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The sclera and conjunctiva form part of the eye’s tough, protective outer coat, and
play important roles in the eye’s mechanical protection and immune defence, as well
as in determining the size and shape of the eye globe. Advances in ocular imaging
technology now allow these tissues in the anterior eye to be imaged non-invasively
and with high resolution, however there is a paucity of data examining the
dimensions of these tissues in paediatric populations. In this study, we have used
optical coherence tomography (OCT) imaging to examine the normal in vivo
thickness profile of the anterior sclera and overlying conjunctiva in 111 healthy young
participants, including a large proportion of paediatric subjects. We demonstrate that
the thickness of the anterior sclera varies significantly with measurement location
and meridian. Tissue thickness also varied significantly with age, with younger
subjects exhibiting significantly thinner scleras and significantly greater conjunctival
thickness. Males were also found to exhibit significantly greater scleral thickness.
Refractive error however was not significantly associated with either scleral or
conjunctival thickness in this population. These findings provide new data describing
the normative dimensions of anterior eye tissues in children and the factors that can

influence these dimensions in young populations.



Introduction

The sclera is the eye’s robust, outer coat of connective tissue, composed primarily of
collagen fibrils embedded in a hydrated matrix of proteoglycans." It plays important
biomechanical roles in protecting and stabilising the eye’s contents from both internal
and external stresses and strains, and is one of the primary determinants of the size
and shape of the eye globe.?® Previous research, primarily involving animal models
and ex vivo studies of human eyes, has documented changes in the structure and
biomechanical properties of the sclera associated with a range of factors including
age,** refractive error>37:8 and pathological conditions such as glaucoma.®” In the
anterior eye, the sclera is covered by the conjunctiva, a translucent mucous
membrane consisting of an epithelial lining and stromal layers of loose connective
and lymphoid tissue.>'" The conjunctiva plays important roles in the eye’s

mechanical and immune defence'? and in producing tear film components.'®

Although in vivo measurements of the sclera and conjunctiva are possible with
magnetic resonance imaging (MRI),” and ultrasound biomicroscopy (UBM),3 these
techniques either have relatively low resolution (MRI) or require contact with the eye
(UBM). Anterior segment optical coherence tomography (AS-OCT) however, allows
the in vivo anterior sclera' and overlying conjunctiva’® to be imaged non-invasively
and with high resolution. A number of recent studies have used AS-OCT imaging
technology to document the changes in the anterior scleral structure associated with
the presence of glaucoma,® following ocular surgery'” and therapeutic
procedures,’®'9 contact lens wear?%2' and the presence of inflammatory conditions

such as scleritis and episcleritis.??



The in vivo thickness of the anterior sclera of normal healthy adult eyes has also
been documented by a small number of recent studies using AS-OCT.'42325 These
studies have typically assessed scleral thickness at a small number of discrete
locations, in a range of different meridians of the anterior eye. Significant variations
in the thickness of the anterior sclera have been reported to be associated with
measurement location,'#2® age'* and gender.?325 Although there are reports of
reduced thickness of the posterior sclera associated with myopia,”2 studies of adults
with a range of refractive errors have not found evidence of significant in vivo
anterior scleral thinning associated with myopia.'+2324 To date, studies of the
anterior sclera have focussed exclusively on measurements of adult subjects (with
ages of participants ranging from 18 to 92 years), with no reports of anterior scleral

thickness in paediatric populations.

A small number of recent studies have also documented the thickness of the normal
anterior conjunctiva.'®26-29 The thickness of the bulbar conjunctival epithelium has
been shown to vary according to measurement meridian in a small population of
normal young adults (being thickest inferiorly), but not in middle aged adults.?”
Zhang et al?® examined the bulbar conjunctival thickness (including the conjunctival
epithelium and stroma) in a large population of Chinese subjects (ranging in age
from 8-85 years), and found that significant decreases in conjunctival thickness
occurred with increasing age, however this study was limited to measurements from
a single infero-temporal location approximately 3 mm from the limbus. Howlett et
al?® also found a decrease in the superior bulbar conjunctival thickness with age in a

smaller population of mainly older adults in the UK.



