70 25 41.3 29 1095 2 2 2 1 0 2 1 2 17.0288 0.7107179 | 14.21 89.53 1961.58 175621.23 48.64
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Appendix 4 Supplementary Data Foveal Oedema.

Single | eve | diagnosis : om | fovea ) .
N | PN pwa | oA BW “é'((zl)) mu(lfi)ple RO) | nROP() | o C("i‘)‘ff(g“ y) déﬂe I:f]';'h C°('::Z'::')°" é(’)erf thickness |  width area sD
0 | | rore) @ |

1 1 373 | 27.14 | 640 | 2 1 1 2 1 2 1] 1 16.33 0.6815526 | 13.63 | 61.20 | 1090.48 | 66835.77 | 18.95
2 1 373 | 2714 | 640 | 2 1 2 2 1 2 1] 1 16.33 0.6815526 | 13.63 | 72.36 | 1172.27 | 84828.76 | 20.21
3 2 371 | 3171 | 2050 | 1 1 1 1 0 1 1 | 2 | 16301875 | 0.6803788 | 13.61 | 137.60 | 3610.61 | 498396.49 | 80.53
4 2 39.1 | 3171 | 2050 | 1 1 1 1 0 1 2 | 2 | 16676875 | 0.6960208 | 13.92 | 136.34 | 4287.54 | 584564.84 | 72.21
5 2 391 | 3171 | 2050 | 1 1 2 1 0 1 2 | 2 | 16676875 | 0.6960208 | 13.92 | 156.94 | 3006.85 | 471908.23 | 77.12
6 2 411 | 3171 | 2050 | 1 1 1 1 0 1 2 | 2 | 17.006675 | 07097944 | 1420 | 86.08 | 1689.31 | 145411.33 | 35.88
7 2 411 | 3171 | 2050 | 1 1 2 1 0 1 2 | 2 | 17.006675 | 0.7007944 | 1420 | 10255 | 2768.20 | 283872.35 | 41.34
8 3 359 | 3314 | 1380 | 2 2 2 2 1 2 2 | 1 16.064 | 0.6704508 | 13.41 | 59.56 | 292317 | 174102.65 | 17.31
10 4 376 | 2643 | 1175 | 1 1 2 1 0 2 1] 1 16.3825 | 0.6837437 | 13.67 | 65.60 | 3022.15 | 198263.80 | 16.10
11 5 359 | 3043 | 1000 | 2 2 1 1 0 1 2 | 1 16.064 | 0.6704508 | 13.41 | 69.83 | 233317 | 16293562 | 12.96
12 5 359 | 3043 | 1000 | 2 2 2 1 0 1 2 | 1 16.064 | 0.6704508 | 13.41 | 62.93 | 2681.80 | 168760.50 | 14.23
13 5 36.9 | 3043 | 1000 | 2 2 1 2 1 1 2 | 1 16.2475 | 0.6781093 | 13.56 | 101.32 | 3530.73 | 358660.17 | 26.95
14 5 36.9 | 3043 | 1000 | 2 2 2 2 1 1 2 | 1 16.2475 | 0.6781093 | 13.56 | 69.84 | 1898.71 | 132605.64 | 18.62
15 5 38.9 | 3043 | 1000 | 2 2 1 2 1 1 2 | 2 16.6225 | 0.6937604 | 13.88 | 119.74 | 1637.27 | 196040.05 | 51.87
16 5 38.9 | 3043 | 1000 | 2 2 2 2 1 1 2 | 2 16.6225 | 0.6937604 | 13.88 | 94.30 | 1776.03 | 16763472 | 38.30
17 5 409 | 30.43 | 1000 | 2 2 1 2 2 1 2 | 2 16.9639 | 0.7080092 | 14.16 | 124.92 | 2902.84 | 362613.98 | 61.59
18 5 429 | 3043 | 1000 | 2 2 1 2 2 1 1] 1 17.2580 | 07203214 | 14.41 | 48.46 | 89320 | 4328843 | 17.11
19 5 429 | 3043 | 1000 | 2 2 2 2 2 1 1] 1 17.2589 | 07203214 | 14.41 | 37.38 | 849.98 | 3177482 | 11.96
21 6 376 | 33 | 1135 | 2 2 1 2 2 1 2 | 2 16.3825 | 0.6837437 | 13.67 | 200.47 | 6645.99 | 133234852 | 167.62
24 6 416 | 33 | 1135 | 2 2 1 2 2 1 2 | 2 17.0701 | 0.7124416 | 14.25 | 139.33 | 6340.73 | 88348454 | 90.66
25 6 416 | 33 | 1135 | 2 2 2 2 2 1 2 | 2 17.0701 | 0.7124416 | 14.25 | 193.33 | 4673.62 | 903558.29 | 114.73
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Single