Improved knowledge of the normal in vivo dimensions of the anterior sclera and
conjunctiva is important for a range of applications such as the planning and
management of ocular surgical and therapeutic procedures,’”-'° ocular drug
delivery,® contact lens fitting and management,®' as well as in the diagnosis of
scleral and conjunctival pathology.? Advancing understanding of the normal in vivo
anterior scleral dimensions will further our basic understanding of the anatomical
characteristics of the anterior eye, and may also provide insights into the potential
role of the sclera in human refractive error? and in pathological conditions such as
glaucoma.” Given the limited number of studies examining the anterior sclera and
conjunctiva in vivo, and the paucity of data describing the anterior sclera in paediatric
populations, in this study we have examined the normal thickness profile of the
anterior sclera and conjunctiva in a population of healthy children and young adults
with a range of refractive errors. We have documented the regional variations
occurring in anterior tissue thickness, and explored the changes in thickness

associated with refractive error, gender and age in this population.

Methods

In this study, the thickness of the anterior sclera and conjunctiva was assessed using
spectral domain AS-OCT in 111 subjects aged between 10 and 31 years of age
(mean £ SD age 18.0 £ 5.4 years). All participants exhibited normal best corrected
visual acuity in each eye, and had no history or evidence of ocular disease, injury or
surgery. Fifty four percent of the participants were female. All participants in the
study were of Caucasian ethnic origin. None of the participants were rigid contact
lens wearers, and any soft contact lens wearers (n = 17) abstained from lens wear

for 1 week prior to their involvement in the study to limit the influence of contact lens



related scleral changes?® upon the results. Approval from the Queensland University
of Technology human research ethics committee was provided prior to
commencement of the study, and all experimental methods were carried out in
accordance with the approved guidelines. Written informed consent was obtained
from all adult participants, and written parental consent and child assent from all

paediatric participants.

Prior to participation, all subjects underwent a screening examination to determine
their visual and refractive status, and to assess their ocular health. Each
participant’s sphero-cylindrical refractive error was determined using a non-
cycloplegic subjective refraction, aiming for a maximum plus/minimum minus for best
visual acuity endpoint. Ocular axial biometry was also measured for each participant
using the Lenstar LS900 optical biometer (Haag Streit AG, Koeniz, Switzerland).
The participants exhibited a range of refractive errors, with the mean spherical
equivalent refraction (SER) of the right eye for all 111 subjects being -1.10 £ 1.90 D
(range: +1.25 to -8.00 D), and the mean cylindrical refraction being -0.22 + 0.34 D
(range: 0.00 to -1.50 D). Each subjects’ right eye SER was used to categorise them
as either a myope (SER <-0.75 D, n = 46) or a non-myope (SER -0.375 to +1.25, n
= 65). Participants were also categorised according to their age as children (<18
years, n = 56) or adults (>18 years, n = 55). The demographic and ocular

characteristics of the participants is summarised in Table 1.

The thickness of the temporal and nasal anterior conjunctiva and sclera of the right
eye of each participant was derived from OCT images captured using the Heidelberg

Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) device with anterior



segment imaging module. This device captures cross-sectional images of the
anterior eye with a scanning speed of 40,000 A scans/second, axial resolution of 3.9
Mm and transverse resolution of 14 um, using a super luminescent diode of central
wavelength 870 nm. Each subject had high resolution images (each cross-sectional
image consisting of 1536 by 678 pixels) of the anterior eye captured using the
instrument’s scleral imaging mode with enhanced depth imaging to optimise the
image of the sclera. For each subject, two scans of the temporal and two of the
nasal anterior sclera and conjunctiva were captured, using a single 30° (16 mm) long
line scan. All images were captured using the instrument’s automatic real time eye
tracking (ART), to facilitate frame averaging to reduce image signal to noise ratio,
and each OCT cross-sectional image was the average of 50 B-Scans. During
imaging, subjects fixated upon an external fixation target (a green LED placed at a
distance of 4 metres from the subject’s eye and placed off-axis by 30° nasally or
temporally). In order to promote a consistent scanning location within and between
subjects, care was taken to include the peripheral cornea in all images and to align
the line scan close to the lower edge of the bright corneal reflection in the en-face
image. Although vertical alignment of images to the centre of the bright reflection in
the OCT image would achieve a more precise imaging location, the lower edge of
the reflection in the en-face image was employed for alignment in our current study
to avoid the obscuration of image detail by large reflections in the scleral region that
are often observed in images aligned to the centre of the specular reflection in the B-
scan. Only scans with image quality index (Ql) of >25 dB were included for analysis
(mean image quality was 42.0 = 3.6 dB). All measurements in the study were

conducted between 9 am and 5 pm.



Data Analysis

Following image acquisition, the OCT images of each participant were exported and
analysed with a semi-automated procedure using custom written software. Figure 1
provides an overview of the OCT imaging and analysis procedures used in the study.
Initially, an automated, graph based3?33 segmentation algorithm was used to
delineate the anterior conjunctival boundary (ACB) and posterior scleral boundary
(PSB). An independent observer, masked to the subjects’ demographic and ocular
details, then analysed all images to correct any errors in the automated
segmentation, and to manually segment the anterior scleral boundary (ASB,
demarcated by the posterior edge of the layer of hypo-reflective episcleral blood
vessels). The observer also manually marked the location of the scleral spur (the
anterior inner termination point of the scleral tissue) in each image using the ciliary

muscle method that has been previously described.3*

The exported anterior segment OCT images are scaled by the Spectralis device to
allow tissue thickness measures, assuming a uniform tissue refractive index of 1.40,
and are not corrected for refractive distortion occurring at each of the tissue
boundaries. In order to allow more reliable between subject tissue thickness
comparisons, additional analysis was performed on each subject's OCT image
segmentation data, to correct the boundary locations for the effects of refraction at
each of the tissue boundaries (using an approach based on Snell’s law, similar to
that presented by Tian et al®*) and assuming a refractive index of 1.38 for
conjunctival tissue and 1.41 for scleral tissue.®® These refractive distortion corrected
data, were then used to calculate the conjunctival thickness (the axial/vertical

distance from the ACB to the ASB) and scleral thickness (the axial/vertical distance



from the ASB to the PSB), across the length of each scan. The conjunctival
thickness measurement therefore encompasses the conjunctival epithelium,
conjunctival stroma and the episclera. Data from the two repeated scans in each
meridian were averaged, and the temporal and nasal conjunctival and scleral
thickness profiles were derived for each subject, using the scleral spur as the origin.
For the purposes of statistical analysis, the conjunctival and scleral thickness at
locations 0 mm, 1 mm, 2 mm, 3 mm and 4 mm (measured along the arc of the
curved posterior scleral boundary) from the scleral spur in the temporal and nasal

meridians for each subject were extracted from each thickness profile.

Statistical Analysis

The scleral and conjunctival thickness data were not found to depart significantly
from a normal distribution (Kolmogorov-Smirnov test, all p >0.1 for the scleral and
conjunctival thickness at all locations), and therefore parametric statistics were used
throughout. To examine the scleral and conjunctival thickness data in this
population, a repeated measures ANOVA was used, with two within-subject factors:
measurement meridian (i.e. temporal or nasal), and measurement location with
respect to the scleral spur (0 mm, 1 mm, 2 mm, 3 mm or 4 mm) and three between-
subject factors: age group (children or adults), refractive group (myope or non-
myope) and gender. Bonferroni corrected pairwise comparisons were carried out for
any significant main effects and interactions. Additional repeated measures
ANOVAs were also carried out including the continuous variables of age and
spherical equivalent refractive error as covariates. We also used a stepwise multiple
linear regression analysis to examine the association between demographic (age,

gender) and biometric factors (axial length, anterior chamber depth, lens thickness



and central corneal thickness) and the conjunctival and scleral thickness measures
(the average thickness across all locations and meridians). P-values of <0.05 were

considered statistically significant.