fovea

O I S B B T O Il B e ol I T B R il B [ %
0 L@ | ROPQ) @ | "y
26 7 36.9 34 2040 2 1 1 1 0 2 2 1 16.2475 0.6781093 | 13.56 73.77 1234.16 91040.25 32.98
27 7 36.9 34 2040 2 1 2 1 0 2 2 1 16.2475 0.6781093 | 13.56 53.64 1546.09 82935.49 10.15
28 7 38.9 34 2040 2 1 1 1 0 2 1 2 16.6225 0.6937604 | 13.88 78.81 2955.42 232903.70 52.78
29 7 38.9 34 2040 2 1 2 1 0 2 2 1 16.6225 0.6937604 | 13.88 31.89 2622.41 83617.56 10.86
30 8 37.4 31.57 1950 1 2 1 1 0 1 2 2 16.35625 0.6826482 | 13.65 145.77 2457.53 358242.83 86.18
31 8 37.4 31.57 | 1950 1 2 2 1 0 1 2 2 16.35625 0.6826482 | 13.65 132.20 3399.59 449433.71 74.00
32 8 39.4 31.57 1950 1 2 1 1 0 1 2 2 16.73125 0.6982992 | 13.97 139.57 2290.42 319664.64 73.50
33 8 39.4 31.57 | 1950 1 2 2 1 0 1 1 2 16.73125 0.6982992 | 13.97 100.47 2765.27 277833.72 63.83
34 8 41.4 31.57 1950 1 2 1 1 0 1 2 1 17.04945 0.7115797 | 14.23 59.38 1707.79 101408.65 22.18
35 9 39.6 30.29 1750 1 2 1 1 0 1 2 1 16.7575 0.6993948 | 13.99 38.71 867.25 33570.95 11.17
36 9 39.6 30.29 | 1750 1 2 2 1 0 1 1 1 16.7575 0.6993948 | 13.99 54.77 853.26 46730.76 15.95
37 10 38 27.57 955 1 1 2 2 1 2 2 1 16.463125 0.6871087 | 13.74 81.01 3394.32 274964.42 15.01
38 10 40 27.57 955 1 1 1 2 1 2 2 1 16.838125 | 0.7027598 | 14.06 81.25 3654.35 296913.21 27.52
39 10 40 27.57 955 1 1 2 2 1 2 1 1 16.838125 0.7027598 | 14.06 99.83 3851.12 384448.97 28.85
40 11 35.4 28.71 | 1070 2 2 1 1 0 1 2 2 15.99575 0.6676023 | 13.35 165.56 4593.10 760425.67 86.73
41 11 35.4 28.71 | 1070 2 2 2 1 0 1 2 2 15.99575 0.6676023 | 13.35 168.21 4179.19 702969.15 65.37
42 11 37.4 28.71 1070 2 2 1 1 0 1 2 2 16.35625 0.6826482 | 13.65 149.60 5106.21 763899.68 74.57
43 11 37.4 28.71 | 1070 2 2 2 1 0 1 2 2 16.35625 0.6826482 | 13.65 158.94 3549.77 564184.13 80.68
44 12 34.7 30.85 1100 1 1 1 1 0 1 2 2 15.87875 0.6627191 | 13.25 82.32 4175.13 343712.64 51.62
45 12 34.7 30.85 1100 1 1 2 1 0 1 2 2 15.87875 0.6627191 | 13.25 115.29 3830.52 441625.41 59.85
46 13 39.3 34.57 1380 1 2 2 1 0 1 1 1 16.705 0.6972037 | 13.94 68.45 3444.19 235766.39 27.29
a7 14 35.7 26.43 745 1 2 1 2 2 2 2 1 16.04125 0.6695013 | 13.39 59.57 1941.55 115657.68 15.99
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Single