The repeatability and reliability of the thickness measures were assessed through
analysis of the two repeated measures collected for each subject. The intraclass
correlation coefficient (ICC) and the mean difference (and standard deviation)
between the two repeated thickness measures was determined. This analysis was
carried out for each of the measurement locations and meridians for scleral and
conjunctival thickness, and revealed a high level of reliability for both the nasal and
temporal thickness measures across all locations. Repeatability was further
assessed by repeating the imaging and measurement procedure 10 times on one
subject, and the ICC and within-subject standard deviation of the repeated thickness
measures were calculated. This analysis revealed the conjunctival thickness
measures to have an ICC of 0.934 and a within-subject standard deviation 9.4 um,
and the scleral thickness measures to have an ICC of 0.977 and a within-subject
standard deviation of 10.7 pym, indicative of a high level of repeatability for both the

conjunctiva and sclera.

For the two repeated measures collected on each subject, the ICC for the
conjunctival thickness data was >0.95 for all measurement locations over the two
measured meridians (range: 0.954 to 0.989). Similarly, for the scleral thickness, the
ICC was also >0.95 (range: 0.951 to 0.988). The mean thickness difference
between repeated measures (and the standard deviation of these differences) was

also small for all measurement locations for each meridian, indicative of good within-
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session repeatability for the scleral and conjunctival thickness measures. For
conjunctival thickness, the mean thickness difference between repeated measures
was less than + 3.2 um (range: -2.5 to +3.1 uym) for all measurement locations in
each meridian, with the standard deviation of the differences ranging from 11.6 to
25.6 um. The mean difference between repeated measures for scleral thickness
was less than + 3.0 um (range: -2.2 to +3.0 ym), with standard deviation ranging

from 11.6 to 25.0 ym.

Results

Average conjunctival and scleral thickness in children and young adults

The average thickness profile of the anterior conjunctiva and sclera, in this
population of 111 children and young adults is illustrated in Figure 2 and Table 2.
Repeated measures ANOVA revealed that the conjunctival thickness varied
significantly with both measurement meridian and location, and also showed a
significant meridian by location interaction (all p<0.001). On average the conjunctiva
was significantly thicker in the nasal meridian (mean thickness across all locations
270 £ 90 uym) compared to the temporal meridian (mean thickness 249 £ 59 um)
(p<0.001). The conjunctiva exhibited its minimum thickness at the scleral spur
location (0 mm) for both the temporal (mean 218 + 55 ym) and nasal meridians
(mean 223 + 40 um) however the pattern of change in thickness away from the
scleral spur differed between the two meridians. For the temporal meridian, the
conjunctiva increased to its maximum thickness at the 1 mm location (mean 267 +
59 ym), whereas the nasal meridian exhibited its maximum thickness (mean 364 +

122 ym) at the 4 mm location (Figure 2, top).
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Anterior scleral thickness also showed significant variations with measurement
location, and a location by meridian interaction (both p<0.001), but the average
thickness of the nasal (mean thickness across all locations 506 + 72 ym) and
temporal meridians (504 + 93 um) were not significantly different. The sclera was
thickest at the scleral spur location in both the temporal (653 + 54 uym) and nasal
(606 + 42 ym) meridians and was significantly thinner at all locations away from the
scleral spur (all comparisons p<0.05). The nasal meridian was found to exhibit its
minimum in thickness at the 4 mm location (446 £+ 66 um), whereas the temporal
meridian exhibited a minimum in scleral thickness at the 2 mm location (442 + 52

pum) (Figure 2, bottom).

Significant differences in scleral thickness were also found to be associated with
gender, with males (mean thickness 514 + 34 ym) exhibiting significantly thicker
sclera’s compared to females (mean 497 £ 35 um) (p = 0.004), and the magnitude of
the differences between males and females increased with increasing distance from
the scleral spur (gender by location interaction p = 0.03) (Figure 3A). The
conjunctival thickness was also on average thicker in males (mean 269 £ 49 ym)
compared to females (mean 251 + 43 um), although this difference didn’t reach
statistical significance (p = 0.24). However, significantly greater conjunctival
thickness in males was found in the temporal meridian (meridian by gender
interaction p = 0.01) and in locations (0 mm, 1 mm and 2 mm) closer to the scleral

spur (location by gender interaction (p = 0.02).

Age was also a significant factor influencing scleral and conjunctival thickness

(Figure 3B). Children were found to have significantly thicker anterior conjunctivas
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(mean thickness across all locations 280 + 45 um) compared to adults (mean 239 £
38 um) (p<0.001), and the magnitude of these differences increased with greater
distance away from the scleral spur (age group by location interaction, p<0.001). In
contrast to the conjunctival thickness findings, children exhibited on average a
thinner sclera (mean thickness across all locations 500 + 36 um) than the adults
(mean 510 + 34 ym), although this difference did not reach statistical significance (p
= 0.114). However, there was a significant age group by measurement location
interaction (p = 0.001) for the sclera, with the children exhibiting significantly thinner
anterior sclera’s compared to adults at both the 3 mm and 4 mm locations (each
p<0.01), but not at the other locations (all p>0.05). Analyses including age as a
continuous covariate gave similar outcomes, with significant age, and age by
measurement location (each p<0.05) interactions observed for both conjunctival and
scleral thickness, with younger age being associated with a thicker conjunctiva and a
thinner sclera. There was no significant age by gender interaction for either

conjunctival thickness or scleral thickness (all p>0.05).

Neither analyses including refractive group as a between subject factor or analyses
including refractive error as a continuous covariate revealed a significant effect of
refractive error upon the anterior scleral or conjunctival thickness (all p>0.05). There
were also no significant interactions between refractive group and measurement
meridian and/or measurement location, and no interactions between refractive group

and age and/or gender (all p>0.05).

Stepwise multiple regression analysis (Table 3, Figure 4) revealed that the mean

anterior conjunctival thickness was significantly negatively associated with age (B = -
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3.4, p<0.001) and positively associated with central corneal thickness (CCT) (B =
0.308, p = 0.04). The mean anterior scleral thickness was significantly positively
associated with both age (8 = 2.4, p<0.001) and CCT (8 = 0.414, p = 0.001) and
anterior chamber depth (ACD) (8 = 0.046, p < 0.001). Neither axial length, nor
spherical equivalent refractive error were significantly associated with either anterior

conjunctival thickness or anterior scleral thickness (each p>0.05).

Discussion

This study reports upon the average in vivo thickness profile of the anterior sclera
and conjunctiva in children and young adults using spectral domain AS-OCT, and
demonstrates that significant variations in the thickness of both the anterior sclera
and conjunctiva occur with age, gender and measurement location. Although a
number of recent studies have investigated scleral thickness in adults, to our
knowledge this study provides the first report of the anterior scleral thickness in
paediatric subjects, and contributes to our understanding of the normal dimensions
of the anterior sclera and conjunctiva and the factors that can influence these

dimensions in young populations.

Both scleral and conjunctival thickness exhibited significant variations dependent
upon measurement location. The pattern of thickness change that we observed in
the anterior sclera with increasing distance from the scleral spur, is generally
consistent with previous reports of both in vivo'32324 and ex vivo’8 scleral thickness
using a variety of measurement techniques, where the sclera in the anterior segment
has typically been documented to show a maximum near the scleral spur and then a

reduction posterior to this location. Previous studies of total bulbar conjunctival
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thickness have only assessed thickness at a single discrete location approximately 3
mm inferotemporal'®?® or superior?® to the limbus. However, the variations in
conjunctival thickness that we observed, with the conjunctiva being thinnest at the
scleral spur location, are consistent with the conjunctiva’s anatomical characteristics,
with the bulbar conjunctiva terminating at the corneo-scleral junction. The significant
variations observed in conjunctival thickness with distance from the scleral spur,
highlights the importance of knowledge of measurement location when assessing

anterior eye tissue thickness.