fovea

O I S B B T O Il B e ol I T B R il B [ %
0 L@ | ROPQ) @ | "y
48 14 35.7 26.43 745 1 2 2 2 2 2 2 1 16.04125 0.6695013 | 13.39 35.24 1566.63 55209.75 9.38
49 15 32.3 29.29 1490 1 2 1 1 0 1 2 2 15.4855 0.6463063 | 12.93 94.51 3877.84 366502.23 42.91
50 15 32.3 29.29 | 1490 1 2 2 1 0 1 2 2 15.4855 0.6463063 | 12.93 107.28 3322.01 356388.83 53.67
51 16 34.9 30.85 | 1080 1 1 1 2 1 1 2 2 15.851125 | 0.6615662 | 13.23 69.14 3215.21 222286.23 29.26
52 16 34.9 30.85 1080 1 1 2 1 0 1 2 1 15.9015 0.6636686 | 13.27 74.61 3411.26 254530.19 23.89
53 16 35.9 30.85 | 1080 1 1 2 1 0 1 2 1 16.064 0.6704508 | 13.41 82.40 2534.30 208826.64 30.45
54 17 42 29 1380 1 1 1 1 0 1 1 1 17.133525 0.7150887 | 14.30 62.40 243.13 15171.32 21.87
55 18 37.6 27.43 | 1070 2 2 1 1 0 2 2 1 16.3825 0.6837437 | 13.67 38.83 1764.06 68494.71 14.64
56 19 34.7 29.29 1090 1 2 1 1 0 1 1 1 15.87875 0.6627191 | 13.25 69.90 2120.70 148237.01 11.55
57 19 36.7 29.29 1090 1 2 1 1 0 1 1 1 16.22125 0.6770138 | 13.54 72.54 3141.34 227866.59 18.26
58 19 37.7 29.29 | 1090 1 2 2 1 0 1 2 1 16.40875 0.6848393 | 13.70 56.93 1027.26 58479.80 19.17
59 20 33.3 29.71 1485 2 2 2 1 0 1 2 2 15.648 0.6530885 | 13.06 99.20 3226.26 320034.25 41.45
60 20 35.3 29.71 | 1485 2 2 1 1 0 1 2 2 15.973 0.6666528 | 13.33 121.97 3786.59 461846.36 67.32
61 20 35.3 29.71 1485 2 2 2 1 0 1 2 2 15.973 0.6666528 | 13.33 122.12 4519.91 551988.48 81.19
62 21 38.4 24.17 730 2 2 2 2 2 2 1 1 16.54375 0.6904737 | 13.81 86.74 5081.89 440798.41 19.41
63 21 42.4 24.17 730 2 2 1 2 3 2 2 2 17.19695 0.7177358 | 14.35 118.79 4478.67 532031.72 64.66
64 22 34.7 26.14 860 1 1 2 2 2 2 1 1 15.87875 0.6627191 | 13.25 58.21 2186.97 127305.69 10.30
65 23 39.3 31.71 | 2240 2 1 1 1 0 2 2 2 16.705 0.6972037 | 13.94 176.08 5229.03 920743.90 143.17
66 23 39.3 31.71 | 2240 2 1 2 1 0 2 2 2 16.705 0.6972037 | 13.94 174.64 5619.46 981383.89 133.57
67 23 41.3 31.71 | 2240 2 1 2 1 0 2 2 2 17.0288 0.7107179 | 14.21 165.09 4349.59 718075.21 119.01
68 24 33.4 32.85 1940 1 2 1 1 0 1 2 1 15.67075 0.654038 13.08 71.10 2642.31 187860.64 23.75
69 25 41.3 29 1095 2 2 1 1 0 2 2 2 17.0288 0.7107179 | 14.21 101.01 995.01 100501.19 34.19
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erson M(L Sinzgle eye CEETETS stage | Caucasian elm fO(\f)?a axial Correction Xres
sn | P PMA GA BW (1) @) R | nROP(Y) g v1) thickness | width area )
ID F(2) multiple ROP (1) no(2) dome length (Corr) Corr
) L) ROP(2) n(2) 2
70 25 41.3 29 1095 2 2 2 1 0 2 1 2 17.0288 0.7107179 14.21 89.53 1961.58 175621.23 48.64
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