The nasal-temporal asymmetries observed in scleral and conjunctival thickness, with
the sclera being thinner, and conjunctiva thicker in the nasal meridian compared to
the temporal meridian, particularly in the locations 4 mm from the scleral spur, are
consistent with some of the previously documented anatomical features of the
anterior segment.3”-3% These meridional differences in thickness appear to be at
least partly explained by the locations of the medial and lateral rectus extraocular
muscles (EOMs) that insert into the sclera near the equatorial region of the eye
globe. It is well documented that the medial rectus inserts at a location more
proximal to the limbus compared to the lateral rectus insertion.3”-3% In a study of 30
normal adults, Park et al®® reported the mean distance from the limbus to the lateral
rectus insertion to be 6.0 £ 0.6 mm (range: 4.8 to 7.9 mm), and the limbus to the
medial rectus insertion to be 5.4 + 1.4 mm (range: 3.1 to 7.0 mm), which suggests
that the presence of the extraocular muscles (EOM) is likely to impact the more distal
thickness measurements, particularly on the nasal side (e.g. Figure 1). With our
segmentation approach for delineating the ASB, the presence of the EOM would

contribute to an increase in conjunctival thickness. A more proximal insertion of the
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medial rectus compared to the lateral rectus would therefore be expected to result in
the nasal scleral measurement being thinner and nasal conjunctiva measurement

being thicker compared to the temporal region, as was observed.

Significant changes in scleral thickness were also found with age, with an increase in
scleral thickness observed from childhood into early adulthood, which was more
prominently observed in locations distal from the scleral spur. Although the exact
mechanism underlying these age-related changes in the anterior sclera is not clear,
our results are consistent with previous in-vitro work that has shown an increase in
scleral proteoglycans occurs from infancy up to the fourth decade of life, indicating
that the sclera is a dynamic structure during normal ocular growth.* Recently, using
AS-OCT, Ebneter et al'* also reported a significant increase in the in vivo anterior
scleral thickness with age in Caucasian adults (aged from 18 to 92 years). It should
be noted that the changes associated with age observed in our current study were of
small magnitude (estimated increase in anterior scleral thickness of ~2 uym per year),
and the general pattern of thickness variation with distance from the scleral spur
observed in children paralleled the pattern observed in the adults. This suggests
that the dimensions of the sclera are closely approaching adult levels in the

paediatric age groups we have examined.

The conjunctival thickness measures also showed some significant changes with
age, but in contrast to the sclera, the conjunctiva was found to reduce in thickness
from childhood into early adulthood. A similar finding was also reported by Zhang et
al,?8 with reductions in conjunctival thickness observed in their in vivo conjunctival

thickness measures in Chinese subjects aged from 8-92 years. These age-related
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decreases in conjunctival thickness are consistent with some previously documented
features of conjunctival tissue from histological studies, with conjunctival goblet cell
density showing a peak in infancy'® and conjunctival lymphoid tissue® showing a

peak in childhood and then both reducing into early adulthood.

Interestingly, we also observed significant effects of gender upon the thickness data,
with greater scleral and conjunctival thickness observed in male subjects. Although
not a universal finding in all studies, a thicker anterior sclera in males has been
reported by a number of previous in vivo studies using a variety of measurement
techniques.?*>2%40 The small number of studies of in vivo conjunctival thickness to
date,®28.29 have not found significant differences in conjunctival thickness
associated with gender. However, it should be noted that these previous studies
measured the conjunctiva at a single location approximately 3 mm from the limbus,
and our current study did not find significant gender differences at all locations, with
significant differences more prominent at regions 2 mm and closer to the scleral
spur. Our findings suggest that hormonal differences may impact on conjunctival
thickness in younger populations. Although our subjects did not exhibit evidence or
history of conjunctival abnormalities, it is interesting to note that there is also
evidence for hormonal influences in certain conjunctival conditions such as allergic
conjunctivitis and related conditions*'4? which are reported to be substantially more

prevalent in young male patients.

In our current study of children and young adults, we found no significant association
between anterior scleral thickness and the presence and/or the magnitude of

myopia, which is consistent with a number of previous studies of the in vivo anterior
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sclera in adult populations.'62324 Likewise, axial length (the major biometric
correlate of refractive error) was also not significantly associated with anterior scleral
thickness in our population. These findings support the notion that any scleral
thinning associated with myopia is primarily confined to more posterior regions of the

globe.”8

Although this study provides the first report of anterior scleral thickness measures in
children, a limitation of this work is the relatively narrow range of ages examined,
and the fact that only nasal and temporal meridians were imaged. It will therefore be
of interest in future work to examine larger populations of subjects with a wider
spectrum of ages (including younger children and older adults) across a wider range
of scleral meridians and locations in order to more comprehensively characterise the
developmental and aging changes occurring in the anterior sclera. An additional
limitation of this study, is the fact that measurements were collected between 9 am
and 5 pm, which leaves the possibility that diurnal changes in the sclera and/or
conjunctiva may have impacted upon the results. However, in our recent study of
diurnal variations in anterior scleral and conjunctival thickness,*? we found the
largest diurnal changes occurred in the early morning immediately after waking, with
only small magnitude changes (that were typically not statistically significant) evident
between 9 am and 5 pm. Furthermore, additional analyses including imaging time of
day as a covariate did not reveal a significant association between time of day and
scleral or conjunctival thickness in our current study (both p>0.05). This suggests

that diurnal variations are unlikely to have been a significant confounder.
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In our current study, an axial thickness metric was used to define the scleral and
conjunctival thickness (i.e. thickness measures were taken along the vertical
direction of the image between the reference boundaries of interest), since axial
definitions of thickness are most commonly used in ophthalmic OCT.** However, it
should be noted that these thickness metrics could be influenced by rotation/tilt of
the image. Alternative thickness metrics, such as thickness along a normal to one of
the boundaries would be less likely to be influenced by image tilt or rotation (but
could potentially be more affected by local curvature changes along the boundary of
interest as occurs commonly at the scleral spur for instance). To explore the
reliability of the axial thickness metrics used, we re-calculated all of the scleral and
conjunctival thickness measures for all subjects along a normal to the scleral
boundary. The average difference between the ‘axial’ thickness and the ‘normal’
thickness measures was small (mean difference of 0.6 + 6.3 ym and 1.3 + 3.3 ym for
scleral and conjunctival thickness respectively), suggesting that the axial thickness
metric was not substantially biased by image tilt/rotation in our analysis. Our
imaging approach of aligning each OCT scan vertically with the lower edge of the
corneal reflection in the en-face view may also have resulted in some variability in
the vertical positioning of the B-scan images. However, the high repeatability found
with our imaging and measurement procedure suggests that any variability in scan

position was small.

An advantage of our analysis approach in this study is that correction for refractive
distortion at the tissue boundaries was applied to the data, individual refractive
indices were used for the scleral and conjunctival tissues, and measurement

locations were defined based upon measures along the arc of the curved posterior
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sclera. This analysis approach should provide more robust between subject
comparisons (particularly where subjects exhibit differences in eye size and
curvature of the anterior segment) compared to analyses not correcting for refractive
distortion and using straight line transverse distances to define measurement
locations. To examine the influence of our analysis approach on thickness
measures, we re-analysed the data without correcting for refractive distortion,
assuming a single tissue refractive index (1.40) and with straight line distances
defining the measurement locations. For the temporal images, the mean difference
between our final distortion corrected analysis and the uncorrected analysis was -6.8
+ 1.2 ym for the scleral and 3.2 £ 1.2 pym for the conjunctival thickness (across all
measurement locations). The mean difference for the nasal images was -6.6 + 1.7
pm and 2.6 £ 1.9 um for the sclera and conjunctiva respectively. The small
magnitude of these differences suggests only minor effects of refractive distortion
upon the thickness findings, where not accounting for these issues results on
average in -1.3% and +1.1% error in the scleral and conjunctival thickness estimates

respectively.

In conclusion, this study reports the average thickness profile of the anterior sclera
and conjunctiva in normal children and young adults, and demonstrates that
significant variations in scleral and conjunctival thickness occur with age, gender and
with measurement location. Refractive error however, does not appear to
significantly influence the anterior scleral (or conjunctival) thickness in this population

of young subjects.
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Figure 1: lllustration of the anterior eye OCT imaging performed on each subject.
Images of the anterior sclera and conjunctiva were collected for each subject in the
limbal region of the nasal (left) and temporal (right) meridians. Following image
capture, the OCT images were analysed using a semi-automated procedure to
delineate the anterior conjunctival boundary (blue line, ACB), the anterior scleral
boundary (green line, ASB) and the posterior scleral boundary (red line, PSB). The
location of the scleral spur (SS) was also marked manually. After correction for
refractive distortion at each tissue boundary, scleral thickness (ASB to PSB) and
conjunctival thickness (ACB to ASB) were calculated based upon the segmentation
at 0.0 mm, 1.0 mm, 2.0 mm, 3.0 mm and 4.0 mm (measured along the arc of the
curved posterior scleral boundary) from the SS, assuming a tissue refractive index of
1.41 for the sclera and 1.38 for the conjunctiva. In cases where the extraocular
muscles (EOM) were visible (e.g. nasal OCT image), the ASB was placed on the
outer portion of the sclera, effectively excluding the EOM from the scleral thickness
and including the EOM as part of the conjunctival thickness measurement.
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Figure 2: Average thickness profile of the temporal (left) and nasal (right) meridian
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and the anterior sclera (red line) (B) for all 111 subjects in the study. Error bars
represent the standard error of the mean, and are shown for each 1 mm distance
from the scleral spur.
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Figure 4. Scatterplots illustrating the relationship between thickness and both age
(left) and CCT (right). Data for both global anterior conjunctival thickness (averaged
across all locations and meridians) (blue symbols, A) and global anterior scleral
thickness (red symbols, B) are shown. Dashed line indicates best fit linear
regression line.
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Tables:

Table 1. Mean + SD demographic and ocular characteristics of the study
participants, categorised according to refractive group and age. SER denotes
spherical equivalent refraction.

Age SER %
Category n
(years) (D) Female
Refractive Myopes | 18.6 £5.1 | -2.90 + 1.74 63% 46
Group Non-Myopes | 17.5+£5.5 | 0.17+£0.34 48% 65
Age Children | 13.2+1.4 | -0.64 + 1.61 46% 56
Group Adults | 22.8 £3.1 | -1.56 £ 2.07 62% 55
All Subjects 18.0+54 | -1.10+1.90 54% 111




Table 2: Mean thickness of the anterior conjunctiva and anterior sclera with
distance from the scleral spur (SS) in the temporal and nasal meridians for all
subjects in the study (n = 111).

Mean + SD thickness (um)

0 mm 1 mm 2mm 3 mm 4 mm
(SS)
Anterior | Temporal | 218 +55 | 267 +59 | 261 +57 | 243 +52 | 255 + 61
Conjunctiva Nasal 223+40 | 244 +£56 | 241+57 | 277 +75 | 364 + 122
Anterior | Temporal | 653 +54 | 463+49 | 442+52 | 473 +56 | 489 1+ 56
Sclera Nasal 606 £42 | 483+45 | 502+41 | 495+45 | 446 + 66
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Table 3: Overview of results from stepwise multiple linear regression analysis

examining the significant demographic and biometric associations with the average

anterior conjunctival and scleral thickness.

Unstandardized

o Model R?
Coefficient ‘B’ Significance
(P-Value)
(Standard Error)
. -3.4
Anterior Age <0.001
, ) (0.8) 0.228
Conjunctival
, 0.308 (<0.001)
Thickness CCT 0.04
(0.149)
-16.6
Gender 0.007
(6.0)
. 2.4
Anterior Age <0.001
(0.6) 0.254
Scleral
, 0.413 (<0.001)
Thickness CCT 0.001
(0.128)
0.046
ACD <0.001
(0.013)

CCT (central corneal thickness), ACD (anterior chamber depth)
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